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Foreword

The symposium on Crack Arrest Methodology and Applications was
presented at Philadelphia, Pa., 6-7 Nov. 1978. ASTM Committee E-24 on
Fracture Testing of Metals sponsored the symposium. G. T. Hahn, Vander-
bilt University, presided as symposium chairman. G. T. Hahn and M. F.
Kanninen, Battelle Columbus Laboratories, are editors of this publication.
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Introduction

This symposium volume takes stock of the progress toward a procedure
for measuring the crack arrest toughness—a property that expresses a
material’s resistance to penetration by a running crack. Values of the
arrest toughness are needed to assess the risk of a long fracture in a struc-
ture. These values enter into the ongoing safety assessment of nuclear
vessels under emergency core cooling conditions and other situations
where fracture could have severe consequences. In the long term, the
availability of reliable measurements can be expected to improve fracture
safety and structural efficiency of a wide range of welded structures such
as ship hulls, bridges, storage tanks, and pressurized containers.

The development of a standardized crack arrest test procedure is a
current goal of ASTM Committee E-24 on Fracture Testing of Metals. It is
also a topic of world-wide interest. Investigators from eleven foreign coun-
tries have participated in the cooperative evaluation of test procedures
described in this volume. The proceedings of the 1976 symposium on
arrest toughness, STP 627: Fast Fracture and Crack Arrest, have received
wide distribution and are being translated for publication in the Soviet
Union. This symposium attracted even greater interest.

The most direct approach to the evaluation of the crack arrest tough-
ness is based on the measurements of the instantaneous dynamic stress
field close to the propagating crack tip. Such measurements are generally
difficult, particularly in the opaque structural steels that are of most
practical interest, in the short-time durations that are involved. For this
reason, the development of a crack arrest test has called for advances in
both testing and analysis capabilities. Efforts have been focused on a
procedure for initiating and arresting a fracture in a laboratory specimen
under conditions that can be controlled, reproduced, and analyzed. These
efforts have been coupled with work to define and validate relations be-
tween the arrest toughness and features of the specimen remote from the
crack tip that can be measured before and after the arrest event, rather
than concurrent with it. The second task has required more detailed
fracture mechanics analyses of the running crack and its arrest, the de-
velopment of numerical procedures, and experimentation with photoelastic
transparent materials which permit comparisons between direct and in-
direct methods of evaluation.

The present symposium was sponsored by Committee E-24 to provide
a forum for discussing the emerging crack arrest test methods. The sym-
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2 CRACK ARREST METHODOLOGY AND APPLICATIONS

posium attracted 22 papers and engaged an attentive audience of 86
specialists. The papers show that substantial progress was made in the
2 Y2 year period between the 1976 symposium and the meeting at which the
contents of this volume were presented. Two new test methods have been
developed and descriptions of these can be found in this volume. The two
methods have been evaluated in 30 laboratories in the U.S. and eleven
foreign countries by way of a Cooperative Test Program organized by
E-24.03.04. The results of the tests—data for 300 large compact-type
crack arrest test specimens (typically 0.2 by 0.2 by 0.05 m) are previewed
in this volume. They represent one of the largest bodies of toughness
data collected from one plate of a pressure vessel steel.

Other papers in this volume examine the validity of static and dynamic
fracture mechanics analyses for interpreting the laboratory test. New and
extensive sets of crack arrest toughness measurements of the nuclear
pressure vessel steels AS33B and AS08 are reported. Finally, the ap-
plication of current arrest concepts to thermally stressed cylinders, pipes,
and nuclear vessels are described. Brief descriptions of these results to-
gether with discussions of the unsettled issues are discussed further in
the Summary section of this volume.

The present symposium was organized by a committee drawn principally
from the E-24: G. T. Hahn, Vanderbilt University (Chairman); H. T.
Corten, The University of Illinois; P. B. Crosley, Materials Research
Laboratory; L. B. Freund, Brown University; G. R. Irwin, University of
Maryland; M. F. Kanninen, Battelle Columbus Laboratories (Secretary);
A. S. Kobayashi, University of Washington; and G. T. Smith and J.
McGowan, University of Alabama. Two other individuals played key roles:
T. U. Marston, Electric Power Research Institute and the late E. K. Lynn,
U.S. Nuclear Regulatory Commission. Marston and Lynn were instru-
mental in attracting financial support, both for the various research ac-
tivities and the cooperative test program described in this volume, as well
as for the symposium itself. The editors would like to express their sincere
appreciation to these men and also to J. Gallagan, United States Steel
Company, who served as the technical consultant. The task of converting
22 lightly edited manuscripts into a finely honed Special Technical Pub-
lication, requiring much patience, persistence, and expertise, was performed
by Jane Wheeler, Kathy Green, and Helen Hoersch of the ASTM staff.

G. T. Hahn

Vanderbilt University, Nashville, Tenn. 37235;
editor.

M. F. Kanninen

Battelle Memorial Institute, Columbus Lab-
oratories, Columbus, Ohio; 43201; editor.
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C.H. Popelar' and M.F. Kanninen?

A Dynamic Viscoelastic Analysis of
Crack Propagation and Crack Arrest
in a Double Cantilever Beam Test
Specimen

REFERENCE: Popelar, C. H. and Kanninen, M. F., “A Dynamic Viscoelastic Analy-
sls of Crack Propagation and Crack Arrest in a Double Cantilever Beam Test Specl-
men,” Crack Arrest Methodology and Applications, ASTM STP 711. G. T. Hahn and
M. F. Kanninen, Eds., American Society for Testing and Materials, 1980, pp. 5-23.

ABSTRACT: Studies of dynamic crack propagation and arrest in polymeric materials
are gencrally interpreted using rate-independent elastic analyses. To ascertain the impor-
tance of the viscoelastic constitutive behavior exhibited by polymers that is neglected in
these approaches, a simple mathematical model for dynamic viscoelastic crack propaga-
tion in wedge-loaded double cantilever beam {DCB) test specimens has been developed.
Computational results have been obtained for four different polymers using a three-
parameter solid linear viscoelastic constitutive representation. In comparing these results
with rate-independent elastic behavior, it is found that significant differences in the crack
propagation/arrest process do exist. However, close correlations can nevertheless be ob-
tained if, in displaying experimental results, proper account is taken of the viscoelastic
properties.

KEY WORDS: double cantilever beam specimen, viscoelastic, crack propagation, crack
arrest, dynamic viscoelasticity, Araldite B, Homalite, PMMA, Clearcast

Research aimed at establishing a sound fundamental basis for crack arrest
calculations has proceeded in two different ways. Work by Hahn et al [7-3)3
combined crack propagation/arrest experiments with results obtained from
dynamic fracture analysis models. By matching the observed crack growth-
time results with calculations using assumed dynamic fracture toughness

! Professor, Department of Engineering Mechanics, The Ohio State University, Columbus,
Ohio 43210.

2Senior rescarch scientist, Applied Solid Mechanics Section, Battelle Memorial Institute,
Columbus Laboratories, Columbus, Ohio 43201.

3The italic numbers in brackets refer to the list of references appended to this paper.
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6 CRACK ARREST METHODOLOGY AND APPLICATIONS

values, the latter properties have been obtained for nuclear steels and other
engineering materials on a trial-and-error basis. Investigators such as Ko-
bayashi et al [4], Kobayashi and Dally [5], and Kalthoff et al [6], in contrast,
have employed optical experimentation to deduce the toughness properties
more directly. The disadvantage of the latter approach is that optical tech-
niques are generally applied using polymeric materials.

Unlike steel, which has essenrially rate- and time-independent mechanical
properties, polymers are viscoelastic materials. Hence, the tacit assumption
that the crack arrest process in such materials is basically the same as in steel
is questionable. Indeed, Kalthoff [7] has observed that the behavior of the
stress-intensity factor following arrest is significantly affected by the degree
of viscoelasticity exhibited by the test specimen material. However, because a
viscoelastic-dynamic fracture solution procedure has not been previously
available, it has not been possible to systematically assess these differences.

This paper provides preliminary calculations showing the differences to be
expected in crack propagation/arrest experiments in viscoelastic materials
from those in elastic materials. The work focuses on the double cantilever
beam (DCB) fracture specimen, adopting the one-dimensional analysis
model which has proven to be quite successful in earlier dynamic fracture
analyses for the DCB specimen. The essential refinement introduced in this
work is to replace the elastic constitutive behavior used in the previous model
by the relations corresponding to a three-parameter linear viscoelastic solid.
It is recognized that this formulation is highly specialized. Nevertheless, it
is felt that the results obtained from this approach offer some important new
insights into the effects of viscoelasticity in dynamic crack propagation.

The Computational Model

The double cantilever beam (DCB) test specimen illustrated in Fig. 1 has
been found to be very useful in studying crack propagation and arrest events.
With quasi-static wedge loading and a blunted initial crack tip, this config-
uration offers a number of significant advantages over tests conducted in
other specimen types. Of primary usefulness, crack propagation occurs at
very high speeds (controllable by the degree of crack-tip blunting). Yet,
because the load point displacement is essentially unchanged while the crack
is in motion, crack arrest can occur within the specimen. Also of importance,
the crack travels at an ostensibly constant speed during a large portion of
the event. This simplifies the task of extracting experimental crack speed-
dependent fracture toughness values. At the same time, it offers a decisive
test of analysis procedures which, in fact, reveals the inadequacy of a quasi-
static treatment of rapid crack propagation in the DCB specimen.

Recent work has shown that the DCB specimen is the most ““dynamic’’ of
the test specimens that have been used [7]. Whether this is an advantage or a
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FIG. 1—Dimensions of transverse wedge-loaded DCB test specimen used in the computa-
tions given in this paper.

disadvantage, it is clear that dynamic effects are most strongly brought out in
experiments using the DCB specimen. It follows that dynamic analyses are
generally required for this configuration. Fortunately, the DCB specimen
lends itself to a simplified treatment that allows the essential features of the
crack propagation/arrest event to be taken into account. The computational
method that has been evolved was known initially as a ‘‘beam-on-elastic-
foundation’ model [8] but is perhaps more aptly termed a one-dimensional
model [9,10].

Details of the derivation of the governing equations of the one-dimensional
DCB mode] are given in Ref 9. It will suffice here to say that the equations of
motion, kinematic equations, and constitutive equations of the two-dimen-
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sional (planar) theory of elasticity are operated on by integral operators that
produce “beam-like” variables in a manner similar to that used initially by

Cowper [1I]. The resulting equations of motion become*

oM 32y

—_— —_ I__.

STl
38 3w
= — pH(x — }) = i
o PHE— @) =pd-ry

where

A = cross sectional area,
I = moment of inertia,
p = mass density,
H = Heaviside step function,
@ = crack length, and
M, S, p, w, ¥y = beam variables.

The latter are defined as follows

M=
vA

z0,dA (bending moment)

S =«

vA

0., dA (shear force)

p = bo,,(z = —h/2) (crack plane tension)

w = u,dA (displacement)

A

1
A

.

Y = Y zu, dA (rotation)

1
rl,
where

k = shear coefficient,
b = specimen thickness, and
h = specimen height.

n

2

€

4

®)

(6)

(M

Like the equations of motion, the kinematic relations to be used here are

4Here, and throughout this work, the deformation is taken to be relative to a plane of sym-
metry coinciding with the crack plane. Hence, the parameters refer to onc half of the specimen.
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unchanged from the previous (elastic) formulation. These relations express
the relevant strain components as functions of the beam variables in the fol-
lowing manner

_
€y = —2Z % 8)
_1/ow
€xz — ) ( ox ‘/’) (9)
2w
€, = —h—H(—z)H(x — Q@) (10)

Viscoelastic constitutive behavior can be introduced at this point to relate
the strains to the stresses. In particular, a three-parameter linear viscoelastic
solid representation will be used. This can be generally expressed as

3 1E (a 1)( v )
—t-— oy =2\~ +~= o — .
(at T Eoo) % =2 a7 Gy 1 —2 Goerrdy (1)
where

Go=Ey/2(1 + v),

E, = short-time modulus,

E . = long-time modulus,
7 = relaxation time, and
v = Poisson’s ratio.

I

fi

Note that if Eq 11 is applied to a uniaxial tension test—see, for example,
Fligge [/2]—the relaxation modulus E = E(t) can be written as

EG) = E, + (Eq — Eo) exp (—? f) (12)

which more clearly demonstrates the significance of the three viscoelastic ma-
terial properties £y, E,, and 7.

Omitting the details, combination of the kinematic relations, Eqs 8-10,
with the viscoelastic constitutive relation, Eq 11, gives

9 1&) _ _ <£ l>."&
<6t r E, M= —Eol 6t+7 dx (13)

0 1&) _ (i l)(&_w_)
(az+TEw S=xGod (g T 7)o ~ Y (14)
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d 1 E0> 2Eqb <6 1>
—+-—\p=—\—+- —
<6t ; E. P p 9% + - wH(ix — @) (15)

These three equations together with Eqs 1 and 2 comprise a set of five equa-
tions for the determination of the five dependent variables M, §, p, w, and ¥
as functions of x and ¢.

To complete the formulation of the problem, a crack growth criterion must
be provided. This is done by generalizing the energy release rate (or crack
driving force) parameter for dynamic viscoelastic crack propagation. The
basis for this is the energy-balance expression

G PR
dt dt dt dt

_ 1 (dW dU dT dD
_ L ] "

where

W = work done by external forces,

U = internal stored or free energy,

T = kinetic energy,

D = viscous energy dissipation,

Q@ = crack speed, and

B = width of specimen at crack plane.

Omitting some rather lengthly algebraic manipulations, Eq 16 can be recast

in terms of the beam variables. The result is

1
G = —Epr -

(17

1 2B, h F_ww%h

w
h 2b(E0 - Eco) h x =@(1)
which indicates that G is a local criterion that can be evaluated at the crack
tip, that is, the axial position x= G(¢).
It is instructive to note that the limiting form of Eq 17 as Ey — E ., is

2EbD [wzJ
G=—|— (18)
B h x=Q(t)

which is just the same as derived previously for linear elastic behavior. Both
of these results are consistent with the interpretation of the energy release
rate as the amount of stored energy in the mechanical spring-dashpot ele-
ment that holds the crack faces together; compare Bland [73]. This may well
be of importance for future work using more complex viscoelastic models.
The equations that have been given here are equally valid for both rectan-
gular DCB specimens where k is a constant and for contoured specimens
where & = h(x). But, application of these results in this paper is exclusively



POPELAR AND KANNINEN ON DYNAMIC VISCOELASTIC ANALYSIS 11

for rectangular DCB specimens. In this special case, I = 1/12 bh3, A = bh,
and, as shown in Ref 10, x = 5/6. Solution of the field equations—Eqgs 1, 2
and 13-15—is done by a finite-difference method [/4]. At each time step, Eq
17 is evaluated. The crack is allowed to extend when GG becomes equal to R,
the fracture toughness, a prescribed critical value of the energy release rate
taken as a material constant. In this way, the crack length can be computed
as a function of time from the onset of unstable crack propagation in some
prescribed initial configuration, the crack arrest point can be determined,
and, if desired, conditions after arrest examined.

Computational Results

The computations given herein are based on the assumption that the speci-
mens are wedge-loaded and that the wedge is inserted infinitely slowly. Then,
the appropriate initial conditions are those for an equilibrium elastic config-
uration using the long-time elastic modulus E,. Crack growth commences
from a state specified by an initial load point displacement or, equivalently,
by an initial strain energy release rate. Material properties used for the
analysis are given in Table 1. Note first that the material designated as
*“elastic’ is one having the properties of AS33B nuclear pressure vessel steel
but with no rate- or time-dependence. The viscoelastic properties appropri-
ate for a three-parameter solid representation for the four polymers included
in Table 1 were provided by Rosenfield [/5] on the basis of tests performed
at moderate strain rates. The fracture toughness values are representative
values taken from the literature [2,5,6, 16].

While it is quite clear that all of the materials listed in Table 1 exhibit
crack speed-dependent fracture toughness, one of the objectives of this anal-
ysis was to determine the extent to which such a dependence could be a re-
sult of ignoring the viscoelastic nature of the material behavior. If fracture
toughness values obtained in this way were used to perform the computa-
tions, it would be difficult to judge this point. Accordingly, R denotes herein
a single speed-independent toughness value (corresponding roughly to the
initiation value) for each material considered.

Just as for computations performed with the linear elastic DCB crack
propagation model, very nearly linear crack length-time results are obtained
for dynamic viscoelastic crack propagation.® Hence, two key parameters can
be associated with the results of each computation: the average crack speed

SLike the experimental observations, the computed crack length values typically increase with
time in an approximately lincar manner over a substantial portion of the rapid propagation
event (for example, 80 percent), then increase less and less rapidly as the crack arrest point is
approached. It should be recognized that these crack speed predictions are not forced upon the
model (for example, by assuming constant speed) but instead result from satisfying the equa-
tions of motion and the specified fracture criterion. Consequently, qualitative agreement with
the experimental results provides a check on the validity of the analysis.
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and the crack jump distance (the difference between crack length at arrest
and initial crack length). Results computed for these two quantities for each
of the five materials given in Table 1, using the configuration shown in Fig.
1, are given in Figs. 2 and 3.

Note that in the abscissa of Figs. 2 and 3 (and in the two which follow),
the parameter G denotes the strain energy release rate at the onset of crack
propagation. It is possible for this number to be greater than R because the
initial crack tip is blunted in the type of experiment being simulated by the
computations. In fact, Gq can be varied arbitrarily by increasing the radius
of the initial blunted region. Because G, is a parameter which directly enters
the computational model, it is the most convenient parameter with which to
display the computational results.

One negative feature of the one-dimensional computational model is that

200

150 —

Homalite

Crack Jump Distance, mm
8
]

50 —

Clearcast

4
%o
R

FIG. 2—Computed values of crack jump distance in the DCB test specimen for various
polymers.
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Crack Speed, m/sec

FIG. 3—Computed values of the crack speed in the essentially constant crack speed portion

200

Araldite B
Homalite
PMMA
Clearcast

of the unstable propagation event.

it does not offer a direct calculation of the stress-intensity factor K. In linear
elastic conditions, this is no particular drawback because the Freund-Nilsson
equation, which expresses the equivalence between K and G, can be used to
deduce one from the other. For plane-strain conditions, this equation is

E

K=
1—

A(R)G
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where A denotes a universal function of the crack speed which, for speeds of
interest here, is very nearly equal to unity; compare Kanninen [{7]. For
steady-state crack propagation in a brittle viscoelastic material, Kostrov and
Nikitin [78] have shown that Eq 19 also holds if the short-time modulus is
used. Therefore, since K = Kp during crack propagation,

Kp? =1 Eo_p (0)

— 2

where the crack speeds are assumed to be small enough that A(®) can be
taken as unity.

It is of interest to examine the ‘“dynamic” effect—the difference between
the dynamic value of the stress-intensity factor at the instant of crack arrest
and the corresponding static value. Because a crack speed-independent frac-
ture toughness is used in this work, the dynamic stress intensity value at
arrest is simply equal a priori to K;). From Eq 19, the static value can be
expressed as

E
K2=—"2-G, 21

where G, is the statically computed energy release rate for the crack length
and load point displacement existing at the time of crack arrest. Hence, an
expression of the “dynamic’ effect can be made in terms of a parameter ob-
tained by combining Eqs 20 and 21. This is

K E, R |'/2
ol @)

Computational results illustrating the behavior of this parameter for the five
different materials are shown in Fig. 4.

The relaxation times given in Table 1 are very large in comparison with
the duration of a crack propagation event (typically a few hundred micro-
seconds). This fact, taken together with the results showing the miniscule
amounts of viscous energy dissipation during crack propagation in Fig. S,
suggests that the 7-parameter is not too significant. (In Fig. S the viscous
energy dissipation D, has been normalized by the initial stored energy Uy).
Indeed, all of the results given in Figs. 2-5 can be ordered with respect to the
ratio E4/F . Figures 6-8 show further correlations that can be achieved
from the point of view that the short-term modulus governs dynamic crack
propagation even though the long-term modulus was used to set the initial
conditions.

Figure 6 shows a crossplot of results taken from Figs. 2 and 3 with the
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FIG. 4—Computed values at crack arrest in the DCB test specimen for various polymers.

crack speeds made dimensionless by introducing the dynamic bar wave
speed, (E¢/p)V/2. It can be seen that the previously disparate results now
collapse onto virtually a single line.® Note that this kind of representation
therefore offers a very convenient way of obtaining crack speeds for use in a
crack arrest methodology because no direct measurement would be required.
At the same time it should also be noticed that, in general, the Go/R values
for the various matetials at each point on a curve like that of Fig. 6 are dif-

9The fact that the order of the materials has changed in Fig. 6 is not believed to be significant
inasmuch as the differences are comparable to the computational accuracy.
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ferent. Consequently, the apparent agreement between the results of tests
under different conditions, presented in terms of crack speed and crack jump
distance, can be somewhat misleading.

The key curve in the crack arrest methodology approach suggested by
Hahn et al [1,2] is one for the parameter K p/K 4 as a function of the crack
jump length. This quantity can be extracted approximately from the results
obtained here in terms of the parameter

172

Kp FEER'

Kq |E=Go

(23)
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FIG. 6—Computed values of the dimensionless crack speed versus crack jump distance.

Such results (taken from Fig. 2) are shown in Fig. 7. It can be seen that,
while a considerable degree of consolidation is achieved by this representa-
tion, viscoelastic effects have not been eliminated altogether. In fact, an
ordering of material response in accord with the ratio E,/E , is still evident.

Finally, for completeness, results iflustrating the dynamic effect at crack
arrest are shown in Fig. 8. (These have been obtained by cross plotting the
results given in Figs. 2 and 4.) It can again be seen that the spread is con-
siderably reduced, but, unlike the crack speeds, not to the point where the
viscoelastic efforts are completely eliminated.
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FIG. 7—Computed relation between the crack jump distance and the ratio of the dynamic
Jfracture toughness to the initial stress-intensity factor.

Discussion of Results

The mathematical model described in this paper is simple in three re-
spects. First, it allows the DCB specimen to have only one spatial degree of
freedom. Second, it represents the viscoelastic constitutive behavior as a
three-parameter solid with properties determined at moderate strain rates.
Third, crack speed-independent fracture toughness values have been used
exclusively. In defense of these, it can be said that the approach is intended
only as a first step to explore the importance of combined dynamic and
viscoelastic effects. And, despite the geometric and constitutive restrictions
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FIG. 8—Computed relation between the crack jump distance and the ratio of the dynamic
Jracture toughness and the static stress-intensity factor corresponding to the point of crack
arrest.

on the applicability of the model, this has been accomplished. At the same
time, it is clear that the results presented herein pertain only to one phase of
the complete process—unstable crack propagation. Further work is needed
to examine viscoelastic effects, both during loading prior to unstable growth
and following the arrest of rapid crack propagation. It is also clear that the
material parameters to be used in the viscoelastic model (a five-parameter
solid model is now being developed) must be more representative of the strain
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rates occurring in dynamic crack propagation than are those that have been
used in this paper.

These limitations aside, the computational approach presented here can
begin to shed some light on the two prime controversial aspects of the sub-
ject that now exist. One of these is the possibility that the dynamic fracture
toughness values—conventionally denoted as Kp = Kp(®) where @ is the
crack speed—are not unique material property values as they must be. The
second involves the connection, if any, that exists between the dynamic arrest
event and the static conditions that exist sometime after arrest. The work
described in this paper was motivated by the concern that many important
experimental observations are being made on polymers and, because the
interpretation of these experiments has generally ignored the viscoelastic na-
ture of the materials, such observations may, to some extent, be hindering
the resolution of these controversies.

The results presented show that, while the crack is in motion, the deforma-
tion is controlled by the short-time viscoelastic modulus and, at least to the
point of crack arrest, the viscous energy dissipation is negligible. This sug-
gests that the use of a linear elastic analysis to extract fracture parameters
from tests on polymeric materials is not inappropriate. Indeed, as Figs. 6 and
7 show, crack speeds and stress-intensity factors relative to suitable reference
values for the polymeric materials are not greatly different from the elastic
material values. Caution must be exercised, however, to choose proper non-
dimensional forms. Clearly, these will depend on the initial conditions, the
type of applied loading, and possibly other aspects of the test.

In observations of the dynamic stress-intensity factor after the arrest of
rapid crack propagation, Kalthoff et al [/9] have found qualitatively the
same behavior in Araldite B and in Homalite 100. In both materials, the
dynamic stress-intensity factor inferred from the caustic size at the instant
of arrest is larger than the corresponding static stress-intensity factor. Fol-
lowing crack arrest, the dynamic stress-intensity factor oscillates with
damped amplitude around the static value. However, the initial amplitude
differs quite markedly in the two materials. Specifically, the initial ampli-
tude—a value now often termed the “dynamic effect’”’—is a factor of 2 to 3
lower in Homalite 100 than in Araldite B. Kalthoff concludes that, because
of the stronger viscoelastic behavior of Homalite 100, dynamic effects show
up less clearly in it than in Araldite B and much less clearly than in steel.

The results for K,/K,, shown in Figs. 4 and 8, qualitatively show the
same dynamic effect as observed by Kalthoff. This is, of the three materials
addressed by Kalthoff, Homalite shows the least dynamic effect, Araldite
B is somewhat greater, while the elastic material having the properties of
steel shows the greatest. Quantitatively, however, the differences are sub-
stantially less than those observed. A plausible explanation for this deficiency
of the computations likely lies in the use of speed-independent fracture
toughnesses for the computations reported here. If more realistic fracture
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toughness-crack speed relations had been used (that is, monotonically in-
creasing functions), the dynamic stress-intensity factor at arrest would be
lower and, hence, nearer to the static value. The differences between the
K p/K , values for the different materials might be expected to remain about
the same, whereupon the relative differences would become much greater,
consistent with Kalthoff’s observations.

Conclusions

A preliminary assessment of dynamic crack propagation in a wedge-loaded
DCB test specimen of a linear viscoelastic material (taken as a three-param-
eter solid) has been made. It has been found that, during the unstable crack
propagation event itself, viscous energy dissipation is quite small. The dif-
ferences that exist between the viscoelastic results and those for a rate-
independent elastic material are therefore attributable to the rate-depen-
dence of the modulus in viscoelastic behavior. Specifically, for a specimen
loaded slowly enough that an equilibrium configuration corresponding to the
long-time viscoelastic modulus characterizes the conditions at the initiation
of rapid growth, it is shown in this paper first that the short-time viscoelastic
modulus dominates during dynamic crack propagation, and second that cor-
relations between elastic dynamic events and viscoelastic dynamic crack
propagation/arrest can be made using only the short-time and long-time
viscoelastic moduli.

The work has also reaffirmed a finding of earlier work that, for long crack
jump lengths, no connection exists between the dynamic value of the crack
driving force at the instant of crack arrest and the static value correspond-
ing to the arrest state. Consequently, it seems clear that ascribing a material
property to the static value of the stress-intensity factor long after arrest in
steel, as suggested by Crosley and Ripling [20], on the basis of experiments
done on Homalite or other highly viscoelastic materials, has doubtful valid-
ity.

Finally, it might be noted that dynamic viscoelastic analyses are but one
way to generalize the more conventional fracture mechanics approaches to
crack arrest determinations. Work by Achenbach and Kanninen [21] has ad-
dressed another generalization, dynamic plastic crack propagation, to treat
propagation/arrest events in highly ductile materials where large-scale yield-
ing accompanies crack growth. It is likely true that only by developing more
realistic material models for viscoelastic and for plastic behavior can the
limits of linear elastic dynamic behavior be properly determined and, per-
haps, the present controversies completely resolved.
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ABSTRACT: A simple onc-dimensional mathematical mode! for rapid fracture and
crack arrest in a double-torsion fracture specimen is developed. The model indicates that
the crack speed is limited by the torsional wave speed, which depends upon the shear
wave speed and the cross-scctional geometry. By appropriate design of the specimen, it
appears that some control can be exercised over the portion of the fracture toughness-
crack speed relation that the crack tip samples. Analyses are pcrformed for both speed-
independent and spced-dependent fracture toughnesses. Qualitatively the predicted
crack history for this specimen has many of the characteristics predicted and measured in
the morc traditional specimens.

KEY WORDS: double-torsion fracture specimen, fracture toughness, dynamic crack
propagation

As shown in Fig. 1, the double-torsion (DT) fracture specimen consists of a
rectangular plate with a starter notch or precrack. A four-point loading sub-
jects the two halves of the specimen to equal and opposite torques. These
specimens have been used, for example, to study the fracture of glass [7],2
and polymers [2,3] and the stress corrosion cracking of steels [4]. '

While the mode of fracture is somewhat complicated, it is usually approxi-
mated as Mode I. A further approximation which is made in the static analy-
sis of this specimen is that the crack front is straight and normial to the plane
of the plate. Within these approximations an elastic analysis based upon the
theory of torsion of thin rectangular sections yields a stress-intensity factor

!Professor, Department of Engineering Mechanics, The Ohio State University, Columbus,

Ohio 43210. .
2The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Double torsion fracture specimen.

which is independent of the length of the crack. From an experimental view-
point this feature of a fracture specimen is attractive.

The DT fracture spccimen has been used primarily in studies of quasi-
static stable crack growth. It seems reasonable that it could also be used to
characterize the fracture toughness of rapidly propagating cracks. The speci-
men’s relatively simple geometry and loading lends itself to analysis, which is
an essential ingredient for interpreting experimental results.

The purpose here is to present a dynamic analysis of fracture and crack ar-
rest in a DT specimen under fixed rotation loading. When approximations
equivalent to those made in the static analysis of this specimen are invoked,
the dynamic event is modeled by a one-dimensional torsional wave equation.
There is a close analogy between portions of this analysis and Freund’s [5]
analysis of a very simple shear model for a running crack in a double canti-
lever beam beam (DCB) specimen. Since the latter is governed by a one-
dimensional shear-wave equation, some of the mathematics, while couched
in different terms, is necessarily similar. Nevertheless the DT specimen and
its modeling are sufficiently different to warrant some repetition. Further-
more, in the present papcr, an analysis is performed for a fracture toughness-
crack speed dependency that closely approximates that found for polymers.
In addition, the DT specimen is shown to cxhibit a featurc not found hereto-
fore in more commonly used dynamic fracture specimens.

Governing Equations

Let the origin of the triad xyz be located at the loaded end of the specimen
(see Fig. 1) with the z-axis directed along the centroidal axis of an arm of the
specimen. The position of the crack tip at time ¢ is defined by z = a(¢). Ini-
tially the crack is of length a, and its tip is blunted, which permits a super-
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critical condition to exist. The end z = 0 is twisted until the blunted tip is
transformed into a sharp one and rapid fracture commences. During the
subsequent motion the rotation of the cross section about the centroidal axis
remains fixed; that is, a fixed grip loading is assumed.

The development of a mathematically tractable model for rapid fracture
and crack arrest is guided by the assumptions inherent in previous static
analyses. They are

1. The crack front is straight and normal to the plane of the plate.

2. The deformation of the arms of the specimen is described by the elastic
theory of torsion of thin rectangular sections.

3. The stiffness of the plate ahead of the crack tip is sufficiently great that
deformations there can be neglected.

The last approximation can be shown to be acceptable if the length of the
ligament is greater than the width of the specimen’s arm.

Experience indicates that for a brittle material the tension side of the crack
will lead its compression side by as much as one or two plate thicknesses. The
same phenomenon is also observed in quasi-static fracture of this specimen.
After the initiation phase of propagation the crack tends to propagate in a
self-similar manner. Therefore, after the initial transient, the exact shapc of
the crack front will have littlc influence upon the subsequent events for envi-
sioned crack extensions exceeding several plate thicknesses. The curved
crack front also yields a variable torsional rigidity in this region. This effect is
minimal if the crack length is much greater than the length of the crack
front. In this instance, therefore, the consequence of the first assumption is
the neglect of the initial transient and the variable torsional rigidity.

The motion is governed by the torsional wave equation

GKB"=pIf  0<z<alt) (1)

where § is the rotation of the cross section about the z-axis (the primes and
dots are used to denote differentiation with respect to z and ¢), respectively,
and GK and pl are the torsional rigidity and mass moment of inertia. It is
convenicnt to introduce the twist gradient oz, ) = 8" and angular velocity
w(z, t) = B and write Eq 1 and the compatibility condition as

cla' — =0

} 0<z<alr) 2)
a—w =0

where ¢ = (GK/pI)!'/? is the torsional wave spced. In contrast to Freund's
simple shear model of the DCB, the wave speed here depends upon the
geometric propertics of the specimen as well as on the material properties.
The implications of this are discussed later. Upon differentiating with
respect to £, the boundary conditions 3(0, t) = 8, and B[a(#), t] = 0 become
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w=0 at z=10
wtda=0 at z = a(t) )
Atr =0
a=—60/aoza0, w=0 (4)
The fracture criterion is based upon a balance between the energy release
rate or crack driving force, G, and the dynamic fracture energy ®, which is a

material property and may decpend upon crack speed. That is

g=®@), a>0
G<®, a=0 S

For fixed grip loading
Q= —(U+ T)/ah (6)

where £ is the thickness of the spccimen at the crack planc

U = Gk \ oldz (7)
v0
is the strain encrgy, and
T =pl \ wldz (8)
Jo

is the kinetic cnergy of the specimen. After the introduction of Eqs 7 and 8
into Eq 6, a subsequent integration by parts and employment of Eqs 2 and 3,
then

GK
g :T(l — a2/¢Daa, t), a<c 9

It follows that at incipient crack growth the static cncrgy release rate is
Go = GKay*/h (10)
There are two distinct burt related problems that are of interest. In both

cases the solution to Eq 2 satisfying Eqs 3 and 4 is required. In the first case
the crack history is prescribed; for example, a(¢) is experimentally mecasured,
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and the dynamic fracture energy as a function of crack speed is desired. With
a(t) known, G is determined explicitly by Eq 9 and ® is given by Eq S. In the
second problem the fracture energy is prescribed and the crack history is re-
quired. When Eq 9 is introduced into Eq 5, the resulting equation governs
the crack history. In the following, both problems are investigated.

Prescribed Crack History

It is assumed here that a(z) is prescribed. The method of characteristics
provides a rather straightforward solution. The characteristics, depicted in
Fig. 2, are z = ¢t = constant, and on them w * ca = constant. At¢ = 0
the crack tip abruptly changes from a blunt to a sharp one and it commences
propagating at the speed d;. An unloading wave emanating from A, the
initial position of the crack tip, propagates with the speed ¢ along the charac-
teristic AB toward the end z = 0 (B). There it is reflected and propagates
along BC and overtakes the crack tip at C. Associated with C is a further
unloading which propagates along CD, and the process is repeated.

Along the arc AC the method of characteristics yields

oy = Ol()/(l + dN/C), Wy — —dNOl[)/(l + aN/(_) (11)

where the subscript denotes the point in the solution domain at which the
variable is evaluated. Between Points C and E where the wave front over-
takes the crack tip for the second time

_ a()(l - dN/C) _ dR(XO(l - dN/C)
T Faye)l +ag/e) BT T+ ay/eX1 + apse)

(12)

Qp

Further values of these variables along z = a(¢) can be obtained by induc-

tion.
The solution procedure can be used to determine « and w for other points.

R z=alt) E

Solution

0 B T D t

FIG. 2—Family of characteristics.
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Of course for a point in the region AOB, v = 0 and o = «. At Point P with-
in the region ABC

(1[):(10/(1 +a/\,/C) wp = —dNozo/(l +dN/C) (13)
and for point U in region BCD

_ ao(l - dsdv/cz) _ (10(&5 — ay)
—= ’ Wy —
(A + ay/eXl + ag/c) YU+ av/o + ag/e)

(14)

(6273

and so on.
When Eq 9 is introduced into Eq S, it follows for Eqs 11 and 12 that

1 —ay/c
®R@y) = So TTave dh/c, Non AC
N
(15)
G (1 — ap/c)(1 — an/c)?
Q1 + ag/e)1 + an/c)?

Rlag) = R on CF

and so on, Equation 15 implies that at initiation the energy release rate de-
creases precipitously from G to Go(1 — dp/c)/(1 + ay/c).
Constant Crack Speed

Assume that the crack propagates at the constant speed @ = d,. In the
time ¢ that it takes the crack tip to advance to C, the wave front will have
traveled the distance ag + a.. It follows that

1+ ay/c _ 2ag/c

= ) te = 16
“c aol — ag/c ©CT - ag/c (16)
A similar deduction yields
(1 + (io/C)2 4(10/0
=ay = 17
ETRT T 0 ET (1 = dple)? (an

and so on.
Assuming that the crack continues propagating at the speed a, after the
wave front overtakes the crack tip, then it follows from Eq 15 that

. 1 —ay/c
®(ag) = Go T av/e do/c’ ap<a<ac
0
(18)
. 1 — ag/c\?
®R(a9) = Go <1+—d0/c> ; ac<a<ag
0
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and so on. It is apparent from Eq 18 that each time a wave front overtakes
the constant-speed crack tip there is a discontinuous decrease of the energy
release rate. For this to occur ®(a) must have a vertical slope at @ = @. Sev-
eral polymers seem to exhibit this characteristic; for example, see Kobayashi
and Mall [6].

Prescribed Fracture Toughness

Speed-Independent Toughness

Consider a material whose fracture toughness is independent of crack
speed; that is

It follows from combining Eqs 18 and 19 that the crack advances at the con-
stant speed

g _ Go/®p — 1

y Gp<a<a 20
¢ Go/R, +1 0= a=dc (20)

In the regions ABC and BCD of the solution domain, Egs 13 and 14 yield,
respectively

a = ag/(1 + ag/c) w = —dagay/(1 + ay/c) (21
and
o= agll —ay/c)/(1 + ap/c) w=0 (22)

Equations 21 and 22 indicate that behind thc reflected wave front the speci-
men is at rest and, in particular, a discontinuous decrease in « occurs as this
wave front advances. Consequently, when the wave front overtakes the crack
tip, § < ®&,,, the crack arrests, and all motion ceases. The rate of twist is
given by Eq 22 for all subsequent time. Furthermore, Eqs 16 and 20 yield
for the crack length at arrest

ac = goag/&m (23)

For a speed-independent toughness, Eq 23 suggests that for this test speci-
men the dynamic fracture toughness can be inferred from the initial and final
crack lengths and the initial twist suffered by the specimen. The speed of the
crack tip is given by Eq 20.



POPELAR ON A DOUBLE-TORSION FRACTURE SPECIMEN 31

The introduction of Eqs 20 and 22 into Eq 9 yields for the energy release
rate after arrest

Sa= ®,2/So (24)

whereas prior to arrest § = ®,,. Irwin and Wells 7] hypothesized that crack
arrest may be viewed as the reversal of crack initiation. By this reasoning the
energy release rate after crack arrest is a material property in much the
same way that the energy release rate at initiation for a sharp crack is a mate-
rial property. This concept of crack arrest has been the subject of much con-
troversy. It is now generally recognized, however, that the energy release rate
after crack arrest is not a material property as Eq 24 demonstrates. Further-
more, depending upon the degree of initial bluntness, G, can significantly
underestimate &, .

A Speed-Dependent Fracture Toughness

Many polymers have a dynamic fracture energy-crack speed dependence
similar to that illustrated in Fig. 3a. Limited data indicate that a similar
dependence may exist for some steels. The shear wave speed is ¢,, and 4, is
the limiting crack speed at which the toughness becomes virtually un-
bounded. This limiting speed for polymers is of the order of ¢, /3. It has been
suggested that this toughness relation can be approximated by the dashed
lines. This idealization is shown in Fig. 3b for the DT fracture specimen.
Because the torsional wave speed depends upon the specimen’s cross section,
then @,/c can be greater than or less than unity. Immediate consideration
will be giventor = d,/c < 1.

For the idealized fracture toughness, the crack speed will be a piecewise
constant with possible discontinuities occurring whenever a wave front over-
takes the crack tip. In the following it will be assumed that

®,/Go < (1 — A/ +7) (25)
R R
R __!5 R, |
§/c,  arc, EWE asc

(a) (b)

FIG. 3—Real and idealized fracture energies.
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In this way the event is initially governed by the vertical branch of R(a).
Otherwise the crack history is governed by the horizontal branch and is iden-
tical to that for a speed-independent toughness.

If
1—r R <1 — r>2
>——> 2
<1 + r> Go 1+r (26)
the crack arrests as soon as the first torsional wave overtakes the crack tip.
While the tip is advancing '

Rla)=G=Gol — /(1 +7) 27)

At theinstant ¢, = 2ay/(c — a;) of crack arrest

ay=alt;) =ag(l + /(1 —r) (28)
and afterwards
. 1 —r\?
e

For yet smaller values of ®,,/Gq, the number of times a reflected wave
overtakes the crack tip is # + 1 where n satisfies

11—\ ® <1 _,>zn+1
> > ; = 30
<1+r> Go  \1+r nzl 30)

The crack speed during the first n traverses of the torsional waves is q;. At
the instant

1, = t,— + 2(1,,_1/(0 - (11)

that the crack tip is overtaken for the nth time

a, = alt,) = ag <: z :) 31

During the subsequent motion the horizontal branch ® = ®,, governs.
Consequently this final segment of the event is identical to that for a speed-
independent toughness if a, and « are replaced, respectively, by a, and
agag/a,. The crack speed for this interval is determined from
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®,, 1 —s\/1 —r\>
Q_:<l+s><l+r> P s=ak (32)
Q

At the time ¢t = ¢, + 2a, /(¢ — a) of crack arrest

4 _So <_1 —_r_>"
ag ®R,\l +r (33)
and after arrest
S, @&, <1 + r>2"
_—= 34
(R,,, QQ 1 - r ( )

For purposes of illustration and without a great deal of loss of generality,
assume in the sequel that n = 1. In this case the crack history is governed
by the vertical branch of Fig. 3 during the first traversing of the unloading
wave, while the horizontal branch governs the event during the second and
final passage of the unloading wave.

In addition to the fracture energy F, considerable insight into the dynamic
fracture process is afforded by the strain and kinetic energies and their con-
tributions to the crack driving force. With Eqs 11 and 12, these energies can
be computed in a straightforward manner. After some manipulations and
normalizing with respect to the initial strain energy

UO = GKa()(X()z (35)

they can be written as follows
Foray = a < a¢g(1 + r):

U/Up=1— (a/ag — 1)/(1 +r)
T/Uy = rla/ag — 1)/(1 + r) (36)
F/Ug = (a/ag— DA~ r)/(1 +r)

Forag(l +r) < a < ag(l + r)/(1 — r):

U _2-(0-rn*—(a/ag— 1)1 —r)
Uy (1 + r)2

T _ 22 — ra/ag — 1)X1 — 1)
Uy (1 + r)? (37

F _(a/ag— 1)1 — 1)
UO 1+r
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1+ 1+
Foray <1 r) <a<ay(l+ys) <1 r):
—r —r

__IL (1 =r +3r+s+rs)—(a/ag— 1)1 — r)?
Uy (1 + s)1 + r)?
T _s(a/ag — 1)A —r)? — 2rs(1 — r)
Uy 1+ s)1 +r)? (38)
F 4r(r +5) + (1 — s)a/ag — 1)1 — r)?
Up (1 + s)(1 + r)?
And for ay(1 +5) <m> <a<ag <1 ha s><1 ha r):
1—r 1 —s/\1 —r
U _a- Nl +3r+ 2 —s2—52r — (1 — r)(1 — s)a/ay — 1)]
U, 1+ N1 + )2
T _ s(1 = r2(r +s) — 1 — ¥1 — s)Na/ag — 1)] (39)

U 1+ X1 + 5)?

F _ (1 —s)1 —r¥a/ag—1) +4r(r +s)

Uy (1 +s)X1 +r)?

The limits of the foregoing regions represent the crack’s length at 4, B, C, D,
and FE in Fig. 2.

For Go/®,, = 12 and 4,/c = 1/2, the variation of the energies with crack
extension is shown in Fig. 4. The initial coincidence of the fracture energy
and the kinetic energy is fortuitous. For purposes of comparison the static
solution is given by the dashed curves.

The crack tip emerges from the notch with a speed 4,. Simultaneously the
rate of twist at the crack tip decreases abruptly from «q to 2¢¢y/3 (compare
Eq 10) and G drops from Gq to Go/3 (Eq 27). Because of this sudden
decrease in «, the specimen is no longer in equilibrium and an unloading tor-
sional wave commences propagating at a speed ¢ toward the loaded end. This
unloading wave produces a reduction of strain energy and an increase in the
kinetic energy as more of the specimen gathers momentum. The difference
between the rate of decrease of the strain energy and the rate of increase of
kinetic energy is the rate at which energy is absorbed at the crack tip. These
rates remain constant until the wave front reaches the loaded end and is
reflected. As the reflected wave propagates toward the crack tip, it brings to
rest the material behind its front and further reduces «, but to a lesser degree
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FIG. 4—Variation of strain, kinetic, and fracture energies with crack growth for Go/®, =
12 and a\/c = 1/2.

than the initial wave. Consequently, both the kinetic and strain energies
decrease. It is obvious that initially (¢ < V3 a;) the static solution over-
estimates the crack driving force and then underestimates it during the latter
stages of this portion of the event.

At the instant the wave front overtakes the crack tip, the specimen is
momentarily at rest, but the crack driving force is greater than the minimum
value required to sustain growth. Consequently, a second unloading wave
begins propagating toward the loaded end and crack growth continues. In
this case, however, the crack advances at the slower speed a/c = 1/7 as
determined by Eq 32 with = 1. Morcover, the magnitude of this second
unloading is smaller than the first one and produces less-dramatic changes in
the strain and kinetic energies. The preceding events are repeated with the
exception that G decreases from ®,, to G,, Eq 34, when the second reflected
wave overtakes the crack tip. Consequently, the crack arrests, the specimen
is quiescent, and the final crack length is given by Eq 33. The crack history
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for this example is shown in Fig. S. The crack history and variations of
strain, kinetic, and fracture energics are reminiscent of their predicted
counterparts for the DCB fracture specimen; for example, see Gehlen et al
[8].

If 4, > ¢, then the horizontal branch of Fig. 3b governs the event and the
effect is as if the fracturc toughness were speed-independent. The crack
speed is given by Eq 20. Furthermore, the crack arrests at the instant the
first reflected wave overtakes the crack tip. The strain, kinetic, and fracture
energies are given by Eqs 37 and 38 if 4, is replaced by 4.

Figure 6 is a plot of the stress-intensity factor K, at arrest versus the stress-
intensity factor K at initiation normalized with respect to the minimum dy-
namic fracture toughness K, for the material depicted in Fig. 3b and 4,/¢c =
1/2. Except for isolated values of K o, K, always underestimates K, and is
only an adequate approximation of K, for limited values of K.

5 T T . T T
4._
[=]
< 3 :
o
2 |
| | 1 1 | 1
0 2 4 6 8 10 12
tc/a,

FIG. 5—Crack history for Go/®R,,, = 12 and 8,/c = 1/2.

Discussion

One of the principal material parameters of interest is ®,,. The present
model of dynamic crack propagation in a DT specimen suggests a potentially
simple means of determining ®,, for materials possessing a dynamic fracture
toughness-crack speed dependency depicted in Fig. 3. Since the torsional
wave speed ¢ depends upon the specimen’s cross-sectional geometry, then by
appropriate design of the specimen it is possible to insure ¢ < 4,. Conse-
quently, only the horizontal branch of the idealized fracture toughness of
Fig. 3b or a limited portion of the real toughness of Fig. 3a is sampled ir-
respective of the value of Gq. It follows from Eq 23 that

(Rm = Qoao/ac (40)
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FIG. 6—K, /K, versus K /K., for the material of Fig. 3b with 4,/c = 1/2.

Moreover, Eq 40 is valid for speed-independent fracture toughnesses. Since
all the parameters on the right side of Eq 40 can be easily measured, then &,,
is readily determined.

The present model should furnish sufficient quantitative results and
understanding of rapid fracture and crack arrest in the double-torsion
specimen to provide a rational basis for its design and to aid in the interpre-
tation of experimental results.
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ABSTRACT: Three problems of constant-speed fast fracture have been simulated by
finite-element analyses. The mechanism for the release of mechanical encrgy was the
gradual relaxation of the restraining reaction at a node adjacent to the crack tip. The
numerical results are used to compare the performances of two recently proposed
methods for prescribing the manner in which the relaxing force depends upon the crack-
tip location between nodes in the finite-element model. Energy-release rates generated
from the algorithm proposed by Rydholm et al are found to be in slightly better accord
with continuum elastodynamics than are those produced by the algorithm previously pro-
posed by the authors.

KEY WORDS: crack propagation, fast fracture, finite elements, energy dissipation

The results of a number of two-dimensional finite-element analyses of
rapid opening-mode crack propagation in linearly elastic isotropic bodies
have been published during the past three years [7-9].7 With two exceptions
[8, 9], these studies have had in common the simulation of crack propagation
by the sequential release of nodes along one edge of a finite-element model
which takes advantage of elastodynamic symmetry about the crack-tip trajec-
tory and which is composed of regular elements; that is, the elements have
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stiffness and inertia properties which do not vary with crack-tip location, and
the crack-tip stress singularity is not represented in the finite-element model.
Under these conditions it is not evident what mechanism should be provided
for the release of mechanical energy that accompanies crack extension.
Several authors [1, 3,4, 6] have proposed algorithms by which, as the crack tip
is imagined to pass, the condition of a crack-trajectory node is smoothly
altered from that of zero displacement to that of zero external nodal force
normal to the crack plane. The negative work done by the diminishing force
restraining the crack-trajectory node is the energy-release mechanism. The
relative merits of the different algorithms are difficult to assess because of the
absence of benchmark analytical solutions to problems of fast fracture in
finite bodies and because of the different finite elements (typically constant-
strain triangles or isoparametric quadrilaterals), mass distribution schemes
(lumped or consistent), and time-integration algorithms (usually central dif-
ference or Newmark-3) employed by the several investigators. The present
paper is concerned with comparisons of results obtained from the closely
related algorithms proposed by the authors [3] and by Rydholm,
Fredriksson, and Nilsson [4]. A common finite-element model has been
employed for the simulation of three problems of extension, at a constant
rate, of a central crack in a square sheet.

The Near-Tip Nodal Force

Figure 1 depicts a near neighborhood of the simulated crack tip in a finite-
element model for a problem exhibiting elastodynamic symmetry about the
crack plane, the base of the model coinciding with the crack-tip trajectory.
During the time interval in which the crack tip would pass the location of
Node A and proceed to the location of Node B in the finite-element model,
the restraining force, F, is prescribed to decay from the reaction F,, com-
puted at the instant prior to release of node A, to zero when the crack tip

CRACK-TIP LOCATION
A / \le

CRACK PLANE ~ Fay ==

OF SYMMETRY —_
i PROPAGATION

P DIRECTION

e— — &

L.

FI1G. 1—Crack-tip neighborhood of finite-element model.
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reaches Node B. It is in the manner by which F is prescribed to decay (or the
restraint is relaxed) that the algorithms proposed in Ref 3 and in Ref 4 differ.

The algorithm advanced in Ref 3 by the authors, and hereinafter
designated MK, assigns, F in accord with the virtual-work-consistent nodal
force appropriate to a singular external traction field traveling in advance of
the crack tip. By assuming a constant *stress-intensity factor” while the
crack tip traverses the distance between Nodes A and B and by assuming that
displacements vary linearly between the nodes, there results

F/F,=[1 — b/AP? (1)

where b is the distance from Node A to the crack tip and A is the distance
between the nodes.

The algorithm proposed by Rydholm, Fredriksson, and Nilsson [4], and
hereinafter designated RFN, prescribes F to decay in the manner that yields
a constant energy-release rate in the finite-element model for quasi-static
crack extension between Nodes A and B while prescribed remote loads or
displacements are held constant. The result is

F/F,=[1 — b/A)'2 (2)

The variations of nodal force with crack-tip location given by Eq 1 and 2 are
shown in Fig. 2, the pertinent difference being that the one (MK) decays
more rapidly at the beginning of the interval of extension and the other
(RFN) decays more rapidly at the end of the interval. Between these two lies
the uniform rate of decay suggested by Ref 5.

The Finite-Element Model

All of the numerical results presented in this paper have been obtained
using the finite-element model depicted in Fig. 3. The model represents one

B/,

b/a

FIG. 2— Variation of nodal force with crack-tip location.
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FIG. 3—Finite-element model of one quadrant of a square sheet.

quadrant of a centrally cracked square region in plane strain and subjected
to uniform tension, o, on the edges parallel to the crack trajectory (x-axis).
The model is composed of 800 constant-strain triangles and has 441 nodes
and was chosen to duplicate the uniform mesh (A = 0.05L) of Rydholm et al
in Ref 4 where square bilinear elements were employed. A second motivation
for the choice of a uniform mesh was the desire to compare results so ob-
tained with those reported in Ref 3, where elements differing in size by an
order of magnitude were used in an attempt to simulate propagation in an in-
finite sheet. That previous work had left unresolved the question as to what
extent some oscillations in nodal displacements might be associated more
with the nonuniformity of mesh than with the process of simulating crack ex-
tension.

Calculations have been carried out for a material having a Poisson’s ratio
v = Y3 so that the ratio of longitudinal (c,) and shear (c,) wave speeds was
cy/cy = 2. The central-difference method of time integration [10] and the
lumped-mass characterization of inertia have been employed. In each
simulation of fast fracture, 20 time steps of numerical integration have been
used for the interval between the releases of adjacent nodes. The average
energy-release rate, G, for each increment (nodal spacing) of crack extension
was computed from the work of remote loads and changes in strain and
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kinetic energies; thus, if ¢, and 7, were the times of successive releases of
nodes

26 A = "2[T()Mu(e;) — w7 () Mu(zy)]

+ 12 [uT(t,)Ku(z;) — u?(£,)Ku(z,)]

+ [uf(zy) — uT(t)]P (3)
where
u = vector of nodal displacements and u7 its transpose,
M = mass matrix,
K = stiffness matrix,
P = vector of external forces (constant), excluding the relaxing force F,
and
i = vector of nodal velocities computed from

hMu(r,) = M[u(ty) — u(t; — k)] + [P — Ku(¢;y)]h2/2 4

where h is the time step in the numerical integration; F does not appear in Eq
4 since it vanishes at t,. Throughout this paper the average energy-release
rates from Eq 3 are depicted in the figures at the midpoints of nodal spac-
ings.

An indication of the performance that might be expected of the finite-
element model in applications to fracture mechanics can be gleaned from the
static energy-release rates (Fig. 4) which have been normalized to the static
value appropriate to a crack of length 2a in an infinite sheet; that is,

Cw = (1 — Wmac?/ 2y

where u is the shear modulus. For ¢ > 0.3L, the energy-release rates, de-
duced from finite-element analyses of the appropriate sequence of
equilibrium problems, differ from those reported by Isida [11] by less than 10
percent. For shorter cracks the finite-element model produces significant er-
rors in the static energy-release rates.

Static Loading and Extension from Zero Initial Length

The first problem to be discussed is the extension at constant rate 2c of a
crack having zero initial length, the square region being initially in
equilibrium with the prescribed uniaxial stress ¢ and the edges perpendicular
to the crack trajectory being free of stress. This is a problem simulated by
Rydholm et al [4], and for sufficiently small time the near-tip behavior of the
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FIG. 4—Static loading and extension from zero length: energy release rates.

sheet is given by Broberg’s solution [/2] to the corresponding infinite-sheet
problem. Energy-release rates calculated from finite-element simulations us-
ing the MK and RFN algorithms are shown in Fig. 4 for two propagation
speeds, ¢ = 0.25¢; and ¢ = 0.5¢,. Broberg’s solution is applicable for com-
parisons before boundary effects are felt at the crack tip, that is, for ¢ =
0.22L at ¢ = 0.25¢; and a < 0.4L at ¢ = 0.5¢;. Aithough the RFN
algorithm produced energy-release rates consistently higher than those from
the MK algorithm, the differences in the finite-element results were signifi-
cant only at the higher crack speed. Each of the finite-element simulations
yielded energy-release rates substantially lower than those of Broberg during
the time intervals prior to the arrivals of signals from boundaries. For plane-
stress conditions, Rydholm et al [4] reported substantially better agreement
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with the Broberg solution when bilinear elements and the consistent-mass
characterization of inertia were employed.

The y-component, v, of a nodal displacement on the crack face (at x =
0.3L), displayed in Figs. 5 and 6, exhibits the mild oscillations characteristic
of those reported in Ref 3, indicating that this feature is a consequence of
spatial discretization along the crack-tip trajectory rather than of the
nonuniformity of the finite elements employed by the authors in the earlier
study. As might be anticipated from the relative rates of nodal-force relaxa-
tion, the crack-face displacements generated by the RFN algorithms lag
those generated by the MK scheme, which can be expected to produce near-
tip displacements significantly lower than those approprlate to continum
elastodynamics (Fig. 5).

Shown in Fig. 7 are nodal forces occurring on a crack-trajectory node at the
instant of release of the node. Keegstra has proposed [/] a calibration by
which this force is assumed to be proportional to the stress-intensity factor in
the corresponding continuous body problem, and the use of a ¢ritical value of
this force as a crack-extension criterion for problems in which the crack ex-
tension speed is not prescribed in advance. Thus, it is of interest to note that
the nodal force at release, according to either algorithm,; was smaller at the
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higher speed of propagation than at the lower speed, which is consistent with
the speed dependence of the stress-intensity factor in the continuum. It also
should be noted that the RFN algorithm generated nodal forces smaller and,
at least at the lower speed, more smoothly varying with crack-tip location
than those generated by the MK algorithm.

It should be realized that, while this problem is a useful vehicle for con-
trasting the performances of the two algorithms, it is impossible to assess the
extent to which the inability of the finite-element model to simulate the short-
crack-length conditions is felt at later times. The other two problems treated
in this study have been chosen so as to remove that uncertainty; that is, a
crack of nonzero initial length has been considered.
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Stress-Wave Loading and Extension from Nonzero Initial Length

The second problem considered is that of sudden application of the remote
stress o to the initially unstressed sheet. If the edges paralleling the y-axis are
constrained against a normal component of displacement, this loading in-
duces plane longitudinal step-stress waves approaching the crack trajectory
from opposite sides. By applications of superposition principles {13] the en-
suing stress-intensity factor is twice the value resulting from sudden
pressurization of the crack faces. Thus, if the crack is prescribed to extend at
constant speed beginning at the instant of impingement of the stress waves,
then, for sufficiently small times, the stress-intensity factor is twice that given
by Baker’s analysis [/4] for sudden appearance and propagation of a semi-
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infinite crack. The artificial feature of this problem is, of course, the initia-
tion of crack propagation at zero stress-intensity factor.

The finite-element analysis was carried out for only one crack speed (¢ =
0.5c) and only five releases of crack-trajectory nodes, starting with an initial
crack a, = 0.4L. At the crack tip in the corresponding continuum, neither
signals from the other tip nor reflections from boundaries are received during
this time. Energy-release rates (Fig. 8) determined from each algorithm are
in remarkable agreement with those predicted by Baker, when consideration
is given to how severe a test case this is for approximate methods which in-
volve spatial discretization. Again the finite-element simulations have pro-
duced release rates generally lower than from a continuum analysis, and of
the two algorithms the RFN has produced the higher values.

Displacements, v, of the first (x = 0.4L) and third (x = 0.5L) nodes
released are shown in Fig. 9. There is little difference in the displacements,
but again those generated by the RFN algorithm lag those generated by the
MK method. Also shown in Fig. 9 are displacements at a point (x = 0.5L) on
the loaded surface and at a point (x = 0.1L) on the face of the initial crack.
At these locations the two algorithms produced displacements which cannot
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be distinguished on the figure, and they are in very close agreement with the
predictions (solid straigth lines) of continuum elastodynamics for one-
dimensional wave propagation.

As in the preceding problem, the nodal reactions (Fig. 10) at the instants
before releases produced by the RFN simulation were consistently lower than
those produced by the MK scheme. The fact that the reactions are essentially
equal prior to the release of the second node is apparently a consequence of
the very small force associated with the instant of release of the first node.

Static Loading and Extension from Nonzero Initial Length

The final problem considered is, of the three, the most representative of
potential practical applications of a finite-element analysis. Conditions are
taken to be the same as in the preceding problem except that, instead of
stress-wave loading, the body with initial crack half-length a, = 0.4L is
taken to be in equilibrium prior to the onset of constant-speed extension.

Energy-release rates computed from finite-element simulations, each of
five nodal releases, for speeds ¢ = 0.25¢;, and ¢ = 0.5c; are shown in Fig. 11.
While there is not an analytical solution against which the results can be
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FIG. 10—Stress wave loading and extension from nonzero length: nodal forces at release.
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compared, because of the finite width of the sheet, Rose’s results [15], valid
until a longitudinal wave traverses the full crack length, for the correspon-
ding infinite-sheet problem are also shown. It is to be expected that a con-
tinuum analysis would yield slightly higher release rates than those of Rose
due to the finite width of the plate. The two algorithms yielded similar
energy-release rates at each propagation speed, the higher values arising
from the RFN method and the differences being insignificant at the lower
speed.

Crack-face displacements (at x = 0 and x = 0.4L) shown in Fig. 12 for ¢
= 0.25¢, are similar to those observed from the results of the first problem.
The RFN algorithm yielded lower and somewhat more smoothly varying
displacements than did the MK algorithm.

Crack-trajectory nodal forces at the instants before releases (Fig. 13) also
follow the patterns observed before; namely, the RFN algorithm yielded the
smaller forces, and smaller forces were gencrated at the higher speed than at
the lower speed.

Conclusions

The results of finite-element simulations of three problems of constant-
speed rapid fracture have exhibited the following common features:
1. Crack-face displacements produced by the MK algorithm were slightly
lower than those generated by the RFN method.
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FI1G. 12—Static loading and extension from nonzero length: nodal displacements.

2. There were significant differences in the nodal-reaction-at-release
forces produced by the two algorithms, the RFN method yielding the
smaller forces.

3. At lower crack speed (¢ = 0.25¢,) there were only slight differences in
the energy-release rates predicted by use of the two schemes. At the
higher speed (¢ = 0.5¢,) the RFN method produced the higher release
rates, and at both speeds the finite-element results were generally lower
than to be expected from continuum elastodynamics. This is consistent
with the quasi-static performance of the model, which produced static
energy-release rates slightly lower than those reported by Isida.

All of the calculated displacements and energy-release rates appear to be

consistent with the accuracy that reasonably could be expected from such a
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coarse spatial discretization along the crack-tip trajectory, and it is to be ex-
pected that similar results for these responses would be obtained from an
analysis based upon a linear decay of the near-tip nodal force. However, the
algorithm proposed by Rydholm, Fredriksson, and Nilsson seems to have
particular merit, since it has produced the better energy-release rates at the
higher crack speed considered here, and it also has a strong analytical basis
for the limiting case of quasi-static crack extension.

The present investigation has but scratched the surface of numerical ex-
periments which might shed light on the utility of this approach to the finite-
element simulation of fast fracture. Sensitivities of the results to the type of
finite element, mass distribution, and time-integration algorithm employed
have not been explored here. Neither is it clear what response of the finite-
element model should be employed as a crack extension criterion for applica-
tions in which the propagation rates are not prescribed; the observed sen-
sitivity of the nodal-reaction-at-release forces to the manner in which the
crack trajectory nodal forces are prescribed to decay seems to preclude a
universal calibration of nodal force with continuum stress-intensity factor
such as the one proposed by Keegstra. In addition, and most importantly,
the energy-release mechanism is necessarily linked to the near-tip behavior of
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the finite-element model, the region most poorly represented in the present
approach, The recent work of Aoki et al [9] portends a resolution of this dif-
ficulty through the development of finite-element codes employing an ele-
ment, or elements, which incorporates the proper stress singularity and in
which an embedded crack tip can move continuously.
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ABSTRACT: An improved two-dimensional finite-difference code for simulating crack
initiation, fast crack propagation, and arrest is presented. Compared with the previ-
ously available numerical codes, the present one simulates crack processes much more
accurately, yielding results which have been found to be in excellent agreement with
analytical and experimental findings. The code is applied to the single edge notch and
double cantilever beam specimens and prefiminary numerical results are discussed.

KEY WORDS: crack propagation, fracture properties, numerical analysis, finite
differences

Rapid crack propagation, dynamic toughness, and crack arrest are cur-
rently receiving much attention. The available analytical solutions are lim-
ited to infinite [/-3]? and semi-infinite [4] body configurations and to
linearly elastic materials. Thus it becomes essential that numerical dynamic
fracture analysis techniques such as finite differences and finite elements
be developed. In this paper, an improved finite-difference code (the SMF2D
Code) is presented.

Finite-element simulations of rapid crack propagation have been de-
veloped. Efforts have been made to extend the singular element which, so
far, has been successfully applied to the static case [5]. Yet the main diffi-
culty encountered has been an intermittent crack extension caused by the
jumps of the crack tip from one nodal point to another. Rydhalm, Nilson
et al [6] tried to avoid such discontinuities by using a relaxation technique
which could not be physically justified, as they themselves mentioned. The
finite-difference method, as applied by Shmuely [7,8], Kanazawa {9],

1 Associate professor, Faculty of Mechanica! Engineering and instructor, Faculty of Aero-
nautical Engineering, respectively, Technion-Isracl Institute of Technology, Haifa, Israel.
2The italic numbers in brackets refer to the list of references appended to this paper.
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Stockl [10], and others, encountered the same difficulties, and remedies of
the same nature were employed.

The SMF2D code overcomes most of the aforementioned difficulties.
The use of a semimoving grid results in smoother crack extension. Hence,
a more reliable fast crack propagation simulation is achieved and a higher
degree of resolution for the various parameters is reached.

In the following sections, the field equations and the numerical scheme
are described. Preliminary static and dynamic results for the SEN (single
edge notch) and DCB (double cantilever beam) specimens are presented.
The numerical results are compared with experimental findings and dis-
cussed.

The Field Equations

The SMF2D code was constructed by adding a moving element (Fig. 1)
to the previously developed finite-difference code [7]. There is a stationary
domain grid Ds. It has a coordinate system (x, y) based at the initial crack
tip. Its boundaries, Bs (including the free surfaces of the crack), overlap
the boundaries of the body being solved. In addition, there is a moving
domain grid, Dm, which has boundaries Bm. It also has a coordinate sys-
tem (£, n) which has its origin at the moving crack tip. The only boundary
of the moving domain which coincides with one of the body’s boundaries is
the boundary (—8 < ¢ = 0, » = 0) which coincides with the free crack
surface. The rest of Bm represent internal points in the body.

The purpose of using the stationary grid system is to be able to readily
accommodate boundary conditions of specimens of finite dimensions. Dif-
ficulties in satisfying such conditions arise when attempting to use just the
moving grid system [17].

The Displacement Field
The displacement field U in the stationary domain Ds is governed by the
following equations of motion.

ANt WU t wUiw =oU;y L k=1,2 (1)

where

A, 4 = Lamé constants, N/m?2,
p = density, kg/m3, and
t = time, s.

The summation convention is used. The normalized version of Eq 1 is

1

20— ) Wi + A =20Vl = U,,, +9U;, L k=1,2 (2)
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The normalization was carried out as follows. Lengths are normalized
to an arbitrarily chosen unit of length, H; say, for convenience, the height
of the specimen investigated. Time is normalized to H/C, where C, is the
dilatational or the plate wave velocity, depending upon whether plane-strain
or plane-stress conditions prevail. » is the Poisson ratio of the material in-
vestigated, but it is replaced by the apparent Poisson ratio v* = v/1 + »
in plane-stress conditions. The last term in Eqs 2 has been added for solv-
ing the static case using dynamic relaxation [/1]. ¥ is a parameter by which
the code is switched from the static case (¢ > 0) to the dynamic one
(¢ = 0). Equations 2 together with the appropriate boundary conditions
for the particular problem being solved (for example, Ref 8) completely
define the problem in the stationary domain.

The Moving Element

The coordinate system moves together with the crack tip so that

E=x—a(®)
3
n=y

where a(t) is the time-dependent crack length.
Expressing the nondimensional equations of motion (2} in terms of £
and 75, we obtain

211 1— v) Wik + 0 = 20)Uii] = Uy — 26Uy, + [a(0IPU,

- &(T)U,'_l + l//U,"., iv k = 1, 2 (4)
where a(7) is the nondimensional time-dependent crack length and the dot

denotes derivation with respect to time. As mentioned before, the traction-
free surface of the crack is subjected to the boundary condition

Op =0t =0 on =0 for =B =<£(<0 (4a)

where o; is the stress tensor component.

The Numerical Scheme

Equations 2 subjected to the appropriate boundary conditions are solved
by the finite-difference method. Equations 2 are approximated by central
finite differences which, together with the proper boundary conditions,
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yield an explicit time-step algorithm for solving both static and dynamic
displacement fields [12]. The central finite-difference form of Eqs 2 is

1
1+¢

2
Uile,y, 7+k)= i2U,~(x,y, 7)— (1 — YUy, T“k)+A,~< k>

h

AU+ by, 1) = 2Us(x,y, 1)+ Us(x — by y, 7)] + ——2—
20—

2
. <—I}:—> Uic+hythr)—Uix+hy—hr1)

2
—Ux—hy+h D)+ Ulx—hy—h ] +A4;- <_hk_>

Ufx,y+h 7)—2U;(x,y, 1)+ U,«(x,y—h,T)]} ij=1.2 (S

where

k = dimensionless time increment (A7),
h = dimensionless mesh size,

A, = 1,and

A; = (1 —2»/2(1 — »).

This scheme is explicit and it seems to be of a three-order type, so that
the displacements at (r + A7) can be computed whenever their values are
known at two previous time steps: 7 and 7 — Ar. We also express Eqgs 4 in
finite-difference form

1
1+y

Uig,g,7+Ek)= {(2U,~(£,n,1)—(1 ~ YU (g, 7—k)+ (A, — &?)

2
. <_l_c_> U+ b q,7)—2U(&,9,7)

h
FUE—hg )]+ =
i T =)
k 2
<7> AU GE+h R )= Ui +ha—h 1)

—Uis—hnthn)+tUE—hyg—hnl+A4;
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2 .
<%> -[Ui(gsﬂ'f‘h,T)_ZUI(g,TI,T)—f—Ul_(E,TI_h,T)]+aT-k

AU+, = UE —hon, ]+ -5
AU+ hon, )= Ul —hon, 1) = U +hom, 7= )
HUG—hn =Rl ij=12 ©)

These are in second-order central ditference form except for the term
—2&(1)U;4,, which has been approximated by a first-order difference
form. The reason for this is that if it is transferred into a second-order
form, the scheme becomes implicit. An alternative could be to express it
as a second-order backward difference scheme (in place of a central dif-
ference scheme), but then a four-level type of scheme would result. In
order to achieve second-order accuracy, the following procedure is used.
The displacement field U is solved for the time level 7 + A7 using Eqs 6
in their present form. Then the last line of Eqgs 6 is changed to

di[U,-(g-f-h,n,r+k)—U,-($—h,n,T+k)
—UGE+h =K+ U —hnr—k] Lj=12 (6a)

The modified equations are then solved again explicitly for U(r + A7),
with the implicit U(r + A7) expressions in Eq 6a being given the values
obtained in the first solutions of Eqs 6. This whole procedure is repeated
iteratively until the variation of U(r + A7) between two successive itera-
tions is less than a prescribed value.

The Crack Propagation Simulation

The crack propagation simulation runs as follows. We are given U in
the closed domains Ds and Dm at time levels 7 — A7 and 7 (A7 being the
time increment) and also «(7), as measurcd experimentally. Then Eqs 2
are solved subjected to the boundary conditions on Bs, and U(r + A7) on
Ds is found. With the actual crack length extended to a(r + A7), the rcla-
tive position of the moving and stationary grids is determined. Special
attention was given to the location of the images of the mesh points along
Bm, as reflected on Ds [that is, along the lines intersecting at x = «(7 + A7)
* B;y = Zv]. These images hardly ever coincide with mesh points on Ds.
Hence, U(7 + Ar) values at the image points are calculated by a four-
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point Lagrangian interpolation procedure and arc then transferred to the
original mesh points on Bm. At this point, Eqs 6 subjected to the boundary
conditions (4a) are solved within the open domain Dm. This solution is
further elaborated on by the iteration procedure previously described.
Finally, the values of U(r + A7), just obtained in Dm, are fed back by
the same Lagrangian interpolation into all mesh points enclosed in the
rectangle x = a(r + A7) £ 8, y = e, and override the previously ob-
tained U(r + A7). The space between the rectangle x = «(r + A7) = 4,
y = =e¢, and the projection of Bm on Ds was deliberately left untouched
to avoid undesirable close-loop interaction between Dm and Ds grids.

Essentially the same procedure applies to the static case (effected by
letting y be > 0 and &@ = & = 0). In that case, however, successive changes
in U with time correspond to successive iterative cycles, which finally con-
verge to the static solution, which in turn serves as initial values for the
dynamic case.

The two main variables evaluated during dynamic as well as during
static simulations are the stress-intensity factor, K ;9" or K", and the
energy release rate, G{%" or G{®*, calculated from the U field on Dm.
The cleavage stress o,,(7) at the mesh point lying on n = 0 next to the
crack tip normalized to 0,,(0) at initiation is assumed to be a measure of
the dynamic stress-intensity factor K{%" as compared with its static value
Klstat

U’I’l(T) _ K[dyn

U’I’I(o) Klstat

(7

Results described later seem to corroborate this relation. The instantaneous
energy release rate was evaluated by the relation

G9(7) = 1 [— 9 \

&(7) 97 pm

' au
(e, + ex)dtdy + J? T dS}
JBm 87

+<§ (e, + ex)dn — ’»i) TiU—dS 8
Bm < Bm ag

where

e, = strain energy,

ex = kinetic energy,

T = traction vector, and

S = curve length along Bm.

Note that in the static case, (e, = 3/d7 = 0) the right-hand side of Eq 8
reduces to the path-independent J-integral.
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Static and Dynamic Solutions and Results

The Static Case

In order to evaluate the accuracy and to present the advantages of the
SMF2D code, two static configurations were solved, the SEN and the DCB.

The SEN specimen was 2k high, b = h wide, having an edge crack of
length a, and being subjected to uniform normal displacement U, = const,
U, = 0, with no rotation (see Ref 13, pp. 88-89). It was solved for several
crack lengths, most of which were not multiple integers of the mesh size
Ax. Numerical and analytical results arc presented in Table 1.

As can be seen from Table 1, the numerical results are in excellent
agreement with those obtained from an approximated analytical solution,
and are within the accuracy range of the latter. Furthermore, the SMF2D
code has the advantage of being very sensitive to even very small changes
in crack length of the order of Ax X 10~5. Thus, problems concerning any
crack length can be practically solved without changing the mesh size due
to such sensitivity. Very small differences of less than 0.5 percent were
found between the stress-intensity factor obtained numerically by using the
J-integral in the Ds and the one evaluated from the energy release rate
(Eq 8).

The convergency of the SMF2D code is approximately twice as fast as
that of the previous codes, using the same mesh size. This also reduces
computation time by the same amount.

In order to add information to the DCB dynamic problem, static stress-
intensity factors K were computed for different crack lengths. The
static numerical results (dashed lines in Fig. 3) are in excellent agreement
with the experimental findings reported in Ref /4. The isochromatic fringe

TABLE 1 —Comparison of results of present work with corresponding results from Ref 13
in terms of the dimensionless stress-intensity factor K; /K.

a/b a/Ax K /Ky K /K j(Ref 13)°
0.13333 9.99975 1.110 1.16
0.19333 14.49975 1.136 1.17
0.19800 14.85 1.144 1.17
0.2 15 1.149 1.17
0.20666 15.4995 1.154 1.18
0.22 16.5 1.167 1.18
0.3 22.5 1.175 1.22
0.35 26.25 1.209 1.26
0.4 30 1.244 1.30
0.45 33.75 1.292 1.36
0.5 375 1.327 1.41

2Where K, = g+'7a and ¢ denotes the average stress on the ends of the sheet.
b These values were interpolated for k/b = 1 from Ref 13.
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pattern of the DCB specimen shown in Fig. 2 illustrates the good matching
obtained between experimental and numerical results at initiation (static
case).

The Dynamic Case

The SMF2D code was applied to four of Kalthoff et al’s [/4] DCB test
cases (those having maximum crack velocities of 295, 272, 207, 108 m/s).
With the objective of comparing the numerical solution with the experi-
mental study, the specimen geometry for the analysis was chosen so as to
correspond to the one used in experiments. The actual dimensions of the
experimental specimens were H/L/a, = 63.5/321.0/68.0 (2H and L being
the specimen’s height and length, respectively, and a, the initial crack
length). H/L/ay = 1.0/5.06/1.07 were accordingly used for the analysis
(the mesh size used was # = H/31.0). The simulation was run under both
fixed-grip and plane-stress conditions as prevailed in the experiments,
and with a Poisson ratio » = 0.392 (for Araldite B).

The experimentally measured crack velocity/time history served as input
to the simulation. Unfortunately, the accelerating stage was not measured.
Some forms of accelerating functions were tried, all of which were obvi-
ously restricted to yield the experimentally measured maximum velocities
at the appropriate crack lengths. It was found that numerical results for

PR.STRESS DFANC STATIC SOLUTION CRAK LTH=1,0000
16 POSITIVE, 1S NEGATIVE CONTOUR LINES
~ START LEVEL BND INCAMT.=0,120000,0.00810

G rmm 1mE S cen  ame  smm A
DCB PBM (PMMA)

FIG. 2—Analytical principal stress difference field compared with the fringe pattern ob-
served in a circular polariscope.
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the periods following the accelerating stage were quite insensitive to the
specific function chosen. The accelerating stages described in Fig. 3, how-
ever, correspond to a time-dependent velocity of the form

= vafi- (3]

(7, being the rise time).

The dynamic stress field obtained at some point during crack propa-
gation is given in terms of an isochromatic fringe pattern in Fig. 4. This
pattern seems to be in very good agreement with the experimental one
given in Fig. 5 [15]. Figure 6 shows a parallel pattern to the one shown in
Fig. 4 obtained by the old code [15], which emphasizes the improvement
in describing the dynamic stress field achieved by the new code.
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FIG. 6—Analytical dynamic principal stress difference field of the DCB obtained by the
old code.

Dynamic Stress-Intensity Factors

Numerical results for the dynamic stress-intensity factors K% for the
various cases studied are shown in Fig. 3 as a function of crack length.
K %" was evaluated at each time step using Eq 7. The experimental points
of Ref 14 are also shown in this figure. For comparison purposes, K
numerically evaluated curves are presented as dashed lines in the same
figure. These static curves overlap the experimental ones given in Ref /4.

The numerical results for K;%" are in good agreement with the experi-
mental findings in the accelerating and constant-velocity stages of the
propagating cracks. The numerical results seem to fall within the accuracy
range of the experimental data. The results for the decelerating stage are
still unsatisfactory. This may be due to wave reflections, appearing at the
crack tip during this part of the simulation, which have no counterpart in
experiments. Improvement of this stage is currently being worked on by
the authors.

The Energy Release Rate

Numerical results for the dynamic energy release rate G;9" as a function
of crack length are given in Fig. 7. G{%" was evaluated at each time step
using Eq 8. For comparison, a numerically evaluated curve for G is
shown by a dashed line in the same figure.

Experimental verification of the numerical findings is still impossible as
no experimental data for G%" exist. However, an additional corroboration
of the SMF2D code is found in comparing Freund’s [16] analytically de-
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FIG. 7—Dynamic and static energy release rates (KN - m/m?).

rived crack-velocity-dependent F(&) function, relating G to K ¥n,
with its numerical counterpart

N J G ¥™(7)
Gla) = <K12m\>< J >

where, for J/K ;2 s we substitute (1 — »?)/E in the plane-strain case and
1/E in the plane-stress case with E designating Young’s modulus.

The ratio of G(&)/F(&) is given in Fig. 8, showing that during the
constant-velocity stage the numerical results are in excellent agreement
with the analytical ones.

Since the relation between G{¥" and K %", as was found in the simu-
lation, is in good agreement with the one predicted by the analytical solu-

Ty (7) }2
K 93 (0) ®
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tion, and since the K ;%" is in good agreement with its experimental values,
one may assume that the numerical values obtained for G;4 are correct.

Conclusions

An improved finite-difference code for simulation of dynamic crack
propagation was presented. Preliminary results for static and dynamic
cases were given, most of which are in very good agreement with experi-
mental and analytical findings. Compared with the previous codes, the
SMF2D code has the following advantages:

In the Static Case

1. A convergency, which is approximately twice as fast for the same
mesh sizes.

2. Crack lengths must not be a multiple integer of the mesh size.
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In the Dynamic Case

1. Crack growth is not simulated any more by intermittent one-mesh-
size extensions, which in the past implied the solution of a sequence of
transient problems, each separately contributing to a disturbing noise
which has no counterpart in practice. Instead, while choosing any desirable
mesh size, the crack may now be smoothly extended—each time step by a
fraction of a grid interval—yielding consequently much more reliable
results.

2. The degree of resolution depends solely on the time increment, the
shortening of which has obviously no impact on the numerical stability.

3. G;%n, the most significant variable in fracture mechanics, is readily
derived.

In Both Static and Dynamic Cases

The local accuracy at the vicinity of the crack tip can be readily im-
proved with no significant expenditure on either the computer’s memory or
its time consumption.
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ABSTRACT: A dynamic finite-element code was used to determine dynamic initia-
tion fracturc toughness, K4, in 25.4-mm-thick (1 in.) notched bend specimens of
AS33B stecl and a 15.9-mm-thick (5/8 in.) dynamic tear specimen of 6061 aluminum
alloy. These specimen types can reflect varying dynamic fracture response due to
differences in test temperature, specimen geometry, and material as well as notch tip
sharpness. Measured load-time histories were applied to the tup as modeled by finite
elements, and the dynamic stress-intensity factor was computed by a calibrated crack
opening displacement procedure. Dynamic stress-intensity factors were also computed
by the ASTM Test for Plane-Strain Fracture Toughness of Mectallic Materials (E 399-74)
using a load based on local dynamic strain measurements and a static K calibration.

Reasonable agreements between measured and computed dynamic strains in the
vicinity of the crack tip verified the accuracy of the dynamic finite-element mode!. The
attendant agreement between measured versus computed time-varying dynamic stress-
intensity factors also verified, for the first time, the applicability of ASTM E 399-74 for
computing dynamic initiation fracture toughness, K4, on the basis of local dynamic
strain measurements.

KEY WORDS: dynamic initiation fracture toughness, notch bend specimen, dynamic
finite-element analysis

The dynamic tear (DT) specimen is a simple dynamically loaded three-
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an energy criterion. As a result of extensive experimental investigation,
empirical correlations were made between the DT energy (DTE) and the
static fracture toughness, K., for high-strength steels that are not strain-
rate sensitive [4]. Research is also underway to establish a correlation
between the DTE and dynamic initiation fracture toughness, Kj4. In this
regard, an empirical correlation between DTE and K4 at the nil-ductility
transition (NDT) temperature has been obtained and the size effect on
DTE has been established [3]. In a parallel research effort to the preceding,
theoretical and experimental analyses were made on the dynamic responses
of a DT specimen and the associated loading system [5] in order to establish
the relationship between hammer force and specimen bending moment
during impact. With these studies as a basis, later NRL research [6] focused
on an analysis of forces and bending moments in an ASTM Test for Plane-
Strain Fracture Toughness of Metallic Materials (E 399-74) type bend
specimen. The objective of the latter program was to establish an experi-
mental method for K14 measurements. The results of the preceding programs
showed that the instantaneous tup load at fracture cannot be directly
related to the Kj4 of the material. Furthermore, it was concluded that
the measurement of K4 required that the specimen be instrumented to
determine the local dynamic state of stress surrounding the crack tip at
the time of fracture.

As another parallel effort in analyzing the dynamic response of a DT
specimen, one of the authors and his colleague initiated a dynamic photo-
elastic study [7] of the DT specimen [ASTM Test for Dynamic Tear Energy
of Metallic Materials (E 604-77)]. More recently, two of the authors ex-
tended this study and used a combined experimental and numerical pro-
cedure, that is, dynamic photoelasticity and dynamic finite-element analysis,
to determine the dynamic fracture responses of DT specimens machined
from brittle and ductile photoelastic polymers, namely, 9.5-mm-thick
(3/8 in.) Homalite-100 plates [8] and 3.2-mm-thick (1/8 in.) polycarbonate
plates [9], respectively. Despite their thinness and pronounced ductility
under static loading, the polycarbonate DT specimens exhibited cleavage
fracture, thus providing a phenomenological model of the dynamic response
in a low-carbon steel notched bend specimen in the linear elastic regime,
that is, near the NDT temperature. The results of the aforementioned
combined dynamic photoelastic and finite-element analyses showed the
following.

1. Ky4 is approximately equal to K. of the brittle Homalite-100 spec-
imens.

2. K14 is approximately equal to 65 percent of the pop-in Kj. of the
ductile polycarbonate specimens.

3. The kinetic energy at complete specimen fracture represents a sig-
nificant portion of the total external work imparted to both brittle and
ductile specimens.
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4. K4 can be determined from the dynamic strain measured near the
crack tip for both brittle and ductile specimens.

The fourth conclusion resulted from a comparison of K;3; obtained
directly from dynamic photoelasticity and dynamic finite-element analysis
with that obtained by a dynamic finite-element modeling of the experimental
procedure where Ky, is computed, following Loss [6], from a local dynamic
strain value using a static calibration of the three-point bend specimen.
The success of Loss’s procedure in determining Ky4 in photoelastic DT
specimens led to the present investigation for verifying this approach when
used to determine Kj4 in actual steel and aluminum bend specimens. In
our analysis of these opaque specimens, photoelasticity was replaced by
dynamic finite-element analysis. The latter was used to determine the
local transient state of stress surrounding the crack tip as well as to deter-
mine K4 directly. Results of this investigation are summarized here.

Loss’s Procedure

With the objective to develop a procedure to determine the dynamic
initiation fracture toughness, K4, without any dynamic analysis, Loss [6]
conducted a series of drop-weight impact tests of notched bend specimens.
These specimens were instrumented with the strain gage near the crack
tip as shown in Fig. 1. Before the impact testing, a static calibration between
this strain gage near the crack tip and tup load is established. During
the impact test, the dynamic strain of the same gage is measured. This
measured dynamic strain in conjunction with static calibration yields the
dynamic bending moment or equivalent midspan load on the specimen.
The dynamic stress-intensity factor is, then, computed from this equivalent
mid-span load using the expression of K for the three-point bend specimen
given in ASTM E 399-74.

The primary assumption in this procedure is that the ASTM E 399-74
relationship for the stress-intensity factor, K;, which has been derived for
static loading, is also applicable to dynamic impact loading provided the
correct value for dynamic specimen load is employed. A calibrated strain
gage close to the crack tip is believed to be an accurate indicator of mid-
span load that does not, however, reflect the confusing inertial loads that
would be sensed by a transducer mounted on the tup.

The experimental method relies on a sudden (pop-in) crack extension
that enables K4 to be readily computed from the strain gage-versus-time
record. The pop-in is accompanied by a region of cleavage on the fracture
surface. A test is therefore considered meaningful by this method only if
a macroscopic examination of the fracture surface indicates the absence
of ductile crack extension adjoining the fatigue precrack of the specimen.
In other words, any ductile tearing that precedes the cleavage pop-in would
indicate that crack initiation began in a stable manner, that is, with rising
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FIG. 1—A533B steel three-point bend specimen No. 2.

load. Thus, the occurrence of a pop-in later in time can no longer be
equated with the initiation of crack extension.

The foregoing procedure is empirical and therefore requires a firm
analytical basis before it can be accepted as a viable experimental tool.
For example, if the strain gage is not properly located, its output may
sense strains due to.inertial effects or reflected stress waves that preclude
accurate measurement of K;. Consequently, a dynamic finite-element
analysis was performed to validate the procedure. In the finite-element
analysis, K; was computed as a function of time on the basis of an input
loading taken from the measured record of tup load versus time. The
validity of the experimental procedure is assessed by the degree of its
correspondence with the finite-element calculation of K; as a function of
time.

Dynamic Finite-Element Analysis

The procedure used is a two-dimensional dynamic finite-element code,
HONDO [10], which was updated and modified for dynamic fracture
analysis. The basic modifications consisted of algorithms for start-up and



74 CRACK ARREST METHODOLOGY AND APPLICATIONS

for computing dynamic stress-intensity factor, dynamic energy release rate,
fracture energy, kinetic energy, and strain energy at each increment of
crack advance.

In the start-up procedure, the initial static stress distribution in a pre-
loaded structure prior to dynamic crack propagation is computed. This
initial stress distribution must be in complete static equilibrium prior to
the initiation of a dynamic event. The finite-element breakdown and hence
the initial stiffness matrix used in this preliminary static analysis should be
identical to those at the initiation or at the instant of time t = 0+ in the
dynamic analysis. Close attention must be given to computational details
such as matching the 2 X 2 Gaussian integration points in the preliminary
static and subsequent dynamic analyses in order to avoid any small dif-
ferences between the finite-element algorithms which will be sensed as
unequilibrated residual stresses and thus set off parasitic stress wave pro-
pagation in the dynamic analysis.

The dynamic stress-intensity factor can then be computed from the
dynamic energy release rate using Freund’s relation [/7]. Alternatively,
the near-field dynamic stress field as derived by King et al {/2] can be
used to calculate the dynamic stress-intensity factor directly from the
numerically obtained stresses either at the closest Gaussian integration
point or at the crack opening displacements (COD’s). The appropriateness
of these procedures for computing a dynamic stress-intensity factor was
checked by analyzing the Broberg problem [/3] and is discussed in detail
in Ref [14].

Since the primary concern in this paper is the increase in dynamic stress-
intensity factor prior to crack extension, the COD at the second node (not
the closest node) adjacent to the crack tip node was used for computing
the dynamic stress-intensity factor. While the accuracy of K4 determina-
tion using the computed COD of the second node adjacent to the crack-tip
node was within £ S percent of the theoretical value of a Broberg crack,
no comparable accuracy assessment of the authors’ dynamic finite-element
algorithm for a dynamically loaded stationary crack was made in the past.
Thus, Chen’s problem [I5], which is a centrally cracked strip with step-
loaded edge tension, was used for this accuracy assessment. The dynamic
stress-intensity factors thus obtained by the authors and those of Chen
are shown in Fig. 2. Although some minor deviations between the fine-
grid results and Chen’s results arc noted, the former are in good agrcement
with similar finite-element results by Anderson ct al [76] and Glazik [/7].

Test Specimens

The two stcel and one aluminum specimens analyzed in this paper are
the standard ASTM specimens of the 25.4-mm-thick (1 in.) bend type
(ASTM 399-74) and the 15.9-mm-thick (5/8 in.) DT type (ASTM E 64-77),
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FIG. 2.—Dynamic stress-intensity factor for a centrally cracked strip subjected 1o step-
loaded edge tension.

respectively. The legends in Figs. 1 and 3 show the geometries of these
specimens as well as the finite-element breakdowns used in the dynamic
analysis. The finite-element breakdown used in the first AS33B steel speci-
men had 156 elements and was slightly coarser than that shown in Fig. 1.
Since the load transducer on the tup was mounted away from the impact
point with the specimen, a portion of the tup was also incorporated into
the finite-element model in order to reduce the ambiguity in dynamic
loads transmitted to the specimen [76]. ,

The two steel specimens were machined from AS33B steel and were
fatigue-precracked to a nominal 1.5-mm (0.060 in.) crack length beyond
the machined notch. These specimens were instrumented witha 3 by 3-mm (1/8
by 1/8 in.) strain gage near the notch tip. The strain-gage output versus time
was recorded on a transient recorder and the time of fracture was assessed
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by the discontinuity in strain-gage traces as related to a cleavage pop-in of
the specimen. Strain gages were also placed approximately 50 mm (2 in.)
from the tup tip on the centerline of the tup to monitor the transient loading
condition. These steel specimens were tested in a drop-weight testing
machine at NRL [6].

The experimental results for the 15.9-mm-thick (5/8 in.) aluminum 6061
DT specimen were taken from Ref /8. The tup configuration and loading
machine for this test differed substantially from that of the drop-weight
machine used for the steel specimens and this made it difficult to model
with our two-dimensional finite-element code. As a result, the pre-
calibrated transient tup load as provided in Ref 18 was prescribed directly
onto the impact point of the specimen without the finite-element model
of the tup. The aluminum specimen was instrumented with two 3 by 6-mm
(1/8 by 1/4 in.) strain gages at the locations shown in Fig. 3 and the
transient strain signals were recorded on a dual-beam oscilloscope. Unlike
the notch in the fatigue-precracked steel specimens, the notch in this
aluminum specimen was mechanically sharpened to a tip radius of less
than 0.025-mm (0.001 in.) radius and was tested in a double-pendulum
impact machine.
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Results of Dynamic Finite-Element Analysis

The first steel specimen was tested at 10°C (50°F) and the second steel
specimen at —18°C (0°F). The NDT for this AS33B steel was —18°C
(0°F). These specimens were impacted with the same loading rate of
2.9 X 10° MPaVm/s, and impact velocity was about 2.5 m/s.

Figure 4 shows the tup load computed from the measured dynamic
strains in the tup during this test and the idealized tup load used in the
dynamic finite-element analysis. The idealized tup-load time history was
input uniformly as a time-dependent boundary condition across the end
section of the tup shown in Fig. 1. The modeled portion of the tup along
with the specimen in the dynamic finite-element analysis was assumed
initially to be at rest. Figure 5 shows the reasonable agreement between
the measured and computed dynamic strains at the strain-gage location
which is also shown in the legend of Fig. 1. The surface strain was evaluated
from the computed dynamic state of stress using a plane-stress assump-
tion. The sharp drop in measured dynamic strain signifies the onset of
dynamic crack propagation, which was not modeled in the dynamic finite-
element analysis. Thus the computed dynamic strain associated with the
assumed stationary crack continues to increase after this crack propagation.

After the accuracy of the computed dynamic strain at a specific location
near the crack tip had been verified, the computed dynamic strain was
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FIG. 4—Tup load for A533B steel bend specimen No. I. Test temperature 10°C (50°F).
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FIG. 5—Dynamic strain at Location I, A533B steel bend specimen No. 1.

then used to compute the dynamic stress-intensity factor using Loss’s
procedure [6]. Figure 6 shows the excellent agreement between the dynamic
stress-intensity factor computed directly from the COD and that computed
from the numerically determined dynamic strain. The lack of precipitous
drop after dynamic fracture initiation in the two dynamic stress-intensity
factors is due to the fact that the crack remained stationary in the finite-
element model since the objective of this investigation was to study only
the dynamic response up to dynamic fracture initiation.

Figure 7 shows the measured and the idealized tup loads during the
DT test at —17.7°C (0°F) for the second steel specimen. The loading rate
was the same as for the first steel specimen, but fracture initiated 232 us
after impact and is about half of the loading period of the first steel speci-
men. Figure 8 shows the computed and measured dynamic strains at the
strain-gage location shown in Fig. 1. Figure 9 shows again the excellent
agreement between the dynamic stress-intensity factors computed directly
from COD and by Loss’s procedure.

Figure 10 shows the measured and idealized tup loads during the DT
test at presumably room temperature for the 6061 aluminum specimen.
This specimen was impact-loaded at a velocity of 8.6m/s, which was more
than three times the impact velocity for the steel specimens. Figure 11
shows the computed and measured dynamic strains at the two strain-gage
locations shown in Fig. 2. Note that these strain gages were not located at
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FIG. 7—Tup load, A533B steel bend specimen No. 2. Test temperature —17.70°C (0°F).

the geometrically similar position of the previously discussed steel speci-
mens. The lack of strain oscillations, which is prominent in the measured
dynamic strains, in the computed dynamic strain at Gage Location 2, as
well as the lack of agreement between the two dynamic strains at Gage
Location 1, is noted. Despite these discrepancies in computed and ex-
perimentally determined dynamic strains, good agreement between the
dynamic stress-intensity factors computed directly by COD and by Loss’



80 CRACK ARREST METHODOLOGY AND APPLICATIONS

1400 T T T T T T
)
. A
ALL DIMENSIONS IN mm's ’
1200 - 7
26.1 27
1000} J miL ]
w
‘o 79 L— STRAIN GAGE y
> 3.2x3.2 HDYNAMIC FRAC-
= i TURE INITIATION |
< 800 / AT 232 sec
= EXPERIMENT AL
o o
o /
S 600 i s
<
S NUMERICAL
>-
o
400 7
200 T
J }

1 1
o a0 80 120 160 200 250
TIME MICROSECOND

FIG. 8—Dynamic strain at Location 1, A533B bend specimen No. 2.

procedure is noted, as shown in Fig. 12. The dynamic stress-intensity
factor was also computed by Loss’s procedure using the numerically de-
termined dynamic strain at the equivalent gage location considered in the
two stecl specimcens, that is, Location 3 in Fig. 11. This dynamic stress-
intensity factor is also in good agreement with the other dynamic stress-
intensity factors (Fig. 12).

Discussion

While excellent agreement between the measured and computed dynamic
strains in the steel specimens was noted, this comparison differed con-
siderably in the aluminum specimen. This discrepancy could possibly be
generated by the dynamic interaction between the compliant specimen
support system of the double-pendulum impact machine, which is not
modeled in the finite-element model. Another source of error could be
the development of a significant plastic yield zone, at the blunt notch tip,
which also is not modeled in this elastodynamic finite-element analysis.
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FI1G. 9—Dynamic stress-intensity factor, AS33B steel bend specimen No. 2.

Such an elastoplastic dynamic analysis should be a natural follow-on to
this paper.

In using Loss’s procedure to determine K4 in bend specimens of dif-
ferent proportions, one should note that the stress wave velocity and nom-
inally the dynamic initiation stress-intensity factor, K4, are presumably
material properties and thus are invariant with specimen size. Since the
plastic zone size at the crack tip in somewhat brittle materials is pro-
portional to 3, given by the following equation

1 /K(\?

B=5{

Oys
where B is the specimen thickness and oy the static yield strength, it is
also independent of specimen size. The reasonable agreement between
K4 obtained directly by COD and by Loss’s procedure thus suggests that,
for larger AS33B steel specimens tested at the same temperature, the
dynamic strains for K4 calculation, regardless of specimen size, could

be measured approximately at the same location from the crack tip, as
shown in Fig. 1. For smaller specimens also tested at the same temperature,
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the dynamic strains should be measured closer to the crack tip but suf-
ficiently away from the crack-tip plastic zone in order to avoid superposed
nonlinear effects in the otherwise elastic analysis.

When the notched bend specimens are used to measure higher K4 at
higher test temperature, larger test specimens may be required for valid
K4 data. The accompanying increase in plastic zone size with increasing
toughness may thus require a shift away from the crack tip of the monitoring
strain gage in order to avoid the larger plastic zone. In any event, further
detailed elastoplastic dynamic finite-element analyses of such tougher
materials as well as of the smaller specimen described in the foregoing
should provide the necessary information regarding the optimum positioning
of the strain gage.

It is well recognized that hammer (tup) force versus time behavior during
impact loading cannot be employed directly to compute K14. The impact
loading introduces inertial effects which cause a disparity between the
recorded tup load and the actual load experienced by the specimen. Elec-
tronic filters have been used to attenuate the tup-load oscillations [79],
but such filtering must be coupled with the minimum time to fracture,
which is also unknown. More important is the lack of coincidence between
the peak of the hammer (tup) force versus time history and the hammer
load at crack initiation. Thus, Loss’s present procedure for computing
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FIG. 11—Dynamic strains at Locations | and 2, 6061 aluminum specimen.

dynamic initiation fracture toughness, K4, from the dynamic strain near
the crack tip in conjunction, without any dynamic analysis, has a great
potential application in the instrumented impact tests.

Conclusions

1. Limited comparisons between measured and calculated dynamic
strains near the crack tip indicate that the dynamic finite-element model
in this paper is a good representation of the three-point bend test under
the impact test conditions considered herein.

2. Loss’s procedure of computing the dynamic stress-intensity factor
up to dynamic fracture initiation is accurate and simple.
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Fundamental Issues in Dynamic Crack
Propagation and Crack Arrest Analysis
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ABSTRACT: A number of crack propagation cxperiments on four different specimen
geometrics were performed in order to investigate the existence of a uniquc relationship
between crack propagation toughness and crack-tip velocity. For one geometry, dynamic
finitc-element method (FEM) calculations were found to be necessary in order to
obtain proper stress-intensity factors, whereas quasi-static FEM-calculations werc found
to be sufficicnt for the other geometries. Crack-tip velocities were determined from
continuous recordings of crack length versus time, which was measured by an impedance
method. The stress-intensity factor and the instantaneous crack-tip velocity were
obtained for a number of crack lengths for each cxperiment. 'The experimental results
do not contradict the hypothesis of a unique relationship between these two quantities
at low load lcvels; neither do they contradict the hypothesis of a geometry-independent
crack arrcst toughness. At high load levels a deviation from the uniquencss was
observed. The height of the specimens was found to influcnce the crack propagation
toughness level at the beginning of deviation from the unique relationship.

KEY WORDS: arrest toughness, crack arrest, crack propagation, crack propagation
toughness, dynamic fracturing, dynamic finite-element solutions, dynamic linear
fracture mechanics, dynamic toughness, fracture properties, nonlinear behavior

In recent years there has been a growing interest in crack arrest problems,
It has been recognized that in order to predict arrest of rapidly moving
cracks, a description of the crack growth preceding arrest is needed |7,2].2
Most of the work done in this area has been based on the assumption of
linear elastic fracture mechanics (LEFM); that is, the state at the crack tip

' Research assistant, research associate, and research assistant, respectively, Department of
Strength of Materials and Solid Mechanics, The Royal Institute of Technology, S-100 44
Stockholm, Sweden.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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is assumed to be characterized by one linear elastic parameter, usually the
stress-intensity factor.

The theoretical foundation of dynamic LEFM appears to be good. The
existing empirical knowledge is, however, not yet sufficient in order to
judge whether the linear theory really is valid or, rather, if it gives the
desired accuracy level in a certain situation.

In linear theory it is implied that for a given material a unique relation-
ship exists between crack propagation toughness and instantaneous crack-
tip velocity. By unique relationship is meant in this context a one-to-one
unique relationship. Previous investigations indicate, however, a certain
dependence of crack propagation toughness on the geometry of the body
and on crack-tip acceleration. From crack propagation experiments at high
load levels on two geometries of steel foil, Nilsson [3] reported a pronounced
geometry dependence. Kalthoff et al [4] experimented on three different
specimen geometries made of a polymeric material, namely, two different
double cantilever beam geometries and one crack line loaded, single-edge
notched geometry, and also found geometry dependence. Hahn et al [5],
on the other hand, found good agreement between crack propagation
toughness data obtained from compact tension and double cantilever
beam specimens made of the same heat of AS33B steel. Investigations by
Kobayashi and Dally [6] as well as an earlier reported part of this investi-
gation, Brickstad and Nilsson {7], showed a dependence of crack propaga-
tion toughness on crack-tip acceleration, especially in the low-velocity region.

In the present investigation, results from dynamic crack propagation
experiments performed on a number of geometries are reported and
compared in order to shed some light on the important question of geometry
dependence. Some observations concerning the dependence of crack-tip
acceleration are also reported.

General Background

A definition of what is here meant by dynamic LEFM is that during
crack growth the following equation shall be satisfied to some desired
degree of accuracy

K@) = Kp(@) a>0
Kit) < Kpe(a=0 a=0 (1

where

K = stress-intensity factor,

t = time,
K,. = crack propagation toughness, and
a = crack-tip velocity.
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For a given material, K is assumed to be a unique function only of the
instantaneous crack-tip velocity; however, K, may well also vary with the
thickness of the plane body as is the case in static LEFM. Experimental
results by Hahn et al [&§] as well as unpublished results by the authors
indicate, however, independence of thickness at considerably smaller thick-
nesses than in the static case. A possible explanation is that deformation in
the thickness direction is hindered by inertia effects and thereby a state of
plane strain is developed at a smaller thickness than in the static case.

It has been shown by several authors [9-12] that for a linear elastic body
there exists a universal displacement and stress distribution in the vicinity
of an arbitrarily propagating crack tip only dependent on the instantaneous
crack-tip velocity

w T NTT Sl @) sy 0 @
K
W JT(’;‘);ga(w, a) asr >0 3)

where

u; = displacement vector,
g; = stress tensor,
r, ¢ = moving coordinate system attached to crack tip,
u = shear modulus, and
Ji, g = universal functions of ¢, @, and the elastic properties.

A description of crack growth based on the linear elastic parameter K can
be successful only if the nonelastic deformation occurring in the body is
associated with crack growth and concentrated to such a small region in
the vicinity of the crack tip that it is dominated by the elastic singularity,
Eqs 2 and 3. A dependence of K,. on higher-order time derivatives of
crack length cannot, however, be excluded even if the nonelastic deforma-
tion is dominated by the elastic singularity, as is indicated by earlier ex-
perimental results.

A theoretical investigation of the dependence of K,. on body geometry
and on higher-order time derivatives of crack length would require a fully
nonlinear dynamic analysis. Today, we have no methods to solve such
complicated problems. Instead, an empirical procedure seems to be the
best way.

By carefully performed experiments it should be possible to observe any
significant dependence of K, on body geometry and on higher-order time
derivatives of crack length or at least on crack-tip acceleration.

The ultimate goal is to formulate empirical conditions for the limit of
dynamic linear fracture mechanics as has been done for static linear frac-
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ture mechanics. The number of conditions will, however, be larger in the
dynamic case. The following conditions derived by Dahlberg and Nilsson
[13] have, for instance, no counterpart in the static case

R, |oK
K-a Py <1 (4)
Ry |3%a
a2 .' 6t2 <1 (5)

where R, is the radius of the nonelastic zone and a is the crack length.

A considerable influence on K of body geometry as well as of higher-
order time derivatives of crack length must probably be accepted within
the frame-work of dynamic linear fracturc mechanics. The alternative in
the case of geometry dependence is a fully nonlinear dynamic analysis, and
how a dependence of higher-order time derivatives of crack length shall be
explicitly involved in the linear theory is at present not clear.

The purpose of this study is to investigate the limit of linear theory for a
cold-rolled and hardened carbon steel, and to increase the knowledge
necessary for formulating relevant empirical conditions of general validity.

Experimental Procedure

The experiments were performed on four different specimen geometries.
The specimens were madc of sheets of a-cold-rolled and hardened carbon
steel with a thickness of 0.5 mm, thus giving plane-stress conditions. The
mechanical properties of the material are given in Table 1. The static
fracture toughness given in the table is the value at initiation of slow,
stable crack growth.

All four specimen geometries were rectangular, with a width w of 406
mm, and are shown in Fig. 1. The following heights and loading conditions
were used.

1. Specimens A, B, and C: total height 24 between grips was 200, 400,
and 600 mm, respectively. The specimens were given a uniform displace-
ment vo in a special testing machine where fixed grip conditions can be
realized. The boundary displacement v, was slowly increased until fracture

TABLE 1—Mechanical properties of the material.

Density p = 7870 kg/m’
Poisson’s ratio v=03 A
Young’s modulus E = 2.1 X 10° MN/m?
Yield strength oys = 1500 MN/m?
Shear wave velocity Cy = 3200 m/s

Static fracture toughness K. = 125 MN/m*?
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FIG. 1—Specimen geometries and loading conditions.

occurred. For a detailed description of the testing machine, see Ref 4.
The actual displacement v, at the boundaries was determined by three
strain gages glued to the specimen; see Fig. 1. The deflection of the machine
was in all cases less than 12 percent of the total displacement of the speci-
men 2v,. Measurement of the strain in the specimen during a rapid crack
propagation event shows, however, that the fixed grip conditions are much
better fulfilled in a crack propagation experiment. This is due to inertia
effects of the large masses of the machine.

2. Specimen D: total height 2k between grips was 1600 mm. The speci-
mens were loaded in a hydraulic testing machine where the load could be
slowly increased until fracture occurred. Each end of the specimen was
clamped in a jointed grip to avoid unsymmetric loading. During the whole
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propagation event, the strains in the vicinity of one spccimen end were
measured by three strain gages; see Fig. 1. In Ref 7, more-detailed informa-
tion concerning the experimental procedure and the evaluation of the
experiments on Specimen D is given.

All specimens were edge notched. The notch root was sharpened by a
specially prepared saw blade giving a root radius of about 0.1 mm. In
order to initiate fracture at different load levels, the initial crack length «,
was varied between 2 and 100 mm. A continuous recording of crack length
as a function of time was made by use of an impedance method developed
by Carlsson [15]. The crack length signal and the signals from the three
strain gages were recorded on a data tape recorder. The information could
afterwards be visualized on a storage oscilloscope and obtained for any
time point of the crack propagation event.

Evaluation Procedure

The stress-intensity factor was calculated using a method developed and
implemented into the finite-element method (FEM) program system NONSAP
[16,17] by Rydholm et al [I8]. The method consists of a particular way of
gradual node relaxation in order to simulate a continuous crack growth.

The computations were performed under the assumption of plane-stress
conditions and isotropic, linearly elastic material behavior.

The FEM mesh used contained 342 elements and 651 degrees of freedom
for Specimens A, B, and C and 429 elements and 841 degrees of freedom
for Specimen D; sce Fig. 2. In the mesh for Specimen D, a row of long,
very stiff and almost massless elements was added to the end of the actual
specimen geometry to ensure that the specimen end maintained its straight-
ness and underwent a rigid-body rotation around the joint.

With this mecthod the energy released during crack growth from one
nodal point to the subsequent one is calculated. An average of the energy
relcase rate G during crack growth between two neighboring nodal points
is then obtained by dividing the released energy by the length of the ele-
ment side, provided the plate has unit thickness. The corresponding stress-
intensity factor K is obtained from the following relationship between K
and G, which is a consequence of the results about the crack-tip singularity
Eqs 2 and 3

K = r2 G C221401 — a2/C12)Y2 (1 — aZ/CA)V2 — (2 — 42/C)?] ] 12
L M a2 (1 — a2/C2)\2 ©

where C; is the velocity of irrotational waves and C:z is the velocity of
equivoluminal waves.
As input to the FEM-program, the times and the actual loads when the
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FIG. 2—FEM-mesh used in the calculations.

crack tip passes the nodal points along the crack plane are required. The
program then assumes a constant crack-tip velocity between neighboring
nodal points and makes a linear interpolation of the load.

The passing times were obtained from the crack length versus time
recordings. These recordings showed small oscillations of high frequency
which probably are due partly to the fact that the crack front does not
advance uniformly over the specimen thickness and partly to noise in the
electrical measuring equipment. The oscillations were, however, smoothed
out before the passing times were determined.
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For Spccimens A, B, and C, the load was given to the FEM-program in
the form of constant boundary displacement v, as measured at initiation of
crack growth. This displacement was kept constant during the whole FEM-
simulation of thc experiment. Since nonzero displacements cannot be
directly prescribed in NONSAP, the recommended arrangcment with very
stiff truss elements at the boundary loaded to give the desired displace-
ments was used; see Fig. 2. For Specimen D a time-dependent stress dis-
tribution in the specimen ends was calculated from the signals of the
three strain gages. A second-degree polynomial was fitted to thc three
signals at every desired time instant. The stress distribution was then
converted into consistent nodal forces.

The other quantity needed to establish a K, — a relationship is the
instantaneous crack-tip velocity a. The calculated average of thc stress-
intensity factor between two neighboring nodal points is referred to the
midpoint of the interjacent element side and the same is done for the
velocity @ and the acccleration d. To obtain these quantities in a certain
midpoint, a third-degree polynomial was fitted to the passing times of four
ncighboring nodal points, two on each side of the midpoint. Successive
time derivations of this interpolation polynomial then gave the velocity @ and
the acccleration ¢ at the considcred midpoint.

Figure 3 shows the results from an experiment on Specimen C. Among
all experiments on Specimens A, B, and C, this is one of the experiments
where the highest velocity was reached. For comparison, the results from -
an experiment on Specimen D, where approximately the same velocity level
was reached, is shown in Fig. 4. In these figures thc squares show the
crack-tip velocity evaluated in the manner described previously. The tri-
angles show the dynamically calculated stress-intensity factor (K<) and the
circles the corresponding statically calculated stress-intensity factor (K*).
The K$-values in the experiments on Specimen D were calculated from
known static solutions of the stress-intensity factor using the instantaneous
values of applied mean stress and bending moment, as estimated from the
recordings of the strain gages. Sincc no standard solution was found for
the gcometry and loading conditions of Specimen C, thc K*-values for this
specimen were determined from quasi-static FEM-calculations wherc the
previously described energy method for calculation of K<¢-valucs was used.

As is seen in the figures, no significant differencc was obtained between
K9 and K* in the experiment on Specimen C, whereas K* was substantially
larger than K¢ in the experiment on Specimen D. This difference in
behavior between the two experiments depends to some degree on the
different specimen geometries, but mainly on the different boundary condi-
tions. In the experiment on Specimen C the samc amount of energy is
supplied to the specimen from the surroundings during the crack propaga-
tion event both in the dynamic and in the quasi-static case, that is, no
energy. In the experiment on Specimen D, where the specimen is supplied
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FIG. 3—Stress-intensity factors and crack-tip velocity as a function of crack length for an
experiment on Specimen C.

by energy during the crack propagation event, less energy is supplied to the
specimen in the dynamic case than in the quasi-static case, due to incrtia
effects in the specimen. This difference in energy supply is clearly reflected
in the stress-intensity factor.

These results indicate that a quasi-static treatment is improper for a
body exchanging energy with the surroundings during the crack propaga-
tion event, that is, for a body with force-controlled boundary conditions. It
is especially so if there is energy exchange only in the quasi-static case and
not in the dynamic case. For a body without energy exchange with the
surroundings, that is, a body with displaccment-controlled boundary
conditions, a quasi-static treatment can obviously be fully satisfactory even
at fairly high propagation velocities. Since the results in Fig. 3 originate
from one of the experiments on specimens A, B, and C where the highest
velocity was reached, a quasi-static calculation of all stress-intensity factors
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in the experiments on these specimens was judged to give satisfactory
accuracy. The discrepancy between K° and K¢ for the first evaluated
experiment on Specimen D was so large that a dynamic calculation of the
stress-intensity factors was considered necessary for each experiment on
this specimen type. An extensive presentation and discussion of the eight
experiments on Specimen D is found in Ref 7.

In Fig. S the statically calculated values of the stress-intensity factor for
Specimens A, B, and C are shown as a function of relative crack length. In
the figure, X is normalized with respect to the stress-intensity factor of the
corresponding infinite strip geometry (K*). Disregarding the edges of the
specimen, K for all threc specimen geometries almost reaches the value of
the corresponding infinite strip. As can be expected, a slight decrease can
be observed in the ratio K*/K«* as the relative height 2/w of the specimen
increases.
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FIG. 5—Quasi-statically calculated stress-intensity factors for Specimens A, B, and C as a
function of crack length.

The inaccuracy in the FEM-calculations and in the crack length mea-
surements increases at very short crack lengths and very short remaining
ligaments between the crack tip and the edge of the specimen. Accordingly,
the experiments on Specimens A, B and C were evaluated only within the
interval 0.075 < a/w < 0.875 and the experiments on Specimen D only
within the interval 0.075 < a/w < 0.825.

One cause of inaccuracy in the results is the uncertainty in the boundary
conditions, that is, the boundary displacement and the calculated stress
distribution, respectively. This uncertainty in the boundary conditions has
been estimated to be less than S percent. The uncertainty in the times
when the crack tip passes the nodal points along the crack plane depends
on the accuracy of the oscilloscope tracings and is increased by the small
oscillations occurring in the signal. The maximum relative error in these
data is estimated to be at most 10 percent. Because of this, the inaccuracy
in the crack-tip velocity can be estimated to be less than 20 percent. Nothing
definite can be said about the inaccuracy of the calculated stress-intensity
factors, which depends on both the uncertainty in the input (that is, the
boundary conditions and, for experiments on Specimen D, the passing
times of the nodal points) and on the accuracy of the numerical technique.
However, the inaccuracy in the stress-intensity factors is probably less than
the inaccuracy in the velocity data.
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Results and Discussion

The initial crack length of the specimcns was varied to give fracture in as
wide a range of load level as possible. In Table 2 the range of nominal
stress reached at initiation of crack growth and the number of successful
experiments are given. As can be noted from the table, general yield
almost occurred in the highest loaded specimens, A, B, and C.

If a unique K. — 4 relationship exists, a nearly constant velocity should
be reached in the experiments on Specimens A, B, and C, where the stress-
intensity factor is almost constant during the main part of crack growth;
see Figs. 3 and 5. This is also the case at low load levels, whereas at higher
load levels a considerable variation in the velocity is obtained in the experi-
ments on all three specimen types. Figure 6 shows two recordings of velocity
versus crack length. The velocity signal is obtained from an electrical
derivation of the crack length versus time signal. Both recordings originate
from experiments on Specimen B, one where the load level is quite low
(00/0ys = 0.45) and one at a high load level (00/0ys = 0.91). As can be
seen, the velocity is fairly constant in the experiment at low load level,
disregarding the small oscillations that were commented on in a previous
chapter. In the cxperiment at high load level the velocity first reaches a
high value and then successively decreases to a fairly constant level in the
last part of thc specimen. The same main feature can be observed in Fig. 3
from an experiment on a highly loaded Specimen C. This behavior cannot
be explained by deviations from the prescribed constant boundary - dis-
placement during the crack propagation cvent, since the boundary dis-
placement afterwards can be checked from the recordings of the strain
gage signals during the event. The same principal featurc can also be
observed in experiments on Spccimen D at high load levels. In Fig. 4, for
instance, the velocity is decreasing in the last part of the specimen, despite a
slight increase in the stress-intensity factor. Since this obscrved deviation
from a unique K, — a relationship is obtained at higher load levels, it is
belicved to be due to extensive nonclastic deformation during the crack
growth. This is supported by the fact that the specimens exposed to high
loads are buckled after the complcted fracture, whercas the low-loaded
specimens show no noticable buckling. A simple measurcment of the resi-

TABLE 2—Experimental data.

Number of Maximum Nominal Minimum Nominal
Specimen Type h/w Experiments Stress, ao/ays Stress, 04/0ys
A 0.25 12 0.97 0.49
B 0.50 11 0.91 0.36
C 0.75 9 0.84 0.27
D 2.00 8 0.54 0.12
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FIG. 6—Oscilioscope recordings of crack velocity versus crack length from two experiments
on Specimen B at different load levels.

dual stresses in a highly loaded specimen after fracture showed substantial
tensile stresses near and parallel to the crack plane.

In Figs. 7-10 the obtained crack propagation toughness values are plotted
versus the crack-tip velocity for Geometries A, B, C, and D, respectively.
Points where the crack tip is accelerating are marked with squares, where
it has constant velocity with triangles, and where it is decelcrating with
circles. In order to compare the results for the different geometries, second-
degree polynomials were fitted to the points for cach geometry by the
method of least squares. Since the uncertainty is thought to be larger in the
determination of the velocitics than in the determination of the stress-
intensity factor, we chose to minimize the residual with respect to the
velocity.

As can be seen in the Figs. 7-10 at low velocities, there is a very good fit
between the points and the curves for Geometries A, B, and C, whereas the
fitted curve is somewhat below the major part of the points for Geometry D.
This discrepancy depends on larger scatter at low velocities for Geometry D
than for the other gcometries and cspecially on two points which fall mar-
kedly lower than the others. As is discussed in Ref 7, these particular
points are found to be no less significant than the others and cannot be
rejected.

At higher load lcvels where the scatter is substantially increased, the
curves tend to show a maximum of velocity and turn backwards. It shall be
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FIG. 7—Crack propagation toughness as a function of crack-tip velocity obtained from
experiments on Specimen A.

pointed out that this behavior is not significant but rather a consequence of
the large scatter in this region and of the arbitrarily chosen method for
adapting the curves. What it actually indicates is that a description of
crack growth in the considered specimen based on the linear elastic param-
eter K is improper in this region. This is not surprising in view of the high
nominal stresses involved in this region; sec Table 2.

In Fig. 11 the regression curves for the different geometries are compared.
For low velocities the curves for Geomtries A, B, and C arc very close. The
curve for Geometry D is somewhat lower and intersects the K).-axis at a
value of 85 percent of the intersection value for A, B, and C. This difference
is due mainly to the poor fit between the points and the curve for Geometry
D in this region. If the points from the four geometries were compiled in
one plot, the major parts of the points from cach experiment would fall
together surprisingly well in the low-velocity region. Therefore, in our
opinion the obtained results do not invalidate the hypothesis of a unique
crack propagation toughness versus crack-tip velocity relationship, nor do
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FIG. 8—Crack propagation toughness as a function of crack-tip velocity obtained from
experiments on Specimen B.

they invalidate the hypothesis of a geometry-independent crack arrest
toughness.

At higher velocities the difference between the curves gradually increascs
and, for a given value of velocity, the crack propagation toughness increases
with decreasing height of the specimen. This is consistent with the assump-
tion that nonuniqueness in the Kpc — & relationship -is connected with
nonelastic deformation in the specimen. Since the four geometries have the
same characteristic horizontal dimensions, such as crack length and liga-
ment width, the vertical dimension seems to be of greater importance and
to be the cause of the difference in the results of the four geometries.

Now we turn to the question of deviations from the unique Kp. — &
relationship caused by the rate of the stress-intensity factor and by the
crack-tip acceleration, that is, the question if the conditions Eqs 4 and 5
are fulfilled. In the experiments on Specimens A, B, and C, the stress-
intensity factor is almost constant in the main part of the specimen (see
Figs. 3 and 5) and the velocity, as a consequence, should also be nearly
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FIG. 9—Crack propagation toughness as a function of crack-tip velocity obtained from
experiments on Specimen C.

constant if a unique K. — a relationship exists. The nonconstant velocity
obtained at high load levels in these experiments is then rather caused by
nonuniqueness in the K, — @ relationship than causing it. In the experi-
ments on Specimen D, the stress-intensity factor is also quite constant,
whereas substantial accelerations occur even in the low-velocity region. A
rough estimate of the radius of the nonelastic zone indicates, however, that
the condition Eq S is fulfilled in these experiments, except possibly at very
low velocities. This can be an explanation of the quite large scatter in the
low-velocity region of the Kp. — @ plot for this geometry; see Fig. 10.

In Table 3, the crack propagation toughness level, the corresponding
velocity from the regression line, and the nominal stress at initiation of
crack growth are given for the lowest loaded specimen of each type where a
significant deviation from a unique Kp. — & relationship was observed. In
all the experiments on Specimen A, a pronounced nonconstant velocity was
obtained; that is, no unique Kp. — & relationship was obtained for this
specimen geometry. The values of K. at the beginning of a significant
deviation from a unique K, — a rclationship, as given in Table 3, are



DAHLBERG ET AL ON INFLUENCE OF SPECIMEN GEOMETRY 105

800

O
=
<

400

200

Crack Propagation Toughness Kp, MN/m3/Z

o o gcceleration

v constant velocity
o deceleration

0 1 1 1 1
0 200 400 600 800
Velocity a m/s

FIG. 10—Crack propagation toughness as a function of crack-tip velocity obtained from
experiments on Specimen D.

shown as dotted lines in Figs. 8-11. As is secn in Figs. 8-10, the values
coincide with a pronounced increase of the scatter.

The values of K. given in Table 3 increase with increasing height of the
specimen. This is consistent with the assumption that nonuniqueness in the
K,. — a refationship is connected with nonelastic deformation in the speci-
men. The ratio h/K,.? given in Table 3 is surprisingly constant for the dif-
ferent geometries. The differences occurring are not significant in view of the
uncertainties involved. This constancy of the ratio A/K,? indicates that a
condition similar to the well-known limit, ASTM Test for Plane-Strain Frac-
ture Toughness of Metallic Materials (E 399-74), for static linear fracture
mechanics may be of significance. The ASTM limit is applicable to a plane-
strain situation and states that the maximum plastic zone size must be much
smaller than some characteristic dimension of the specimen

Kic\?
lchar > 25 < ! > (7)

ny

where K¢ is the plane-strain fracture toughness.
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TABLE 3—FExperimental data for the lowest loaded specimen of each type where a
significant deviation from a unique K. — a relationship was observed.

Specimen Kpe,
Type h, m o/ Oys MN/m32 @, m/s h/Kpt, m*/MN?
A 0.1 <0.49 <230 >1.9 X 107°
B 0.2 0.49 330 270 1.8 X 107°
C 0.3 0.48 400 415 1.9 X 107
D 0.8 0.43 580 640 2.4 X 107°

The condition for the limit of dynamic linear fracture mechanics with
respect to extensive nonelastic deformation is then presumably also best
expressed in terms of a toughness-strength ratio, but, because of rate and
heat effects near the crack tip, an appropriate value of the strength is very
difficult to select. If we instead choose the largest value of the ratio 2/ Kp?
in Table 3, A/Kp2 = 2.4 X 1076, which gives the strongest restriction on
the height of the specimen for a given value of K., and rearrange this
relation and arbitrarily normalize the right-hand side with respect to the
square of the static yield strength, we arrive at the relation h = 5.4 (K,./
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ays)%. The condition on the height of the specimen geometries for the limit
of dynamic linear fracture mechanics in the material and in the crack-tip
velocity region investigated can then be formulated

2
h>54 <£&> (8)

g ys

The condition on the height of these geometries is then found about twice
as restrictive as the ASTM limit, Eq 7. Admittedly, the comparison is
questionable since the ASTM limit is applicable to a plane-strain situation,
whereas the fracture mode in this case was shearing on 45-deg planes, that
is, a typical plane-stress fracture appearance.

No systematic dependence of K . on crack-tip acceleration was found,
disregarding the previously reported [7] dependence observed in the low-
velocity region of the Kpc — a plot for Specimen D, Fig. 10.

Conclusions

1. In displacement-controlled systems a quasi-static analysis of dynamic
crack propagation may give sufficient results, whereas in force-controlled
systems a fully dynamic analysis is needed in general.

2. The experimental results do not contradict the hypothesis of a unique
relationship between crack propagation toughness and crack-tip velocity at
low load levels, nor do they contradict the hypothesis of a geometry-inde-
pendent crack arrest toughness.

3. It appears that a geometry condition for the limit of dynamic LEFM
of the same structure as the well-known ASTM condition for static LEFM
can be applied. For the material, the geometries, and the crack-tip velocity
range investigated, the geometry condition is found to be more restrictive
than the ASTM condition.
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ABSTRACT: For different crack arrest test specimens, the influence of dynamic effects
on the crack arrest process is investigated. Utilizing the shadow optical method of
caustics, actual dynamic stress-intensity factors directly before, at, and after arrest were
measured. In the first part of the investigation, specimens made from the model material
Araldite B were analyzed. It was found that the dynamic effects, that is, the difference
between statically and dynamically determined crack arrest stress-intensity factors, are
largest for longitudinal wedge-loaded rectangular double cantilever beam specimens,
considerably smaller for machine-loaded tapered double cantilever beam specimens, and
smallest for transverse wedge-loaded compact specimens. In the second part of the
paper, the behavior of arresting cracks in high-strength steel specimens was in-
vestigated. The overall dynamic effects on the crack arrest process were found to be
similar to those in Araldite B, but in steel the oscillation of the dynamic stress-intensity
factor after arrest shows higher-frequency disturbances and is damped out only after
much longer times.

KEY WORDS: stress analysis, photoelasticity, crack propagation, crack arrest,
dynamic stress intensity, fracture criterion, fracture properties, dynamic fracture
toughness

Nomenclature

K@t Statically determined stress-intensity factor

K9 Dynamically determined stress-intensity factor

K, Fracture (initiation) toughness

Ky Crack initiation stress-intensity factor for blunted notches
Kip Fracture toughness for propagating cracks

Physicists, Fraunhofer-Institut fiir Werkstoffmechanik (formerly IFKM), Freiburg, Ger-
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K, Crack arrest toughness

K. Minimum fracture toughness [min K, (v)]

K * Statically determined crack arrest toughness (equivalent to K,,)
K9 Dynamically determined crack arrest toughness (equivalent to K.

a

In order to establish a crack arrest methodology for nuclear pressure vessel
steels, different measuring procedures and test specimens have been used.

Crosley and Ripling [1-3]2 propose to measure a fracture toughness value
K 1,. The procedure for measuring this quantity is based on a static analysis
of the crack arrest process. It is assumed that the static situation for the time
after arrest (about 1 ms in steel) provides an adequate description of the ac-
tual crack arrest condition. Accordingly, by utilizing conventional static
stress-intensity factor formulas, the crack arrest toughness Ky, is determined
from the arrest crack length a, and the critical load P, (or displacement §,)
measured a short time after arrest.

Hahn et al [4], Kanninen et al [5], and Hoagland et al [6] developed a pro-
cedure for measuring the minimum fracture toughness K, that is, the
lIowest value of the dynamic fracture toughness Kp(v) for propagating
cracks, where p is the crack velocity. This approach is based on a dynamic
analysis of the crack arrest process. According to energy balance calculations
performed by these investigators, the crack in its initial phase of propagation
builds up kinetic energy in the specimen which is subsequently available to
contribute to the actual dynamic stress-intensity factor at arrest. They con-
clude, therefore, that a statically determined crack arrest toughness Ky,
would be smaller than the true material resistance and, in general, would not
represent a material property. The minimum fracture toughness Ky, is
determined as the lowest K|,-value measured in a series of experiments with
different steady-state crack velocities v. The dynamic fracture toughness
value Kp, for each experiment is derived from measurements of the crack ini-
tiation stress-intensity factor K';q and the arrest crack length a, utilizing so-
called reference curves which have been established by these investigators on
a theoretical basis.

During the course of the development of thesc two measuring procedures,
different test specimens have been used, primarily the machine-loaded
tapered double cantilever beam (TDCB) specimen with the static concept
and the longitudinal wedge-loaded rectangular double cantilever beam
(RDCB) specimen with the dynamic concept. Both measuring procedures are
now applied to the transverse wedge-loaded compact (C) specimen. '

In this paper, the differences between the two measuring procedures are
examined for the three different types of crack arrest test specimens. Uti-
lizing shadow optical techniques of stress analysis, the influence of dynamic
effects on the crack arrest process is investigated. The results obtained for

2The italic numbers in brackets refer to the list of references appended to this paper.
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specimens made from the model material Araldite B are discussed, and a
comparison is made with equivalent data obtained in high-strength steel
specimens.

Crack Arrest Behavior in General

The principal influence of dynamic effects on the crack arrest process has
already been analyzed by the authors in previous investigations [9-11]. The
dynamic stress-intensity factors at the tip of propagating and subsequently
arresting cracks have been measured by means of the shadow optical method
of caustics. These dynamic stress-intensity factor results have been compared
with equivalent data for the static stress-intensity factor determined from
measurements of the load (or displacement) using conventional static stress-
intensity factor formulas. The general behavior found is shown schematically
in Fig. 1.

1. The dynamic stress intensity factor at the beginning of the crack pro-
pagation phase is smaller; however, at the end and directly at arrest it is
larger than the equivalent static stress-intensity factor (see stress-intensity
factor-crack length plane of Fig. 1). Consequently, the dynamically deter-
mined crack arrest stress-intensity factor K, (equivalent to the minimum
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FI1G. 1—Schematic representation of stress-intensity factors for arresting cracks.
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fracture toughness K, according to the dynamic crack arrest concept) is
larger than the statically determined crack arrest stress-intensity factor
K5 (equivalent to the crack arrest toughness Kj, according to the static
crack arrest concept). The differences between K %" and K ,5* increase
with increasing crack jump distances, Aa = a, — a,,.

2. After arrest, the dynamic stress-intensity factor approaches the static
stress-intensity factor value at arrest, K,%!, via an oscillation with a damped
amplitude (see stress-intensity factor-time plane of Fig. 1). The initial
amplitude of the dynamic stress-intensity factor oscillation after arrest,
(K, 9 — K| s21)/K | s, is a measure of the influence of the dynamic effects
on the crack arrest process. The K Idb'“ -oscillation after arrest, therefore, is
analyzed in detail in the following sections.

The Shadow Optical Method of Caustics

Stress-intensity factors for stationary as well as for fast-running cracks can
be measured by means of the shadow optical method of caustics which was
introduced by Manogg [7].

The physical principle of this method is sketched in Fig. 2. In the upper
part of the figure, a transparent specimen is considered and in the lower part
a nontransparent specimen. Due to the stress concentration at the crack tip,
the thickness of the specimens is reduced, and for the transparent material
the refractive index is also altered. As a consequence, in the transmission
case, the light passing through the specimen is deflected outward. On an im-
age plane at any distance z, behind the specimen, therefore, a dark shadow
spot bounded by a bright light concentration (the caustic) is formed. For op-
tically isotropic materials a single caustic results, while for optically
anisotropic materials a double caustic is obtained. In the lower part of Fig. 2
(reflection case), it is illustrated that for nontransparent materials the light
being reflected from the mirrored surface of the specimen forms qualitatively
the same shadow pattern as obtained in transmission, when observed in a vir-
tual image plane positioned behind the specimen. In both arrangements,
transmission and reflection, the shadow patterns for propagating and subse-
quently arresting cracks are photographed by a Cranz Schardin 24-spark
high-speed camera, which is focused on the respective image plane. Figure 3
shows experimentally observed shadow patterns for running cracks in the
epoxy resin Araldite B, photographed in transmission, and in the high-
strength steel HFX 760, photographed in reflection. From the diameter D of
the caustic, the stress-intensity factor K| for the crack is derived utilizing the
relation

K; = F(v) MD3"2

The factor M is determined by the elasto-optical constants of the material
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FI1G. 2—The shadow optical method of caustics for transmission and reflection.

and the geometrical arrangement of the experimental setup. The term F(v)
accounts for the crack velocity dependence of the shadow pattern. For the
velocities usually attained in crack arrest experiments, F(v) = 1. Detailed in-
formation on the values for M and F(v) for shadow optial arrangements in
transmission and reflection is given by Beinert et al [8].

Dynamic Effects on the Crack Arrest Process in Test Specimens of Different
Geometries

In order to quantify the influence of dynamic effects on the crack arrest
process in test specimens of different geometries, shadow optical measure-
ments of the dynamic stress-intensity factor directly before, at, and after ar-
rest have been carried out. The specimens considered, shown in Fig. 4, are
the longitudinal wedge-loaded RDCB-specimen, the machine-loaded TDCB-
specimen, and the transverse wedge-loaded C-specimen.
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FI1G. 3—Shadow patterns for propagating cracks.
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FIG. 4—Crack arrest test specimens.

Experimental Procedure

The test specimens were machined from the epoxy resin Araldite B. The
sizes of the specimens were chosen according to the measurements given in
Fig. 4. The specimen thickness was 10 mm for all specimens. No side grooves
were used. Steel fixtures were employed to load the specimens. The cracks
were started from blunted tips of the initial notches prepared by specially
modified jeweler’s saws of different thicknesses. During the test, the load
(compressive force for wedge loading, tensile force for machine loading) was
recorded versus time or crack-opening displacement or both. For the pro-
pagating and subscquently arresting cracks, shadow patterns were recorded
with a Cranz Schardin 24-spark high-speed camera. The picture interval
times were chosen to specifically analyze the dynamic stress-intensity factor
behavior directly before and after arrest. The high-speed camera was trig-
gered by the starting crack, which interrupts a laser beam traversing the
specimen directly ahead of the initial notch.

Experimental Results

Experimental results on the crack arrest behavior in the three different
types of test specimens are shown in Figs. S-7. (The data on RDCB-
specimens were taken from Ref 9.) In each figure the crack length a and the
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dynamic stress-intensity factor K ;%" are plotted as functions of time . The
time at which arrest occurs has been set equal to zero for each experiment. In
order to emphasize the general trend in the results, the data of different ex-
periments, showing a similar arrest behavior, have been combined in one
graph, and the dynamic stress-intensity factors K %" have been normalized
by the static stress-intensity factor at arrest K5, where K **! is the mean
value of the KldY“ -oscillation after arrest. Thus, the increased number of
measuring points—despite the scatter in the data and despite the limited
number (24) of data points for one experiment—give a reliable picture of the
stress-intensity factor behavior.

Crack Propagation and Arrest—For all types of specimens the crack
length-time curves (Figs. 5-7) indicate a gradual decrease of the crack
velocity prior to the actual arrest event. Because of this behavior the exact
time of crack arrest can be determined only with some uncertainty (see
shaded time intervals in Figs. 5-7). Reinitiation of crack propagation after
the first arrest event—as was often observed in prior experiments with
longitudinal wedge-loaded single-edge notch (SEN) specimens [//]—occur-
red very seldom and only after longer times. The stability of the crack pro-
pagation direction in the machine-loaded TDCB-specimens and especially in
the transverse wedge-loaded C-specimens was found to be much better than
for the longitudinal-wedge loaded RDCB-specimens. Therefore, in practice,
less-deep side grooves can be used with C-specimens. A constant steady-state
crack velocity v for the whole crack propagation event, except for the
deceleration phase prior to arrest, was observed only for the RDCB-
specimens [9]. In the TDCB- and the C-specimens at the very beginning of
crack propagation, a slightly larger crack velocity was observed than for the
intermediate crack propagation range (see Figs. 6 and 7). For C-specimens,
this behavior is also demonstrated by the crack length-time curve for Experi-
ment 11 (Fig. 7), for which the early phase of crack propagation was
photographed with a higher time resolution. (In this context it should also be
mentioned that in longitudinal wedge-loaded SEN-specimens this effect is
even more pronounced, with two clearly separated steady-state velocities
observed [11].)

Oscillation of the Dynamic Stress Intensity Factor After Arrest—For all
three types of specimens the dynamic stress-intensity factor K, %" after arrest
shows an oscillatory behavior. The amplitude and the frequency of these
oscillations vary from specimen type to specimen type. In all cases the fre-
quency of the K,9" -oscillation can be roughly correlated to the frequency of
the vibration of a beam corresponding to one half of the cracked specimen.
The amplitude of the K %" -oscillation is very large in the longitudinal
wedge-loaded RDCB-specimen (see Fig. 5), considerably smaller in the
machine-loaded TDCB-specimen (see Fig. 6), and very low (almost within
the range of experimental scatter) in the transverse wedge-loaded C-specimen
(see thicker dashed line in Fig. 7). The initial amplitudes of the K dn-
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oscillation after arrest, (K[, ¥ — K,s4t)/K %, when considered for the
same averaged crack propagation velocity, indicate the following quan-
titative result. The influence of the dynamic effects on the crack arrest pro-
cess in the machine-loaded TDCB-specimens is smaller by a factor of more
than two, and in the transverse wedge-loaded C-specimens smaller by a fac-
tor of almost four, when compared with the longitudinal wedge-loaded
RDCB-specimens.

This result indicates that in machine-loaded TDCB-specimens and in
transverse wedge-loaded C-specimens smaller amounts of kinetic energy are
recovered during thc crack arrest process than in wedge-loaded RDCB-
specimens. Obviously, in TDCB- and C-specimens, elastic waves cmanating
from the tip of the propagating crack at the beginning of the crack pro-
pagating phase, after being reflected at the finite boundaries of the
specimen, do interfere with the arresting crack but to a lesser extent. Due to
the larger dimensions or different configurations of these two kinds of
specimens, the waves are attenuated more strongly or are reflected dif-
ferently so that the smaller interaction with the crack results.

The data obtained from the model experiments show that the crack arrest
process in wedge-loaded RDCB-specimens can be described properly by a
dynamic analysis only, whereas the errors in applying a static analysis for ar-
rest processes in machine-loaded TDCB-specimens would be considerably
smaller. Also, in transverse wedge-loaded C-specimens smaller discrepancies
between the results of the two crack arrest concepts are anticipated.

Dynamic Effects on the Crack Arrest Process in High-Strength Steel
Specimens

Conclusions on the influence of dynamic effects on the crack arrest process
in reactor pressure vessel steels, based on results from model experiments in
plastic materials (as Araldite B or Homalite 100}, can be made only with
restrictions. The material behavior of steels is very different from that of
plastics. In particular, the wave propagation properties—which obviously in-
fluence the dynamic effects associated with crack arrest (see previous
section)—are different; for example, the attenuation of the elastic waves in
steels is considerably smaller than in plastics. Therefore, the crack arrest
process in steels has been analyzed directly, utilizing the shadow optical
method of caustics in reflection.

Experimental Procedure

In order to apply the method of shadow patterns for steels and to deter-
mine a stress-intensity factor from the stress-strain field in the vicinity of the
tip of the crack, a steel with a sufficiently small plastic zone at the crack tip
had to be utilized. The high-strength maraging stecl HFX 760, Stahlwerke
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Siidwestfalen (heat treatment: 480°C/4 h/ air), was chosen. The steel has a
yield strength of oy = 2100 MN/m?2 and a crack initiation toughness K. in
the range of 70 to 100 MN/m3/2,

From this steel, RDCB-specimens of the size as given in Fig. 4 and a
thickness of about 9 mm were machined. One side of the specimens was
specially prepared by grinding, lapping, and final hand-polishing in order to
achieve a completely straight and mirrored surface. The cracks were started
from a sawed-in chevron notch which, at the tip of the chevron, had an addi-
tional very fine saw cut machined with a specially modified jeweler’s saw. The
specimens were loaded by a longitudinal wedge, as were the Araldite B
specimens. The high-speed camera was triggered by the starting crack
through a signal recorded by a strain gage positioned very near the initial
notch tip. In a reflection arrangement, the camera was focused on a virtual
image plane behind the specimen (see Fig. 2).

Experimental Results

A typical shadow optical picture of a crack propagating at a velocity of
1000 m/s in a high-strength steel specimen is given in Fig. 8. In addition to
the shadow spot at the tip of the crack, elastic waves are visible. These waves
radiate outward from the tip of the propagating crack into the specimen, are
reflected at the finite boundaries of the specimen, and then interfere with the
crack tip again. The generation of these waves immediately ceases when the
crack arrests, thus giving additional information on the crack arrest time.
This shadow optical photograph of Fig. 8 gives visible evidence of the in-
fluence of dynamic effects on the crack arrest process.

Quantitative data on the dynamic stress-intensity factors for propagating
and arresting cracks from such shadow optical photographs are given in
Figs. 9 and 10.

Dynamic Stress-Intensity Factors for Propagating Cracks—For a fast-
running crack (Experiment 13), the measured dynamic stress-intensity factor
K [dY", the equivalent static stress-intensity factor K *, and the crack ve-
locity v are plotted as functions of the crack length a in Fig. 9b. The results
are compared with those for propagating cracks in Araldite B (RDCB)
specimens, which are shown in Fig. 9a (the Araldite B data are taken from
Ref 9). A dimensionless plot of the data was chosen for this comparison. The
(dynamic and static) stress-intensity factors are normalized by the initiation
stress-intensity factor Kq, and the crack velocity v by the bar wave speed ¢,.
Because the main specimen dimensions were identical in both cases, the
crack length a is plotted in absolute values.

It is recognized that the crack velocity history in both materials is similar.
For the largest part of the crack propagation phase, the crack velocity is con-
stant and only prior to arrest the velocity gradually decreases from its steady-
state value. In the high-strength steel experiments, however, more often than
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FIG. 8—Shadow optical picture of a propagating crack in a high-strength sieel RDCB-
specimen.

in the Araldite B experiments, a stop-and-go arrest behavior (which does not
show up in Fig. 9b) was observed. For both materials the decrease in the
crack velocity is preceded by a decrease in the dynamic stress-intensity factor
values (this effect was observed also by Bradley and Kobayashi [/2]). Since
the relative steady-state crack velocity v/c, in the high-strength steel
specimen was larger than in the Araldite B specimens, a larger crack jump
distance results for the high-strength steel specimen. (In this case the crack
came to arrest only a few millimetres before the far edge of the specimen. The
crack arrest process itself was not photographed.)

The K'Idy“ -curves for the two materials, however, exhibit a characteristic
difference. Although similar in nature (K %™ at the beginning of crack pro-
pagation is smaller and at the end is larger than K '), the K & -values in
the high-strength steel specimen show large variations, whereas the data for
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FIG. 9—Stress-intensity factors for propagating cracks in Araldite B and the high-strength
steel HFX 760.

the Araldite B specimens can be represented by a rather smooth curve, These
large variations of the dynamic stress-intensity factor values in the high-
strength steel specimen are not due to experimental scatter, but rather due to
higher-frequency vibrations or higher-frequency stress waves interacting with
the crack. In Araldite B, very likely because of the larger attenuation and
because of the characteristics of the shadow optical arrangement in transmis-
sion (which is less sensitive to surface deformations), these higher-frequency
effects practically are not noticeable.

Oscillation of the Dynamic Stress-Intensity Factor After Arrest—Data on
the dynamic stress-intensity factor behavior directly before, at, and after ar-
rest are shown in Fig. 10. The dynamic stress-intensity factors, normalized as
in Figs. 5-7 by the static stress-intensity factor values at arrest, K s, are
plotted as functions of time ¢ for different crack jump distances Aa. The
crack jump distance increases from the upper to the lower curves, In order to
illustrate graphically the crack jump distances obtained, shaded bars, the
lengths of which were chosen proportional to Aa, are given in each diagram.
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It can be recognized that the dynamic stress-intensity factor-time curves
for the high-strength steel experiments in general do not show a simple har-
monic oscillation as did the Araldite B experiments (see Fig. 5). From the few
data obtained so far, however, special characteristics in the Kld-v" -behavior
are apparent:

For Specimens 11 and 7 with the lowest (8.0 and 10.3 mm) crack jump dis-
tance, oscillations of similar period, phase, and amplitude are observed. The
higher time resolution in the data of Experiment 11 justifies considering the
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variations in the scarce data points of Experiment 7 as a real oscillation and
not as a scatter.

Experiments 8 and 9 with a somewhat larger (26.2 and 32.1 mm) crack
jump distance are again similar to each other. In comparison with Ex-
periments 11 and 7, the period and the amplitude of the oscillation now are
larger, as one might expect due to the larger crack jump distances.

In Experiments 12 and 16-18 with larger crack jump distances (varying
from 50.9 mm up to 140.9 mm) harmonic oscillations are no longer observed.
However, a distinct minimum in the dynamic stress-intensity factor curve is
recognized which corresponds to the first minimum in the K %" -z-curve for
Experiments 8 and 9. The minimum is steadily shifted to larger times for in-
creasing crack jump distances (compare the Ag-bars with the times at which
the minimum appears). This lower-frequency behavior is disturbed by high
frequency oscillations. These disturbances again are not experimental scat-
ter, as can be seen from special characteristics of the K Id-"‘ -t-curves (for ex-
ample, the distinct minimum is preceded by a small hump and followed by a
steep increase) which show up for all experiments (Nos 9, 12, and 16-18) and
which are also clearly documented by the data with the higher time resolution
of Experiments 12 and 17. In accordance with the results of Experiments 11
and 7 and Experiments 8 and 9, the amplitude of the oscillation for Ex-
periments 12 and 16-18 steadily increases with increasing crack jump
distance.

The actual dynamic stress-intensity factors at arrest, K 47, are difficult to
determine from the K% -¢-plots. Due to the strong variation of K %™ during
the crack arrest event and also due to the inexactly defined time of arrest,
some uncertainties result. However, a comparison of the results obtained for
the high-strength steel (RDCB) specimen, No. 16 (Fig. 10), with those of the
Araldite B (RDCB) specimens, Nos. 8 and 12 (Fig. 5) (having almost the
same crack jump distance), shows that the initial amplitudes of the K%n-
oscillation, (K, — K 2)/K; 2, are practically the same for both
materials. This finding is supported aiso by a comparison of the other high-
strength steel data in Fig. 10 with the Araldite B results of Ref 9. Therefore,
the overall general influence of dynamic effects on the crack arrest process in
the Araldite B and the high-strength steel specimens seems to be similar.
The K, %" -oscillation after arrest in high-strength steel specimens, however,
is disturbed by higher-frequency effects (see especially Experiments 12 and
16-18), whereas the Araldite B specimens in general show a harmonic dy-
namic stress:intensity factor-time behavior. In addition, the K %" -oscilla-
tion in high-strength steel specimens is considerably less attenuated than in
Araldite B specimens (see especially Experiments 7 and 8). A static loading
condition at the tip of the arrested crack will be established only for times
considerably longer than 1 ms (see Ref 2) after the arrest event.

Preliminary findings of the first 18 experiments, carried out with high-
strength steel specimens, have been presented. Additional experiments and
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further evaluation of the data are necessary and will be performed in order to
better quantify the results obtained to date.

Summary and Conclusions

Utilizing the shadow optical method of caustics, the influence of dynamic
effects on the crack arrest process has been analyzed for different crack ar-
rest test specimens made from different materials. In the first part of the in-
vestigation, model experiments were performed with specimens made from
the epoxy resin Araldite B. The dynamic effects were found to be very large
for longitudinal wedge-loaded RDCB-specimens, considerably smaller for
machine-loaded TDCB-specimens, and smallest for transverse wedge-loaded
C:specimens. In the second part, the crack propagation and arrest behavior
in high-strength steel (RDCB) specimens was investigated and compared
with the behavior in Araldite B (RDCB) specimens. The results obtained to
date indicate that the overall dynamic effects on the difference of the
dynamically and the statically determined crack arrest stress-intensity factors
are practically the same for both materials. In steel, however, the oscillation
of the dynamic stress-intensity factor after arrest shows higher-frequency
disturbances, which are also apparent in the crack propagation phase. In ad-
dition, the K 9" -oscillation after arrest in steel is damped out only after
much longer times than in Araldite B.

The results presented in this paper show that dynamic effects, in principle,
have an influence on the crack arrest process and must be taken into account
when establishing a physically correct, generally applicable measuring pro-
cedure to quantify the crack arrest capability of materials. The magnitude of
these dynamic effects varies for different crack arrest test specimens. Among
the specimen types investigated, the differences between statically and dy-
namically determined crack arrest stress-intensity factor values are small-
est for the transverse wedge-loaded C-specimen.
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ABSTRACT: Currently, two polymeric materials, Homalite 100 and Araldite B, arc
extensively utilized in the study of dynamic fracture. Homalite 100 is employed in
the dynamic photoelastic studies of Dally et al of the University of Maryland, and
Kobayashi et al of the University of Washington. They have determined the instantaneous
stress-intensity factor from the isochromatic fringe loops and have studied the influence
of specimen geometry on crack propagation and arrest, postarrest oscillations, and
K -versus-a relationships.

Araldite B is employed by Kalthoff et al of the Institiit fiir Festkopermechanik of
the Federal Republic of Germany. In their study of dynamic fracture with Araldite B,
however, the instantaneous stress-intensity factor is determined by the method of
shadow patterns (caustics). The results of photoelastic studies with Homalite 100 and
caustic studies with Araldite B show good agreement in some areas, but disagreement
in other areas. Since dynamic fracture behavior is studied with two different materials
and two diffcrent methods, it is difficult to determine whether the points of disagreement
are due to material properties or experimental method.

This paper presents the results of a characterization of the physical and mechanical
properties and photoelastic observations of dynamic crack behavior of Homalite 100 and
Araldite B. Also presented are detaited observations of the differences in fracture surface
features of the two materials, and a discussion of the effect of material propertics
and specimen geometry on crack propagation, crack arrest, and postarrest oscillation.
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Two polymeric materials are extensively utilized in current studies of
dynamic fracture. The first, Homalite 100, is employed in the dynamic
photoelastic studies of Dally et al [7]? of the University of Maryland, and

'Assistant professor and professor, respectively, Mechanical Engincering Department,
University of Maryland, College Park, Md. 20742.

2The italic numbers in brackets refer to the list of references appended to this paper.

128

C,opyright© 1980 by ASTM International Wwww.astm.org



METCALF AND KOBAYASHI ON HOMALITE 100 AND ARALDITE B 129

Kobayashi, A. et al [2] of the University of Washington. They have deter-
mined the stress-intensity factor from isochromatic fringe loops and have
studied the influence of specimen geometry on crack propagation and
arrest, postarrest oscillations, and K-versus-a relationships.

The second polymer, Araldite B, is employed by Kalthoff et al [3] of the
Institiit fir Festkopermechanik of the Federal Republic of Germany. In
their studies of dynamic fracture using Araldite B, however, the instantaneous
stress-intensity factor is determined by the method of shadow patterns
(caustics). The results of photoelastic studies with Homalite 100 and caustic
studies with Araldite B show good agreement in some areas, disagreement
in other areas. Since dynamic fracture behavior is studied with two dif-
ferent materials and two different methods, it is difficult to determine
whether the points of disagreement are due to material properties or ex-
perimental method. The photomechanics laboratory at the University of
Maryland has performed a series of experiments with Araldite B to establish
static and dynamic properties, and to study crack propagation, crack
arrest, and postarrest phenomena. The results of these experiments and
those of previous experiments using Homalite 100 are used to evaluate
the effect of material properties and specimen geometry on crack propaga-
tion, crack arrest, and postarrest oscillation.

Experimental Procedure

Static Properties

The static physical and mechanical properties of interest for photoelastic
observations are modulus of elasticity (£), material fringe valves (fo and fe),
Poisson’s ratio (»), and density (p). The material fringe value was deter-
mined using a 76.2-mm (3 in.) disk, edge loaded in a polariscope. Over a
24-h period, readings were taken using the Tardy compensation method,
and the fringe value was calculated.

Three tension specimen experiments were conducted to determine the
static modulus of elasticity under various conditions and to check the
fringe value previously obtained. The first experiment used a standard
tension specimen of Araldite B with two rectangular strain-gage rosettes
attached, one on each side of the specimen, at the center of the gage length.
The specimen was loaded in an Instron tension test machine and axial
and transverse strain were measured by the strain rosettes through two
arm bridges in a BAM-1 bridge amp meter, and plotted on an X-Y recorder.
These plots gave static values for the modulus of elasticity and Poisson’s
ratio. Also as part of this experiment the test machine was fitted with a
polarizer and analyzer, a helium-neon (He-Ne) laser shining through the
specimen between the strain gages for a light source, and a photodiode to
observe the photoelastic fringe orders. The specimen was again loaded and
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the load versus light intensity (photodiode output) diagram was plotted
on the X-Y recorder. From this plot and the specimen geometry, the static
fringe values were calculated.

Two additional tension experiments were conducted using Tuckerman
optical strain gages mounted on the specimen, front and back, to measure
strain. The first of these experiments was to determine the effect of tem-
perature and the second to determine the effect of loading time on the
modulus of elasticity. The laboratory air-conditioning was adjusted to vary
specimen temperature between tests, and the modulus of elasticity was
calculated from load and strain readings. Homalite 100 (second shipment)
was selected for comparison with Araldite B in this experiment. The final
tension experiment was conducted at constant temperature; full load was
applied and the strain gages read over a 24-h period. The resulting data
were used to calculate modulus of elasticity for each loading time interval.

The density of Araldite B is needed to calculate dynamic properties. A
Kraus Jolly Balance was used to measure specimen weight in air and loss
of weight in water. The ratio of these two weights gives specific gravity,
which, when combined with the density of water at laboratory temperature,
gives the density of Araldite B.

Dynamic Properties

The dynamic properties desired for Araldite B are modulus of elasticity

(Ep), Poisson’s ratio (»), and the material fringe value ( fop). All of these
quantities were measured using the dynamic bar test. The bar specimen
was machined to 9.5 by 9.5 by 510 mm (0.375 by 0.375 by 20 in.) from
Araldite B, and strain gages were mounted at two locations 127 mm (5 in.)
apart in the gage length. The gages were connected in two arm bridges,
with calibration resistance included, to measure axial and transverse strain
separately. The bar was fitted with a soft attenuator at the point of impact
of a sharp projectile from an air gun, and a throw-off bar absorbed energy
at the other end. A polariscope was set up using a He-Ne laser shining
through the specimen between the strain gages as light source, and a
photodiode to receive the monochromatic light and measure fringe orders.
The data were recorded on three oscilloscopes. The first oscilloscope recorded
axial strain at the two gage locations to measure bar wave velocity. The
second was a digital oscilloscope which recorded the photodiode output
(fringe orders) and axial strain at the same location. The third oscilloscope
recorded axial and transverse strain at one location for determination of
Poisson’s ratio. All oscilloscopes were triggered by the projectile as it
passed a switching mechanism just prior to impact. From the data and
specimen dimensions, the bar wave velocity, dynamic-modulus of elasticity,
Poisson’s ratio, and dynamic fringe values were calculated.
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Viscoelastic Properties

Polymeric materials exhibit viscoelastic behavior; that is, there is a phase
lag or phase angle § between stress application and strain response. The
tendency for a material to behave in this manner is time- and temperature-
dependent. To evaluate this behavior and its effect on crack propagation
experiments, a series of experiments was conducted using specimens of
Araldite B and Homalite 100 in a dynamic viscoelastometer, Rheovibron
DDV-III-C. Specimens were machined to approximately 1 by 6 by 70 mm
(0.04 by 0.25 by 2.8 in.) of Araldite B and Homalite 100 (first and fourth
shipments) and were cycled in the Rheovibron at frequencies of 3.5 and
110 Hz, with a temperature range of from —120 to +125°C (—184 to
+257°F). The low temperatures were achieved in a liquid nitrogen-cooled
chamber, and the high temperatures with electric heaters. The extreme
temperatures are of academic interest only. The temperature range of
interest for this series of experiments is the seasonal temperature range of
the laboratory—approximately 18 to 26°C (64 to 79°F).

The Rheovibron measures the energy loss factor, tangent 6, directly. It
also measures specimen extension and from this, the instrument constants,
and the specimen geometry the complex (dynamic) modulus E* may be
calculated. Both tangent 6 and E* are plotted as a function of temperature
to produce a diagram typical of the viscoelastic behavior of polymeric
materials.

K-Versus-a-Relationship

The stress-intensity factor (K) versus crack-tip velocity (&) relationship
is believed to be a material property and therefore is considered in this
comparison of crack behavior of Araldite B and Homalite 100. To charac-
terize the complete K-versus-a relationship, crack propagation at all possible
velocities must be induced in photoelastic specimens and the corresponding
stress-intensity factors calculated from the photoelastic data recorded.
Three specimen geometries were selected for this purpose: modified compact
tension (M-CT), center pin loaded single edge notched specimens (SEN),
and rectangular double cantilever beam (R-DCB) specimens.

The photoelastic specimens of Araldite B were prepared and tested
following the same laboratory procedure as was used for previous Homalite
100 experiments, reported in Refs I and 4. The specimens were loaded to
a predetermined Ko > K|, value and the crack initiated by drawing a
sharp knife across the starter crack.

The apparatus used for this series of experiments was a polariscope
using a Cranz-Schardin multiple-spark-gap camera as a light source and a
photographic plate for recording data. The effective wavelength of this
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light is 4920 A and the timing of the camera can be adjusted so that four
banks of four spark gaps each fire in succession over a period of about
500 to 1500 us, which can measure crack velocity of over 380 m/s (15 000
in./s). The data recorded from the specimen are load and displacement;
the camera timing is sensed by a photodiode and recorded by an oscilloscope.
The photoelastic data are recorded on the photographic plate. The camera
is triggered when a conductive line in the crack path is severed, and all
data are recorded subsequent to this triggering signal.

The modified compact tension specimens gave a wide range of crack
velocities, the SEN specimens gave intermediate to high-velocity crack
propagation, and the R-DCB specimens gave low to intermediate crack
velocity. For each velocity there are corresponding values of stress-intensity
factor which are calculated from the photoelastic data recorded.

Each experiment yielded 16 photographs of isochromatic fringe loops
at the crack tip. On each of these photographs the crack tip is located and
the crack length measured. These values combined with the spark-gap
timing were plotted to determine crack velocity. The stress-intensity factor
was calculated using the method and computer program according to
Dally and Sanford [5]. The parameters r and 6 identify points on the fringe
loops in polar coordinates where the crack tip is the origin, and are measured
either by hand or by X-Y scanner. The manual method uses a radial grid
overlay which is lined up with the crack line, centered at the crack tip,
and secured in place. Proportional dividers are used to measure r at predeter-
mined values of 6. For best accuracy, fringe loops of maximum radius 2
to S mm (0.0787 to 0.1968 in.) are used and five measurements are taken
per loop. The median value of » should be close to rn,, and the two on
either side smaller. For best accuracy the loops are taken in pairs, one
on each side of the crack tip, 10 or 20 readings per photograph, 16 photo-
graphs per specimen. The resulting data are entered into the computer
program and the stress-intensity factor is retrieved.

Postarrest Experiments

Two postarrest experiments were successfully conducted using R-DCB
specimens of Araldite B in the Cranz-Schardin camera polariscope. The
camera timing was extended to cover approximately 1200 us, the specimens
loaded to a low value of Ky < K., and the crack initiated. The resulting
crack velocity was low and arrest was achieved at about S00 ps. Crack
velocity and stress-intensity factor were calculated as previously.

Surface Features

The energy released at the tip of a running crack must be absorbed by the
specimen material. As the energy increases with increased values of
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stress-intensity factor, the effect on the fracture surface becomes more
pronounced. This can be observed with the naked eye; however, a more
thorough examination was made using a microscope. Specimen fracture
surfaces were chosen to give a variety of crack velocity and stress-intensity
factor values both for Homalite 100 and Araldite B. A high magnification
was not necessary to view the fracture surface, and photographs were
taken to record the surface appearance, at S0-diameter magnification.

Results

Mechanical and Physical Properties

The results of all measurements of static and dynamic mechanical and
physical properties of Araldite B are given in Table 1. Similar properties
for Homalite 100 taken from Ref 4 are included in Table 1 for comparison.

Temperature and Rate Sensitivity

The static modulus of elasticity as a function of temperature for Homalite
100 (second shipment) and Araldite B is shown in Fig. 1 and, as a function
of time of load application, in Fig. 2. Also, with regard to rate sensitivity,
it can be noted that over four time decades Araldite B exhibited a decrease
in static fringe value of approximately 10 percent, while Homalite 100
(first shipment) showed approximately 2 percent change over the same
time span.

TABLE 1—Mechanical and physical properties.

Homalite 100 Araldite “B”
(First Shipment) (First Shipment)
C, (m/s): (in./s) 2150: 84 700 2004: 78 900
C, (m/s): (in./s) 1230: 48 600 1156: 45 100
E, (GPa): (Ib/in.?) 3.86: 560 000 3.34: 485 000
Ep, (GPa): (Ib/in.?) 4.83: 700 000 3.65: 530 000
pp (GPa): (Ib/in.%) 1.84: 267 000 1.16: 233 000
v 0.31 0.37
p(KG-s2/m*): (Ib-s2/in. %) 122: 0.000112 125: 0.0001145
K (MPavm): (Ib/in. 2vin. ) 0.42: 380 0.67: 606
fos (MPa-mm/fringe): (tb/in.%-in./fringe)
@ 6328 A 25.1: 143 12.6: 72.2
@ 5893 A 23.2: 132 11.8: 67.2
@ 4920 A _ 19.3: 110 9.82: 56.1
Jop (MPa-mm/fringe): (ib/in.%-in./fringe)
@ 6328 A 28.2: 161 12.7: 72.5
@ 5893 A 26.3: 150 11.8: 67.5

@ 4920 A 21.9: 125 9.9: 56.4
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FIG. 1—Modulus of elasticity as a function of temperature for Araldite B and Homalite
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FIG. 2—Elastic modulus as a function of time for Araldite B and Homalite 100.

Viscoelastic Behavior

As polymeric materials, both Homalite 100 and Araldite B behave in a
viscoelastic manner as was shown by the results of the viscoelastic experiments.
Typical results of the experiments performed are shown in Fig. 3. This is
a composite plot of the three materials tested, Homalite 100 (first and
fourth shipments) and Araldite B, showing the tangent 6 and complex
modulus (E*) as a function of temperature over a wide temperature range.
The data used for Fig. 3 were taken at a frequency of 110 Hz, which
simulates more closely the dynamic loading time.
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and Homalite 100 (first and fourth shipments).

K-Versus-a-Relationship

The results of all of the crack propagation experiments reported herein
are shown in the K-versus-a plot, Fig. 4. All data points are included and
identified as to specimen geometry. In order to compare relationships
typical of each material, Homalite 100 and Araldite B, the data values
were normalized, crack velocity @ being normalized with shear wave velocity
C, and stress-intensity factor being normalized with K;. The normalized
values are plotted in Fig. 5.

Postarrest Oscillations

The results of the postarrest experiments for Aldrite B can be compared
with the results of experiments conducted with Homalite 100, previously
reported in Ref 4. This comparison, Fig. 6, shows typical results for both
materials. Both crack-tip position and stress-intensity factor are shown as
a function of time in such a way that the time of arrest, reinitiation, and
rearrest are obvious. It should be noted that the time base for the ex-
periment using Model No. 6, Homalite 100, was extended using time
delays. These gaps in time are represented in Fig. 6 by dashed lines.
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Surface Features

Typical photographs taken during the microscopic examination of
fracture surfaces are presented in Fig. 7 for Homalite 100 and in Fig. 8
for Araldite B. All photographs were taken on polaroid film at a magnifica-
tion of S0 diameters. Each photograph is identified by the magnitude of
crack velocity and instantaneous stress-intensity factor for each material.
In all photographs the crack travel is left to right, with increasing crack
velocity and stress-intensity fact or also left to right.

Discussion

The physical and mechanical properties of Araldite B determined by
experiments described in the foregoing and listed in Table 1 are, in general,
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in good agreement with available published data [1,6]. The properties for
Homalite 100 listed in Table 1 were taken from Ref 4. Photoelastically,
Araldite B is more sensitive than Homalite 100, and the static and dynamic
fringe values show little change. Homalite 100 is more sensitive to changes
in temperature and its modulus of elasticity is more rate-sensitive than
Araldite B. It is concluded on the basis of this comparison of properties
that both materials are satisfactory for photoelastic experiments.

The viscoelastic behavior of both materials, Homalite 100 and Araldite
B, as shown in Fig. 3, is typical of that expected for polymers. The plot
of complex modulus, E*, as a function of temperature shows that for both
materials E* is sensitive to temperature, but not markedly so at laboratory
temperature—Homalite slightly more so than Araldite B. Also it is of
interest to note the steep positive slope of the plot of tangent 6 as a func-
tion of temperature for Homalite 100 (especially the first shipment) at
close to laboratory temperature. Tangent 6 is an energy loss factor, and is a
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FIG. 6—Postarrest oscillation in stress-intensity factor: R-DCB, Araldite B.

measure of the amount of energy that a material is capable of dissipating.
This relates to damping properties, and it can be seen that Homalite 100
potentially could show much stronger damping capabilities than Araldite B.

The K-versus-a relationship for Araldite' B is shown in Fig. 4. This plot
shows a characteristic vertical or near-vertical stem at low crack velocity,
and a horizontal tail at high crack velocity. All data points are shown,
and, while there is' some scatter, it is not beyond the bounds of experi-
mental error. The data points shown in Fig. 4 are from experiments using
three specimen geometries: M-CT, SEN, and R-DCB. The stress-intensity
factor measured by R-DCB specimens was 6 to 10 percent lower than
corresponding values achieved from M-CT specimens. This is within expected
experimental accuracy; therefore there is no strong evidence to indicate
that a separate K-versus-@ relationship exists for each specimen geometry.
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A point of interest in the K-versus-a relationship for Araldite B is that it
shows a positive slope at the lower values of crack velocity and this slope
decreases rapidly as crack velocity increases. To compare the K-versus-a
relationship of Araldite B with that of Homalite 100, a normalized form
of the relationship was used, as shown in Fig. 5. Here the difference in
slope of the near-vertical stem shows up clearly. With Homalite 100 the
stress-intensity factor is virtually constant over half the crack velocity
range, while for Araldite B the stress-intensity factor increases by 13 percent
in the same portion of the crack velocity range. The reason for this dif-
ference is not readily apparent, and a study of material properties would
not be complete without an attempt to explain it. As a crack runs through
a specimen under the influence of a stress field, energy must be dissipated
at the crack tip, and, as crack velocity and stress-intensity factors increase,
the amount of energy required to be absorbed increases as well. One
mechanism for absorbing energy may be found in the study of the fracture
zone. Examination of the fracture surface shows, even to the naked eye,
that striations and crazing appear in varying amounts on the fracture sur-
face. Closer examination under a microscope ( XS0 is satisfactory magnifica-
tion) reveals all features of the fracture surface. Striations were observed
in all fracture surfaces studied from low to high crack velocity. The density
of the striations increased with crack velocity. Crazing was observed in
both Homalite 100 and Araldite B specimens at the higher values of crack
velocity and stress-intensity factor. Also observed in specimens of Araldite
B but not in Homalite 100 were points of stress intensity and crack nuclea-
tion. The density of these nucleation points increases with crack velocity
and stress-intensity factor to the point that they become dense enough to
be called crazing. It is believed that it is these nucleation points which
provide the energy sinks needed to allow the stress-intensity factor to
increase at a faster rate for Araldite B than for Homalite 100 at the middle
crack-velocity range. Figures 7 and 8 show photographs of the fracture surface
under a magnification of 50 diameters. The photographs showing the
surface features influenced by the lowest crack velocity are upper left, and
highest velocity are lower right. It can be seen that all photographs show
striations until obscured by crazing. It also can be seen that there are
more crack nucleation points in the photographs for Araldite B than for
Homalite 100.

Postarrest oscillations in stress-intensity factor were observed in post-
arrest experiments using R-DCB specimens of Homalite 100 and Araldite
B. Typical results are shown for comparison in Fig. 6. The. oscillations
in stress-intensity factor are small, on the order of 5 percent in magnitude,
which is the same order of magnitude as the experimental accuracy con-
sidered valid for these experiements. Therefore, quantitative conclusions on
postarrest oscillations are not valid. It is interesting to note, however, that
similar oscillations appear in all prearrest and postarrest experiments,
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and, from the dynamic nature of the experiments, it is reasonable to expect
that prearrest variations in stress-intensity factor would carry over into
the postarrest phase, with the test specimen providing a medium for damp-
ing. This should be more true after abrupt crack arrest than after gradual
crack arrest. On this premise it is possible to draw qualitative conclusions
from postarrest behavior as related to specimen material. Homalite 100
was judged the better damping material based on the results of the vis-
coelastic experiments, and that appears also to be true from the results
of the postarrest experiments. Figure 6 shows more damping of stress-
intensity factor in the case of Homalite 100 than in the case of Araldite B.
Also, it can be seen from Fig. 6 that reinitiation is accompanied by a rise
in stress-intensity factor. Finally, it can be seen that abrupt arrest is followed
by larger oscillations than those following gradual arrest.

Conclusions

This study of the mechanical and physical properties of Araldite B and
Homalite 100 has been an attempt to determine these properties and to
evaluate their influence on dynamic fracture response. The effect of material
properties and specimen geometry on crack propagation, crack arrest, and
postarrest oscillations has been discussed and conclusions drawn where
possible. These conclusions are summarized as follows:

1. Araldite B is more sensitive photoelastically than Homalite 100.
Investigation of other physical and mechanical properties revealed no
problems which could not be overcome by good laboratory techniques.

2. Homalite 100 has stronger damping characteristics than Araldite B.
A quantitative analysis of the effect of damping on dynamic fracture
response is beyond the scope of this investigation.

3. Araldite B absorbs more energy near the tip of a running crack than
does Homalite 100. This is evidenced by the unique K-versus-a relation-
ship for each material. Also, Araldite B can sustain a low crack velocity
and shows strong resistance to crack branching.

4. Both materials exhibit similar dynamic fracture responses during
crack propagation and crack arrest and in the postarrest period, within
the limits of laboratory experimental accuracy. It is concluded that satis-
factory dynamic fracture experimental results can be achieved using either
specimen material.
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ABSTRACT: Fast crack propagation and arrest have been studied in steel specimens
of the double cantilever beam type using three different geometries and either a fixed
grip or compliant loading system. A finite-difference computer program was used to
measure values of the dynamic stress-intensity factor K p. The relationship between
values of Kp and K5, the stress-intensity factor for a quasi-statically growing crack
depended on the specimen geometry and loading system used.

Stable crack arrest was easier to obtain in the specimens loaded with fixed grips.
This probably resulted from the rigidity of the loading system, which produced speci-
men oscillations after arrest of insufficient magnitude to reinitiate crack growth. An
examination of the energy associated with a moving crack suggests that kinetic energy
may be reabsorbed to aid further crack propagation but is not all reabsorbed at arrest.
The remaining fraction causes oscillations of the cracked specimen halves which may
reinitiate the crack, or be damped out as the stress intensity rings down to its static
value. Examination of the data suggests that intermediate arrests, characterized by a
minimum in the crack length velocity curve, were a common feature of alil tests. The
stress intensity for crack arrest appeared to depend on specimen geometry.

KEY WORDS: crack propagation, crack arrest, cantilever beams, dynamic stress
intensity, fracture properties, finite difference, steel

Many crack arrest studies use specimens of the double cantilever beam
(DCB) type with a blunt starting notch to guarantee fast propagation
[Z-3].2 A common assumption has been that, due to loading system inertia,
the grips do not move during the propagation event. This has been shown
to be incorrect [4-6], at least when the loading system compliance is com-
parable to that of the specimen. The effect of an error in this assumption
on the analysis is to alter both the elastic strain energy input to the speci-

'Research officer, Materials Division, Central Electricity Research Laboratories, Leather-
head, Surrey KT22 7SE, U. K.
2The italic numbers in brackets refer to the list of references appended to this paper.

146

Copyright© 1980 by ASTM International www.astm.org



GATES ON SOME EFFECTS OF SPECIMEN GEOMETRY 147

men and the kinetic energy distribution since the massive grips and pull
rods are no longer fixed.

In order to help quantify some of the effects resulting from the variation
in load train compliance, sets of tests have been performed using apparatus
where, first, the compliance was well characterized and, second, where it
was negligible. Two specimen geometries with sharp starting notches were
used with the first system so that values of Kic could be determined in
addition to the dynamic parameters. The second system used blunt notched
specimens.

The specimens were instrumented and the data analyzed to give values
of the crack velocity, the stress-intensity factor for the propagating crack,
Kp, the stress intensity for a quasi-statically growing crack at the same
instantaneous length, K5, and the strain and kinetic energies during prop-
agation. The various results are presented and their implications for the
interpretation of both crack propagation and crack arrest data are dis-
cussed.

Specimens and Experimental Apparatus

The three specimen designs, machined from a tool steel of 1.0C-1.3Mn-
0.5Cr-0.5W-0.2V-0.3Si approximate composition, are shown in Fig. 1. All
specimens were given the same nominal heat treatment of 1%z h at 875°C

Q.
O

A
o
o

B

5

T )
les s 2 2.

C

FIG. 1—Specimen geometries.
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with an air-cool to produce a toughness of about 30 to 40 MNm~—%2 in
Specimen A and about 55 MNm~™3%2 in Specimen B. The toughness was
not determined in Specimen C. Toughness was sensitive to cooling rate in
this steel so that the variation along a specimen was probably less than that
between specimens. Both A and B had prefatigued starting notches while C
had a blunt starting notch produced by spark machining. Specimen A had
a single side groove to a depth of 20 percent of the specimen thickness
while B and C were ungrooved. All specimens had a series of conducting
aluminium strips vapor-deposited on the ungrooved face over a thin layer
of epoxy resin. These were connected to a resistance network whose output
altered as the strips were broken by the advancing crack and which could
be interpreted to give the crack position and hence the crack length/time
history. The first conducting strip was approximately 5 mm from the crack
tip so that errors were minimized when extrapolating the crack length/time
history back to the initiation point. Further details of the technique used
here have been given previously [6].

Specimens A and B were tested in apparatus described previously [6]
and consisted of a set of compliant loading rods pin-jointed to the specimen
and loading machine so that the value of K's would rise and then fall below
the value of Kic in a controlled manner as the crack extended. A set of
strain gages was applied to the load rods, whose output was proportional to
the instantaneous applied load during propagation. This could then be
used to calculate the specimen pin movement during propagation by using
the following formula

W, = W, + [P, — P(t)] Ck

where

W, = time dependent pin displacement,
W, = initial, static, pin displacement calculated from the initial load
and specimen compliance,
P(t) = time dependent load indicated by the strain gage,
P, = initial load recorded on the machine, and
Ck = compliance of the loading system.

fi

It was found that despite using compliant loading rods, the value of Cxk
was dominated by that of the machine and had a value of approximately 37
mm/MN. It was thus impossible to simulate fixed grips by using a conven-
tional loading machine with pull rods to load the specimen. The following
system was thus devised where a good approximation to fixed grips could
be closely attained.

Specimen C (Fig. 1) was loaded by means of a bolt-threaded through the
lower specimen half acting against a tup in the upper half. The failure load
was determined by calibrating, for each specimen, the output of a clip gage
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placed across the mouth of the specimen when the specimen was loaded in
a conventional testing machine below the failure load. The test was then
carried out by clamping the specimen in a vise and tightening the bolt with
a large torque wrench.

Analysis

Values of the stress intensity at initiation (Kic for Specimens A and B)
and values of Ks were determined by using the beam on an elastic founda-
tion model of Kanninen [7] with a subsequent modification [&] that gave
more accurate solutions for both shallow and deep notches. The final
expression used involved complex trigonometric functions and so is not
reproduced here. The appropriate value of the load, P, used to evaluate K
is given by

p= P, [Cs(ao) + Ck]
T Csa) + Ck

where

P, = initiation load,
Cs(x) = specimen compliance at crack length x,
Ck = loading system compliance, and
a., ¢ = initial and instantaneous crack length, respectively.

Values of C;s were also determined from the beam on the elastic foundation
model.

Instantaneous values of Kp were determined by means of a one-dimen-
sional dynamic finite-difference computer program. This was a modification
[9] of the program described by Kanninen [10], calculating Kp directly
from successive values of crack and grip displacement at successive time
steps. This inverts the more usual procedure of computing the crack speed
and arrest length using selecting values of Kp until the computed param-
eters agree with the experimental ones [10,11].

Fourth-order polynomials were fitted to both the load/time and crack
length/time data so that fitted values of the grip displacement and crack
length could be used by the program at any time value. Since the recording
equipment triggered when the first conducting strip broke, the time interval
between crack initiation and triggering was determined by extrapolating
the crack length/time data back to the initial crack length. The polynomial
fit tended to smooth out and hence reduce random experimental errors in
the input data while still faithfully reproducing the overall trend. Values of
the strain and kinetic energies were computed by summing their values for
each element of the finite-difference grid.

A comparison between the stress intensity factors determined from the
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static version of the dynamic equations used in this analysis and experi-
mentally determined values [8] showed good agreement for uncracked
ligaments greater than h/2 where 2k is the specimen dimension perpendic-
ular to the crack plane. It was thus assumed that the one-dimensional
dynamic analysis had the same limit of applicability.

Values of the stress-intensity factor at the instant of arrest K. were
determined from the corresponding value of Kp while that a short time
after arrest, K1a*, was determined from the value of Ks at the arrested
crack length.

Results

The results are summarized in Table 1 and Figs. 2-4 with the essential
features described in the following.

Stress-Intensity Factors

Each series of specimens exhibited a characteristic but different relation-
ship between Ks and Kp. In Type A specimens illustrated in Fig. la,
values of K initially rose above and then decreased toward the K. value

TABLE 1—Crack velocities and initiation and arrest stress-intensity factors.

Specimen Average K, K, Kia,

No. Velocity, m/s MNm~32 MNm~%2  K,* Ki/Kie  Kut/Ki
Al6 212 43.4 47.8 42.0 1.10 0.97
A20 134 33.0 56.1 42.0 1.70 1.27
A2l 195 38.6 51.4 47.0 1.33 1.22
A22 267 36.1 74.9 39.0 2.07 1.08
A23 153 31.2 48.4 40.0 1.55 1.28

. . . 44.8 43.0 1.44 1.38
A24 294 41.8 63.7 56.0 1.52 1.34
A25 262 4p.3 61.3 49.5 1.52 1.23
A26 200 33.5 55.0 31.0 1.64 0.93
B1 15 57.7 53.8 52.5 0.93 0.91
B2/1 58 52.5 50.3 51.0 0.96 0.97
B2/2 58 54.2 52.9 52.4 0.98 0.97
B3 142 57.4 46.8 55.6 0.82 0.97
Ci 629 109.8¢ 41.3 20.3 1.13% 0.55%
2 575 107.19 52.5 42.0 1.43% 1.15%

e . 27.2 27.2 0.89% 0.74%
C3 474 71.5¢ 35.7 33.5 0.97% 0.92¢
.. . 24.8 19.8 0.68° 0.54°
C4 398 70.8° 49.2 41.0 1.34° 1.120
. . 31.2 33.0 0.85% 0.90°
C6 439 76.3¢ 46.0 4.5 1.26° 1.16%
... e 31.5 354 0.86" 0.97%

9Since a blunt starting notch was used, these are marked K, not K.

bThese values are based on the mean value of K. for Series A of 36.6 MNm™>'2,
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FIG. 2—Comparative values of K¢ and Ky, for (a) Series A, (b) Series B, and (c) Series C
specimens. Values of K start at the initiation stress intensity.

as the crack length increased, Fig. 2a. Values of Kp were computed up to
a predetermined crack length. This was generally where the crack had
started to run out of the central crack plane, except for Specimen A23,
which arrested in the crack plane. However, there was no obvious difference
between the computed results of this and the other specimens. Values of
Kp exceeded those of Ks, their difference being least when computation
was discontinued.

The general behavior of specimens of Design B is illustrated in Fig. 25b.
The behavior for Ks was similar to that just described although the peak
was a lot flatter as a result of the change in the relative specimens compli-
ance to that of the loading system. The Kp values oscillated about Kic.
Computations were again generally stopped because the crack plane
changed direction, although the crack arrested in Specimen B2 again with



152 CRACK ARREST METHODOLOGY AND APPLICATIONS

sk ) A25
xx*
xx
& O STRAIN ENERGY
10 o @ KINETIC ENERGY
xX X FRACTURE SURFACE
50000000
000028% %000 ENERGY
0© oo
Sk (] x*
o° x
@
o.:!'lgo.. ....... a
o L Seegggeee R
o 250RACK GROWTH, m 50
o o
° ° % , B3
ISk ° °o o
b L]
L] L]
IOL x X
> x
x x
> sk x
J x
2 g 0. b
L]
w x ® o o o o o "
0 20 30
CRACK GROWTH, mm
10 c2
(o]
% XXIKXKXX X
% ‘xxxmxxm
0,
20 %, %
xX
O%Q‘gxxx
X" O,
xX
10 ~ Q"*b%
}x Q"bmo%o% Cc
xX
x 0070 %epenet oy

25 o]
CRACK GROWTH. mm

FIG. 3—Energy of the fast crack propagation in (a) Series A, (b) Series B, and (c) Series C
specimens.

no obvious difference between the computed results from this specimen
and the others of the series.

Specimens C were tested with fixed grips and the values Ks dropped
steadily from the initiation value, Fig. 2c. Values of Kp were initially below
Ks and then oscillated about it. Stable arrest always occurred within the
specimen although in Specimens C1 and C3 this was sufficiently close to
the uncracked face that the analysis was no longer accurate.

Distribution of Energy

Values of the kinetic, strain, and absorbed surface energies (7, U, and
S, respectively) were calculated as described in the previous section. The
value of 7, and hence dT/da, depends on the unknown mass of the moving
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grips, M, since the whole system must move in sympathy. This may also
significantly alter the values of Kp through the following relationship

Kp? G4V, dT
E(]—V)A(v)—GD_ da + da 1

where

E = Young’s modulus,
v = Poisson’s ratio,

A (v) = function of velocity, v, given by Freund [12], and
a = crack length.

In the analysis, the sensitivity of Kp to the choice of M was determined by
augmenting the mass of the first beam element by an amount ranging from
0 to 1 kg. Although the values of T increased markedly, the resultant
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values of Kp changed only slightly. It was thus concluded that a reasonable
rather than an exact value for M could be used in the computations and a
value of 500 g was used subsequently.

The distribution of the various energy forms was similar in Specimens A
and B loaded with compliant pull rods and is illustrated in Fig. 3a for
Specimen A and in Fib. 3b for Specimen B. The specimen strain energy
rose as the rapid energy flow from the loading system fed the specimen,
and then fell. The integrated fracture surface energy (= | Gpda) rose at a
steady rate, its slight nonlinearity reflecting the variation in Gp (Fig. 2).
The kinetic energy rose and fell with a small superimposed oscillation, but
was not zero when computation was terminated. This behavior was similar
in all specimens, inciuding A23, where the crack arrested stably.

The energy distribution for C-type specimens is illustrated in Fig. 3c.
The strain energy fell steadily from initiation while the integrated fracture
surface energy rose steadily, showing more pronounced nonlinearity. The
kinetic energy again showed oscillations and was nonzero at stable arrest.

Crack Velocities

Crack velocities were calculated in two ways. First, an average value was
determined from a least-squares linear regression fit to the ‘‘steady” part
of the propagation phase. These values are given in Table 1. Those from
Specimen A were in the range 130 to 300 m/s. Those from Type B were
low, in the range 15 to 140 m/s, while those for Type C were highest, in
the range 470 to 630 m/s.

A second approach to the calculation of crack velocities was to fit a
fourth-order polynomial by least squares to the crack length/time data,
which when differentiated showed velocity variations about the average
value. Whether such variations were physically rather than mathematically
meaningful was tested by comparing the polynomial fits with the original
data. Satisfactory agreement was found. An additional check was that the
behavior in each series of tests was similar whereas a doubtful procedure
might not have indicated a consistent trend.

The crack velocities in Type A specimens increased from the sharp
starting notch and then decreased, although in many specimens this was
followed by a second increase (Fig. 4a) as the crack started to depart from
the centerplane in most specimens, or arrested in Specimen A23. In Type
C specimens, the initial velocity was constant before decreasing to a mini-
mum and then accelerating toward arrest (Fig. 4c).

Discussion

Relationship Between Ks and Kp

When there is no net energy flow across the system boundaries, Eq 1 is
frequently written in the form
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Gs — Gp = dT/da @)

where Gs is the static strain energy release rate calculated at the instan-
taneous crack length. Thus the sign of dT/da determines whether Gp is
greater or less than Gs and similarly whether Kp is greater or less than K.
Since dT/da changed sign many times (Fig. 3), then Eq 2 suggests that Kp
should oscillate about Ks, although experimentally Kp was greater than
K5 for most of the propagated length (Fig. 2a) and did not oscillate about
Kp with the change in sign of d7/da. Since Eq 1 is simply a statement of
conservation of energy, this suggests that the interpretation of it in the
form of Eq 2 is incorrect. Indeed, Eqs 1 and 2 are only equivalent, if the
strain energy distribution for the dynamic specimen is identical to the
static case, which is unlikely. This artificial introduction of Gs should not
therefore be used to suggest any predetermined relationship between Gs
and Gp (for example, Gs > Gbp).

The data from Specimens C (Fig. 2¢) are qualitatively similar to those
reported for a similar loading system by Kalthoff et al [3] using photo-
elasticity. Initially K, fell below K but then oscillated about it. An exam-
ination of the computed specimen displacements during propagation in
the present study showed that this behavior resulted from the oscillation
of the cracked specimen halves relative to the static position, similar to
that reported by Kalthoff et al [3] after arrest. If the crack opening angle
is considered to be an indication of K, then specimen inertia causes
K, to fall below Ky initially. The accumulated difference between the
static and dynamic displacements results in the specimen halves oscillating
about the static configuration, giving rise to an apparent short plateau in
Kp. The plateau was less extensive than reported by Kalthoff et al [3],
presumably because of the specimen dimensions used, which were shorter
in the present tests.

Velocity Dependence of Kp

Determination of the velocity dependence of K, is necessary when
predicting the arrest point from computer programs [13,14]. Since in the
present tests both the instantaneous values of K and the crack velocity
v varied during the course of a single test, such a relationship might be
obtained from a minimal number of specimens. A typical set of data from
one specimen of Type A is shown in Fig. 5. While the overall trends for
both Kj, and v are considered accurate, individual points are prone to
experimental and computational error. The individual errors in K, and v
are compounded when cross-plotting these parameters, so that any possible
acceleration dependence for K would be impossible to quantify. The data
do suggest, however, that K may not be a single valued function of v and
that K may be a function of higher time derivatives of crack length than
just the first.
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An acceleration dependence for Ky, is different from that assumed by
Hahn et al [15] and Kanninen et al [13] for steels, and observed by Kobay-
ashi and Dally (6] for polymers, where Kp and v have a single valued
relationship. There are many effects which can result in a velocity depen-
dence of K. First, the surface appearance of the propagated crack was
considerably rougher than the fatigue precracked surface and the resultant
increase in surface area per unit increase in crack length would have
increased Gp and hence Kj. Second, there are dynamic effects on the
shape and content of the elastic and plastic strain fields surrounding the
moving crack tip. The shape of the elastic strain field is probably not
strongly dependent on velocity since the relative strain effects are small
at the present experimental velocities [17-18]. However, there is plenty of
scope for dynamic effects on the shape and content of the plastic strain
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field. Also, since the dislocations forming the plastic zone must move at
a speed in excess of the crack speed, they would be subject to viscous drag
mechanisms [/9] and to a resultant increase in yield stress which may be
partially counteracted by a heating effect from the propagating crack.
These effects do not exclude a K; dependence on higher time derivatives
of crack length. On the contrary, it would seem improbable if higher
derivatives did not exist.

From a practical viewpoint, Hahn et al [15] have shown that the computa-
tion of crack speeds is not strongly dependent on the shape of the K,
velocity curve chosen. The computation would thus be even less dependent
on higher derivatives, so that practically these may be ignored and a single
line placed through the data in Fig. 5. Such data from Specimens A and C,
shown in Fig. 6, demonstrate a strong velocity dependence for K, which
increases with increasing velocity.

Crack Arrest

Specimens A and B with the compliant loading system were not conducive
to stable crack arrest, only one example being recorded in each specimen
type, whereas Specimens C always produced stable crack arrest. In Speci-
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FIG. 6—Dependence of Ky, with crack speed for all specimens tested.
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mens A and B it was noted that, after arrest, the load recorded by the
strain-gaged loading system oscillated, with the first peak similar to the
arrest load. Such oscillations could have easily reinitiated the crack in the
remaining specimens, particularly with the compliant loading - system,
where energy is continuously fed into the specimen and may thus enhance
following oscillations. This effect would not be so pronounced with the
fixed loading system, where the oscillation would damp down as noted by
Kalthoff et al [3]. The observation that the kinetic energy was never zero
at arrest is also consistent, since this would be dissipated as the stress
intensity rings down to the static value K, *.

Crack velocities usually exhibited a minimum (Fig. 4) just before the
crack left the centerplane in Specimen Types A and B, or final arrest in
Specimens C.3 It is suggested that the velocity minima corresponded to
an intermediate arrest and that the change of crack plane in Specimens A
and B is a consequence of reinitiation. The stress intensities at these points
were determined and are given in Table 1. Since a reinitiation would
depend more on specimen geometry and loading system than on material
properties, these arrests could thus well have been stable had the loading
system been suitable. Reinitiation and arrest cycles have been observed
directly as a result of oscillating stress waves by Theocaris and Katsamanis
[23].

These intermediate arrests, marked K, in Table 1, are in the range 0.8 to
2.1 K|.. The arrest was stable in Specimen A23 and showed no significant
difference from this trend. Static reinitiation was achieved in this specimen
by reloading up to a stress intensity of 49.0 MNm~3/2. This high value orig-
inated from the roughness of the arrested crack front. In general, the
surface roughness of the arrested crack front would be expected to exceed
that of a fatigue precrack used in the measurement of K).. Without quanti-
fying this roughness, the value of a comparison between K. and X}, would
appear to be decreased somewhat.

In the Series A specimens the value of K}, was higher than that of K,
(1.1 to 2.1, Table 1), while in the B specimens the K. and K|, values were
similar (0.82 to 0.98, Table 1). For the C-type specimens, two values of
K, are given. The first corresponded to a local crack velocity minimum
and the second to the final stable arrest (Fig. 4c¢); the former values were
generally slightly higher than the latter. It was also noted that the crack
surface became progressively smoother following initiation, which may be
sufficient to account for the different values. The data in Table 1 suggest
therefore that values of K;, may depend on both the specimen geometry
and the loading system.

Values of Kj,*, the static stress intensity that the crack tip would ring
down to after arrest [3], are also given in Table 1. This ringing would also

3Specimen A23 exhibited a velocity minimum before final arrest while Specimen C1 did not.
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dissipate any remaining kinetic energy. In a few cases, Kj,* is slightly
lower than K, and the stress intensity would have to ring up to the static
value. Physically this creates no problems, since if the stress intensity
oscillates about the mean static value after arrest, it simply indicates that
the oscillations start from the bottom of the cycle rather than from the top.

Conclusions

The crack initiation, propagation, and arrest cycle have been studied
using three specimen geometries and two loading systems. A comparison of
data obtained from the different systems led to the following conclusions.

1. If the loading system compliance is comparable to that of the specimen,
then the crack will initially accelerate from a sharp starting notch, and
stable crack arrest will be difficult. With a rigid loading system, initially
the crack speed will be steady and arrest easy to obtain.

2. In general, the following relationship between static and dynamic
strain energy release rate (Gg and G, respectively) and the rate of change
of kinetic energy with crack length (d7/da) is incorrect: Gg — Gp = dT/da.

3. The dynamic stress intensity K;, was found to be strongly depérident
on the crack speed v, and possibly on higher time derivates as well.. For
practical purposes, however, higher derivatives may be ignored.

4. Kinetic energy can be absorbed by a moving crack to aid further
propagation. However, a fraction remains at arrest, to be dissipated as
the arrest stress intensity rings down to its static value. The stress intensity
at arrest is probably dependent on both specimen geometry and loading
system.
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ABSTRACT: Crack propagation in a thick-walled ring specimen subjected to a
mechanically simulated thermal stress was investigated by employing dynamic
photoelasticity. Ring models fabricated from Homalite 100 were loaded with a specially
designed mechanical deformeter which separated and rotated a slit cut into the ring to
producc a combination of tension and bending that simulated a stcady-state thcrmal
stress.

Short starter cracks were machined into a scries of ring models and the deformeter ad-
justed to give K /K, ranging from 1.2 to 3.0. The crack was initiated and high-speed
photographs of the isochromatic fringe loops at the tip of the running crack were re-
corded. The data were analyzed to obtain the instantaneous stress-intensity factor K, the
normalized crack position @/w, and the crack velocity 4.

The relation between K and ¢ was established for Homalite 100 using the ring
specimen. It was noted that this K-a relation compared well with those determined
previously using single edge notch, rectangular double cantilever beam, contoured dou-
ble cantilever beam, and modified compact tension specimens.

A comparison of K, as a function of position a/w, was made between static and
dynamic crack growth. A marked difference was noted. For static crack growth, K in-
creases with a/w until ¢/w = 0.2 and then decreases with further crack extension. For
dynamic crack growth, K decreased monotonically with increasing a/w.

KEY WORDS: dynamic photoclasticity, fracture, thermal stresses, mechanical
deformeter, ring specimen, high-speed camera, stress-intensity factor, dynaniic crack
propagation

This investigation examines the behavior of a crack propagating in a ring
specimen subjected to a mechanically simulated thermal stress field. Par-
ticular emphasis was placed on the arrest behavior of the crack as it propa-
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gated from the tension into the compression region of this self-equilibrated
stress field.

The study is motivated by the possibility of crack initiation and propaga-
tion in pressure vessels due to thermal stresses produced by a loss-of-coolant
accident (LOCA). Previous work at Oak Ridge National Laboratory (ORNL)
by Cheverton et al [/]? has shown the applicability of linear elastic fracture
mechanics in predicting crack initiation in cylindrical pressure vessels sub-
jected to thermal stress fields. The behavior of the crack after initiation has
not been explored, however, and questions arise regarding the arrest of the
crack as it propagates from the high tensile stress region near the inside wall
of the pressure vessel into the compressive region in the central region of the
wall.

Some insight can be gained regarding crack propagation into self-
equilibrated thermal stress fields by performing a dynamic photoelastic
analysis. Photoelasticity provides whole field data during the propagation
period which contain the instantaneous stress-intensity factor, the crack-tip
position, and the change in the state of the stress across the section due to
crack movement. :

The model selected for the study was a ring with an inside radius r; =
101.6 mm and an outside radius r, = 228.6 mm (r,/r; = 2.25). The thermal
stresses were mechanically simulated by using a mechanical deformeter
following a procedure introduced by Durelli and Barriage [2]. Dynamic
isochromatic fringe patterns were recorded with a Cranz-Schardin high-
speed camera. The results obtained show energy lost during propagation, the
arrest of the crack, oscillations of the stress-intensity factor after arrest, and
reinitiation of the crack. The numerical results obtained should provide a
data base for verifying computer codes which are currently being developed
to treat problems of crack propagation in a stress field composed of tensile
and compressive zones similar to those found in thermally stressed cylinders.

Experimental Procedure

Mechanical Simulation of a Thermal Stress Field

In 1935, Biot [3] considered the thermal stresses produced in a multiply
connected cylinder due to steady-state heat flow. Biot used the Cauchy-
Riemann equations to show that the thermal strain e was related to the rota-
tion w by

[ (e,
w—j(aydx-f-axdy) (1)

2The italic numbers in brackets refer to the list of references appended to this paper.
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For a state of plane strain, the thermal strain in the direction of heat flow is
given by

e=({1+ »)aAT (2)

where

v = Poisson’s ratio,
a = coefficient of thermal expansion, and
AT = temperature difference.

Since both de/dx and de/ dy are proportional to the temperature gradient, the
rotation w is linearly related to the heat transmitted across the section.

If the multiply connected cylinder is cut between the inner and outer
boundaries, the body becomes simply connected and the thermal stresses are
relieved. The displacements u and v at the free edge of the cut are

u+ iv = S(e+iw)(dx+idy) 3)

The integral in Eq 3 is evaluated to give the values of displacements » and v
which correspond to a prescribed steady-state temperature distribution.

If the radial cut is machined into the photoelastic model and the
displacements » and v are imposed on the model with a mechanical
deformeter, then the stress field introduced in the model simulates the ther-
mal stresses due to steady-state temperature gradients. This procedure,
known as Biot’s analogy, has been used in the present investigation to pro-
duce simulated thermal stresses in photoelastic models of thick-walled
pressure vessels.

Mechanical Deformeter

The mechanical deformeter consists of two pairs of aluminum plates which
are attached to a segment of a ring specimen as shown in Fig. 1. The opening
between the plates represents the radial cut in Biot’s analogy. The
displacements u and v which are imposed on the model are controlled by two
pairs of pins which extend through the aluminum plates. Each pair of pins is
connected to a set of adjusting screws. The screws are rotated to open the
radial cut and impose the displacements corresponding to a simulated ther-
mal stress field on the photoelastic model.

The deformeter was massive and rigid compared with the relatively flexible
photoelastic model. The aluminum plates were large and 13 mm (0.51 in.)
thick and the screws were 6.35 mm (0.25 in.) in diameter with 20 threads per
25.4 mm (1 in.). The ring specimen defined in Fig. 2 was fabricated from
Homalite 100 with a thickness of 12.7 mm (0.5 in.).
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RING MODEL

ALUMINUM ~
PLATES

FIG. 1—Loading fixture attached to the ring specimen.

Calibration of the Loading System

The loading system and the model were calibrated to obtain a relation be-
tween the stress-intensity factor K associated with the blunt crack tip and
the pin displacement. The loading system was also evaluated by using a ring
specimen without a crack.

In the evaluation of the ring specimen without the crack, the screws on the
deformeter were adjusted to place the neutral axis at the position y/w =
0.38. The slit opening was then increased to produce an increase in the
magnitude of the stresses while maintaining the same position of the neutral
axis. It was noted that the ratio of the outer and inner pin displacements
d,/d; and the ratio of the fringe orders N, /N; at the outer and inner bound-
aries were constant (d/d; = 2.5, N,/N; = 0.53 for y/w = 0.38) as the slit
opening was varied. It was also observed that the central region of the ring
specimen was not affected by the clamping action of the grips. Based on
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F1G. 2—Dimensions of the ring specimen and definition of the coordinate system.

these findings the deformeter was considered adequate to simulate steady-
state thermal stresses in the ring specimens.

A short crack of a,/w = 0.08 was then saw-cut into the specimen and its
effect on the stress distribution studied. Fringe patterns showing the stress
distribution across the ring specimen before and after introduction of the
crack are shown in Fig. 3. Comparison of the two patterns indicates that the
crack relieves the stresses on the inner boundaty and shifts the neutral axis
towards the outer boundary. The stresses on the outer boundary are not af-
fected to a significant degree if a,/w is sufficiently small.

A calibration curve for the specimen deformeter combination giving the
value of stress-intensity factor K, associated with the blunt crack tip was
then established. The fringe loops at the crack tip were evaluated to give K by
using the simplified three-parameter method due to Etheridge [4]

Nf, }
K =K, T" ar,, 4)
where
K, = f, of 8, defined in Ref 4,
N = fringe order,
fo = material fringe value,
h = thickness of model, and

r, = maximum radius of loop measured from crack tip.
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FIG. 3—Fringe pattern with and without the starter crack.
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The inner and outer pin displacements d; and d,; were increased in steps
while maintaining a constant d,/d;, and K was determined for each displace-
ment set. It was found that the value of K increased linearly with the pin
displacement as shown in Fig. 4. This curve was used later in estimating the
value of K, associated with the blunt crack tip in the dynamic experiments.

Determination of the Static K as a Function of Crack Length

The influence of the crack length on the stress-intensity factor K was deter-
mined. Static experiments were conducted where the crack length was in-
creased in increments and K was measured for the blunt crack from
isochromatic fringe loops. As the crack was extended, the pin displacements
were held fixed by using spacers between the pins. The determination of K-a
was made with four different sets of pin displacement and the results ob-
tained are shown in Fig. 5. It was observed that K increases with a until a/w
= 0.2. For a/w > 0.2, K decreases monotonically, tending to zero as the
crack tip approaches the outer boundary.
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Dynamic Crack Propagation in Monolithic Ring Specimens

Ring specimens were used to study crack propagation in a two-
dimensional, self-equilibrated, thermal stress field. A precut crack in a ring
specimen was initiated and the stress-intensity factor K was determined as a
function of time and crack length. A relation between the crack jump
distance and the stress-intensity ratio Ko/K),, was established. Finally, a
curve showing the stress-intensity factor K and crack velocity 4 was deter-
mined from data taken from the ring specimen.

The ring-type fracture specimens were loaded to a specified value of K by
applying a predetermined displacement to the pins of the mechanical
deformeter. The pin displacement was converted to Kg by using the calibra-
tion procedure described previously. The ratio Ko/K\, was varied between
1.2 and 3.0 in the series of experiments to cover the range of crack behavior
of interest.

The starter crack was saw-cut into the specimen and the crack tip rounded
to inhibit premature initiation at high values of K. The crack was then ini-
tiated by drawing a sharp blade across the tip. As the crack propagated, it in-
terrupted a silver conductive paint line on the model and triggercd the
multiple-spark Cranz-Schardin camera. High-speed records of the dynamic
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isochromatic fringe patterns showing the crack propagation in the ring
specimen are shown in Fig. 6. A cursory inspection of the size of the fringe
loops at the crack tip shows that K decreases monotonically throughout the
propagation interval until the crack is arrested in the compression zone.

Analysis and Results of Dynamic Photoelastic Experiments

Five dynamic photoelastic experiments, identified here as R-1 through
R-5, were performed with monolithic ring specimens. The isochromatic
fringe loops associated with the crack tip were analyzed using a simplified
version of Etheridge’s three-parameter method. A dynamic correction due to
Irwin and Rossmanith [5] was made in the determination to account for the
effect of the crack velocity on K.

A high value of K was used in Experiment R-1 to provide data for high-
velocity crack propagation and complete fracture of the ring specimen. The
other four experiments were performed with lower values of K and crack ar-
rest was obtained in each case.

High-Velocity Crack Propagation

A high value of K /K, = 3.12 used in R-1 caused the crack to propagate
completely through the model without arrest. The results indicate that the
crack initially propagated at a constant ¢ == 356 m/s for a distance of 61.5
mm (2.42 in.) and then 4 decreased monotonically. As the crack tip ap-
proached the outer boundary, a had decreased to 77 m/s.

The isochromatic fringe patterns from Model R-1 were analyzed to obtain
the values of K. The results shown in Fig. 7 indicate that K decreases
monotonically from 0.935 to 0.365 MPavm in a period of 378 us. The
decrease in K is quite rapid for the first 200 ps; then K decreases more slowly
and approaches K,,..

These photoelastic results provided data for a relatively complete
K-versus-a relation presented in Fig. 8. It is noted that the crack achieves a
maximum velocity of 356 m/s and the arrest toughness of Homalite 100 is
0.36 MPavVm. These results compare well with the K-versus-a relations ob-
tained for rectangular double cantilever beam (R-DCB), contoured double
cantilever beam (C-DCB), and single edge notch (SEN) specimens fabricated
from the same shipment of Homalite 100 [6].

Crack Arrest

In Experiments R-2 to R-5, the value of Ko/K),, was varied between 1.29
and 1.54 (where K, = 0.52 MPaVm). The photoelastic results obtained
showed the behavior of the crack as its velocity decreased and the crack ar-
rested.
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F1G. 7-—Stress-intensity factor K as a function of time t for Model R-1 with K /Ky, = 3.12.

In Experiment R-2, where K o/K,, = 1.29, the crack propagated at a con-
stant velocity of 169 m/s for the first 200 ps. Due to misfiring of the camera,
data were not available for the last 200 us. However, the crack arrested at
a/w = 0.57.

In Experiment R-3 where Ko/Ky,, = 1.36, the crack velocity decreased
from 179 to 12 m/s in 435 ps, prior to arrest. The crack first arrested at a/w
= (.60, then reinitiated twice before finally arresting at a/w = 0.84.

A higher value of K (Ko/Ky = 1.54) was used in Experiment R-4. Im-
mediately after initiation, the crack propagated at a velocity of 231 m/s then
progressively decreased to 75 m/s in 440 us. The crack was first arrested at
a/w = (.73, and final arrest occurred at a/w = 0.95.

In the final experiment, R-S, Ko/K|,, = 1.48 was used and photographs
of the arrest were obtained. The crack velocity decreased from 170 to 10 m/s
prior to arrest, in 340 ps. Initial crack arrest occurred at a/w =-0.70 and
final arrest at a/w = 0.86.

The fracture surfaces as illustrated in Fig. 9 showed striations the shape of
a thumbnail, indicating the positions of crack arrest.

The distance from the inner boundary to the location of the striation was
measured for each specimen to give the crack jump distance as a function of
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K o/K\. The results shown in Fig. 10 indicate that it becomes increasingly
difficult to drive the crack into the ring as a/w becomes large.

The photoelastic data from these experiments were analyzed to obtain the
values of K, a, and & as a function of time. The results obtained are shown in
Figs. 11 and 12. Inspection of Fig. 11 indicates that K decreased
monotonically until the crack arrested. After the arrest, K increased as the
available kinetic energy was converted to strain energy. When K increased to
K4 the crack reinitiated. The curve for Model R-5, in Fig. 11, shows the in-
crease in K after arrest; however, the experiment was terminated prior to
reinitiation.
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The results show that K increased about 16 percent after the crack ar-
rested. If the variations in K are treated as vibratory behavior, the amplitude
of the oscillations would be about 8 percent of K;,,. These oscillations are
probably produced due to the dynamics of the specimen and interaction of
the loading system. The exact magnitude of the amplitude of the oscillation
is difficult to measure because the scatter in the experimental results is of the
same order.

Reference to the K-a/w data shown in Fig. 12 indicates that K also
decreases monotonically with crack length. Indeed, it is remarkable that
results from all four experiments coincide, indicating that the K-a/w rela-
tionship appears to be nearly independent of K o/K\,.
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A comparison of the K-a/w relation for statically extended cracks and
dynamically running cracks is shown in Fig. 13. 1t is evident from this com-
parison that considerable differencc exists betwecn the stress-intensity factor
associated with a statically positioned crack and a crack which achieves the
same position by dynamic propagation.

Finally, the data permitted a relation between the crack velocity ¢ and
stress-intensity factor K to be established (sce Fig. 8). Thc results (for the
third shipment of Homalite 100) showed a terminal velocity of d;/c, = 0.264
and K|, = 0.52 MPaVm. The comparison of the K-versus-d relations
presented in Fig. 8 indicates a higher value of K, and a lower value of dfor
the third shipment of Homalite 100 than for the second shipment of
Homalite 100.

Conclusion and Discussion

A dynamic photoelastic study of crack propagation in ring specimens sub-
jected to mechanically simulated thermal stresses showed that the instan-
taneous stress-intensity factor decreased monotonically with both crack ex-
tension and time until crack arrests. This behavior was quite different from
that of the static crack extension, where X increased with increasing crack
length until a/w = 0.2, and then decreased monotonically toward zero fot
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FIG. 13—Staric and dynamic stress-intensity factor as a function of a/w for the same pin
displacement.
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a/w > 0.2. This significant difference gives a clear indication that static
stress analyses will not be applicable in determining K associated with a
crack which is propagating in a dynamic stress field.

Osciliations in K during the propagation phase were not observed in the
ring specimen. Oscillations did occur after crack arrest with a peak-to-peak
amplitude of about 16 percent.

The K-a relation was determined from the ring specimen for two different
shipments of Homalite 100. The results obtained for K|, = 0.37 MPavm
and a;/c; = 0.29 compared favorably with results obtained from R-DCB,
C-DCB, modified compact tension, and SEN specimens fabricated from the
same shipment (second) of Homalite 100. Results from the third shipment of
Homalite 100 with the ring specimen gave K, = 0.52 MPavm and a;/c; =
0.26. Thus, it is evident that the fracture characteristics of Homalite 100 de-
pend upon the manufacturing process.

The crack jump distance from initiation to the first arrest is a function of
K /K which can be approximated by

0.1465

a
W =09+ e

for 1 < Ko/Kj, < 2. 1t appears that Ko/K|;,, = 3 will be required to com-
pletely drive the crack across the ring if the initiai crack length is a/w =
0.08.
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ABSTRACT: Slow, isothermal crack propagation is widely suspected to be rate-
controlled by thermally activated plastic deformation in the crack-tip region. Adiabatic
conditions are generally established in the fracture-modified material at the tip of a
crack during fast fracture. The temperature of this materiai is not the temperature of
the specimen and is generalfy not measured during fast fracture. Thus, a complete
thermodynamic description of adiabatic crack propagation data cannot be made.
When the slow, isothermal crack propagation mechanisms are assumed to be opera-
tive during adiabatic crack propagation, then certain predictions can be made. For
example: the changes in G due to temperature and rate are always in the opposite
scnse; there is no minimum in G versus crack velocity without a change in mechanism;
the temperature rise in the crack-tip fracture-modified material is determined mainly
by the activation enthalpy for crack propagation; the interpretation of fast fracture
structural steel data from simple plastic models is suspect since these materials have
dissimilar isothermal temperature dependencies.

KEY WORDS: fast fracture, adiabatic fracture, dynamic fracture, fracture thermo-
dynamics

There have been many observations of the dependence of the crack velocity
on the strain energy release rate (or the equivalent stress-intensity factor)
and the test temperature. Very slow, stable, isothermal crack propagation
has been reproducably measured and reported [/-5]2; more recently,
attention has been focused on fast fracture [6). There are, however, very
few analyses that predict the behavior of the crack velocity as a function of
the strain energy release rate and the temperatdre. Kinetic models of slow,

1 Profcssor, Department of Mechanical and Aerospace Sciences and the Materials Science

Program, University of Rochester, Rochester, N.Y. 14627,
2°The italic numbers in brackets refer to the list of references appended to this paper.
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isothermal crack propagation have been refatively successful in interpreting
slow crack growth [7-10]. The objective of this paper is to restrict the iso-
thermal, kinetic, thermally activated crack propagation expressions. to
adiabatic conditions. The rate-controlling processes that occur in the crack-
tip region in fast fracture are assumed to be the same processes that occur
in slow, isothermal crack propagation. In fast fracture the crack is moving
rapidly and in the irreversible process zone, at the crack tip, there is in-
sufficient time for the heat generated to be dissipated to the surrounding
material. The process zone is therefore restricted to an adiabatic condition
and the temperature of the process zone is different from the temperature
of the bulk materiai surrounding it.

Thermally Activated Crack Propagation

Figure 1 is a schematic of a crack in a solid. The crack propagates in the
solid at a macroscopic velocity v, under the. action of the driving force, G.
It is assumed that the crack velocity v is controlled by thermally rate-
controlled processes near the crack tip. The material in the crack tip re-
gion undergoes a transition from the original material to fracture-modified
material at the crack tip. The crack element of the crack tip is considered

FIG. 1—A schematic representation of an elastic body containing a crack. It is assumed
that G is known. System 1l contains a thermally activated process that controls the rate of
crack propagation,
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small enough that a single energy barrier is overcome at a time. The energy
barriers are the rate-controlling mechanism and will, in general, be un-
specified. If plastic deformation, in the crack-tip region, is the rate-con-
trolling process and if it is thermally activated, then the crack motion is
thermally activated.

With the assumption of thermally activated barriers, the average crack
velocity can be written as an Arrhenius-type equation

y = voe—AG/kT (1)

where

v = crack velocity,

vo = maximum obtainable crack velocity,
AG = Gibbs free energy of activation,

k = Boltzman’s constant, and

T = temperature in the process zone.

T is assumed to be uniform throughout the process zone and is of course
not necessarily the temperature of the bulk specimen.

The Gibbs free energy of the cracked element will in general depend on
two independent-state variables of the crack system; choosing G, the strain
energy release rate (the crack driving force) and T as the independent
variables, with A the crack area and § the entropy as the dependent vari-
ables, it follows from Eq 1 that

Inv =f£(G, T) (2)

where f(G, T) is a function yet to be specified. Equation 2 may be con-
sidered as a steady-state equation. The crack is assumed to have grown
long enough so that under the crack driving force, G , it has achieved a
steady-state velocity v and a temperature T in the process zone.

It foliows from Eq 2 that
T
- 3
.,.v><alnvg> @

=— <_f'18_

T oT
The left-hand side of Eq 3 is the isothermal rate dependence of G. The first
term on the right-hand side is the temperature dependence of G at a con-
stant rate. The second term on the right is kT2/AH . for any thermally
activated process [9]. AH, is the forward activation enthalpy for the
process. Since AH, must be positive, it follows that the isothermal rate
dependence and the temperature dependence at constant rate have opposite
signs. In steels there are many reports of G increasing with test tempera-
ture; it follows that G decreases with rate. In polymers, G often (although

_9G
dinv
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not always) decreases with increasing temperature; it follows that G in-
creases with rate.

If in Eq 2, G were replaced by the stress and v by the strain-rate, then
tensile rather than fracture properties would be described. The condition of
negative strain-rate sensitivity or serrated yielding, in a tension test, is
always accompanied by the yield stress increasing with temperature [17-13].
Materials that deform by twinning also show serrated stress versus strain
curves; the stress level in these materials increases with increasing tem-
perature [14].

A schematic activation barrier is shown in Fig. 2. The Helmholtz free
energy, AF, is plotted versus crack area in Fig. 2a. The isothermal deriva-
tive of the Helmholtz free energy with respect to the crack area is the
crack driving force, G, and this value is also shown in Fig. 1 (System II).
In System I, G is the strain energy release rate. Thermal fluctuations are
assumed to provide the energy for the barriers to be overcome by the crack.
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FIG. 2—(a) Helmholtz free energy versus crack area in System 1I; (b) G versus A for the
barrier in (a); (¢) AG .. for forward crack propagation.
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Now, restricting the crack system to large driving forces and therefore only
forward crack motion, Eq 1 is

_ g
y = vge ~AGUAT (G A-vdg/kT (4)

The geometry of Fig. 2 has been used in developing Eq 4. In the general
case, the functional relation between A . * and G is unknown and therefore
an explicit relationship between v and G at a constant T is unknown.

The derivatives of the internal energy AU, , the enthalpy AH ., the
Gibbs free energy AG .., and the Helmholtz free energy AF, for forward
crack motion are given in Table 1. The Jacobian entries follow from Eq 4

TABLE 1—Jacobian table for System Il for forward crack

propagation.

f af/aT | af/3G|,

T ! o

g 0 1
Iny. AH  /kT? A */kT
AG ., —AS, —AL*
AH . C. Ty, —AL*
Ag* Y= 04

s C./T T+
AF, —ASL + Gys Go+
aU. Cy + Gys Ty + Go4

or by definition. The Jacobian table is the same table given in Ref 9 and it
permits derivatives of energy or state variables to be systematically calcu-
lated [15]. Figure 3 shows schematically an adiabatic and an isothermal
rate slope. The adiabatic rate slope calculated from the Jacobian entries
J(nv, §)and J(G, §) in Table 1 is

J(lnv, S)_ dlnvy | _A+* AH+’Y+

= 5
1S S) a8 |s kT kTC, ®)
Two other derivatives from Table 1 are
oT | T
— _i (6)

9SG Is B Cy
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and
a ln \ 4 _ A+*
G |r kT
Combining Eqs 3, 5, and 6 gives
dlnv |  AH, 6T‘ _6T } o
ag R) sz [ ag S ag Inv

Equation 7 has several interesting features: the fast fracture rate dependence
is on the left-hand side and the fast fracture temperature dependence is on
the right-hand side, as is the constant rate temperature dependence of G.
When 97/9G|; = dT/dG]|,, ,. then 8G/ In v|; — oo; that is, G is discon-
tinuous with rate in a fast fracture experiment. Some polymers seem to
show such a sharply rising curve [/6,17]. In some commercial steels at the
brittle-to-ductile transition, 87/8G|,, , — 0. It follows for this restriction
that the sign of the adiabatic heating coefficient d7/3G|; will determine
the sign of @ In v/3G | since AH .. is always positive. On the other hand,
when d7/3G|; — 0, then the adiabatic rate dependence is of the opposite
sign to the constant rate temperature dependence. In most metals, near
room temperature, d7/8G|,, , is positive. In most polymers 37/9G|,, , is
negative. Thus, there is reason to suspect that crack propagation behavior
in a structural alloy will have substitutive differences from crack propaga-
tion behavior in a ““‘model” polymetric material.

The last point to make from Eq 7 is that it also shows that when

ADIABATIC RATE
SLOPE

dinv
29 g

ADIABATIC

Inv

FIG. 3—The In of the crack velocity versus the crack driving force, G. The lower part of
the curve is assumed isothermal, the upper part adiabatic.
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dG/d Inv |s — 0; that is, when fast fracture has a minimum § versus rate,
aT/3G | or dT/dG|,, , must — oo. The consequences of having 3G/d In v |
- 0 because d7/4G|,, , — o are particularly disturbing; G decreases very
strongly with increasing temperature at constant rate.

Conclusions

Crack propagation was assumed to be a thermal rate activated process.
The rate-controlling mechanism in the irreversible process zone at the
crack tip is, in general, unspecified. A complete comparison of rapid frac-
ture data with the thermal model is not possible since 7, G, and v are not
all measured during rapid fracture. Several derivatives, restricted to adia-
batic conditions that apply during fast fracture and that are the most fre-
quently measured quantities in fast fracture experiments, were found. It
was shown that a complete description of the activation enthalpy for crack
propagation is an important aspect of rapid fracture.
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ABSTRACT: A method of direct determination of the instantaneous stress-intensity fac-
tor associated with running and arrested cracks in steels has been developed at the Uni-
versity of Maryland. Birefringent coatings have been applied to the proposed ASTM
standard crack arrest compact specimens of oil-quenched and tempered 4340 steel. Iso-
chromatic fringe patterns during crack propagation and crack arrest have been photo-
graphed successfully with an ultrahigh-speed Cordin camera and specially designed high-
intensity and short-duration Xenon lamp system.

In this paper a detailed description of the experimental apparatus, the method of iso-
chromatic fringe analysis technique, and an examination of behavior of the stress-
intensity factor during crack propagation and after arrest are presented.

KEY WORDS: dynamic photoelasticity, birefringent coating, crack propagation, crack
arrest, stress intensity factor and crack velocity.

In recent years brittle birefringent polymers and dynamic photoelasticity
have been extensively utilized to study crack propagation and crack arrest,
and to aid in the development of test specimens and procedures for standard
crack arrest toughness measurements [/-6].3 ,

The means for characterizing dynamic fracture, which has been explored
at the University of Maryland, is to establish the relationship between crack
velocity (4) and the instantaneous stress-intensity factor (K). Dynamic photo-
elasticity has been used with brittle birefringent polymers such as Homalite
100 to obtain isochromatic fringe loops associated with the run-arrest event.

! Associate professor, Mechanical Engineering Department, University of Maryland, Coliege
Park, Md. 20742.

2Dean College of Engineering, University of Rhode Island, Kingston, R.I. 02881.
3 The italic numbers in brackets refer to the list of references appended to this paper.
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190 CRACK ARREST METHODOLOGY AND APPLICATIONS

A typical example of the d-versus-K curve determined from these data for
Homalite 100 is shown in Fig. 1. ' '

The minimum K-value (K,,) on the d-versus-K curve is the crack arrest
toughness. It was found that the minimum K-value occurred at zero crack
velocity. Three characteristic features were observed in the g-versus-K
curves. In the low-velocity region, K is almost independent of crack velocity,
and small increases in K above K, result in very sharp increases in crack
velocity. In the high-velocity region, crack velocity is not sensitive to the
K-value, and significant increases in K are required to produce a small in-
crease in crack velocity. Finally, there is a transition region between these
two regions where changes in the stress-intensity factor result in significant
changes in the crack velocity. Extensive investigations have shown that the
K-a relation is independent of specimen size and shape [7].

It has been noted that the available information on crack speed as a func-
tion of K for brittle fracturing of structural steel includes features which are
generally similar to those shown in Fig. 1 [8]. The behavior and properties
of brittle polymers are, however, quite different from those of metals in some
respects. Properties of polymeric materials are much more strain-rate sensi-
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FIG. 1—Crack velocity 4 as a function of stress-intensity factor K for Homalite 100.
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tive than those of steel, and the energy loss due to damping of polymers is
much higher than that of steel. Also, the fracture zone size in steel may be
larger than that in brittle polymers since steel is an aggregate of randomly
oriented grains. Considering these differences, it is of interest to develop
methods to observe dynamic crack behavior directly and to determine the
instantaneous stress-intensity factor associated with a propagating crack. It
is also important to examine the proposed ASTM crack arrest procedures
with steel specimens.

An application of birefringent coating to steel specimens to measure the
dynamic stress-intensity factor has been developed at the University of Mary-
land. The use of birefringent coatings in the study of dynamic fracture has
been attempted previously [9,10]. In these investigations, however, a con-
tinuous sheet of birefringent coating material was used over the specimen
surface and this procedure caused uncertainty as to whether the observed
response in the coating is dominated by the fracture of the base material or
by the fracture of the coating itself [1/]. A split birefringent coating tech-
nique—a separate sheet of birefringent coating on either side of the antici-
pated crack path—has been developed which alleviates problems en-
countered by previous investigators. The method has been applied to the
proposed ASTM compact specimen proposed by Materials Research Labora-
tory (MRL) [12]. This paper describes the experiments and presents the first
results showing the a-K relationship for 4340 steel.

Experimental Procedure

The experimental apparatus, shown in Fig. 2, includes an ultrahigh-speed
camera, flash lamp system, loading fixture, and specimen. Details pertain-
ing to the experimental apparatus and the method of data analysis are pre-
sented in the following subsections.

High-Speed Camera

The camera employed in this experiment was a Cordin Model 330A con-
tinuous-writing, simultaneous streak and framing camera. When used in the
framing mode, the camera is capable of recording 80 frames with an image
size of 15 by 21 mm on 35-mm film at a framing rate up to 2 X 106 frames
per second (fps). The selection of framing rate depends upon the crack be-
havior (that is, high-speed propagation, crack arrest, or postarrest) and the
duration of the flash lamp system, since the test is conducted with an open
shutter. For the results reported here, the framing rate was approximately
330 000 fps.

The exposure time for the Cordin camera is a function of frame rate and
the width of the framing stop. For these experiments the exposure time is
about 1 ps. The film employed was Kodak 2495 RAR high-speed negative
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Cordin High-Speed Camera
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FIG. 2—Fxperimental apparatus.

35-mm film. This film is medium grained with an orthochromatic emulsion
and has good resolving power. ‘As it is sensitivc only to light of wavelengths
below 580 nm, a Kodak No. 8 filter was used to block the light with wave-
lengths below 500 mm. Thus, the wavelength of the light used to record the
fringe patterns peaked at 540 nm with a band of about =40 nm.

Flash Lamp System

Photographing dynamic isochromatic fringe patterns in thc birefringent
coatings with the Cordin Model 330A framing camera required a high-in-
tensity, short-duration light. A special Xenon flash lamp circuit was designed
to accommodate this requirement. The circuit diagram of the flash lamp,
Fig. 3, shows three capacitors (121 uF-5 kV d-c each) connected with induc-
tive coils (5.7 uH). The capacitors are charged to 3.4 kV with a 5-kV d-c
power supply. Two 101.6-mm-long (4 in.) Xenon flash lamps (Model EG &
G FX81C-4) are connected in serics to the capacitor bank. The firing of the
lamps is initiated by applying a 25-kV trigger pulse produced by an EG & G
TM11-A trigger module. The flash lamp system develops sufficient light to
expose the film (Kodak 2495 RAR) within 15 to 20 us after receiving a trigger
signal, and the duration of this intensity is about 200 ys.

Synchronization between the firing of the flash lamps and initiation of
crack propagation was achieved with a conductive paint line placed at the tip
of the machined initial crack and by a pulse-forming circuit. When the con-
ductive paint line was broken by the crack propagation, a 20-V d-c pulse of
50-ns duration was produced which triggered the EG & G TM11-A for firing
of the lamps. A detailed examination of the response of the conductive line
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circuit, pulse forming, and firing of flash lamps indicated that the time delay
between the initiation of crack propagation and firing of the lamps was
always less than 10 ps.

Specimen and Loading Fixture

The specimen material used was hot-rolled, annealed, vacuum degassed,
aircraft-quality 4340 steel. A specimen, Fig. 4, was machined from a 27 by
210 by 210-mm plate. The geometry of the specimen was in accordance with
the MRL specification in the cooperative test program. A machined speci-
men was then subjected to the following heat treatment: 1 h at 900°C, oil-
quenching, and tempering at 370°C. One face of the heat-treated specimen
was sanded and cleaned for bonding with a birefringent coating.

The birefringent coating material selected was a 2-mm-thick polycar-
bonate sheet (PS-1) with reflective backing, manufactured by Photoelastic,
Inc. Two pieces of coating, 75 by 110 mm in size, were prepared. The edges
of the coating which were to be placed along the face groove of the specimen
were machined to have the same slope as the groove face as shown in Fig. 5.
The coating was bonded to the specimen with Hysol EA 9810 structural high-
strength epoxy adhesive. ‘

The specimen was loaded by a transverse wedge and a split pin in the
specially designed loading fixture as illustrated in Fig. 6. The wedge was
forced between the two halves of the split pin with a hydraulic cylinder until
crack initiation occurred. The crack-opening displacement during thc test
period was monitored with an eddy current displacement transducer (Kaman
Model KD-2300-2S) mounted at a position 0.25 W away from the load line as
specified by the MRL procedure. The signal from the displacement trans-
ducer was recorded with a digital memory oscilloscope (Nicolets, Inc., Model
Explorer III). The crack-opening displacement was utilized to calculate the
crack initiation stress-intensity factor, Ko, and the stress-intensity factor
after crack arrest, K ,, following the MRL procedure {12].

Method for Determination of the Stress-Intensity Factor

A typical high-speed photograph of isochromatic fringe patterns observed
in the birefringent coated face-grooved 4340 steel specimen is presented in
Fig. 7. It is evident that the fringe loops are relatively large and some in-
accuracy in the determination of K by a three-parameter method may occur.
Nevertheless, direct measurements of K(¢) in steel are extremely difficult and
some error in analyzing the data may have to be tolerated.

The stress-intensity factor was determined from the isochromatic loops
with a three-step method of analysis. First, an overdeterministic method
developed by Sanford and Dally [13] was used to compute the stress-intensity
factor in the coating. This technique involves a numerical method of least-
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FIG. 6—Close-up view of specimen with coating in the loading frame.

squares fitting of a theoretical solution which includes K, Ky, and g, to
field data taken from isochromatic loops. Ten sets of data (N,, r;, and §;)
were taken from the isochromatic loops as shown schematically in Fig. 8. In
measuring r; and 6;, the points were selected on the outer arc of the fringe so
that small deviations in the location of the crack tip would not produce large
errors in either r; or ;. The exact origin of the crack tip could not be iden-
tified in the photographs; however, the fringe loop closes at the edge of the
groove (see Fig. 9) locating the X-coordinate of the crack tip. The center of
the groove was taken for the Y-coordinate locating the crack tip. While exact
comparisons cannot be made to verify the accuracy of this approach, it is
believed that individual determinations of K are within + 10 percent. When
curves are drawn through several individual K determinations, the curve
represents an averaging process and the accuracy should be improved.

Reading of the data processing was performed with the use of a digitizer
(Talso, Inc. Model BL 611-B) interfaced with a programmable calculator
(HP-9815A). The values of Ky, Ky, and o,, were printed out after every
iteration and the calculation was terminated when convergence was observed
(normally after about five iterations).

The second step in the process is to convert the K-value in the birefringent



198 CRACK ARREST METHODOLOGY AND APPLICATIONS

PROPAGATION
DI RECTION

FI1G. 7T—Isochromatic fringe loops obtained with the birefringent coating.
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FIG. 8—Typical data extraction from the isochromatic loops.
coating to the K-value in steel. This was accomplished by relating the stresses
in the steel to stresses in the coating, as described in Ref 14, to obtain

_ FEs 1+ p° .
Ec 14 ps

K (1)

where E is the modulus of elasticity and »is Poisson’s ratio. The superscripts
s and c refer to steel and coating, respectively.

Der et al [11] examined the validity of Eq 1 by mounting the birefringent
coating on one side of the crack path of Homalite 100 specimens. The com-
parison of K obtained using Eq 1 to analyze isochromatic loops in the coating
with K determined directly from isochromatic fringes in the Homalite 100 in-
dicated a good agreement.

The third step in the analysis was to account for the effect of face grooves
on the determination of K from the specimens employed in this study. Pre-
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FRAME 19 FRAME 20 FRAME 2| FRAME 22
1= 880 ps t=94-3 us t =974 ps

FRAME 23 FRAME 24 FRAME 25 FRAME 2o

1 = 1006 ps t = 1037 ps t = 1068 s t = 1100 ms

AR |

FRAME 28 FRAME 29 FRAME 30

3] ps f=116-3 ps t=1194 ps 1=122'5 ps

FIG. 9a—Sequence of isochromatic fringe patterns during propagation period (crack propa-
gation from left to right).
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FRAME 40 FRAME 42 FRAME 44 FRAME 46

t=150-8 ps t=157:1 ps t=163:4 ps t=1696 ps

FRAME 47 FRAME 48 FRAME 50

t=172:8 ps t =759 ps t=182:2 ps

FRAME 5] FRAME 52 FRAME 53 FRAME 54

t =1853 us t =188-5 us t=191'6 us t=194-8 us

FIG. 9b—Sequence of isochromatic fringe patterns during crack arrest phase (crack arrest at
Frame 48). ’
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vious studies with face-grooved Homalite 100 specimens showed that the ef-
fect of the grooves was to increase K by a factor F so that

KC =FK 2)
where
F=+~B/By, 3)

B = specimen thickness,
By = net thickness, and
G = superscript identifying the K associated with grooved specimens.

Adjusting Eq 1 to account for the effect of the grooves gives

Es 1+
K> G ="—_
(K*) Ec 1+ ps

K</B/By )

In the analysis the following material constants were used

Es = 2069 KPa,
Ec = 248 KPa,
v = 0.30,

v¢ = 0.36, and

3f, = 6.69 MPa-mm/fringe.

Experimental Results

A series of three experiments was conducted to determine the dynamic
behavior of the crack propagating in 4340 steel. Typical photoelastic results
showing the isochromatic fringe patterns for the run arrest event in Specimen
362 are given in Figs. 9a and 9b. The fringe patterns in Fig. 9a are for the
propagating crack and the patterns in Fig. 95 for the arrested crack. The
crack position a and the isochromatic fringe data (N;, r;, 6;) were measured
from each of these frames. The results of the data analysis showing the stress-
intensity factor K and the crack length a as a function of time are presented
in Figs. 10, 11, and 12 for Specimens 348, 362, and 375, respectively.

Examination of the results for Specimen 348, Fig. 10, shows that the crack
propagated at relatively high velocity across the specimen ranging from 730
to 664 m/s. As the crack approached the end of the specimen, its velocity
decreased but the crack did not arrest. The stress-intensity factor shows an
oscillation about a monotonically decreasing mean value. While scatter exists
in the experimental determination of K, it is believed that the oscillations are

3Note that the static material fringe value for polycarbonate has been used because no data
are available on the dynamic value.
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real. Apparently, at high velocity, the changes in K do not markedly affect
the crack-tip velocity.

Results from Specimen 362, Fig. 11, show many additional features of the
dynamic crack behavior. Early in the observation period, the crack prop-
agated at a constant velocity of 600 m/s while K decreased from Ko = 104.6
MPavVm to about Ko = 72 MPaVm. After declining to K = 72 MPavm, K
then increased with a corresponding increase in d. In this time period, from ¢
= 88 to 135 pus, the crack-tip velocity varied between 720 and 250 m/s as K
varied. Finally, in the third region for r > 140 pus, the crack repeatedly ar-
rested and reinitiated with increasing time duration at each arrest. When the
crack arrested, the stress-intensity factor increased as the kinetic energy in
the specimen was converted to strain energy. The instantaneous stress-
intensity factor at arrest, K|, = 52 MPavm, was the same at each of the
three occurrences of arrest. Reinitiation of the crack occurred at Ky = 60 to
62 MPavm.

The results from the third specimen, Fig. 12, indicate that the initial
velocity of the crack was 450 m/s and the velocity decreased monotonically to
zero. The stress-intensity factor exhibited one minor oscillation early in the
propagation phase and then decayed monotonically. Analysis of the iso-
chromatics loops in the last half of the event was not performed due to the
development of Mode II loading, which occurred when the crack turned and
ran out of the groove.

Discussion

Data from Figs. 10-12 were used to obtain the a-K relation for 4340 steel
shown in Fig. 13. Results from Specimens 348 and 362 are in good agreement
and provide a sufficient number of points to establish the vertical stem and
the beginning of the transition region of the 4-K curve. This relation in-
dicates arrest when K|, = 52 MPavm and velocity increases of 31 m/s for a
unit increase in K above Ky,

Comparison of the 4-K relation between Homalite 100 (see Fig. 1) and that
of steel shows the similarity in the vertical stem; however, the slope of the
stem is higher for Homalite 100 than for steel. The slope of the 4-K curve is
related to fracture surface roughness, with the slope decreasing as the surface
becomes rougher for a given specimen.

The a-K relation for Specimen 375 is also shown in Fig. 13, and significant
differences with respect to the results from Specimens 348 and 375 are noted.
Inspection of the fracture surfaces as shown in Fig. 14 indicate the reason for
this difference. The fracture surface for Specimens 348 and 362 show ap-
proximately equivalent surface roughness, whereas Specimen 375 is much
smoother. Apparently the heat treatment of No. 375 was different, resulting
in a material with a lower terminal velocity and apparently a material with a
lower K y,.
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FIG. 13—Crack velocity 4 as a function of stress-intensity factor K for 4340 steel.

The photoelastic determination of the arrest toughness K|, was compared
with a prediction of K, based on the MRL procedure. With this method, the
crack-opening displacement A is measured at a position 0.25 W removed
from the Joad line, and K or Ky, is given by

YE B

kK== B, ®)

where Y is a dimensionless factor which is a function of a/W.



208 CRACK ARREST METHODOLOGY AND APPLICATIONS

‘sudwads da4ys ay1 4o0f sadcnfans aniovif fo soupanaddy—p1 ‘O

uoyjoallg uolobodoid
——



KOBAYASHI AND DALLY ON THE a-K RELATION 209

Results of the MRL procedure applied to Specimen 362 with W = 170 mm
are
Initial conditions

a, = 60 mm, A, = 0.85mm K¢ = 104.6 MPavm
Arrest conditions
a;— 148 mm, &; = 1.26 mm K, = 59.3 MPaVm

The comparison shows reasonably good agreement between the K, = 52
MPavVm from photoelastic analysis and the K, = 59.3 MPaVm from the
MRL procedure.

Conclusions

A method has been developed for determining instantaneous stress-
intensity factors from steel compact tension specimens by means of split bire-
fringent coatings and dynamic photoelasticity. While the method requires
further refinement such as dynamic calibration and optimizing the coating
thickness, it does provide an excellent means for observing the dynamic
characteristics of the run arrest event.

The a-K relation for oil-quenched and tempered 4340 is similar in shape to
the d-K relation for Homalite 100. The value of K |, = 52 MPaVm was deter-
mined as the arrest toughness for 4340 with R, = 46.

Results from the photoelastic measurements, K, = 52 MPavVm, com-
pared favorably with the results from the MRL procedure, where K, = 59.3
MPavm.
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P. B. Crosley! and E. J. Ripling'

Comparison of Crack Arrest
Methodologies

REFERENCE: Crosley, P. B. and Ripling, E. J., “Comparison of Crack Arrest
Methodologies,” Crack Arrest Methodology and Applications, ASTM STP 711,
G. T. Hahn and M. F. Kanninen, Eds., American Society for Testing and Materials,
1980, pp. 211-227.

ABSTRACT: The ASTM Cooperative Test Program data are used to compare the
static (Ky,) and dynamic (K4, K1q,) approaches to crack arrest. It is shown that
K, is not dependent on K. This is consistent with the requirements of the static
approach, but not the dynamic one, which requires that K;, decrease with K if K4
(=K4m) is a constant. K4 increases systematically with K at a rate that is consistent
with calculations based on the use of a constant value for K, which is equal to its
measured mean value. Only in the limiting case of very short crack jumps (associated
with very-low-average crack speeds) can K4 be identified as a minimum value at
which Ky = K4, In this case Ky, = K;, = Ky,. The latter is the idealized
minimum value of K that will support the continued propagation of a running crack.

KEY WORDS: fracture toughness, crack arrest, AS33B-1 steel, running cracks

Both the static (K},) and the dynamic (K4, Kjqy) crack arrest method-
ologies are based on the assumption that there is a material property,
Kim,? which is the lowest value of the stress-intensity factor which will
support the continued propagation of a running crack. Indeed, both
methods are aimed at obtaining an experimental approximation of Ki,.

The K, approach asserts that the stress-intensity factor observed in the
static condition following arrest—which is, by definition, K;,—is a reason-
able approximation to K.

The dynamic approach is somewhat more involved. It is based on a
dynamic analysis which allows values of crack speed and of running crack
toughness, Kj4, to be inferred from a laboratory test. By obtaining K4

! Associate director of research and president, respectively, Materials Research Laboratory,
In¢., Glenwood, Iil. 60425.

2In this paper the distinction between K4, the value inferred from tests, and K, the
idealized value, will be preserved. Some authors appear to use K4, and K|, and even K4,
interchangeably.
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values as a function of velocity, the minimum value, K4, on a Kiq-velocity
plot, may be found and taken as an approximation to Ky,. The quantity
measured in an individual test, however, is Kyq4.

When a test is run, the crack starts to propagate from a static condi-
tion with which is associated an initial value of the formally calculated
stress-intensity factor, K. In the static condition following the crack’s
arrest, the stress-intensity factor has the value Ki,. For the intervening
time, a value Kjy may be inferred from the dynamic analysis and applied
to the running crack. The dynamic analysis, which in effect defines K4,
states that Ko = Kjg = K],. At a higher value of K the crack is expected
to run at a higher average velocity and to propagate a greater distance.
Also, the ratio K14/K], is expected to increase. There is no question, there-
fore, that Ky, and K}y must be measuring different things and that, except
possibly for very short crack jumps (where other problems may arise), they
cannot be comparable approximations to Kj,. This fact, which is not
in dispute, appears to be accepted sometimes as proof that the K|, method-
ology is no good. It is in reality nothing more than a statement of what
the particular dynamic model predicts.

It should be recognized, of course, that the dynamic model which serves
as the basis for obtaining an experimental K;y measurement says nothing
about whether a particular value is K4, and hence to be considered as an
approximation to K. In general, K4 is velocity-dependent, and, presum-
ably, there is no way of knowing beforehand how Ky depends on crack
speed in a particular material. If, however, there is a reason for identifying
K4 as K4, a reason such as experimental evidence that K4 is insensitive
to crack velocity in a class of material, then this K14 can be compared with
K, to see which is a more meaningful approximation to K.

In the cooperative program on crack arrest being carried out under
ASTM Committee E24.01.07, a large number of tests are being run on both
Battelle Columbus Laboratories (BCL) and Materials Research Laboratory
(MRL) types of compact specimens. The test reports from the different par-
ticipating laboratories provide values (or the data from which to calculate
values) of Ky, and of Kj4 from both types of test specimens, and the results
available so far may be looked at to see how K1, and K4 are affected by different
test variables and, it is hoped, to provide insight into the relative merits of the
conflicting methodologies.?

Analysis of Cooperative Program Data

The data discussed here are ASTM Cooperative Test Program results
available in time to be included in this paper. Room temperature data on

3Throughout this paper the toughness parameter obtained from the BCL procedure® will
be denoted K4, with no judgment being made as to whether or not any of them should be
designated as K4y, or taken as an approximation to K.
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stress-relieved AISI 1018 steel and on AS533 Grade B Class 1 steel are
considered. On the latter material, test results from both the BCL and
the MRL specimens are represented. For the former, only MRL specimen
data are available.

All of the K- and K\,-values (with the exception of one obviously mis-
calculated Kj,-value on a BCL specimen) are taken from the submitted
test reports. The participants in the Cooperative Test Program did not
calculate K4 for the MRL specimens, and many of the early resulits on the
BCL specimens were incorrectly calculated; therefore, all K14-values reported
here were calculated anew. The formulas used were, for the BCL specimen

Kia/Kog = 2.336 — 14.17x + 49.2x2 — 78.1 x* + 45.5x*
and for the MRL specimen
Kld/KQ =1-—092x + 0.33 x2

where x = Aa/W, that is, the total crack jump distance divided by the
specimen width.

The preceding expressions are polynomial fits to the curves shown in
Fig. 1, which is taken from the BCL test procedure.*

Another BCL analysis result which proves useful in examining the test
results is shown in Fig. 2. This plot of Ky,/Ky4, versus Kqo/Kygy will be
used to relate K, to K¢ on the assumption that K4y, is a constant.

Figure 3a shows K|, plotted against K¢ for the stress-relieved AISI 1018
steel. For all of the data the mean Ky, is 85.6 MPa m!/2 with a standard
deviation of 12.7 MPa m!/2, A least-squares linear fit, which has a positive
slope and a standard deviation of 12.3 MPa m!/2, does not fit the data
appreciably better than the constant line through the mean. According to
the BCL dynamic analysis, the K},-K plot has a negative slope, and the
expected dependence of Ky, on K, based on Fig. 2, and taking Ko = K,
(= Kim) to occur at 86 MPa m!’2, is also shown in Fig. 3a.

Figure 3b shows K4 plotted against K for the stress-relieved AISI 1018
steel. For all of the data the mean K4 is 92.9 MPa m!/? with a standard
deviation of 12.2 MPa m!/2. The least-squares linear fit has a positive slope
and the standard deviation of K14 about this line is 6.1 MPa m!/2; that is,
the positive sloping straight line is a much better fit to the data than the
mean value. The expected dependence of Ky on K for a constant K,
equal to its mean value of 86 MPa m!”2 is also shown in Fig. 3b.

Whereas the data on AISI 1018 steel just discussed included test results

4Prospectus for a Cooperative Test Program on Crack Arrest Toughness Measurement,”
Subcommittec on Dynamic Testing, Dynamic Initiation, Crack Arrest Task Group, American
Society for Testing and Materials, 1977.
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from only the MRL specimens, room temperature test results on the AS33
Grade B Class 1 steel are available from both specimen types. Conse-
quently, the range in K¢ is larger. Figure 4a shows K;, from both tests
plotted against K, with Ko varying from about 100 MPa m!/2 to about
260 MPa m!/2. For all of the data, the mean value of K}, is 109.6 MPa m!/2
with a standard deviation of 10.8 MPa m!/2. The least-squares straight
line would have K}, increasing from 101.4 to 121.4 MPa m!/2 as K increases
from 110 to 260 MPa m!/2. The standard deviation of K;, about this line is
9.1 MPa m!”2, in contrast to the standard deviation of 10.8 MPa m!/
about the mean. Again, if Kj; were constant, Ky, would be expected to
decrease, not increase, with increasing K¢; this expected behavior, taken
from Fig. 2, is also plotted in Fig. 4a.

Figure 4b shows K4 plotted against K. The mean value of Ki4 is
127.4 MPa m!/2 with a standard deviation of 26.8 MPa m!/2. The least-
squares straight line has a strong positive slope according to which K4
would increase from 90.8 to 179.5 MPa m'/? as K increases from 110 to
260 MPa m!/2. The standard deviation about this line, 6.5 MPA m!/2,
indicates that the line is a distinctly better fit to the Kjy data than the
assumption of a constant Ky4. The least-squares straight line, however,
makes little physical sense, especially at low values of K, where the line
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FIG. 4a—Dependence of K;, on Kq for SA533B Grade [ steel. Cooperative Test Program
data.
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would suggest that K4 is less than K,. A calculated curve which assumes
that K, is constant and equal to the mean value, 110 MPa m!/2, is shown
in Fig. 4b. For this curve K}, = K1y = K¢ at Ko = 110 MPa m"?, and
K4 does not increase appreciably with K until Ko exceeds about 150
MPa m!/2. The calculated curve for constant Kj, is not a good fit to the
BCL specimen data. This is probably a result of the fact that the MRL
machine compliance was used for the calculations. The BCL method uses
a 50-mm wedge and split-pin assembly, while the MRL procedure uses a
25-mm assembly. The compliance of the former is expected to be less than
that of the latter.

It is evident in Fig. 45 that the range of Kj4-values measured with the
two different specimen types is rather distinct. While the plot suggests
that this is the result of a systematic dependence of K4 on Ko, it may be
that although the specimens yield similar K|,-values, one or the other may
not give correct K4 results. If the two specimen types are considered
separately, the MRL specimen gives a mean K|y value of 113.4 MPa m!/2
with a standard deviation of 12.2 MPa m!/2. A least-squares straight-line
fit gives AK14/AKq = 0.454 and the standard deviation about the line is
6.7 MPa m'?2. Taking the results from the BCL specimens by them-
selves, the mean Ky, is 162.5 MPa m!/2 with a standard deviation of 19.9
MPa m!/2, The standard deviation about the least-squares straight line,
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which has a slope of AK14/AKg = 0.647, is 2.6 MPa m!/2. For these data
the value of K ranges from about 180 to 260 MPa m!/2. Thus, each set
of data considered separately, as well as the combined results, shows a
distinct trend of K4 increasing with K.

Discussion

All the data generated in the cooperative program to date show K, to
be independent of K, while K4 increases with increasing K. o- The latter
is not unexpected; the larger K is, the greater the expected average crack
velocity, and hence the greater the expected value of K4 for rate-dependent
materials.

The fact that K;q = f(Kq) does not necessarily suggest that the analysis
on which K4 is based is wrong. Nor, of course, does it say anything about
the validity of K|, as an approximation of Ky,. As stated earlier, the
BCL dynamic analysis only defines a value of K4 associated with a particular
average crack velocity; it does not suggest that any specific value of K4 is
a minimum one. So long as K is not much higher than K4, the average
crack velocity is low, and K4 approaches its minimum value, at which
point Kiy = Ky (=Ky,), as shown in Figs. 3b and 4b. This conformity
of the BCL and MRL approach to crack arrest becomes more apparent
in plots of relative crack velocity as a function of Ki4. The Cooperative
Test Program data can be readily represented this way by using the BCL
reference curves shown in Fig. 5. The data on AISI 1018 steel, Fig. 6, are

0.2
%
wl ©
oo o ORDINARY
7
T DUPLEX
0.0
0.0 0.1 02 03 04 05 0.6 0.7
B0yoraL /W

FIG. S—Reference curves for ordinary and duplex compact tension test specimens showing
the relation between Aa total/W and V/C, ( footnote 4).
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FIG. 6—Dependence of crack speed on K, for AISI 1018 steel. Cooperative Test Program
data.

limited to a small range of K 4-values so that K4 seems to be only moderately
dependent on crack speed. If data had been collected on specimens having
higher values of K, higher average crack speeds would have been expected,
and the curve would have had a horizontal branch, which is typical of this
relationship.®’ Nevertheless, an extrapolation of the data to zero speed
gives a value of Kjy = 86 MPa m!/?, and for this value K;y = Ky
(=K, = Ky;). The dependence of crack speed on K4 for the SAS33-B
Grade 1 steel, Fig. 7, covers a wider range of K4’s and the curve has the
typical shape of an inverted ““L.” Again, an extrapolation of the data to
zero speed gives a value of about 110 MPa m!/2, so that, at this point,
Kis = K (=K1, = Ki).

5Mostovoy, S., Crosley, P. B., and Ripling, E. J. in Cracks and Fracture, ASTM STP 601,
American Society for Testing and Materials, 1976.

7l(obayashl, T. and Dally J. W. in Fast Fracture and Crack Arrest, ASTM STP 627, Amer-
ican Society for Testing and Materials, 1977,
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DISCUSSION

G. T. Hahn! A. R. Rosenfield! and R. G. Hoagland' (written dis-
cussion)—In this paper the authors set out to examine how K, and K4
are affected by different test variables “‘to provide insight into the relative
merits” of the static and dynamic methods of interpreting crack arrest
tests. They find that the Kj4-values of the Cooperative Test Program data
set show a systematic increase with Kq while Ka-values do not. On this
basis they propose first that the Kjq-values are crack velocity-dependent
and, second, that the minimum value of K4 (either K, or Kg) occurs at
zero velocity and corresponds to K, in the particular steels. Implicit in

1Battelle Columbus Laboratories, Columbus, Ohio.
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the second proposal is their view that dynamic effects in the compact
specimen at arrest are negligible.

We believe the authors are correct in noting that the K4-values derived
with the dynamic method of analysis correspond to the average velocity
attained by the crack during the event. The dynamic calculations we have
performed show that both the crack velocity and Aa, the size of the crack
jump, increase with K. Consequently, K4 is expected to vary with both
K and Aa when a velocity dependence exists. The Cooperative Test Program
data show that K4-values are independent of Aa. In view of this we are
not convinced that the authors’ first proposal is correct.

It should also be noted that after the authors presented this paper two
discrepancies in the evaluation of load-line displacement of the Cooperative
Test Program data were identified (see Addendum to the discussers’ paper
in this volume?). These corrections have the effect of altering the K 4-values
for weld-embrittled specimens and duplex specimens by about 20 and
— 10 percent, respectively. With these corrections the results are altered to
the extent that they no longer support the authors’ second proposal or
its implications. We do agree that a trend of K4 increasing with K4 remains
and is puzzling under the circumstances, but it would be premature to call
upon this dependence to invalidate the dynamic method until an under-
standing of its origins provides a basis for discounting dynamic effects at
arrest.

It is also necessary to draw attention to the results in Fig. 8 which show
that K, from both types of test specimens trends with Aa. It is consistent
with a growing dynamic contribution analogous to the one in DCB speci-
mens,? and could be viewed as evidence of dynamic effects in the compact
specimen. Recent measurements of load and load-line displacement in
wedge-loaded, weld-embrittled compact specimens performed at Battelle
may have a bearing on the observations. The measurements show significant
departures from linear elastic behavior for weld-embrittled specimens of
AS33B steel for K; = 120 MPa m!/2. We believe that the dependence of
K, on Aa would be accentuated in the absence of the departures. Figure 8
shows this to be the case for results from duplex specimens which do not
depart from linearity.

A more detailed analysis of the Cooperative Test Program data that
incorporates the dependencies of Ko and Aa simultaneously is shown in
Fig. 9. This analysis shows to what extent it is possible to distinguish
between the static and dynamic method of analysis on the basis of the
Cooperative Test Program data and in the absence of an independent

2Hahn, G. T., Hoagland, R. G., Rosenfield, A. R., and Barnes, C. R., this publication,
pp. 248-269.

3Kalthoff, 1. F., Beinert, J., and Winkler, S. in Fast Fracture and Crack Arrest, ASTM
STP 627, American Society for Testing and Materials, 1977, p. 161.
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FIG. 9—Parametric representation of the room temperature, A533B data according to
Eq 3. (8) and (O) denote data obtained by the BCL and MRL procedures, respectively.

measurement of Kyy,. This type of plot derives from the following considera-

tions. Since K can be computed according to

ES
KZWY

then K can be expressed as
8\ /Y,
=Ko [Z)—2
e = Fo <5o><Yo>
where

& = displacement measurement.
Y = dimensionless function of a/ W, and

¢Y)

@
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0, a = subscripts referring to initiation and arrest conditions, respec-
tively.

It should be noted that the function Y used in the MRL procedure is
different from that employed in the BCL procedure because in the former
case displacement is measured at 0.25W from the load line while in the
latter case displacement is measured on the load line.

Equation 2 may be rearranged to give

1 1 6\ 1

— ==K -4\ 3

Y, K, [ ? (80> YO] @
which, if K, is a constant, is the equation of a straight-line relation be-

tween the dependent variable 1/Y, and the independent variable

a1
Q80 Yo

The straight line through the data in Fig. 9 is based on taking K, = 113
MPa m!/2, which is very close to the means of 114 MPa m!/? for the weld-
embrittled results and 112 MPa m!/2 for the duplex results. On the other
hand, the reference curves in the BCL procedure predict a nonlinear relation
between 1/Y, and

The two curves in Fig. 9 depict this relation derived from the BCL reference
curves, taking K4 to be constant and equal to 138 MPa m'/? and 142
MPa m!/2 for the weld-embrittled and duplex results, respectively. Both
ways of representing the data pass through the center of gravity of the
data cluster as they must.

Unlike the authors’ Fig. 3a and 44, which give an erroneous impression,
we find the scatter in the data is too large to distinguish between the static
and dynamic method of analysis. This lack of definition holds even though
the static and dynamic treatments lead to distinctly different estimates
of crack arrest toughness; for example, Ky = 140 MPa m'? and K;, =
113 MPa m"2. Consequently, we look to more direct measurements of
the crack-tip stress intensity coupled with numerical modeling that provide
a more complete description of the run-arrest event to define the contribu-
tion of dynamic effects. The direct observations reported in this volume
by Kobayashi and Dally* and by Kalthoff et al> point to relatively small

4Kobayashi, T. and Dally, J. W., this publication, pp. 189-210.
5Kalthoff, J. F., Beinert, J., Winkler, S., and Klemm, W_, this publication, pp. 109-127.
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dynamic effects at arrest in the compact specimens. More recent dynamic
photoelastic measurements and finite-element calculations by Kobayashi
et al® with Homalite-100 and polycarbonate show a substantial kinetic
energy return prior to arrest. A resolution of these differences is now
called for.

P. B. Crosley and E. J. Ripling (authors’ closure)—The authors ap-
preciate the discussion prepared by Drs. Hahn, Rosenfield, and Hoagland,
but wish to point out that the discussion does not alter the original observa-
tions. The Cooperative Test Program results showed that Ky, was indepen-
dent of K while K4 increased systematically with Kq. Revising, as the
discussers have done, the method of calculating Ko and, hence, K4,
brings the results from the two specimen types into closer correspondence,
but does not change the dependence of K|, or of K;4 on K. These depen-
dencies are wholly consistent with the authors’ static approach to crack
arrest, and inconsistent with the discussers’ dynamic one. '

The discussers’ present curves which show that K, decreases systematically
with crack jump distance, Aa. It should be pointed out that a random
specimen-to-specimen variation in K, will show up as a systematic depen-
dence of K|, on Aa. Actually, it is Aa that depends on Kj,; cracks will
run farther in specimens with lower crack arrest toughness. The authors
discuss this in more detail in another paper in this volume.” The point is
that the observed correlation between Kj, and Aa is not evidence of a
*‘growing”’ dynamic contribution; dynamic effects should be looked for in
the dependence of K}, and K4 on K, not on Aa. Here, as well as in the
dependence on Aa, the results are wholly consistent with the authors’
static approach.

In their Fig. 9, the discussers plot the results in a somewhat more complex
way to eliminate the “erroneous impression” given by the authors’ simple
plots of K, and K4 versus K. At first sight, it appears that the discussers’
representation has succeeded in losing any distinction between the two
methodologies within the scatter in the data. It is the authors’ opinion,
however, in looking closely at the discussers’ Fig. 9, that, despite the
scatter, the results there are noticeably better represented by the straight-
line corresponding to K, = 113 than to either of the curves corresponding
to constant K.

Finaly, the discussers “do agree that a trend of K4 increasing with Kg
remains ... but it would be premature to call upon this dependence to
invalidate the dynamic method. ...”" This is certainly not the only bit of

f’Kol:n.'ay.'ashi, A. S., Seo, K., Jou, J. Y., and Urabe, Y., “Dynamic Analyses of Homalite-100
and Polycarbonate Modified Compact-Tension Specimens,” ONR Technical Report No. 35,
Department of Mechanical Engineering, University of Washington, Seattle, Wash., March
1979.

7 Crosley, P. B. and Ripling, E. J., this publication, pp. 321-337.
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datum that supports the static rather than their dynamic approach. The
following has also been shown:

1. The static approach described the crack jump length in a thermally
shocked pressure vessel better than the dynamic approach.®

2. By using a static analysis, data collected on fatigue precracked tapered
DCB specimens were able to predict whether or not a running crack would
arrest in an SEN specimen.’

3. K, data collected with tapered DCB specimens and compact specimens
gave the same scatterband as a function of test temperature.'

4. The use of a static analysis was also shown to be justified on the
basis of crack velocity and strain measurements made over the course of
a run-arrest segment of crack extension.!!

8Crosley, P. B. and Ripling, E. J., “Crack Arrest Studics,” Final Report for Electric Power
Research Institute Project RP-303-1, March 1979.

Crosley, P. B. and Ripling, E. J. in Proceedings, Third International Conference on
Pressure Vessel Technology, Part II, Materials, Fabrication and Inspection, San Antonio, Tex.,
1973, pp. 995-1005.

1ORipIing, E. J., Crosley, P. B., and Marston, T. U., in Proceedings, American Society
of Mechanical Engincers/Canadian Society of Mechanical Engineers, Pressure Vessel and
Piping Conference, Montreal, Que., Canada, 25-30 June 1978.

Crosicy, P. B. and Ripling E. J. in Proceedings, International Conference on Dynamic
Fracture Toughness, London, England, June 1976.
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ABSTRACT: Time-varying shear force measuring techniques have been used to
investigate the dynamic critical stress-intensity factor versus crack propagation velocity
curve. The product of the shear force at the loading end times the square root of the
loading time on a rapidly wedged double cantilever beam specimen is uniquely related
to the critical bending moment at the crack tip. Static compliance measurements on
side-grooved specimens were incorporated into a Bernoulli-Euler beam mode! for
calibration purposes and to climinate the inappropriate built-in beam assumption. The
compliance calibration shows a crack length shift from a measured crack length to
a beam model length at a fixed compliance value. This shift does not affect the
magnitude of the calculated critical bending moment at the crack tip when the load
and the load-point displacement are measured quantities. The effective crack length
is calculated from the beam model length with the length shift correction. The Ki4-
values (calculated from the critical bending moment) versus crack velocity have been
investigated at several test temperatures for a low-carbon steel. Kjg-values show a
generally decreasing trend when crack velocity increases. K| ar fast fracture initiation
is larger than the corresponding Ki4-value for all tests recorded.

KEY WORDS: cantilever beams, crack propagation, fracture properties, critical
stress intensity, crack velocity

A series of K14 versus crack velocity data for AISI 1018 cold-rolled steel,
tested at different temperatures, is presented in this paper. Ki4 versus
crack velocity values are calculated from a directly measurable quantity—
the time-varying shear force at the loading end of the rapidly wedged
double cantilever beam (DCB) specimen.

The fracture initiates from a sharp starting crack in the DCB specimen

'Research assistant and professor, respectively, University of Rochester, Rochester, N.Y.

14627. Coauthor Chow is presently at De Havilland Aucraft of Canada, Ltd., Downsview, Ont.,
Canada.
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with rapid wedge loading. Energy is continuously supplied to the test
specimen by the time-varying loading force. The slender beam-shaped test
specimen has a critical bending moment, M*, at the crack tip [1,2].2 M* is
related to the specific fracture surface energy, R, by M* = (RwEI)'2,
where w is the width of the crack path, E is Young’s modulus, and I is the
moment of inertia of one arm of the beam about the neutral axis. For the
constant displacement rate loading DCB, the product of the shear force
across the loading end times the square root of the loading time is pro-
portional to M* [3,4]. Therefore, R can be deduced by measuring the
time-varying shear force across the loading end of a DCB specimen. Kiq is
assumed to be related to R by a simple static relation, R = Kis>/E(1 — »2),
where E is Young’s modulus and » Poisson’s ratio.

V-shaped side grooves were machined-into all DCB specimens tested in
the present work. Because of these grooves, the specimen was softer than
beam model predictions. A static compliance measurement incorporated
into a Bernoulli-Euler beam model uses a crack length shift at a fixed
compliance value. Since G is proportional to the slope of the compliance
versus crack length curve, the length shift correction does not affect the
magnitude of the K-value. Therefore, the length shift does not affect the
magnitude of the calculated critical bending moment at the crack tip when
the load and the load-point displacement are the measured quantities.
However, crack lengths obtained through beam models must be shift-
corrected. The time derivative of the crack length gives the crack propa-
gation velocity, /.

In this paper, the test scheme used is briefly described in the first section.
Static compliance measurements which lead to corrections to the beam
theory are then presented. The Kj4 versus crack velocity curves are de-
scribed in a section on experimental results. Comparison of K- and K}4-
values at the fracture propagation point are then discussed. Finally, gen-
eral conclusions are summarized.

Test Scheme

All the DCB specimens are machined to have the longitudinal direction
coincide with the rolling direction of the AISI 1018 cold-rolled steel plate.
The DCB specimen, which is designed to be a slender beam and to remain
essentially elastic throughout the fracture test, has the nominal dimensions
of 2.54 by 5.08 by 42 cm. A more detailed description of the design of the
DCB specimens has been reported elsewhere [5,6]. A pair of 60-deg V-
shaped side-crack guiding grooves were introduced in the thickness direction
of each side of the beam. The width of the fractures varies from 0.64 to
1.27 cm by increments of approximately 0.32 cm. The fracture is initiated

ZThe italic numbers in brackets refer to the list of references appended to this paper.
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from a short machined starting crack, about 3 cm long, with a swallow-tail
cut and fatigued to be totally about 6 cm long. The specimen is fractured
by inserting a 30-deg wedge which is attached to a massive, 300-kg ham-
mer that free falls from a wedge drop machine from a height of approx-
imately 2 m. The energy in the wedge is orders of magnitude larger than
the energy in the fracture event. The wedge applies an essentially constant
deflection rate of about 1.6 m/s on each arm of the DCB specimen. The
loading machine has been described in detail in Refs. 5 and 6.

A 90-deg strain-gage rosette is mounted, close to the loading point, on
the neutral axis of one of the DCB arms. The rosette monitors the time-
varying shear force across the beam during fracture propagation. The time-
varying shear force is recorded for calculating Ks-versus-{ values. The gage
and recording instruments used for fracture test are experimentally shown
to be adequate for the specified DCB specimen [4].

Static Compliance Calibration

The side grooves for guiding the crack propagation direction have a
significant effect on the deformation of the precracked part of the DCB
specimen [4, 7,8]. A detailed description of static compliance measurements
on the specified fracture specimen is reported in Ref 4. The measured
compliance values at different simulated crack lengths are shown in Fig. 1.
The compliance, C, when plotted as C'”* versus the beam length is a
straight line as beam models predict (Curve S). Curve D is based on the
dynamic analysis [2] and the experimentally measured total fracturing time
[3] of a specimen with this specified geometry.

The measured compliance value increases monotonically with respect to
the simulated crack length, /, and increases rapidly when the crack tip is
1'2 beam heights from the free end of the beam. The measured compliance
values are a reasonable straight line (Curve E) that does not go through the
origin.

Figure 1 shows that the compliance values of the beam models are lower
than the measured values for the same crack length. This comparison
indicates that the beam length predicted by the simple beam model is
Jonger than the crack length for the same compliance value. Figure 1 also
shows that by keeping the compliance value fixed and shifting curve E a
distance Al to Curve S, then both curves will match each other almost
perfectly. For any simulated crack length, /, the compliance value is cal-
culated from the simple beam equation in Fig. 1. For this compliance
value, a corresponding beam length, I, = Imodel, of the built-in beam
model can be obtained.

=1, — Al (1
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FIG. 1—Measured compliance values and beam model compliances versus crack lengths.
Curve E is a fitted curve of measured values. Curve S is a Bernoulli-Euler beam on a rigid
foundation with V-shaped side-grooved cross section. Curve D is a dynamic Bernoulli-Euler
beam on a rigid foundation with a V-shaped side-grooved cross section.

Al depends on specimen geometry including the side grooves and may
depend on elastic moduli as well. Figure 2 is a plot of / versus /y, from the
measured compliance. The curve is fitted linearly to have a slope of 1 and
the Al-value is found to have an average value of 1.84 cm with at most
—8 percent deviation at the initial crack length and less than £2 percent
for / > 8 cm. Equation 1 is the calibration that relates the crack length to
a simple beam crack model.

Fracture Test Data

Typical recorded fracture test data of the time-varying shear force, Q(¢),
which is monitored by a 90-deg strain-gage rosette, are shown in Fig. 3. A
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FIG. 2—Corresponding beam model crack length 1y, at a fixed compliance value versus the
measured length, 1.

detailed description of these data have been reported in Ref 4. The Q(z)
trace is digitized to form Q(¢)s2, which is proportional to the critical
bending moment at the crack tip, M*. However, a smoothed Q(¢)t!* curve
is used to calculate R(t) since the oscillations that appear on Q(¢) and
Q)12 are believed to be from stress waves producing complex beam
vibrations. The numerically smoothed Q(¢)t!’? curve is constructed from
only three constants: the first gives the average Kid-values; the second

specifies if K14 increases or decreases with velocity; and the last looks for a
minimum in the curve. The smoothed Q(¢):!’? curve is used to provide,
first, R (¢), and thus Ki4(¢), as mentioned earlier, and second, /(t) by the
built-in beam model [2-4]. .(¢) is corrected by Eq 1 to provide an effective
crack length [(z). The derivative of /(¢) gives the crack propagation velocity,
i(t). At each instant of time there is a Kiq and a corresponding /-value.
Thus, K4 versus { from a single test can be obtained.

Experimental Results

Kia-versus-/ curves are the final results from the rapid wedging dynamic
fracture test. The test temperatures used in this study were —196, —140,
—78, —60, —40, and 0°C.
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FIG. 3—Scaled and smoothed Q(t) and Q(t)t!'? traces for the test at —78°C. The peaks
shown on Q(t) are also shown on Q)2

The fracture surfaces of the specimens tested at —196°C are reasonably
flat. In addition to the flat fracture, there are only very small shear lips.
The thickness of the specimen satisfies the static requirement for plane-
strain conditions. Thus, the dynamic stress-intensity values are presumably
plane strain. Figure 4 shows the summary of these tests. Kj4 decreases as /
increases when [ is below about 50 m/s. K14 reaches a minimum value ver-
sus / in the range of 50 to 80 m/s. As / becomes higher than 80 m/s, Kig
increases slightly as / increases. The upper three curves, (i), (ii), and (i),
show higher Kjq4-values at high / values. This may be due to a slight tem-
perature gradient occurring throughout the specimen. The temperature
close to the crack initiation end is slightly higher than the temperature at
the far end of the specimen. The specimen from the two lower curves, (iv)
and (v), have been very carefully controlled to give a uniform temperature.
The slightly increasing trend of the Kig-versus-/ plot on the high / side
may also be due to overestimating the resistance to fracture initiation
because the starting crack, which is saw-cut, is not sharp enough—although
it is dovetailed.
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FIG. 4—K,, versus { for a series of tests at —196°C.

The fracture surface for the —140°C test is reasonably flat and is similar
to tests at —196°C. The starting crack on this specimen is also saw-cut.
K14 versus [ behaves the same as for the —196°C tests; see Fig. 5.

The fracture surface for the test at —78°C is flat for the most part and
appears rough near the very end of the specimen. A fatigue precrack is
the starting crack. K4 decreases monotonically as / increases in the tested
[range as Fig. 6 shows. Kj¢-values from both Curves (i) and (ii) have good
reproducibility although the /-range changes quite a bit.

Kia vs [ for the —60°C tests is shown in Fig. 7. All three specimens
broke only halfway down the beam. The fracture surfaces were still quite
flat. Curve (i) of K14 versus / shows a minimum around / = 50 m/s. This
minimum may be due mostly to a temperature gradient (as mentioned
early in this section) throughout the specimen, and partly due to the
bluntness of the starting crack. Specimens for Curves (ii) and (iii) have
been carefully temperature controlled and have fatigued precracks. The
low-end / values may deviate quite a bit from the true /, yet K 4-values
show nice reproducibility.

Both specimens tested at —40 and 0°C have fractured over 30 cm and
then have broken off. A fatigue precrack is used as the starting crack. The
fracture path is quite flat at the beginning part and then turns rough in the
latter part of the specimen. In addition to the roughness of the fracture
path, there are a lot of broken ligaments on the fracture surfaces. These
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effects cause the crack to propagate quite slowly, and Kiq4 is very high at
low /-values; see Figs. 8 and 9. Figure 10 is a plot of Q(¢) and Q(2)¢'? versus
t for the 0°C specimen. The stress wave oscillations on Q¢!/? are significantly
smaller than the absolute change in the value of Q#/2 during the test. It
follows that at higher temperatures the rate dependence of crack prop-
agation is a significantly stronger effect than the stress wave oscillations.

For all specimens with either swallow-tailed starting cracks or fatigue
precracks, the peak-load Kic-values are higher than the K-values at the
highest crack velocities. A typical example is shown in Fig. 3. Ky cor-
responds to the first peak in the Q(¢)¢'/2 trace. Physically, this point in-
dicates the onset of fast fracture propagation as discussed in Ref 4. K4 is
the corresponding point at the same time value on the smoothed Q(#)¢'
curve. The peak point is always higher (higher value in Q¢'/? scale) than
the corresponding point on the smoothed curve. The higher Qt!/2-value
gives a higher stress-intensity value, K-values for all the K. tests reported
vary from 1.2 X 105to 5 X 105 (MN m ~%/2)/s.

Conclusions

Time-varying shear force measurements have been applied to double
cantilever beam specimens for studying dynamic crack propagation. This
technique is based on the theory that the shear force across the loading end
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of a rapidly wedged slender DCB specimen times the square root of the
loading time is proportional to the critical bending moment at the crack
tip, M*. Static compliance measurements were used to incorporate the
built-in beam model to the side-groove effects on the DCB specimen. The
constant length shift correction will not affect the magnitude of M* and
gives an effective crack length after correction. This correction is valid even
for more-sophisticated beam models [9,10] with side grooves [4]. Q()'/2 is
numerically smoothed to eliminate stress wave oscillations and this smoothed
curve then provides the information for calculating Kia(t) and ). K
versus / has a generally decreasing trend as / increases, and |3K4/9|
increases as temperature increases. For a single test, [ usually varies by a
factor of 10.

This rapidly wedged DCB specimen test is unique in that the crack
velocity starts at a high value and decreases throughout the test. The test
has stability when Kq at initiation is approximately the same value as
Kiya and dK1a/dl is negative. This keeps the crack’s K-value during the
fracture event continually increasing. Crack propagation-arrest test speci-
mens, however, seem to dominantly test where dK14/8l is positive. Since
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dK14/8l is negative in the low range of crack speeds, slow crack velocities
are typical of the rapidly wedged DCB test. Occasionally a test specimen
breaks an ‘“‘arm” during testing. This phenomenon is associated with the
lack of stability of the fracture plane remaining on the symmetry plane of
the slender DCB specimen. When the crack leaves the symmetry plane, the
K-values tabulated are suspect. The reproducibility of the fracture tests
was shown in the previous section. For achieving good reproducibility, a
stiff wedge, a fatigued starting crack, and a well-controlled temperature
environment are recommended. Kjc-values at the onset of fast fracture
propagation are also noted. These values are higher than the corresponding
Kjg-values for all the tests at different temperatures for this low-carbon
steel.
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ABSTRACT: The dependence of the dynamic plane-strain fracture toughness, K14, on
crack velocity was measured for propagating cracks in SAE4340 steel at room tempera-
ture. It has been shown that K¢ for SAE4340 steel in the quenched-and-tempered con-
dition increases slowly for increasing crack velocity up to ¢ = 100 m/s and then increases
sharply above 100 MNm ~32 at a > 1000 m/s.

KEY WORDS: crack propagation, crack velocity, dynamic fracture toughness, double
cantilever beam specimen, high-strength steel, axial force

Nomenclature

ch
Kld
M

Crack length

Crack-tip velocity

Cross-sectional area of one arm of specimen
Longitudinal wave velocity

Shear wave velocity

Double cantilever beam

Modulus of elasticity

Generalized dissipative force

Shear modulus

Half height of the specimen, Fig. 1

Moment of inertia of one arm of beam

Static fracture toughness

Dynamic fracture toughness for a running crack
Applied bending moment
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Generalized coordinate

0
~

Q Shear force
t Time

T Kinetic energy

u Displacement of neutral axis of beam, Fig. 1
V Potential energy

V. Constant end loading velocity of beam

W  Specimen thickness

x, y Rectangular coordinates, Fig. 1

v Effective specific surface energy

Y, Reversible specific surface energy

vp Irreversible specific surface energy

¥ Mean angle of rotation of cross section about neutral axis
v Poisson’s ratio

p Density

o

ys Static uniaxial yield stress

The fracture failure of pressurized pipelines, bridge girders, or ship hulls
can be prevented by stopping propagating cracks before the structural in-
tegrity of the unit is completely lost. Crack arrest in a structure requires that
the dynamic stress-intensity factor in the structure be less than the material’s
dynamic fracture toughness K4. This paper is concerned with dynamic
crack propagation in the commercially important SAE4340 steel. The discus-
sion consists of (1) a description of the DCB specimen model being used for
experimental data analysis at the Institute of Physical Metallurgy, and (2) a
brief summary of the most important results on K4 measurements by two in-
dependent experimental procedures. It is the author’s hope that the research
results reported here will provide further insight into dynamic fracture and
will be of use in the improvement of K4 measurements.

A Model of the DCB Specimen Using a Timoshenko Beam on
a Rigid Foundation

The geometry of the DCB specimen loaded by a time-dependent force Q(r)
and a bending moment M(z) is schematically illustrated in Fig. 1. The load-
ing causes a horizontal crack to propagate from left to right. In elaborating
the mathematical model, because of symmetry we shall consider only the up-
per half of the specimen in the rectangular coordinate system x, y. The origin
for this system is at the loaded end of the specimen, as shown in Fig. 1. The
motion of the crack at any time must be in agreement with Hamilton’s princi-
ple for nonconservative systems

Ha(T— V)+k§le6qk]dt=0 1)
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M(t)

2h

M(t)

q(t)

FIG. 1 —Schematic illustration of a DCB specimen opened by a force Q(t) and a bending mo-
ment M(t), including the notation used to describe the specimen geometry and the coordinate
system.

where

T = kinetic energy,

V = potential energy of system,
F; = kth generalized dissipative force, and
g, = kth generalized coordinate.

According to the Timoshenko theory of elastic beams, the kinetic energy is

_ 1 du(x, t)\2 W (x, 1)\
T_2§o [pA< ot >+Ip< t de 2)

where

A = wh = cross-sectional area,

p = mass density, and

u(x, t), Y(x, t) = average deflection of cross section and mean angle of
rotation of cross section about the neutral axis, re-
spectively.

The potential energy arises from strain energy of the bent part of the beam,
the reversible surface energy calculated by integrating the reversible specific
surface energy v, over the fracture area, and from work done by the applied
shear force Q(t) and the applied bending moment M(¢)
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~a(r) 2 2
V:li [EI <6¢(x, t)> + oA <3u(x, H e t)> }dx
2)0 ox ox

t yowa(t) — QO)u(0, 1) — MY (0, 1) (3)

where

E = Young's modulus,
v = Poisson’s ratio,
G =E/2(1 + v), and
I = wh3/12 = moment of inertia for a rectangular beam of height A.

The irreversible part of the surface energy v, gives a generalized dissipative
force

Fl = W'Yp (4)

By inserting Eqs 2-4 into Hamilton’s principle, Eq 1, we obtain, following
some variational manipulations [12]?

hulx, ) W ) 1 3%l o) ,_G ,_E
ox? ax  Csr  ar Cs*= o €= 0
(5)
Py | A C <6u(x, D )= L D
ax? 1 2\ o x )‘ c.? o
GA (—a"("‘ 2y t)) —o0, EH®ED-Mey @
ox ox

for x = 0, and for x = a(t)
<3u(a, t) )2 Cg? A | - <d(t) )2
dx CL2 1 Cs

la, t)\? a(t) \? 2yw
tl— |1 == |=—=
G- () - F o
where v is specific fracture surface energy and is given by the sum of the
reversible and irreversible specific fracture surface energies

Y=Y T, (8)

In addition, the symmetry of the problem and the assumed rigid support of

2The italic numbers in brackets refer to the list of references appended to this paper.
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the beams at the crack tip specify the deflection and the rotation of the
deflected beam at the crack tip [that is, x = a(¢)] as zero

ula(t), t] = 0, Yla(p), ] =0 )]

The Timoshenko beam equations, Eqs S, represent a special case of the more
general equations, derived by Kanninen [/], for a beam on an elastic founda-
tion. Equation 7 gives the fracture criterion at the crack tip. For long slender
DCB specimens, such as used in Refs 2-4, Eqs 5 may be reduced to one
equation of Bernoulli-Euler beam motion, and the fracture criterion, Eq 7,
then yields the condition on the bending moment at the crack tip

%ula, t)
Ix?

ET = (2ywED!? (10)

recently derived by Bilek and Burns [5]. It is interesting to point out that Eq
7 restricts maximum crack velocity in the DCB specimen to C; although the
less-general expression, Eq 10, allows virtually unlimited a(¢).

Equations 5 represent a hyperbolic system which is readily solvable
numerically, with the boundary and initial conditions corresponding to the
current experimental procedures, by using a least-squares or a finite-differ-
ence technique. In particular, for fixed displacement loading [x(0, t) = con-
stant] or constant opening rate loading [u(0, ¢) = V,t], the specific fracture
energy v (and hence K4) may be calculated from the recorded crack length
dependence on time. Also, the crack velocity profile may be found if the
function y(a) [or K 4(a)] is specified.

Dependence of Fracture Toughness of SAE4340 Steel on Crack Velocity

Studies of unstable and stable crack propagation over a wide range of
crack velocities were carried out [6] in order to establish the K4 — & depen-
dence in SAE4340 high-strength steel in the quenched-and-tempered condi-
tion: oil-quenched at 870°C and tempered at 385°C for 1 h (0}, = 1367
MNm ~2). The unstable crack propagation study employed DCB specimens
which were slowly wedge-loaded as described in Refs 7-9. Essentially, the
identical specimen geometry used recently to investigate SAE4340 steel prop-
erties [10, 11] was applied, the only difference being that the specimen thick-
ness was increased to 25 mm to meet the ASTM Test for Plane-Strain Frac-
ture Toughness of Metallic Materials (E 399-74) requirements at high crack
velocities. The crack velocity was varied by changing the root radius of the
starting notch from 0.2 to 1 mm; crack velocities were measured using crack
propagation gages of Type MM CPC 03. During a typical test, a steady-state
velocity was maintained from the start until shortly before arrest. Only for a
> 1000 m/s did the crack velocity vary somewhat between fracture initiation
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and crack arrest. This behavior is consistent with earlier results on PMMA
[12] and it is obviously related to a strong increase of K 4 with crack velocity
[13]. The effect of vertical compressional force was eliminated with the help
of the tie-down device proposed in Ref 7. The dynamic fracture toughness
values, K4, calculated by the model proposed in the previous section are
shown in Fig. 2 for 20 specimens successfully fractured (from 25 specimens
tested).

Rapidly wedged DCB specimens were used to produce a stable crack prop-
agation with crack velocities @ < 150 m/s. Rigid loading of the test speci-
men was achieved by using a 25-deg wedge firmly mounted on the bottom of
the moving carriage of a drop-weight fracture machine used for NDT testing.
Specimens of outside dimensions 55 mm high by 25 mm wide by 380 mm
long, with deep side grooves similar to the specimens designed in Refs 3 and
6 were used. The thickness of 12.5 mm across the grooved section was suffi-
cient to provide valid plane-strain K4 data. The R.F. current technique
developed by Carlsson [/4] was applied to measure crack length versus time.
The crack velocity in DCB specimens that are opened at a constant rate
varies continuously throughout the test; it decreases as the crack length in-
creases, so that Ky may be recorded as a function of & in a single test. The

150

x - Bilek [6] rapid wedging !
= - Present Study,rapid wedging with tie down device
*| o- Present Studyslow wedging with tie down device
a-Hahn et al[ 8], slow wedging ! i
o i
'S_‘ 100 | e - Angelino[15]), TPB test —g.'o-— —— ]
|E é,
z
. A
Eé K,c=62MNm "2 5080
X Yax x o
SO abgox e et et " r Ry 0 3
. .—'—.—'—"xx xm -l)?.f}. x% "
* x 7 <ot ad Sx’
. % X0x @
Ol, | L1 it L1 ! L1 ] Lo

1 10 100 1000
o[m s‘t]

FIG. 2—Velocity dependence of K 14 values for SAE4340 steel. A logarithmic abscissa is used
because of the wide range of a.
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K4 data are calculated numerically from a Timoshenko beam model were
nearly identical, within numerical errors, to data obtained directly from the
analytic Bernoulli Euler beam model [5]. The foregoing analyses tacitly
assume a DCB specimen ideally wedged at a constant rate and ignore the ef-
fect of axial force produced by wedging. The K4 data for SAE4340 steel [6]
were not properly treated from this point of view. In the course of this work
we removed completely the influence of axial force, using the tie-down device
similar to the device used in slow wedging tests. The K 4 results are plotted in
Fig. 2. In the same figure, the Battelle data [9] and recent data by Bilek [6]
on the same steel are plotted, as well as the data derived by Angelino [15]
from three-point bend (TPB) tests for a similar steel, UCN-100. Figure 2
clearly indicates the influence of axial force on rapid wedging K |4 data and
consequently on the interpretation of the K{y — a curve. The K |4-values are
somewhat higher in their dependence on crack velocity when the tie-down
device is used. Within the experimental error the K4-values are a constant
or slightly increasing function of up to @ = 100 m/s and then increase
sharply in accordance with the results of Refs 9 and 15. This conclusion
is also consistent with the results from photoelastic coating on 4340, ob-
tained by Kobayshi in this symposium, which had a minimum K4 at zero
velocity. In addition, the K4 data determined from stable (rapid wedging)
and unstable (slow wedging) measurements correspond well in the velocity
range @ = 60 = 150 ms~!, demonstrating a significant similarity in these
two experimental methods discussed already by Malluck and King [16].
The preliminary fractographic measurements revealed the predominantly
intergranular fracture with secondary cracks at high crack velocities (@ >
100 m/s). In specimens fractured at relatively low velocity, the fracture is in-
tergranular; however, some well-developed cleaved areas are observed, and
the transition between intergranular and cleaved areas is often marked by
dimpled regions. '

Conclusion

The concepts of the slowly and rapidly wedged DCB specimens have
proven to be useful tools for dynamic fracture toughness measurements for a
wide range of crack velocities. The K4 data presented in this paper are self-
consistent and the agreement with other values in the literature is good. Both
experimental techniques are extensively used to study Ky — & dependence
for various steels at different temperatures [/7]. With the help of the tie-
down device proposed in Ref 7, the effect of vertical compressive force was
eliminated in slow and rapid wedging experiments. However, further investi-
gations of this effect on crack dynamics in rapidly wedged specimens are
necessary. Specifically, a detailed numerical analysis is desirable that takes
into account the influence on crack propagation of the stress waves generated
by the wedge impact.
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ABSTRACT: Early and incomplete results of a multilaboratory test program ex-
amining two procedures for measuring crack arrest toughness are presented. The
program involves 30 laboratorics, with each participant conducting 10 tests, in-
cluding eight of a common heat of A533B steel. The preliminary results are en-
couraging. No special difficultics in applying the test procedures have been en-
countered and the test specimens are performing satisfactorily. The results appear to
be quite reproducible. Crack arrest toughness values derived from the two procedures
with a static analysis agree closely, but values calculated using a dynamic analysis
differ by about 50 percent. A possible source of this discrepancy is identified.

KEY WORDS: Cooperative Test Program, crack arrest toughness, AS33B steel

The details of two new sets for measuring crack arrest toughness were
presented by Crosley and Ripling [1]® and Hoagland et al [2] on 23 March
1977 at the meeting of the ASTM Dynamic Initiation-Crack Arrest Task
Group (now E-24.01.07). Following discussions, the Task Group ap-
proved a suggestion by W. F. Brown, Jr. to carry out a multilaboratory
cooperative testing program designed to acquaint potential users with the
two test procedures. Representatives of nine U.S. laboratories at the
meeting expressed interest in participating, and G. T. Hahn agreed to
serve as the program’s coordinator. Further, T. U. Marston on behalf of
Electric Power Research Institute (EPRI) offered to supply a large piece of

'Professor of metallurgical engineering and research professor of material science, re-
spectively, Vanderbilt University, Nashville, Tenn, 37235,

2Senior researcher and researcher, respectively, Battelle Columbus Laboratories, Columbus,
Ohio 43205.

IThe italic numbers in brackets refer to the list of references appended to this paper.

248

Copyright® 1980 by ASTM International Wwww.astm.org



HAHN ET AL ON COOPERATIVE PROGRAM 249

AS33B steel to serve as the common test material. Additional support was
subsequently provided by both EPRI and the Nuclear Regulatory Com-
mission (NRC).

Since that meeting, the program has grown into a multinational effort,
involving the 30 laboratories listed in Table 1. Test pieces have been
produced from the common plate, distributed, and testing has begun. This
paper describes the program and presents early but incomplete findings
which are encouraging. They show that the measurements themselves are
reproducible and identify a number of questions about their interpretation
that remain to be resolved.

Crack Arrest Test Procedures

The aim of the ASTM Cooperative Test Program is to examine the two
test procedures for measuring the crack arrest toughness. This quantity
is regarded as the minimum in the variation of the fast fracture with crack
velocity {3] and is designated Kim. The two procedures are very similar.
They both employ specimens, shown in Figs. 1 and 2, adapted from the
compact tension specimen design of the ASTM Test for Plane-Strain

TABLE 1—Participants in cooperative program on crack arrest toughness measurements.

United States Italy
Babcock and Wilcox Centro Sperimentale Metallurgico
Battelle
Combustion Engineering Japan
General Electric IHI

Materials Research Laboratory

Naval Research Laboratory

Oak Ridge National Laboratory

U.S. Army Material and Mechanics
Research Center

University of Maryland

Westinghouse Electric Corp.

Denmark

RISQ National Laboratory

Finland

Technical Research Centre of Finland

France

Centre d' Etude de Bruyére le Chatel of
Commissariat a I'Energie Atomique

Germany

Bundesanstalt Fur Materialprufung
Institut Fiir Festkorpermechanik
Kraftwerk Union

Slaatlichen Material Priifungsanstalt

Kawasaki Steel
Mitsubishi Heavy Industries
Nippon Kokan

The Netherlands
Koninklike/Shell-Laboratories
Metals Research Institute (TNO)

Norway
Norsk Veritas

South Africa
Atomic Energy Board

Sweden
Royal Institute of Technology

United Kingdom
British Welding Institute
Central Electricity Generating Board
U.K. Atomic Energy Authority
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FIG. 1-—Weld-embrittled crack arrest test specimen: W = 169.4 mm, N = 12.7 mm
(0.075W), a = 59 mm (0.35W), B = 50.8 mm, D = 25.4 mm (0.15W), By = 0.75B.

Fracture Toughness of Metallic Materials (E 399-74). Both specimens
incorporate a blunt starter slot and a starter section to facilitate crack
initiation. The overall dimensions are not very different: W = 169 mm for
the Crosley and Ripling design; W = 208 mm for the other. The specimen
thickness is S1 mm in both cases. Both procedures load the specimen by
relatively slow, transverse-wedge loading illustrated in Fig. 3. The two
basic measurements called for are also nearly the same. One measurement,
the crack length at arrest, is common to both procedures. The other
measurement seeks to evaluate the load-line displacement, and while this is
done at two different stages (at the onset of fracture [2], and after arrest
in the other [1]) the results obtained should be nearly the same because
fracture proceeds with almost constant load-line displacement for stiff
wedge loading.

The two procedures do differ in several respects:

Starter Section—To facilitate initiation of a run-arrest event in relatively
tough steels, Crosley and Ripling deposit a thin, ~3-mm layer of brittle
weld bead at the tip of the wide starter slot. In contrast, the Hoagland
et al specimen employs a massive, hardened AISI1-4340 steel starter section
which is electron beam welded to the test section. In this case, the narrow
slot is cut into the 4340 steel after welding. The two specimen types are
referred to as the “weld-embrittled”” specimen and the ‘“duplex’” specimen
in this paper.

Initiation of Run-Arrest Event—To facilitate initiation of the fracture,
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FIG. 2—Duplex crack arrest test specimen: W = 208 mm, B = 50.8 mm, By = 0.75B.
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FIG. 3—Transverse loading arrangement,



252 CRACK ARREST METHODOLOGY AND APPLICATIONS

a high compressive preload of about 450 KN is applied to the weld-embrittled
specimen before it is loaded in tension. Initiation in the duplex specimen
is controlled by adjusting the slot root radius and by load cycling, that is,
unloading and reloading the specimen in the event it fails to break at the
desired Kg-level.

Instrumentation—The displacement gage in the weld-embrittled speci-
men is located near the crack mouth a distance 0.25W from the load line.
The load-line displacement is then inferred from a correlation reported
by Roberts [4]. In the duplex specimen the displacement is measured
directly at the load line.

Analysis—Crosley and Ripling apply a static analysis which neglects the
kinetic energy in the specimen at the instant of arrest. Hoagland et al
use a dynamic analysis which accounts for kinetic energy but neglects
damping prior to arrest [5]. In principle, both analyses can be applied
to either procedure.

Cooperative Test Program Scope and Schedule

The program provides for the conduct of 10 crack arrest tests by each
participating laboratory:

1. Test 4 weld-embrittled specimens of AS33B following the Crosley and
Ripling [1] procedure.

2. Test 4 duplex specimens of the same plate of AS33B following the
Hoagland et al [2] procedure.

3. Test 2 “practice” specimens of AISI-1018 steel. The practice spec-
imens are of the weld-embrittled type and are intended to allow each
laboratory to check out procedures and instrumentation.

4. Two tests on A533B are to be performed with each procedure at
room temperature, and two at 0°C. The AISI 1018 specimens will be
tested at room temperature.

The program provides for a total of 300 tests by the 30 participating
laboratories. Both the static and the dynamic analyses are being applied
to each set of test results.

To minimize variability connected with specimen fabrication and ad-
vance the program’s schedule, all of the weld-embrittled specimens were
fabricated by the Materials Research Laboratory (MRL) and all the duplex
specimens by Battelle Columbus Laboratories (BCL), and were supplied
to the participants with appropriate loading wedges. Specimens were
shipped in July and August of 1978. The schedule called for communi-
cation of the test results to the program coordinator before 30 Jan. 1979,
and the completion of a final report in time for presentation at the March
1979 ASTM E-24 meeting in Atlanta.
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Description of the Common Plate of A533B Test Material

The test specimens for the Cooperative Test Program were cut from a
plate 2.529 by 5.607 by 0.246 m which was given the following heat treat-
ments prior to testing:

1. Austenitized for 4 h at 871°C and water-quenched. -

2. Tempered for 4 h at 663°C and air-cooled.

3. Stress-relieved for 40 h at 593 to 649°C and furnace-cooled at 55 deg
C per hour to 316°C.

The chemical analysis and the conventional mechanical properties of
the plate are given in Tables 2-4. These show that the material falls within
the specification for AS33 Grade B plate. The drop-weight measurements
conducted at Battelle indicate a nil-ductility transition (NDT) of —40°C.

TABLE 2—Chemical analysis of A5338 steel.

AS33B Specification

Element Basic Requirement Residuals* Actual
C (max) 0.25 .. 0.22
Mn 1.06 to 1.62 ... 1.56
P (max) 0.035 0.015 0.011
S (max) 0.040 0.018 0.011
Si 0.13t00.32 .- 0.26
Mo 0.41 to 0.64 .. 0.54
Ni 0.37t0 0.73 e 0.60
Cu (max) 0.12 0.111
V (max) ... 0.06 0.009
Sn .- e 0.011
Cr ... . 0.099
Al ... .. 0.024
Nb ... ... 0.009
Zr .. ... 0.003
Ti ... et 0.002
B e e 0.0003
Co ... e 0.019
w . .. 0.003

“Nuclear reactor beltline considerations (Paragraph X2 of AS33B).

TABLE 3 Tensile properties of A533B steel.

Test Temperature, Yield Strength, Tensile Strength, % Reduction
°C MPa (ksi) MPa (ksi) in Area
23 473 (68.6) 628 (91.2) 55.1
—18 486 (70.5) 646 (93.8) 543

—40 497 (72.2) 663 (96.2) 56.9
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TABLE 4—Drop-weight results.

1. —12°C (+10°F) no break

2. —23°C(—10°F) no break

3. —34°C (—30°F) no break

4. —50°C (—58°F) break (out of notch)
S. ~46°C (—50°F) no test

6. —46°C (—50°F) break

7. —40°C (—40°F) break

8. —34°C (—30°F) no break

NDT = —40°C (—40°F)

NOTE: Head weight = 27 kg (60 Ib); drop = 1.524 m (5 ft); as-
sumed minimum strength = 425 MPa (60 000 1b/in.2)

However, the Charpy data (see Figs. 4 and 5) are the deciding factor in
determining the RTypt of —20°C. The two test temperatures RT and 0°C
are therefore ~40 and 20 deg C above the RTypt, respectively. Deter-
minatjons of slow loading and rapid loading fracture toughness values of
the test plate are planned.

Results of the Cooperative Test Program

Incomplete results from 14 of the participating laboratories received

120 T T T T T T

Charpy-V Notch ® ft.1bs. Rdg's.
00| COOP A5338 O ft. 1bs. Ave. _{

75 f1.1b.

ft. Ibs.

NDT = -40°F (-40°C)
RTNDT =-5°F (-20°C)

DT 55°F

I | 1 | J
-50 [o] 50 100 150 200 250
Temperature,°F

FIG. 4—Charpy V-notch energy values for Cooperative Test Program A533B steel (1 ft-Ib =
1.356J).
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FIG. 5—Charpy V-notch lateral expansion values for Cooperative Test Program AS533B steel
(I in. = 25.4 mm).

before 27 Oct. 1978 are summarized in Tables S and 6. Note that the
laboratory numbering system is intended to preserve the anonymity of the
participants and does rot correspond to the listing in Table 1. Also, the
symbol K. is used to identify crack arrest toughness values derived with
the static analysis using measurements of both test procedures, and Kin, is
used to identify values derived with the dynamic analysis from both pro-
cedures. Kja and Kyn are regarded as different estimates of the crack
arrest toughness.

The resuits obtained so far are very encouraging. None of the lab-
oratories has reported any special difficulties in applying the two test
procedures, and the test specimens are performing as intended. Photo-
graphs of an entire set of fractured and heat-treated specimens provided
by Laboratory 19 are shown in Fig. 6. These are reasonably typical of
the photographs received to date. The different crack front profiles for
the AS33B steel specimens tested at room temperature shown in Fig. 6
are common to both duplex and weld-embrittied specimens. The ap-
pearance of the crack front in the 1018 specimen also is quite characteristic.
Battelle’s experience is that the erack tends to lead at the top face of the
AISI 1018 specimens.
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AS338

Test temporature:

FIG. 6—Photographs of a set of fractured and heat-tinted crack arrest specimens supplied
by Laboratory 19.
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A5338

Test temperature: 23°C

AS3IB

Test tomperature: 0°C

FIG. 6—(Continued.)
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FIG. 6—(Continued.)

The available results are presented in the form of histograms in Figs.
7-11, and as a function of the size of the crack jump in Figs. 12-16. Sta-
tistical analyses are summarized in Table 7. These show that the results are
quite reproducible. In fact, the variability of measurements may be smaller
than indicated in Table 7. This is brought out by Fig. 12, which contains
evidence of dependencies of K1, and Kim on the size of the crack jump.
Both Ky;- and Kim-values in this figure fall with decreasing crack jump
size for Aa < 30 mm, and Ki.-values with increasing crack jump for Aa =
75 mm. Since such a crack jump size dependence will alter the inter-
pretation and statistical analysis of the data, the results in Table 7, which
do not recognize a crack jump size dependence, should be regarded as
highly tentative. Possible origins of the crack jump size dependence are
discussed by Hahn et ‘al [6] in a symposium note not included in this
volume.

The data reveal the following similarities and differences among the
results of the two test procedures and two methods of analysis:

1. The Ki-values obtained from duplex specimens agree reasonably
well with those obtained from weld-embrittled specimens. The Kja-values
from duplex specimens are about 10 percent larger than the ones from
weld-embrittled specimens.

2. In contrast, there is a large difference in the Kin-values derived from
the two specimens. The Kim-values from duplex specimens are 50 percent
larger than the ones calculated from weld-embrittled specimens.
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FIG. 7—Histograms of crack arrest toughness values of cold-worked 1018 steel derived
from weld-embrittled specimens at room temperature.
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FIG. 8—Histograms of crack arrest toughness values from the static analysis for A533B
steel specimens tested at room temperature.
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FIG. 9—Histograms of crack arrest toughness values from the dynamic analysis for A533B
steel tested at room temperature.
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FIG. 10—Histograms of crack arrest toughness values derived from the static analysis for
A533B steel specimens tested at 0°C.
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FIG. 11—Histograms of crack arrest toughness values derived from the dynamic analysis
for A533B steel specimens tested at 0°C.
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FIG. 12—Variation with the size of the crack jump of K,-and K; -values derived from
the weld-embrittled 1018 practice specimens.
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FIG. 13—Variation with the size of the crack jump of K,,- and K, -values derived from
weld-embrittled A533B steel specimens tested at room temperature.
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FIG. 14— Variation with the size of the crack jump of K, -and K, ,-values derived from
duplex specimens of AS33B steel tested at room temperature.
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FIG. 15—Variation with the size of the crack jump of K, -and K, -values derived from
weld-embrittled specimens of A533B steel tested at 0°C.
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FIG. 16— Variation with the size of the crack jump of K- and K,,-values derived from

duplex specimens of A533B steel tested at 0°C.
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TABLE 7—Statistical analyses results.

: Standard
Test Specimen Test Condition Mean Deviation

A. Static Analysis—K,,, MPa m!/2

Weld-embrittled 1018-RT 84.75 12.36
Weld-embrittled AS533B-RT 109.17 11.67
Weld-embrittled AS533B-0°C 88.23 5.61
Duplex AS533B-RT 117.4 12.86
Duplex AS533B-0°C 96.83 7.41

B. Dynamic Analysis—K;,,,, MPa m'!’2

Weld-embrittled 1018-RT 92.76 12.12

Weld-embrittled AS533B-RT 114.75 10.99
Weld-embrittled AS533B-0°C 92.61 11.04
Duplex AS33B-RT ©164.75 17.56
Duplex AS533B-0°C 147.16 9.24

3. The static and dynamic analyses lead to about the same crack arrest
toughness values when applied to weld-embrittled specimens. The Kim-
values are about 10 percent larger in this case.

4, Again, in contrast, the two methods of analysis do not agree well
when applied to duplex specimens; Kin-values are about 50 percent larger
than Kj, here.

A large part of these discrepancies may be connected with the correlation
of Roberts [4] which Crosley and Ripling [/] employ to calculate the load
line displacement, V, from the measurements of displacement across the
slot mouth a distance 0.25W from the load line, A. Simultaneous measure-
ments of these two displacements performed on weld-embrittled 1018
and AS33B steel specimens show that the correlation underestimates
the load-line displacement at the onset of fracture and particularly for
short cracks. A comparison of the calculated and measured correction
factors is given in Table 8. These new corrections would serve to, first,
increase the small discrepancy between the Kj,-values from the two tests;
second, eliminate about half the discrepancy between K, -values noted in
Item 1 of the foregoing; and, third, introduce a greater difference between
Kim- and Kj,-values for the weld-embrittled specimen (see Items 3 and 4 of
the preceding). Confirmation of the corrections in Table 8 from other
participants is desirable.

TABLE 8—Correction factors for displacement values.

Crack Length, mm V/A Calculated Measured
a =59 (a,) 0.612 0.733
a = 138 (arrest) 0.776 0.747
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Conclusions

1. Early and incomplete results of the Cooperative Test Program are
encouraging. No special difficulties in applying the test procedures have
been encountered, and the test specimens are performing satisfactorily.

2. The results appear to be quite reproducible. Crack arrest toughness
values derived from two procedures with a static analysis agree closely,
but values calculated using a dynamic analysis differ by about SO percent.

3. The correlation between load-line displacement and crack mouth
displacement is identified as one possible source of the discrepancy. Con-
firmation from other participants is desirable.

4. The statistical analysis of the variability may be complicated by a
systematic dependence of certain arrest toughness values on the size of
the crack jump. This should become clearer when more results are avail-
able.
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ADDENDUM

Between the time the paper was prepared and the writing of this Ad-
dendum, the data collection portion of the Cooperative Test Program has
been virtually completed. In addition, certain errors in both procedures
have been identified and corrected. These modifications produced sig-
nificant changes in the results, bringing Kjp and Ky, data from both
procedures into closer agreement. Therefore, it is the purpose of this
addendum to expedite the reporting of the now-completed results of this
program with an analysis of the significance of the results to be reported at
a later date.

Table 9 is the updated version of Table 6, containing the means and
standard deviations of the K5 and Kj, results. These data have been
recomputed from the raw data supplied by the various participants. The
recalculations were necessary because (1) the Crosley-Ripling procedure
used a compliance relation (at 0.25W from the load line) derived by Rob-
erts [7] which leads to underestimates of K for short crack lengths in their
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TABLE 9—Computed results of Cooperative Test Program.®

Material and Number Standard
Test Specimen Test Condition  of Data Mean Deviation
A. K, Results

Weld embrittled  1018-RT 52 88.8 12.4 (13.9%)
Weld embrittled  AS3313-RT 55 114.0 15.2 (13.3%)
Weld embrittled  AS533B-OC 44 97.0 18.0 (18.6%)
Weld embrittled  A533B-OC 407 92.3 9.9 (10.8%)
' 40° 92.3 9.9 (10.8%)
Duplex AS33B-RT 49 112.0 25.3 (22.5%)
Duplex AS33B-0OC 44 87.4 20.4 (23.3%)
40° 85.8 20.3 (23.6%)

B. Kip, Kip, Results

Weld embrittled ©  1018-RT 52 112.1 14.1 (12.6%)
Weld embrittled  AS533B-RT 55 138.7 16.0 (11.5%)
Weld embrittled  AS533B-OC 44 122.1 24.6 (20.2%)

400 115.3 12.3 (10.6%)
Duplex AS33B-RT 46 142.2 23.6 (16.6%)
Duplex AS533B-0OC 43 132.0 13.7 (10.3%)

390 131.2 13.9 (10.6%)

?Data from weld-embrittied specimens computed using compliance data derived by
Newman. All stress-intensity data from duplex specimens decreased by 11.4 percent to
account for bending of split pin.

bData from Laboratory 5 excluded.

specimen, and (2) the testing method in the Hoagland et al procedure
called for measurements of load-line displacements on the split pin which
introduce errors, producing an overestimate of K. The first source of
error is reduced by replacing the Roberts compliance relation with a
relation computed by Newman [8] which has been shown to be accurate for
a crack-line, wedge-loaded compact specimen [9]. This correction increases
the average Ko of the weld-embrittled results by about 21 percent with a
corresponding increase in Kj,,. The second correction is based on measure-
ments comparing the relative displacement of the two halves of the split
pin with the load-line displacement on one face of specimen. These mea-
surements indicate that the split pin displacement is 11.4 percent larger
than the actual load-line displacement, probably because of bending of the
pins. It should also be noted that this correction contains an element
of uncertainty because it may vary from specimen to specimen.

One particular set of data, that from Laboratory S, was unusually large
and judged to be atypical. For this reason, Table 9 lists the means of K1,
and Kp, K exclusive of Laboratory S data as well as for the entire data
set. It is now apparent from this more complete compilation of results
that there exists fairly good agreement in both crack arrest toughness
parameters between the two procedures. On the basis of these findings,
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the ASTM E-24 Crack Arrest Task Group is proceeding in the design of
a round-robin program to evaluate a recommended practice on crack ar-
rest.
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ABSTRACT: Two procedures to characterize crack arrest toughness have been
proposed to the ASTM E24.03.04 Committee for possible adoption as a testing
standard. One of the procedures, proposed by Battelle Columbus Laboratory (BCL),
uses results from a dynamic computer code based on an energy balance criterion.
This computer code is utilized to construct two reference curves which relate Kjp /Kg
or Kipn with Aa/a, and V/c, with Aa/a,. Here Kjp represents the plane-strain
fast fracture toughness, Ky the minimum value of plane-strain fast fracture tough-
ness or plane-strain crack arrest toughness, K¢ the initial stress intensity, V the
crack velocity, ¢, the bar wave velocity, Aa the crack jump distance, and a, the initial
crack length.

With these two reference curves for a given specimen geometry and a knowledge
of Kq, co, and Aa/a,, not only is the determination of the crack arrest toughness
Kipm proposed but also the characterization of the stress-intensity factor and crack
velocity relationship.

The authors have utilized a one-dimensional version of the computer code developed
by BCL to examine the predicted crack behavior in Homalite 100 and have made
comparisons with experimentally observed crack behavior. This paper discusses the
following aspects:

1. Comparison of the predicted crack positions with experimentally observed
positions for rectangular double cantilever beam (R-DCB) models.

2. Influence of the shape of the K versus crack velocity (4) relationship on the
reference curves generated for the R-DCB geometry.

3. Examination and comparison of the BCL code-generated K-versus-a@ curve
with the experimental curve for R-DCB and crack line loaded (CLL) compact speci-
mens.

4. K levels and velocities predicted by the reference curves compared on a test-by-
test basis with experimentally observed values.

1 professor and associate professor, University of Maryland, College Park, Md. 20742,
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KEY WORDS: stress intensity factor, battelle columbus laboratory procedure,
crack arrest toughness, K-versus-a relationship, crack velocity, dynamic photoelasticity

The Battelle Columbus Laboratory (BCL) approach to measuring crack
arrest toughness was examined by comparing predictions made by utilizing
the suggested procedure with experimental results. The BCL procedure
bases the determination of arrest toughness on measurements of crack
jump length and stress intensity measured at the instant of crack initiation.
These values are used along with provided reference curves to determine
the arrest toughness.

The reference curves are generated by a finite-difference computer code
which uses an energy balance criterion to determine crack speed and
propagation distance. This program is described in more detail by Hahn
et al [1,2].2 The reference curves plot the ratios of Kip/Kq or Kip,/Kq and
V/C, versus the ratio of crack jump length to original crack length (Aa/a,).
Curves are provided for rectangular double cantilever beam (R-DCB) and
compact tension (CT) specimen geometries of both ordinary (single ma-
terial) and duplex composition. Knowing the value of crack jump distance,
one can determine not only K4 but the velocity of propagation as well.

The reference curves provided have been generated for a material such
that K4 is not a function of crack speed (a). In the prospectus for the
Cooperative Test Program [3] it is stated that the same reference curves
should work well even for a material with a highly dependent K-versus-q
relationship since changes in this particular parameter have been shown to
have little effect on the reference curves.

This paper presents an examination of the proposed BCL procedure.
The following aspects are considered:

1 Crack position for a Homalite 100 R-DCB model as predicted by
the BCL computer code is compared with experimental results obtained at
the University of Maryland.

2 Changes in the BCL reference curves as a result of inputting the
photoelastically determined K-versus-a relationship for Homalite 100 are
determined for the R-DCB geometry.

3 Experimental data are used as specified by the procedure to determine
K-versus-a relationships for three different materials (Homalite 100,
Araldite B, and 4340 steel). Where possible, modified reference curves
(those generated by input of the photoelastically determined K-versus-d
relationship) are used to yield the predicted K-versus-a functions. These
generated curves are then compared with experimentally determined
values.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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4 Finally, K and velocity values predicted by the BCL procedure are
compared with the experimentally determined ones on a test-by-test basis.

Critical Examination of Proposed BCL Procedure

Prediction of Crack Position as a Function of Time

The computer code used to generate the BCL reference curves was
used also to study crack propagation behavior in a wedge-loaded R-DCB
fabricated from Homalite 100. The program input was matched to the
initial conditions of a similar experiment conducted at the University
of Maryland.

The geometry of the model was similar to the BCL specimen and is
presented in Fig. 1. The model had an initial crack length of 77 mm and
unstable crack propagation began with a wedge load of 343 N. The cor-
responding value of Ko was 0.667 MPavm and the crack ran 119 mm
before arresting. Details of the experiment are presented in Refs 4 and 5.

The K-versus-¢ curve determined from tests of six such models was

/— B=12,7
p

26 DiA
50 O 140 = 2h
J_ +
25— f——— 0,
O {

L g .

Test No. Model No, ag (mm) 1. (mm) P (s}/N a, (mm) Fl (in./scc/r'n/icc)
59 1 48 300 -/ - 256 15,500/ 394
63 2 74 276 160/712 - 14,500/ 368
64 3 53 278 48/214 109 8,070/350
65 4 77 278 77/343 196 11,700/297
66 SA 77 276 62/275 101 3,700/95

124 6 65 276 56/249 90 1,700/43

FIG. 1—Geometry of R-DCB models (1 Ib. = 0.45 kg).
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utilized along with specimen geometry and other properties of the Homalite
100 material as input for the BCL one-dimensional computer code.

Figure 2 gives the a-versus-¢ values obtained from both the experimental
test and the computer output. Note that the computer input for Ko was
0.7 MPavm rather than the experimentally measured value of 0.67 MPavm.
This was done since the particular version of the computer code that
was available did not have an accurate routine for calculating Kq. The
routine used did not give the required pin displacement of 0.19 mm for a
Ko of 0.667 MPavm . Hence the value of Ko was raised slightly in order to
have the proper pin displacement prior to crack initiation. The code
predicted first arrest at 188 mm, which was in reasonably close corre-
spondence with the first experimentally observed arrest at 196 mm. The
computer predicted a velocity of 325 m/s, which is 9.5 percent higher than
the optically measured value of 297 m/s.

Effect of K-Versus-a on Reference Curves.

The K-versus-a relationship for Homalite 100 has been determined by
Dally and Kobayashi [6]. Figure 3 is the curve determined for R-DCB’s
by dynamic photoelasticity [2]. The subroutine depicting a constant K-
value was removed from the BCL computer code and replaced by one
which uses the hyperbolic function indicated in Fig. 3 to approximate
the K-versus-a behavior for the material.

A one-dimensional version of the BCL program was used by Gehlen of
BCL to generate the reference curves given in Fig. 4. These reference
curves are for R-DCB's and are valid for the geometry given in Fig. 1.

In Fig. 4, three different curves are presented. The solid curve is the
reference curve presented in the Cooperative Test Program procedure and
is for a material with K independent of &. The curve denoted by solid
circles was generated with the I-shaped K relationship from an analytic
model which contained torsional springs along the crack line as well as
typical elastic springs. The curve denoted by open circles represents results
from using the I' relationship with an analytical model without the torsional
springs along the crack line.

From viewing Fig. 4a it is seen that the published reference curve falls
between the results obtained with and without torsional springs. The
maximum deviation occurs at large jump distances. The BCL curve tends
to overpredict K-values by about 11.0 percent at a Aa/a, value of 1.7 when
compared with the curve containing torsional springs. It tends to under-
predict by about 8.0 percent at the same Aa/a, ratio when no torsional
springs are used in the analytical model. In both cases, the prediction
using the BCL curve with regard to K-level appears to be sufficient (being
well within 10 percent of the reference curves for the case of nonconstant K).

The curves for velocity given in Fig. 45 do not agree quite as well. The



274 CRACK ARREST METHODOLOGY AND APPLICATIONS

*GQ 152 40f awnr fo uonounf v so uonisod Yov4H)—7 ‘O

(s7) aAnL
008 009 00 002

(g, W NWOL ) wi/sd 089 =0y
i

J_dhzuz_xumxu/

{ IVANININIDX3I)

NOILV 307

483y4v Pwm_k/

NOILDIO3¥d  ¥ILNIWNOD

[el]}

ozl

ovl

091

08|

00z

X HL9N3T  MOVHD

(ww)



275

FOURNEY AND KOBAYASHI ON MEASUREMENT PROCEDURE

(Uounzads goq-y 1oy

-wdofiun v ynm paunuialap) ggi dnjvwol 4of Y 40120f Qsuana-ssodis fo uonounf v sn g Q120fa8 Yo04n—~—¢ DI

21 NN

N ¥OLOVI ALISNILNI SSIMHLS

ot 90 90 0 30 [
oot 0001 008 008 gL 099 Qs oQe 09 003 oro
wp-1sd ,136 :2.2:.!\.\&0 |
w038 Q98 » Wi
wia.1sd O = Oy o 9°0N~O—
SoN—~B— 13
04—~
£'0N~—4—
- 3708 —¥—
9 1oN—~0— ]! 2
I3q0K >
| R
- :
P - $'90% ]
1 72 " . w N ui = F3 £ 34
AR 7 O S
: <
£
Ir-
oo
lal®
> =
o o
o0v 3 0 IXIER ] w - e
J&
a 3




276 CRACK ARREST METHODOLOGY AND APPLICATIONS
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FIG. 4a—Reference curves for determining stress intensity Ky for R-DCB geometry.

published BCL curve (solid line) overestimates velocities up to 10 percent
for the case with torsional springs and up to 29.0 percent for the case with
no torsional springs at higher values of Aa/a,. Just as in the case with
K reference curves, the differences decrease as the value of Aa/a, de-
creases, giving identical results for jump distances less than 40 percent of
the original crack length.

The question of which of the two corrected curves (with or without
torsional springs) best fits the experimental data is addressed in a later
section.
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FIG. 4b—Reference curves for determining velocity for R-DCB geometry.

Prediction of K-Versus-a from BCL Procedure

In addition to the R-DCB reference curves, the BCL compact tension
reference curves published in the Cooperative Test Program procedure [3]
were used as follows to determine points on the K-versus-a curve for
Homalite 100 and Araldite B materials. Crack-opening displacement at
load line was recorded during loading of modified CT specimens with
the geometry given in Fig. 5. The value at the onset of rapid fracture
was used to calculate K. This and the crack jump distance were used with-
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FIG. 5—Modified compact tension model geometry.

the reference curves to determine a value of Ky, and velocity for the test.
These points were plotted so a comparison of K-versus-a¢ as predicted by
the BCL procedure could be made with the photoelasticity-determined
relationship.

Figure 6 shows the results obtained for three Homalite 100 tests utilized
in postarrest tests at the University of Maryland. The three predicted
points are in reasonable agreement with the experimentally generated
curve. Modified curves reflecting an experimental K-versus-g¢ relation
input were not available for the CT geometry, but trends obtained from
the R-DCB curve can probably be applied. Hence, the largest d-value
shown could be high by about 10 percent. Such a correction would make
the agreement in Fig. 6 somewhat better. ‘

Figure 7 presents similar results obtained for modified compact tension
(M-CT) specimens made from ‘Araldite B material. Again, as in the case
of the Homalite 100, the agreement is good at small jump lengths but
becomes worse as larger Kq-values are utilized. The experimentally de-
termined curve in Fig. 7 is for specimens tested at Maryland and the
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FIG. 7—Comparison of BCL predicted K-versus-4 relationship for Araldite B—R-DCB and
M-CT geometries.

detailed results are the subject of another paper in this volume [7]. Also
shown in Fig. 7 are R-DCB results from data published by Kalthoff et
al [7]. The agreement is better for the R-DCB geometry, but again at
higher velocities the predicted curve falls to the left and in this case above
the experimentally determined reference curve.

Results for R-DCB specimens made from Homalite 100 are shown in
Fig. 8. The solid curve in Figs. 8a, 8b, and 8¢ is the same and was ob-
tained from photoelastic experiments. Figure 8a shows results from apply-
ing the BCL published reference curve to seven different tests. Figure 85
shows a comparison which utilized reference curves from the analytical
model with torsional springs. Finally, Fig. 8¢ is a comparison of the results
obtained by assuming no torsional springs. The best comparison in this
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particular case is clearly obtained with the reference curve that assumes
no torsional springs along the crack line. It is noted that the value of Aa
corresponding to the highest velocity point in Figs. 84 through 8¢ is slightly
too large (Aa = 119 mm: amax = 106 mm) to meet the criterion for a
valid test as presented in the BCL procedure [3]. The results from this
same test have been compared in detail earlier in this paper with the
BCL procedure and have shown excellent agreement from the standpoint
of propagation distance and crack speed.

As a matter of interest, the result from Test 259 [9] for a R-DCB speci-
men loaded with a relatively compliant system (plastic pins and wedges)
is also shown in Fig. 8a. The BCL code assumes a rigid loading system and
the prediction for the compliant model by the BCL procedure is well to
the left of the correct K-versus-a relationship.

Some of the test results reported in Fig. 8 are from experiments in which
crack opening was not recorded but where Kq-values were determined
from the readings of the load on the wedge taken just prior to crack
initiation. It was difficult to account accurately for the friction present
in those tests. In order to increase the data available for comparative
purposes and to achieve more accuracy, another series of R-DCB ex-
periments was conducted in which actual crack opening was measured.
The results from the BCL prediction procedure as applied to this new
series of test are presented in Fig. 9.

It is noted that the specimen material for this series of tests was from
a different shipment of Homalite 100 and the K-versus-a relationship
determined photoelastically was found to be shifted considerably to the
right (Kim = 0.52 MPavVm as compared to 0.38 MPavm for the first
three shipments). The solid line in Fig. 9 represents the photoelastically
determined function. The points plotted represent the prediction made
from the BCL published reference curves. The predicted ‘“‘curve” falls to
the right of the photoelastically determined K-versus-a relationship. Since
the relationship of stress-intensity factor to velocity is not the same as
used in generating the corrected reference curves, they are not strictly
applicable in this case. The trends are more than likely to be the same.
The no-torsional-spring model would decrease velocity values and increase
K-levels predicted. The model with springs would likewise lower velocities
and at the same time lower K-levels.

The lowermost predicted point in Fig. 9 is just barely considered a
valid test since the crack jump that occurred was only slightly larger
than the specimen thickness (Aa = 13.08 mm compared with B = 12.7
mm).

The two points identified with darkened circles in Fig. 9 represent
the results of the BCL procedure as applied to two tests in which the
crack propagation occurred under “fixed grip” conditions. In these tests
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FI1G. 9—Comparison of R-DCB K-versus-a relationship for new shipmeni of Homalite 100.

a displacement was applied to the pins and they were rigidly locked in
place so that no change in displacement could occur during propagation.
This rigid loading system is more in line with the assumptions made by
the BCL code. The points are shifted to the right when compared with
results for nonfixed conditions.

Figure 10 shows predictions made for 4340 steel CT specimens of the
Materials Research Laboratory (MRL) design. The details of the tests
are described in a separate paper by Kobayashi and Dally [/0] in this
volume. A split photoelastic coating was applied to the surface of the
4340 specimens and a K-versus-¢ function was determined by reflection
photoelastic techniques. A large number of steel specimens were used
to determine the stress-intensity factor as a function of crack speed. Only
three resulted in arrest sufficiently far from the end of the specimen to
be considered valid from the BCL criterion for a valid test. Of these three,
the uppermost one, is borderline valid. The crack jump length was 76.45
mm and the crack jump length permitted by the BCL procedure was
75.44 mm. As has been the case with all the predictions presented, the
points determined from the BCL procedure lie to the left of the curve
determined photoelastically, with the deviation increasing at the higher
velocity. values.
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FIG. 10—Comparison of 4-K relation obtained using BCL reference curve with results
from birefringent coating experiments—4340 steel compact tension geometry.

K and Crack Velocity Levels

The K-levels predicted from the BCL procedure are normally lower
than those determined photoelastically. This is especially true at the
higher crack velocity values. Comparisons presented have shown that for
the R-DCB geometry K-values are better predicted from the use of the
corrected (for proper K-versus-i input) BCL reference curve that assumes
no torsional springs.

Table 1 presents values of velocities—actual and predicted—from various
tests conducted at the University of Maryland. When possible all three
predicted velocities (BCL published curves, torsional spring reference
curves, and no-torsional-spring reference curves) are presented. It is
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TABLE 1—Comparison of Predicted Velocity (m/s)
with Experimentally Measured Values.

No Torsional Torsional

Test Actual Springs Springs BCL
354 214 . . 261

65 297 232 294 325

66 66 108 109 109
124 43 133 133 133
258 97 106 105 105
352 © 92 e . 104
357 285 . . 316

apparent from the table that the published BCL curves result in predicted
velocities that are too large (Test 354, for example, had a velocity of 214
m/s compared with a predicted value of 261 m/s). The analytical model
with no torsional springs, which was found to predict the K-level most
accurately, appears to underestimate the velocities at higher values. The
analytical model with torsional springs seems to predict the actual velocities
closer than the other two reference curves examined.

Summary

Comparisons have been made between experimental values and pre-
dictions utilizing the BCL procedure for determining crack arrest toughness.

For the one model examined in detail the BCL predictions of arrest
distance and crack velocity were good.

The reference curves published are in disagreement by as much as
10 percent at high jump distances when compared with curves generated
by using a correct K-versus-a relationship as computer input.

The K-versus-¢ curves determined from the procedure show a backward
lean which is not observed in the experimental results.

Velocities as predicted from BCL published reference curves appear
to be larger by approximately 10 percent than values determined ex-
perimentally.

Kim—if determined by averaging a significant number of separate
Kim-values as predicted by the procedure—appears to give a good estimate
of the experimentally determined value. The values utilized in the averaging
must be from a number of tests which cover the entire range of crack
speeds.
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ABSTRACT: Crack propagation and arrest measurements have been made using six
pressure vessel steels and a submerged-arc weldment. The base-metal crack arrest
toughness, Ky, is found to increase [inearly with temperature above nil-ductility transi-
tion (NDT), and between NDT and (NDT + 100°C) is substantially greater than K.
NDT is found to be a more consistent reference temperature than room temperature
NDT (RTypy). It is suggested that the absolute value of K|, at any temperature is com-
posed of cleavage and dimpled-rupture contributions, with regions of dimpled rupture
being contained in shear walls norma! to the crack plane and paraliel to the direction of
crack travel. Shear walls which do not completely fracture are the source of unbroken
ligaments observed on the fracture surface. The arrest toughness of the weldment is
significantly lower than that of the baseplate and displays little evidence of unbroken
{igaments or shear walls.
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a Crack length
a, Crack length at arrest
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H Height of shear wall
Jy. Path-independent integral associated with crack initiation
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K, Static stress intensity following crack arrest
K. Plane-strain fracture toughness
Kp Propagating crack toughness
Ky Dynamic loading value of K,
K, Crack arrest toughness, minimum fast fracture toughness
Kir Reference toughness curve [§]
NDT Nil-ductility temperature (ASTM E-208)
RTnpr Reference nil-ductility temperature [8]
Standard error of estimate
t Extent of heavy slip in vicinity of shear wall
Vi Volume of plastic material per unit of projected crack area
w  Dimension from centerline of loading pin to far end of com-
pact specimen
Wp  Plastic work per unit volume
6, Load-line displacement at crack arrest
6, Load-line displacement at crack initiation
¢ Fracture strain associated with a shear wall
o Flow stress

Interest in crack arrest centers around situations where a rapidly prop-
agating crack encounters tougher material. The postulated loss-of-coolant
accident in reactor pressure vessels is an example. In this case a crack will
grow into increasingly warmer and less radiation-embrittled steel. Because of
the need for making improved predictions, increasing interest has been
focused on methods for measuring the toughness associated with crack
arrest.

ASTM Committee E24.01.07 is evaluating procedures for measuring ar-
rest toughness, denoted K. Two methods are under consideration and a
Cooperative Test Program (CTP) utilizing both is in progress as discussed in
a companion paper [I].# The present paper reports a crack arrest data base,
material variability, and a fractographic interpretation of K. It describes
the results obtained in crack arrest experiments on several heats of reactor
pressure vessel steels and of a submerged-arc weldment. The procedure in-
cludes the use of the duplex compact specimen and a dynamic analysis of the
test data [2]. Each experiment yields a value of Kjp, the propagating crack
toughness. In turn, Kj,, the arrest toughness, is the minimum value of Kip
at the particular test temperature. The experimental data also yield values of
K., the static stress intensity after crack arrest, which is also being con-
sidered as a measure of Ky, by ASTM E24.01.07.

Methods of applying K, data in a computer model of crack arrest in a
cylinder under thermal shock conditions are discussed in a second com-

4The italic numbers in brackets refer to the list of references appended to this paper.
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panion paper [3]. Taken together, the procedures and results of the three
papers offer the prospect of improved predictive capability of crack arrest in
structures of practical interest.

Procedure

Data Base Materials

Four plates of A533B steel, two pieces of AS08-2 steel forgings, and a
submerged-arc weldment were received from various sources. Mechanical
properties, mostly provided by the suppliers, are given in Table 1. The K-
values were estimated using either Jy. or equivalent energy, while the other
data are obtained from standardized tests. Chemical analyses, heat
treatments, and more mechanical property data of these materials are given
in detail elsewhere (Heat CTP: Ref I; other AS33B heats plus the weld: Ref
4; AS08 heats: Ref 5). With the exception of a low chromium content in the
Battelle Columbus Laboratories (BCL) heat, all of the chemical contents are
within specification. The heat treatments are all based on commercial prac-
tice. Figure 1 shows the static fracture toughness levels of these heats where
available. Most of the values above 200 MPa m!/2 are suspect since they were
obtained using the equivalent-energy method [6]. These are reported only for
completeness.

Experimental Methods

All tests were performed using duplex specimens with stiff wedge loading.
The procedures have been reported previously [2, 7] and will not be repeated
in detail here. Briefly, the specimen consists of a starter section of high-
strength low-toughness steel which is electron-beam welded to a block of the
material being tested. The two specimen designs and sizes are given in Fig. 2
along with the transverse wedge loading arrangement currently being used.
In the earlier parts of this research the double cantilever beam specimen was
used. More recently the compact specimen has been adopted. The former
design has better crack-arresting capability, while the latter does not need
deep side grooves. The starter section contains a blunt notch so that excess
strain energy is stored in the specimen and is used to drive the crack once it is
initiated. The load-point displacement and crack length at arrest are
measured. These quantities are then used to calculate propagating-crack
toughness with the aid of reference curves derived from finite-difference com-
putations. These computations also allow one to determine crack velocity.
While the K,,-values reported are actually Kp-values, little error is intro-
duced since the K /velocity curve has a broad flat minimum [2] and our
data lie in this range. It should also be pointed out that the K, data are ob-
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FIG. 1—Temperature dependence of plane-strain fracture toughness of some reactor pressure
vessel steels and a submerged-arc weldment.

tained using the load-point displacement at initiation while Ky, measurement
involves displacement after crack arrest. '

Experimental Results

K;.., and K;, Measurements

The results of the crack arrest toughness evaluations for the different heats
of AS33B, AS08, and the weldment are summarized in Figs. 3-6. Detailed
tabulation of these data are provided in Table 2. The graphs make use of two
common indexing temperatures, the RTypt and NDT [&], to facilitate com-
parisons for the different materials on a single graph. The spread in the data
therefore reflects (1) material variability from specimen to specimen within a
heat, (2) heat-to-heat variability, (3) variability arising from the approximate
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DcB _cr
Height (mm) 140 250
Length (mm) 400 250
Thickness (mm) ‘ 50 50

FIG. 2—The double cantilever beam and compact tension crack arrest test specimens and
transverse wedge loading arrangement.

nature of the concept of a single indexing temperature (for example, NDT or
RTnpt), and (4) the possibility of variability arising from use of differing
specimen designs. Of these, materials variability is most pronounced and the
heat-to-heat variability is influenced by the choice of indexing temperature.

These four variabilities are not differentiated in the statistical analysis
discussed in the next section. The crack arrest toughness values are in each
case compared with (1) the average trend of (slow loading) K.-values for
these heats (see Fig. 1), (2) the Kg-curve, and (3) the upper bound of the
original K4-K;, data set which was used to establish the K g-curve [8].

The K, -values for the plate and forging materials in the range RTypr to
RTxpr + 70° generally fall in the band between K. and the upper bound of
the original K 4-K1, set, well above the Kg-curve. The K,,-values are about
equal to K at the RTypy but are less temperature-dependent than K. above
RTxpr- The K, -values for the submerged-arc weldment are significantly
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FIG. 3—Results of crack arrest toughness measurements on data base materials derived from
the dynamic analysis approach and indexed on RTynpp (Key to material symbols in Fig. 4.)

lower and, while falling in the band between the Kg-curve and the upper
bound of the K4-K|, set, are still significantly above the K g-curve.

The K,-values obtained from the same test specimens are on average 32
percent smaller than the corresponding K, -values. For the base materials,
the K,-values tend to fall into the band between the K g-curve and the upper
bound of the K, set. They also display less temperature dependence than K,
or Kg. The K,-values for the weldment straddle the Kg-curve. The present
K, measurements are compared with the data collection for AS33B plate
recently reported by Ripling et al [9], represented by the shaded band in Fig.
S. The Ripling et al values display essentially the same temperature
dependence but are approximately 20 percent lower than the present results.

Statistical Analysis

Results of the linear regression analysis of crack arrest toughness
measurements for the AS0O8 and AS533B base materials are summarized in
Table 3 and in Figs. 7-10. The results for the weldment were not included
because the data clearly represent a different population. As discussed in the
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FIG. 4—Results of crack arrest toughness measurements on data base materials derived from
the dynamic analysis approach and indexed on NDT.

following, the different fracture surface morphology of the weldment sup-
ports this exclusion. More information about the statistical analysis is
presented in the Appendix. Note that to the extent the data are normally
distributed about the regression line, the probabilities that a data point lies
above the 2s, and 3s, lower bound are 0.9773 and 0.9987, respectively.

The analyses show that both the K- and Kj,-values for the plates and
forgings fall significantly above the K g-curve. The tabulation of s,-values in
Table 3 also shows that the variability of the data is smaller when the NDT is
used as the indexing temperature as opposed to the RTnpr. The s -values for
K and K}, are comparable, and about 16 MPa m!/2.

Comparison of K,,-Values from the Two Specimen Designs

For some of the steels reported in this paper, both double cantilever beam
(DCB) and compact tension (CT) specimen designs (Fig. 2) were tested at
identical temperatures. These data obtained permit a comparison of the
results from the two specimens to determine whether the K, results contain
a geometry dependence. Referring to the summary of the test results con-
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FIG. S—Results of crack arrest toughness measurements on data base materials derived from
the static analysis approach and indexed on RT ypn (The shaded band represents the K, data
collection of Ripling, Crosley and Marston [9}).

tained in Table 2, there are three instances where both designs were used
under the same conditions: CBI steel tested at 35°C, CE tested at 35°C, and
BW steel tested at 0°C. (These temperatures are relative to the RTnprt.)
Averages of the results for each specimen type have been plotted one against
the other in Fig. 11.

Although the amount of data is insufficient for a sound statistical inter-
pretation, examining Fig. 11 shows that the agreement between the two
specimen types is good. There is some trend of the DCB results to exceed the
CT results although the discrepancy is of the order of 10 percent or less.

Effect of Crack Jump Length on K and K,

In previous papers [7,10] we have reported systematic variations of the
stress intensity at arrest, K},, with the length of crack jump. These data are,
however, subject to criticism since they were obtained using earlier pro-
cedures. In particular, sources of excess energy supply in the loading system
were present [4], with the result that the crack propagated farther than it
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FIG. 6—Results of crack arrest toughness measurements on data base materials derived from
the static analysis approach and indexed on NDT.

would have under fixed-grip conditions. The use of transverse wedge loading
has almost completely eliminated this problem. There has also been a change
in our measurement technique; we now use the displacement after crack ar--
rest to calculate Kp,, in accord with the procedure of Ripling et al [9].

Figure 12 shows the variation of Ky and K, with crack jump for two
nuclear pressure vessel steels tested at NDT and for one steel tested at slightly
differing temperatures. Similar results are obtained at other temperatures.
The systematic decrease of K, with crack jump length, reported previously
[7,10}, persists. On the other hand, Kp-values show no systematic crack
jump length dependence. Since larger crack jumps correspond to larger
crack velocities, this observation further demonstrates that the K;p/velocity
curve has a broad shallow minimum at these temperatures, facilitating deter-
mination of Ky,

Fractography

The crack propagation mechanism constitutes an important issue in inter-
preting the K;, measurements reported here. It has been shown by the



299

HAHN ET AL ON REACTOR PRESSURE VESSEL STEEL

L6 341 (1144 SP91 (4%} 8L°1 eL°1 € 8T'¢ q90d L6VA
SOt 9ST 8T 691 L'€8 00T S6°1 1T STe 400 s6-va
€Il 891 £9C 1°8ST 9'8L L6°T 961 61 e g0d 98-va
18 34 S0T L 6b1 $'69 (44! 't 0 6L°T R 11-va
€8 (48 8S1 S'8hI 0'89 £6°0 S8°0 0 6L°C 1D oll-va
LET €81 91T 9611 8'89 LTl LT SE peT LD L01-vd
(4% €81 SE€T 8°G€1 0¥ 6’1l 881 St 9¢°T qg0d POL-VA
141 S0z 6SC S'GET 0's8 91°C 60°C 0s 9¢5°¢ q40d 86-vd
18 L61 [4X4 6'tpl 0's8 17T 61°C N P8°C q0d 96-va
» p9tT < 9¢T 1'011 098 86°1 61 (118§ (1138 qg0d P6-¥Yd
o " oPLT< pLT 1°L01 PR yT'C 17°C oIl 0€'e g0a €6-vd
|44} 60T 86T 0°sel L°98 [ 4 €1t St p8°T qg0d 16-vd
LET 061 1474 L'9€T 9'p8 96°1 96°I 6v 6L'C q400a 68-vd
9G] [4 ¢4 65T p'8TI1 L'e8 (1]18r4 S0°T [4Y 95°¢ q40d 88-va
qgeesv 190
91 091 €07 Serl 9°t8 9¢°C 10°C pe £S'e q40a v-aa
1ot 1Y 981 9°Lpl 1°€8 6r°C 081 pe 19°¢. g0da €-ada
€6 (24! 61T I'8LT €8 00°¢ e1'e 23 16°1 q90a -ada
LOT 6€1 181 psel 0'Z8 LL'L 09°1 pe S8°I 40a I-ny
LY p6 S0t 8°€ST 1'€8 8T'¢ 86°1 0 1671 g0a I-aa
6t 98 pLT L'1TT 0'Z8 90°C €9°1 0 S8l qa0da Ny
[4y 8 ST 0°s0T 8°¢8 S9'1 LS’ 0 88°T g0d I-AV
9L SET £€0¢ L'1ST S'I8 61t 06'C 0 €81 g0d -0V
S8 1488 0LT S'951 8T8 161 S9°I 0 88°T g0da 0V
59 €8 St L'S81 €78 S9°1 or°1 0 S8 q0d 1-OV
I8 9Ll S8I1 6°891 8°78 86°1 08’1 0 S8°1 g0d [4:\4
L8 8T1 ILT S'6LT 9°Z8 88°I S9°T 0 S8l g0da 1804
qgeeSVy 109
WedN L WedN o, W edN ww ww ww ww Jo ww adfy, uolBdIUIP]
®ly aiy Oy “p Op ‘Eo 9 “LANJ -1 ‘snipey 100y uawdadg uswadg
ammreradway, Yo10N
aane[ay

SINSIY PUD SUOIIPUOY) TUIWIINSDAJA SSIUYINQ ] 15944y YOoD4) fo Lipwung—7 TGV L



300 CRACK ARREST METHODOLOGY AND APPLICATIONS

8II
69

121

ol
60T
9¢T
8¢T
I€T

n
L0T
peT
eIl
L6
61l

W EdN
®lyy

081
z61
81
0T
€1
€91
91
€1
9p1

4OE1

8yl
91T
149
9¢T
181
(41
881
681
FRLXAS
¥9¢
96T
S91
ISt
891

1M BdW
aly

$ST
17T
67T

67T
67T
£9¢
0€T
(414
74

SLT
9LY
€9
881
8T
87T
0€T
LET
9¢€T
8LT
8ST
1 74
IST
IST

M BN
Oy

S°0ST
L'ShT
S°L9lL
PIeT
6°9C1
et
1801
6°¢ll
L'SET
[ ]
9'6L1
£°9ST

wuw
‘vp

£€°9L
L769
0°0L
S'69
0°0L
(AL V3
L°69
69
S'69
L'89

$'89
L'89
S'89
L89
(A4}
678
678
pe8
¥'78
L8
878
p'8
€78
L'T8

wru
cop

9¢°I 8°I 144
97’1 It 9%
[£30 STY 0T
pe'l LTI 0t
€e°l STl 0T
[43 LTl (114
8S°1 [ 28t 0t
€e°l pT'I 0T
L9°T 8€°1 [4
[S20¢ [ X9 0
q4eesv 41O
96°0 S6°0 SE
96°0 96°0 11—
0’1 680 I
49 €0°1 0
1€°¢C 81°C St
€8°1 8L'T St
€671 081 €9
6°1 98°'I1 79
88" 1 P8I 01
yT'T 81T 201
(494 00°C 9
$0°C 96°1 <€
€0°C 96°1 s€
€0°C S6°1 St
q4EESV 3O
ww wuw Jo
‘re 0Q SLAN Y-
arnyesodwa ],
ANy

(A% 1D p9E1-0Y
vt 1D £r-ad
80°T 1D p8¢€-aQd
P01 1D pES"HY
91°l LD pSv-HA
9’1 1o SS-HY
LTl 1O (alee.]
€0°1 1O pOL-HY
Lt LD 88-HY
6T LD Y-
SO LD e-vd
STe LD Ie-vd
SCe 1D 0¢-ve
£e'e L3 67-vd
og'e 40d 9I-vd
S6°C 40d ST-vd
og'e q40d p1-vd
og'e 40d £I-vd
og'e 40d [A8 £
og'e 40d 01-vd
St 40d 6-vd
0e¢ 40d 8-v3a
0e°e 40d Lvia
STe q40d I-vd

ww adiy uoNIRIYIIUAP]

‘snipey 100y  UsWIoAdg uswioadg

Y210N

"ponuIN0)—7 FIAVL



301

HAHN ET AL ON REACTOR PRESSURE VESSEL STEEL

1ySredls 10U JUOIJ YOBID PIISILIY,
*plam oty 1e spuswidas 240048 opis daap-ww-g 7T sey uswpdadg,
*Papa3dXa AIAYM (WU /6 > DY > WW £g) Uawidads 150} siy) Joj JUSWSIOUL UOISUIIXI YIBID Ay} 10§ SPUNO] dANBIUd I,
*U0123s 153} 3} Ul 940013 ApIS 3y} Jo 1no pue ueld JO INO UBI PUE PaYdURIQ YorID,
*pom e paddoss yoer),

(48

SEI

21€C>
2102>
LTl
174
(118§
9¢1
206>
2£01>
SUI>

wi
8¥T
981
L81
L91

€Ll
08T
0€T

1374

1€
961
ST
STT
L¥T

9¢T
19T
1 (4
114
6CT
1) 14

STel
S'8pl
9'pST
€Ll
9791
1191

v61

£TLl
9°881
S'891
(VA
I'pSI
SI81
| Qr44
L9¢1
rovi
0°S6

Lepl
9°8¢1
1'v0T
£°SST

L'L9
699
L0L

L0L
oL
769
8°L9
L'L9
9°L9
L'L9
L'99

L'18

9’1
[A
So°'1
[44!
$6°0
el
8S'1

uswpPm 40

R R akakahakakababahahaihel

W =N ONONANNO =N
WO ANNTTOTON T OOT

-

80SV m¥»d

LET
8¢°1
00°1
0’1
68°0
80°T
96°0
86°0
LTl

Qo s
No®

T T e vy v v v v v v v vt

WA =TT
O CmTNmOANAN

0¢

0¢

RRR°R°

86
6¢
6t

BT

T v v v v v ) D)

oo~
ITnoao

1D
LD
LD
LD
LD
LD
LD
1D
LD

LD
1D
LD
LD
LD
LD
LD
LD
LD
LD
1D
LD
q40d
q40d

St-dd
-dd
0Z-d4
61-d4
pl-dd
l-dd
01-dd

6-dd

9-dd

fT-MHd
LT-Mmd
97-md
vi-md
£T-Md
w-md
| YAFX:
07-md
61-Md
8I-md
9I-Md
Si-md
r-md
1-md



302 CRACK ARREST METHODOLOGY AND APPLICATIONS

TABLE 3—Results of linear regression analysis of crack arrest toughness measurements.

Standard Error?

Intercept? Coefficient® of Estimate, Correlation

Variables A, MPam!? B, MPam!/2/°C MPam'?  Coefficient
Ky, versus T-NDT 116.1 1.28 16.8 0.8737
K, versus T-RTypr 126.9 1.19 21.3 0.7871
K, versus T-NDT 73.9 1.07 16.4 0.8382
K, versus T-RTypt 82.5 1.01 19.2 0.7694

K, = A + Bx, where x is either T-NDT or T-RTypr.
bSee Appendix.

300

Best Fit -
— —-— 2sy -and 3sy

K1pm(MPam'/?)

0 | U ST SN S B ]
0 20 40 60 80 100
T-RTyg7(C)

FIG. 7—Results of linear regression analysis of crack arrest toughness measurements on data
base materials derived from the dynamic analysis approach and indexed on RTypp

authors [1,12] and others [13, 14] that, when crack propagation in medium-
strength ferritic steels occurs by cleavage and ductile tearing, the cleavage
precedes tearing. As a consequence, near the crack tip the fracture surface
partitions into areas where separation has occurred by cleavage and ductile
tearing and into unbroken regions in which eventual failure will occur by
ductile tearing. This behavior commonly manifests itself in the nuclear
pressure vessel steels as large unbroken ligaments on the fracture surfaces of
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FIG. 8—Results of linear regression analysis of crack arrest toughness measurements on data
base materials derived from the dynamic analysis approach and indexed on NDT.

specimens tested at the NDT or above [/5]. Ligaments as large as 10 to 20
mm in length are sometimes observed. For example, the three broken pairs
of fracture surfaces shown in Fig. 13 display prominent unbroken ligaments.
All three specimens are of AS08 and tested at NDT + 30°C. In one case,
Specimen BW23, the ligament is along the edges of the fracture surface. In
this case the Kp-value is in close agreement with the values obtained from
the other two specimens which had much straighter crack fronts. Consider-
ing questions which have been raised with regard to the effect of crack front
profile on crack arrest toughness measurements, this result suggests that
some allowance for crack front irregularity and tunneling is appropriate.
Smaller ligaments visible to the naked eye are always observed. Under
microscopic examination, areas of ductile dimples can be observed in a spec-
trum of sizes. Typical examples of this fracture appearance showing the duc-
tile areas interspersed with cleavage in these steels are provided in Fig. 14. A
portion of these ligaments which failed in a ductile fashion did so before
crack arrest. Indeed the authors have shown [13] that the total areal density
of unbroken ligaments is greatest near the arrested crack tip and decreases
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FIG. 9—Results of linear regression analysis of crack arrest toughness measurements on data
base materials derived from the static analysis approach and indexed on RT ;7.

gradually away from the crack tip, with larger ligaments surviving farther
back from the crack tip than the smaller ones.

There is evidence that a substantial part of the energy dissipated during
crack propagation in these steels is consumed by the plastic deformation and
rupture of the ductile ligaments. In Fig. 15, for example, very large shear
strains are visible adjacent to the failed ligament which joined two non-
coplanar sheets of cleavage. The distortion of the microstructure suggests
strains on the order of 2 to 3 in a band approximately 50 to 100 um on either
side of the failure plane. The eventual failure of the ligament is brought
about by the formation of and linking of voids originating on cementite par-
ticles (See Fig. 14).

The shear walls of the size shown in Fig. 15 tend to be oriented nearly
perpendicular to the crack plane. Furthermore, the length of the walls
generally is much greater than their height, with their length oriented
parallel to the direction of crack propagation. These characteristics give rise
to the familiar river pattern which always points back to the fracture origin.
The schematic in Fig. 16 shows in a simplified way how certain ligaments and
shear walls are believed to form as a result of uncoordinated extension of the
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FIG. 10—Results of linear regression analysis crack arrest toughness measurements on data
base materials derived from the static analysis approach and indexed on NDT.

crack front by cleavage. This uncoordinated crack extension leads to non-
coplanar sheets of cleaved areas which eventually join by shear of the con-
necting ligament.

Because of the nearly perpendicular orientation of the shear walls, an
observation of the fracture surface in a view normal to the crack plane may
tend to create the impression that the total areal fraction of ductile rupture is
considerably less than the true value. In Fig. 17, for example, two areas are
shown with one view normal to the surface and another with the crack plane
tilted 26 deg. From the change in the projected width of the shear wall due to
tilt, we estimate that the shear walls evident in these two views are tilted ap-
proximately 70 deg with respect to the crack plane. In this case a normal view
understates the areal fraction of ductile rupture by a factor of 3. It is also
noteworthy that upon tilting the specimen in the microscope new areas of
ductile rupture are observed. It should also be noted that the not uncommon
observations of the dependence of the areal fraction of cleavage on
temperature from normal-view microscopic observation of fracture surfaces
probably overestimate the amount of cleavage.

It is possible to estimate the amount of energy dissipated in the plastic
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FIG. 11—A comparison of K, results obtained from compact tension and DCB test
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FIG. 12a— Variation of fast fracture toughness and stress intensity ar crack arrest, K, with

length of crack jump: compact tension specimens. (Two steels tested at NDT. Open symbols =
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FIG. 12b— Variation of fast fracture toughness and stress intensity at crack arrest, K;,, with
length of crack jump: compact tension specimens. (A508-2 tested above NDT.)

deformation and rupture of the ligaments per unit area of fracture surface.
This in turn provides an estimate of the contribution of ductile rupture pro-
cesses to the K, measurements. The work done in the the plastic deforma-
tion of an element of volume to failure is approximately

W,

g
P = S ode = Eef
o

where ¢ is an average flow stress consistent with the strain range, constraint,
and strain hardening occurring in the element, and ¢, is the plastic strain at
failure. At room temperature the yield strengths of the nuclear pressure
vessel steels in this study are typically 450 MPa with ultimate strengths on the
order of 620 MPa. For the average stress in a ligament we estimate 750 MPa.S
If the average strain in the ligament at fracture is taken as 2, the plastic
work done per unit volume is 1500 MJ/m3,

In order to gain an estimate of the thickness of the deformed region adja-
cent to the shear walls, a number of sections perpendicular to the crack plane

SReasonable estimates of the strain rates in a ligament during crack propagation are in the
range of 10° to 104 s™'. According to Hahn et al [16], these strain rates would elevate the yield
stress by at least 280 MPa. In addition, the deformation of the ligament is likely to occur under
primarily plane-strain conditions, which accounts for an additional 15 percent elevation of the
yield strength. The contribution due to strain hardening is uncertain and therefore an average
increment in flow stress of 300 MPa above the conventional uniaxial tensile yield strength should
be conservative.
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FIG. 15—A shear wall in a section perpendicular to the crack plane of an A533B (CBI)
specimen. Test temperature was 19°C above RTnpp The section is also perpendicular to the
crack propagation direction.
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FIG. 16—Schematic showing a possible mechanism for generating shear walls by shear of the
ligament joining two noncoplanar crack segments.

were examined quantitatively. Figure 15 is a section of this type on a broken
AS33B steel specimen. From a series of sections on broken ASQ8 steel
specimens, the thickness of recognizable deformation was found to correlate
with the height of the shear wall as shown in Fig. 18. The average shear wall
height in these sections was found to be in the range of 100 to 300 um. From
Fig. 18 this indicates that the thickness of the deformed zone bounding the
shear walls will, on average, be of the order of 100 um.

Table 4 summarizes a set of measurements of the areal fraction of ductile
fracture on AS08 specimens tested at —7, 22, and 43°C. These
measurements were taken from several photomicrographs of the fracture sur-
faces viewed perpendicular to the crack plane. In accordance with the
measurements described in the preceding, this areal fraction was corrected
by a factor of 3 to approximate the true areal fraction of ductile fracture and
then further multiplied by 100 pm to provide the volume of plastically
deformed material in the shear walls per unit of projected crack area.

We can arrive at a value for K, if we assign a value to the toughness of the
cleavage portion of the fracture surface of approximately 35 MPa m!/2, This
value is consistent with the toughness of this class of steels at very low
temperatures where the fracture is nearly 100 percent cleavage [11,17,18].
The plastic work term together with the cleavage toughness give the crack ar-
rest toughness values at each of the three test temperatures in Table 4.
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FIG. 18—Results of measurements from cross section of fracture surfaces of A508 steel
specimens correlating the height of the shear wall, H, with the thickness of recognizable defor-
mation, 2t.

TABLE 4—Summary of fractographic analysis of A508 specimens showing the relation
between ligament formation and K, ,.

Test temperature, °C -7 22 43
Areal fraction of ductile fracture? 0.14 0.17 0.22
True areal fraction,?A 0.42 0.51 0.66
VYolume of plastlc material_per unit projected

crack area,’ V;, mm/m’ 0.042 0.051 0.066
Plastic work per unit projected crack area,

kl/m?4 63 76 98
Estimated K,,,* MPa m'/ 123 139 157
Measured K, MPa m“2 124 157 174

“Determined from scanning electron microscopy fractographs with projected crack area
pcrpendlcular to the viewing direction.
bPer unit of projected crack area and assuming that the true ductile fracture area is three
times the projected area on the fractograph.
‘Assummg that an average thickness of deformation adjacent to the shear walls is 100 p#m.
For W, = 1500 MJ/m’.
“Based on a cleavage toughness of Ky,, (cleavage) = 35 MPa m!’2 and computing

5 E Wp Vr
Kim = | K1y~ (cleavage) + a= ,,2)_
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The agreement between the calculated toughness and measured toughness
values is surprisingly good, in view of the approximations involved. Never-
theless, the results indicate that the formation of ligaments and their even-
tual failure as shear walls is the dominant energy dissipating mechanism dur-
ing crack propagation. A further, although indirect, confirmation of this
point appears when the fracture surfaces of the weldment material are com-
pared with the base materials as in Fig. 19. In contrast to the AS08 steel, the
weldment displays a much smoother surface with little macroscopic evidence
of unbroken ligaments or shear walls. This is consistent with the low K-
levels of the weldment. The increasing K,,, with increasing temperature also
correlates reasonably well with the areal percentage of ductile fracture. Ex-
trapolating these estimates to fully ductile fracture (taking the true area to be
three times the projected area, as before), a crack arrest toughness of 320
MPa m!/2 is predicted. This would correspond to a Ky,-value for a running
crack expected at upper shelf. It is interesting to note that the highest
baseplate values of K. (Fig. 1) are on this order. For the dimpled rupture
mechanism, K|, is likely to occur at zero crack velocity and is likely to equal
K. [19]. The K|-values in Fig. 1, however, were obtained mostly by an ap-
proximate method, and a more thorough investigation of this point is re-
quired.

Discussion

This paper has concentrated on reporting a K|, data base, providing a
statistical analysis of it, and suggesting a physical basis for the observed K-
values. The data show clearly that Ky, is significantly larger than either of
the alternative arrest toughness parameters, K, or Kg (which is partially
based on K, data). K|, has been used because it is based on first principles
and because it can be related to physical features on the fracture surface. The
K, methodology provides a means of assigning a dynamically determined
quantity to a dynamic event: crack propagation and arrest.

In reporting the results, we have included a statistical analysis of the data
which contains the realistic assumption that no reference toughness curve
(such as Kjg) can be an absolute lower limit but can represent only a very
small but finite probability of failure. Further development of safety analysis
should take this point into account.

As pointed out in the Appendix, part of the scatter in the data is probably
due to heat-to-heat variations in dynamic toughness. The metallographic
results suggest that the reason for such variation may lie in differing tenden-
cies for ligament formation and shear wall rupture, and also provide a
physical basis for dynamic fracture toughness. The most important implica-
tion of these fractographic observations and toughness estimates is that K,
as derived by the BCL test procedure, represents a real physical quantity: the
toughness associated with a rather complex mix of crack propagation
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mechanisms. The crack tip extends rapidly by cleavage but is retarded by the
rupture of intervening ligaments. These rupture processes eventually absorb
most of the fracture energy after the crack has traveled some distance and the
cleavage path has generated the ligaments. In fracture toughness testing, the
standard methods employ a sharp, flat fatigue crack as a crack starter.
Crack initiation is the instability due to the onset of cleavage propagation. At
this point ligaments play little or no role in determining the local conditions
which trigger the instability. It is currently believed, therefore, that K, con-
tains a measure of a mechanism not occurring in initiation tests, and that
mechanism is ligament deformation and rupture.

In contrast to Ky, no physical basis for K, has been suggested. Indeed,
the crack-jump dependence of K, as illustrated in Fig. 12 suggests that it is
not possible to specify a unique value of this parameter. An apparently con-
stant value will be observed if the specimen-to-specimen difference in jump
length is small, and it is this observation that gives greatest support to the
idea that K|, is a material property. A corollary point is that K, will ap-
proach K, if the crack jump length is reduced to a sufficiently small value.

With regard to the Kg-based procedures, the data suggest that they
seriously underestimate the actual arrest toughness, that the introduction of
the RTypr reference temperature increases the scatter in the data, and that
NDT is probably the more consistent parameter. In addition, by including
data on the weldment we have provided a clear indication that the
toughness/temperature relation depends on the material being investigated.
Finally, the K curve for base material does not appear to exhibit the correct
temperature dependence for baseplate and forgings, being too flat at lower
temperatures and too steep at higher temperatures.

Conclusions

Within the temperature range from NDT to (NDT + 100°C):

1. Crack arrest toughness, K}, increases linearly with temperature and
exhibits significantly higher values than the stress intensity after arrest, K,.

2. The value of K, is determined to a large extent by the process of forma-
tion and rupture of shear walls normal to the crack plane.
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APPENDIX

Statistical Analysis of Data

A statistical analysis of the data for K, and K, as functions of T-NDT or
T-RTnpr Was carried out using regression-analysis techniques. The reasons for con-
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ducting this analysis were (1) to determine functional relations between the dependent
variables (Kyn, Ki,) and each of the independent variables (T-NDT, T-RTnp7), and
(2) to estimate an approximate lower limit for each of the dependent variables as func-
tions of each of the independent variables.

Before discussing results obtained from the statistical studies, attention must be
drawn to an important point, namely, that the least-squares analysis we have catried
out is based on the following assumptions: (1) Data for the independent variable are
known exactly. (2) Data for the dependent variable are normally distributed—for any
given value of the independent variable, the standard deviation of this normal
distribution, remaining constant as the independent variable changes. However, con-
sideration of the data being analyzed indicates that, not only are values for the in-
dependent variable not precisely known,5 but, in addition, values for the dependent
variable are not normally distributed as postulated. For example, the data gathered
from the various different heats appear generally to be members of different data
populations instead of the same population. We did analyze one subset of data (the
Ky, datafor —1°C =< T-RTypr =< 2°C) and found that a rough fit could be obtained
to either a normal or a log-normal distribution; but this is really a moot point in view
of the fact that the data contained within the subset represent different populations.
Nevertheless, with these facts in mind, we proceeded to carry out regression-analysis
studies using a procedure by which the sum of squares of deviations of the data from
the regression curve, measured along the ordinate axis, was minimized. In this sense,
the functional relations thus obtained do represent “best fits” to the data; but inter-
pretations based on calculated values for “standard errors,” associated with measure-
ment of the dependent variable, must be viewed with caution.

Data were initially fitted to a quadratic equation of the formy = @ + bx + cx2,
where y and x are, respectively, the dependent and independent variables, and a, b,
and c are the regression coefficients to be calculated. However, it was found that the
term which was quadratic in x contributed only to a relatively small extent; that is, the
statistically predicted variation of y with x was predominantly linear. Consequently,
the analyses were repeated with the quadratic term deleted, so that y was taken to
have a purely linear dependence upon x. All results described herein are based on that
assumed linear dependence.

The approximate lower limit for the dependent variable was calculated, as a func-
tion of the independent variable, using a parameter known as the “standard error of
the estimate,” s,,, which, for a linear fit to the data of the formy = a + bx, is given by

_ Ky 1/2
TANT2

where S is the sum of squares of deviations (measured along the ordinate axis) of the
data from the regression line and N is the number of data points (60 in this case). If
the data were normally distributed about the regression line, the estimated proba-
bility, P, , that a data point lies above y — ns,, where y is the value calculated from
the regres)'sion equation for a given value of x, is as indicated in Table S for selected
values of n.

Provided the assumptions used in the analyses do not introduce significant errors in
Figs. 7-10, the —2s, lines represent the lower limit of toughness for all but ~2.28
percent of plates while the —3s, lines lie below all but ~0.13 percent of the total
population. It should be recalled, however, that the data under analysis here were rot
members of a single, normally distributed population along the y-axis, for given values

SNDT is itself a statistical quantity determined by an approximate sensitivity analysis.
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TABLE 5—Variation of Pusy with n.

n P,,_‘y

1 0.8413447
2 0.9772499
3 0.9986501
4 0.9999683

of x, and, also, values for the independent variable x were not precisely known for
these data. Consequently, values calculated for P,; using these data should be
regarded only as rough estimates. )
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ABSTRACT: The statically calculated value of crack arrest toughness, Ky,, is shown
to be specimen-insepsitive. The values of Ky, fall within the same scatterband when the
quantity is measured with tapered double cantilever beam (T-DCB) specimens,
single-edge notched specimens, or modified compact specimens.

The large amount of data collected from the ASTM Cooperative Test Program
made it possible to statistically describe the dependence of Ki, on crack jump length
and Kq In a collection of data in which both Kq and KJ, scatter, K1 will decrease in
systematic fashion with increased crack jump length, and decreasing Kq, because of an
ordering of the scattered data. This trend was found in the cooperative program data.

Probably the most unequivocal method to determine the invariance of K, is to
examine it as a function of Kg. Thirty-five data points obtained by 12 different
laboratories on two different types of compact specimens were available at the time
this report was written. The standard deviation in K, was less than 10 percent even
though Kq varied by a factor of aimost 2.5 to 1.

Measurements of crack velocity and strains on T-DCB specimens justified the use
of a static analysis for calculating Ki,. Most of the time required for a run-arrest
segment of crack extension is used in slowly decelerating the crack toward zero
velocity. The strain measurements during this decelerating period are close to stat-
ically calculated values.

The Reference Stress [ntensity Factor, K|r, is conservative relative to Kj, for
SAS33B Grade 1 steel at temperatures near and below the reference nil-ductility
temperature (RTnp1). At mildly elevated temperatures, the curve appears to be
nonconservative.

KEY WORDS: crack arrest, stress-intensity factor, pressute vessel steel, compact
(K,) specimen, wedge loading, brittle weld, crack jump, fracture toughness

Some 10 years ago, while investigating the effect of strain rate on the
fracture toughness of a pressure vessel steel, Crosley and Ripling [1]?
noted that a quantity which they called crack arrest toughness and identified
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by the symbol K. showed less variability than crack initiation toughness
measured in the same set of experiments. When the crack initiation tough-
ness was high, the crack would jump a greater distance before arresting,
and the increased crack jump was such as to preserve a reasonably con-
stant value of the load measured immediately after arrest. Because the
specimens were of the contoured double cantilever beam (C-DCB) type
in which the proportionality between the load and the stress-intensity
factor is independent of the crack length, this constancy of arrest load
implied a reproducibility of Ki,, the stress-intensity factor calculated from
that load. Out of this experience emerged a formal definition of K, as
the value of the stress-intensity factor measured a short time (of the order
of one millisecond) after a run-arrest segment of crack extension. It was
assumed that K had essentially the same value shortly after arrest as it
had at the moment of arrest.

The original intent was not specifically to address the problem of ar-
resting a running crack, but rather to obtain a fracture toughness mea-
surement which would account as fully and fairly as possible for very
high strain-rate effects. Even with very large specimens and rapid rates
of loading, Kic-values consistent with the size requirements of the ASTM
Test for Plane-Strain Fracture Toughness of Metallic Materials (E 399-74)
could not be measured at temperatures very much above the nil-ductility
transition (NDT). Measurements of K. were restricted to about the same
temperature range, and here K1, seemed to be in generally good agreement
with the lower bound of static and dynamic crack initiation toughness
measurements. The Kr reference fracture toughness curve of the American
Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel
Code, Section III, Appendix G, uses K1, data in this spirit; that is, Kia-
values were part of the aggregate of data used in establishing the Kir
curve even though the application does not involve consideration of crack
arrest. On the other hand, Appendix A of Section XI of the Code is ex-
plicitly concerned with crack arrest. Here the K1a curve is used in a manner
which parallels the procedure used in defining K1.. A statically calculated
stress-intensity factor is compared with a crack arrest toughness value to
assess whether or not crack arrest will occur.

Since rapid crack propagation is a dynamic phenomenon, there is a
natural concern about characterizing crack arrest in a manner which
involves only a static analysis. In an infinite plate with a single advancing
crack front, there is a one-to-one correspondence between the stress-
intensity factor at a moving crack tip and the static value for the same
crack-tip position [2]. A real structure, however, is finite, and stress waves
reflect off boundaries and interact with the moving crack. Dynamic effects
exist; the Ky, approach, like any other engineering practice, is an over-
simplification. Should it therefore be abandoned? One way to address
this question is to determine experimentally the degree to which Kja is
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influenced by dynamic effects. This paper is concerned with whether
or not K1a measured on a particular type of specimen shows systematic
variations with different test parameters and with whether or not the
same value of K, is measured when different types of specimens are
employed.

Tapered DCB Specimen

Over the years the linear compliance change DCB specimen has under-
gone a succession of modifications to enhance its suitability for crack
arrest studies, but the basic test procedure has not changed [3].

While other specimen types provide a faster decrease of K with crack
length under fixed grip conditions, crack arrest can be obtained in the
tapered DCB (T-DCB) specimen in the presence of a sizeable load train
compliance. Pin-and-clevis loading, therefore, can be used, and the arrest
load from which Kj, is calculated can be read from a load cell included
in the load train. A drawback of this arrangement is that initiation tough-
ness, Ko, cannot be too much higher that the arrest toughness, K,
without the crack’s extending too far for a K, measurement to be made.

Face grooves are used to suppress the formation of shear lips. A fatigue
crack is normally used as a crack starter, and the fact that no welding is
involved in specimen fabrication does away with concern over residual
stresses from this source.

A troublesome feature of DCB-type specimens is a tendency for the
crack to veer out of the desired plane of extension. The tendency for such
behavior can be reduced by making the specimen larger or by otherwise
shaping it so as to reduce the bending stresses in the cantilever beam
arms.

Until quite recently, almost all of the Kj. measurements with which the
authors have been concerned were obtained on C-DCB or T-DCB speci-
mens. A substantial amount of data were collected on heavy-section steel
technology (HSST) Plate 02, a 0.3-m plate of SA533 Grade B Class 1
steel. Kia was defined as a function of temperature as shown in Fig. 1.
In these tests, particularly at temperatures above NDT, there was a ten-
dency for cracks to depart from the minimum section defined by the
face grooves. Such behavior is almost invariably associated with abnor-
mally high Kp,-values, and, in Fig. 1, tests where the departure at the
arrest position was more than 2.5 mm are not included.

Since the work done on HSST Plate 02, a limited number of tests have
been run on three other heats of SA533 Grade B Class 1 steel. The newer
K. results are in good agreement with the measurements made on the
HSST material [4].

Measurements made at Materials Research Laboratory (MRL) on T-DCB
specimens have continued to show the same behavior which first attracted
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FIG. 1—Crack arrest toughness versus test temperature for HSST plate of SA533 Grade B
Class 1 steel, using the T-DCB specimen {5].

attention to Ki,; namely, the measured value of Kj. has proven to be
insensitive to the crack initiation toughness or crack jump length. Dynamic
effects are not showing up as a systematic variation of Ki,. It might be
argued, of course, that the T-DCB is a peculiar type of specimen, that
it does not permit high enough K¢q's or long enough crack jumps for
dynamic effects to show up strongly, or that there is some defect in the
K, measurement procedure.

Single-Edge Notch Specimen Experiments

To determine whether or not Kj,-values measured on C-DCB specimens
could be applied to crack arrest in a different structure, experiments were
conducted with single-edge notch (SEN) specimens. These were chosen
because they differed greatly from the DCB specimen. Whereas crack
arrest occurs in the DCB specimen because K decreases as the crack runs,
in the SEN specimen, K increases as the crack runs, and carrying out
the experiments required that a crack be initiated in and run through a
low-toughness crack starter section before encountering the tougher base-
plate material.
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The experimental details have been described elsewhere [5]; the main
features were as follows. Specimens were made from HSST Plate 02; the
starter section was a zone which had been melted in an electron beam
(EB) welder; and cracking could be initiated at a preselected load level
by hydrogen charging the EB weld. When the hydrogen charging was
successful in producing crack initiation, the crack either ran to the end
of the EB weld zone and arrested, or it ran completely through the spec-
imen. The idea was that if K were less than the K1, of the baseplate when
the crack reached the weld/baseplate interface, then the crack should
arrest there. If not, the crack should run the full width of the specimen
without arresting.

The results are shown in Fig. 2. The plotted points are statically cal-
culated K-values corresponding to a crack position at the end of the
weld zone in cases where the crack did not arrest, or to the measured
crack length, which coincided with the end of the weld zone, when the
crack did arrest. The K-level which divides arrest behavior from no-arrest
behavior was reasonably well defined and corresponds with Ki, results
which were measured with C-DCB specimens, as can be seen in Fig. 1.

These results were encouraging to the view that Kj, might have a fairly
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FIG. 2—Crack arrest and propagation values obtained on an SEN specimen compared with
scatterband obtained on T-DCB specimens, HSST plate of SA533 Grade B Class I steel.
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general applicability, and additional tests with more elaborate instru-
mentation were planned. Unfortunately, the hydrogen charging technique
of initiating cracks could not be made to work on subsequent batches
of SEN test specimens, and the project was abandoned. The findings
remained open to the criticisms that only a few tests were run, that there
were uncertain effects of residual stresses associated with EB welding, etc.

Compact K}, Specimen

While it was hoped that the compact geometry might be developed
into a practical K. test specimen, the main motivation in developing
this test method was, once again, to measure K. in a structure distinctly
different from the T-DCB. In the beam-type specimen the boundaries
nearest the crack are the top and bottom surfaces; at the arrest position
the crack front is still far from the back end of the specimen. Since the
opposite is true with the compact geometry, it was thought that this speci-
men would present the crack with a wholly different dynamic environment,
and hence provide a test of the applicability of the K1, approach in dif-
ferent structural configurations. Also, the compact geometry simulates
better the propagation of a crack across a pressure vessel wall.

Several changes in testing practice were involved. Transverse wedge
loading was adopted at the outset because it seemed fairly certain that
a pin loading arrangement would be too compliant. As a consequence, the
Kia-value would be inferred from a displacement measurement rather
than a load measurement. Wedge loading made fatigue precracking
impractical, but, because the value of K|, was not supposed to be sensitive
to how fracture was initiated, it seemed permissible to abandon the fatigue
precrack in favor of the simplest and cheapest alternative. Following as
much as possible the ASTM practice, Conducting Drop-Weight Test to
Determine Nil-Ductility Transition Temperature of Ferritic Steels (E 208-
69), for making drop-weight NDT specimens, a machine-notched brittle
weld deposit was used. When this gave K g-values that were too high, the
specimens were precompressed to make crack initiation easier.

The experimental program was discontinued before the test procedure
could be refined, but a few tests were run on SAS33 Grade B Class 1
steel. These results are plotted, along with the scatterband from the old
tests on HSST Plate 02, in Fig. 3. Taken at face value, they seem to
indicate that K 1. being measured on the wedge-loaded compact specimens
with precompressed, machine-notched brittle weld crack starters is pretty
much like K1, measured on pin-loaded T-DCB specimens with fatigue
precracks.

Cooperative Crack Arrest Program

In 1978 the authors’ involvement turned from making tests to making
specimens to be tested elsewhere. The MRL compact specimen, in the
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FIG. 3—Crack arrest toughness versus reference test temperature. SA533 Grade B Class |
steel, using compact specimens [4].

stage of development described in the preceding, was included in the
ASTM Cooperative Crack Arrest Program, and a test procedure was
written and submitted for publication [6]. Sixty specimens of AISI 1018
steel and 120 specimens of SA533 Grade B Class 1 steel were made and
distributed to 30 program participants. The specimens of 1018 steel were
to be tested at room temperature to give the laboratories experience with
the test procedure before tests on the pressure vessel steel were under-
taken. The SAS33-B specimens were to be tested at room temperature
and at 0°C. Twenty-three test results on the AISI 1018 steel and 25 room
temperature test results on the A533-B steel were available to the authors
in time to be included herein. (Too few of the lower-temperature test
results had been submitted to warrant their being considered here.) Al-
though these results constitute only a fraction of all the results expected
from the program, there are enough data at this point to see whether or
not there is a systematic variation of K1, with K g or crack jump distance
as might be produced by dynamic effects. Also, it may be judged whether
or not the Ka,-values measured in the different laboratories on the MRL
compact Ky, specimen are consistent with the earlier results on SA533
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Grade B Class 1 steel, which results, as discussed in the foregoing, were
derived mainly from tests on T-DCB specimens.

Load-Train Compliance

Figure 4 shows data from 48 tests run with the MRL compact specimen
on the cooperative test program. The ratio K1./Kq is plotted as a function
of as/W, the arrested crack length divided by the specimen width. It
was thought that a useable range of crack jump might be such that 0.55 <
as/W < 0.8. Clearly, the data sample an even wider range than this. Also
plotted in Fig. 4 is calculated behavior assuming an initial crack length
corresponding to ao/ W = 0.35, which is representative of the specimens,
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FIG. 4—Ratio of K1,/Kg to a/W for all available data on cooperative program on MRL
specimens.
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and assuming a load-train compliance corresponding to EB Cp = 6.66,
where E is Young’s modulus (206 800 MPa), B is the specimen thickness
(50.8 mm), and Cyp is the load-train compliance (deflection per unit of
specimen opening load). This load-train compliance, Cy; or EBC,, is
a formally calculated quantity which serves as a measure of the departure
from fixed-grip conditions [6]. Under fixed-grip conditions, EBCy = 0,
and for the compact specimen at a/W = 0.35, EBC = 18.4, where C
is the specimen compliance. Thus the load-train compliance is small
with respect to the specimen compliance, but not negligible. As Fig. 4
shows, the value of EBCy = 6.66 (which corresponds to Cyy = 6.5 X
10~7 mm/N) represents all of these cooperative test program results quite
well, and this value is used in subsequent calculations which involve load-
train compliance.

Dependence of Ki, on Crack Jump Length

In looking for systematic dependencies of Ki. on test parameters, it
seems natural to look first for a dependence on crack jump distance,
or on the final crack length in a group of tests where the initial crack
size is the same. If K1, is exactly constant, it clearly cannot depend on
the crack length at arrest. In reality K., like any other measurement,
will show some scatter, and random specimen-to-specimen variation can
show up as systematic dependence on crack jump distance simply because
cracks will generally run farther when K1, is lower. Consider, for example,
a series of Kj,-values that scatter as shown in Fig. Sa. If these points
were all obtained on specimens having identical values of K¢, the speci-
mens with low values of Ki. would exhibit long crack jumps and those
with high values of K1. would exhibit short crack jumps, as shown sche-
matically by Curve B in Fig. 5b. If in a second series of tests a constant,
but higher, value of Ko were used, and the same Ki.-values were sampled,
the Ki.-versus-a;/ W curve would move to the right as shown by Curve A
in Fig. 5b. This demonstration implies that if the variation in K¢q is small
with respect to the variation of K1, in a particular set of tests, then random
variations in K, will appear as a systematic crack length dependence.
If a large range of K¢ is sampled and the scatter in K1, is relatively small,
Kia will appear to be independent of crack length., Thus, a dependence
of K12 on crack length in a given set of experiments is not, in and of itself,
evidence that K1, is an inappropriate crack arrest characterization pa-
rameter.

Figure 6 shows K|, measured on the 23 MRL compact K, specimens of
AISI 1018 steel plotted against a;/W. The mean value of K, was 85.6 MPa
m'? with a standard deviation of 12.7 MPa m!2. The three points for
which a;//W > 0.8 give the impression of a downward trend in Kj, with
as/W, but this is quite consistent with expected behavior assuming a
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FIG. 5—Schematic representation of the dependence of K;, on ag/W.

random specimen-to-specimen variation of Kja. The broken curves in the
figure indicate how K, is expected to vary with crack length for two
values of Kq, the mean value plus and minus the standard deviation for
this set of tests. These curves were calculated using the load-train com-
pliance value given earlier. Most of the data would be expected to lie
between these two curves, as they do, and, hence, exhibit a downward
sloping trend. (One test result was substantially different from all the
others: the crack initiated at Ko = 62 MPa m!?2, but nevertheless ran
a reasonable distance (a;/W = 0.57) before arresting with K, = 50 MPa
m!’2.) :

Figure 7 shows K|, measured on the 25 MRL compact Kja specimens
of SA533 Grade B Class I steel tested at room temperature. The mean
K1, was 107.6 MPa m'?; the standard deviation was 10.4 MPa m'/%.
When plotted against a;/W, Ki. does not appear to show a strong trend
with crack jump length, because most of results cluster around the mean
K1.. However, when one considers the data points that are further removed
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FIG. 6—Dependence of Ki, on ag/W for the AISI 1018 steel specimens tested in the
cooperative program.

from the mean, a downward trend is noticeable. This is exactly what
is expected, as indicated by the broken curves which were calculated
here in the same manner as above.

Each of the sets of data just discussed constitutes many more test results
from a single specimen type on a single material at a single temperature
than are normally available. Yet, as has been shown, drawing inferences
from the correlation between K1, and crack jump length involves some
subtleties which may not always be appreciated. This should be borne in
mind when analyzing smaller data sets in which Kj. shows a substantial
variability.

Dependence of K1, on Ko

Another. and better way to look for a systematic dependence of K|, is
to correlate the measured values of K. with Kg, which, for convenience,
we call the crack initiation toughness. For the compact specimen with the
brittle weld crack starter, in contrast to the fatigue-cracked DCB, it is not
really proper to speak of a crack initiation toughness in terms of a stress-
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FIG. 7—Dependence of Kis on ag/W for SA533 Grade B Class 1 steel specimens tested in
the cooperative program.

intensity factor. There is no sharp crack; hence, Kq is not a stress-intensity
factor. Kq is strictly a formally calculated value equal to the stress-intensity
factor which would exist if there were an initial crack with a length cor-
responding to the machined notch depth. Nonctheless, while it is not
a toughness measurement, K¢ is a convenient test parameter to reference.
The crack is, of course, expected to jump farther, the higher the value
of Kq. The question is whether the crack jump is such that Kj, remains
constant, or is there, rather, a systematic change, presumably a decrease
in K1, with increasing Kq.

The data obtained on the 23 MRL compact K. specimens of AISI
1018 steel are presented in Fig. 8; K1 is plotted against Ko. A least-
squares linear fit to the data gives a positive slope, AK1./AKq = 0.14,
but the standard deviation about the line (12.3 MPa m!/?) is scarcely
different from the deviation about the mean (12.7 MPa m!?). Two tests
gave distinctly lower values of K1, than the remainder, and, while there
is no reason at this time to reject these test results, it may be that they
have an undue influence on the fitted line. Eliminating these points, the
average Kj, is 88.8 MPa m'"? with a standard deviation of 8.2 MPa: m'2,
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The fitted straight line has a slight negative slope, AK1./AKo = 0.052; the
standard deviation about the line is 8.1 MPa m'2. Clearly, the assumption
that K. is independent of K is consistent with the data.

Figure 9 includes data from 25 MRL compact K, specimens and also
from 10 Battelle Columbus Laboratories (BCL) duplex compact specimens,
all from tests of the SAS33 Grade B Class 1 steel at room temperature. As
already noted for the 25 tests on MRL specimens, the average K, was
107.6 MPa m!? with a standard deviation of 10.4 MPa m!'2. For the
10 tests on the BCL specimens, the mean K, was 114.7 MPa m!/? with
a standard deviation of 10.5 MPa m!2. When the two sets of data are
combined, the mean Kia is 109.6 MPa m'?2, and the standard deviation
about the mean is 10.8 MPa m!2, When straight lines are fitted to the
data from the MRL specimens, the data from the BCL specimens, and the
combined data, the slopes AK1,/AK( are 0.218, 0.237, and 0.133, re-
spectively. The respective standard deviations about the line are 9.2,
7.5 and 9.1 MPa m"2 The two individual data sets each suggests an
upward trend of Ki, with increasing K. One would expect dynamic
effects to produce the opposite behavior. When the two sets are combined,
and a very large range of K¢/Ky is represented, the upward trend is
less pronounced. The statistics seem to bear out the impression one gets
from Fig. 9: K1, is independent of K.
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Comparison with Earlier Results

For the plate of SAS33 Grade B Class 1 steel being tested in the co-
operative program, the NDT and reference nil-ductility (RTnpr) tem-
peratures have been reported as —40°C and —20°C, respectively [7].
The room temperature K|, data just discussed are compared against the
scatterband from the old data on HSST Plate 02 in Fig. 10. The data from
the cooperative program are shown by a horizontal arrow indicating the
mean, and a vertical arrow indicating the standard deviation. Two vertical
bars are plotted representing the two ways (NDT and RTnpr) of matching
up the temperature axis. With either match, the data obtained by the
different laboratories on MRL- and BCL-type compact specimens are in
good agreement with the earlier data established on T-DCB specimens.
The compact specimen has made it easier to test at higher temperatures;
the cooperative program is producing many test results at a temperature
where tests could barely be run with T-DCB specimens. Indeed, if NDT
is regarded as furnishing the right temperature match-up, the new data
are near the upper temperature limit of the older test results. The Kir
curve, also shown on Fig. 10, rises more steeply than the trend of K. with
temperature. Already at NDT + 63°C, Kjr is one standard deviation
below the mean of the 35 Kj,-values so far available. Some measurements
are falling below Kir. The lowering of K. with respect to the Kir curve
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FIG. 10—Relationship between Kir- and Kj,-values collected in the cooperative program
for SA533 Grade B Class 1 steel.

appears as though it would be more pronounced with further increase
in temperature, so that Kir will cease to be reasonably interpretable as
a lower-bound curve if K. results are maintained in the corpus of data
from which the curve is to be defined.

Dynamic Versus Static Aspects of a Run-Arrest Segment of Crack Extension

In the first section of this paper, rapid crack propagation was said
to be a dynamic phenomenon so that Kj, must, at least to some extent,
be an oversimplified description of K at the moment of arrest. Yet, all
of the data discussed in the preceding not only support the view that
Ki. is an adequate description of crack arrest, but the uncertainty in
defining the quantity is small compared with other fracture properties—
the standard deviation being less than 10 percent for tests run by 12 dif-
ferent laboratories on two different types of specimens, with Kq varying
by a factor of almost 2.5 to 1.

A rationale for this consistency of Kj, has been proposed on the basis
of crack-tip velocity and specimen strain measurements made over the
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course of a run-arrest segment of crack extension [§]. These data, obtained
only on T-DCB specimens, are typified by the results shown in Fig. 11.
Shortly after initiation the crack attains a velocity of about 550 m/s,
Fig. 11b. It maintained this high velocity for about 60 us of the approx-
imately 200 us required for the total event. During this time interval,
the strains experienced by the shear gage, Fig. 1l¢, are quite close to
statically calculated shear strains for this position. The bending strains
on the arm of the specimen cannot be represented by a static calculation,
however, until later in the event; Fig. 11d. This difference in the two
gages is probably a result of the fact that the bending gage is closer to
the load line than the shear gage. Nevertheless, the difference between
the bending gage values and values calculated statically probably is a
result of the rapid acceleration of the crack tip from zero velocity to 500
m/s. Over most of the time of the event, the last 100 to 150 s, the crack
slowly decelerated toward zero velocity, and over this long time interval the
specimen tends toward a condition of static equilibrium. During this
deceleration period, a static calculation of K is justified which would
explain the invariance of Kj..
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FIG. 11—(a) In-line load cell-time oscilloscope trace. (b) Ladder gage position-time curve.
(c) Shear strain-time curve. (d) Arm strain-time curve [8].
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Summary

About 10 years ago, Crosley and Ripling began measuring a postarrest
toughness value that they identified as Ky,, and suggested that it might be
a convenient measurement for accounting for high rate effects. As more
data were collected, K1, was thought to define the minimum toughness
of rate-sensitive materials as a function of test temperature. This char-
acteristic of Kj, led to its use for defining the Reference Stress Intensity
Factor above NDT in Section IIl, Appendix G, of the ASME Boiler and
Pressure Vessel Code.

Since K, was being promulgated as a material property, it was necessary
to demonstrate that it was not specimen-sensitive. This was done by making
measurements on tapered DCB specimens, SEN specimens, and modified
compact specimens, all of which yielded the same range of values of Kj,
for SAS33B Grade 1 steel.

The ASTM Cooperative Test Program produced a large amount of
K1, data on two types of compact specimens taken from a single plate
of SAS33B-1 steel, and tested by a number of laboratories. These data
showed K. to be essentially constant even when K¢ varied over a range
of about 2.5 to 1. Kj, was also shown to vary systematically with ap/W
in a manner that is a reflection of the scatter found in K¢ and Ki,.

The use of a static analysis for calculating Ki, was also shown to be
justified on the basis of crack velocity and strain measurements made over
the course of a run-arrest segment of crack extension.

Finally, on the basis of data available at present, it appears that the
Reference Stress Intensity Factor, Kir, may be nonconservative at tem-
peratures above about T-RTnptT = 65°C.
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ABSTRACT: The further development of a mathematical model for steady-state crack
propagation in a pressurized pipeline is described. A key parameter in the model—the
location of the plastic yield hinge relative to the moving crack tip—was determined by
forcing agreement with crack speeds observed in the full-scale line pipe tests. The
maximum crack driving force predicted by the model was then taken as a measure of
the minimum fracture toughness value required for crack arrest. Comparisons with
existing empirical formulations derived by Battelle, the American Iron and Steel Insti-
tute, British Steel, and the British Gas Council for the minimum required toughness
values for crack arrest were made to demonstrate the reasonableness of this approach.
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A mathematical model for crack propagation in a pressurized pipeline
has been developed in a series of papers [{-3].° The objective has been to
develop a theoretical basis for predicting the speed of axial crack propa-
gation and the conditions for crack arrest that would be independent of
full-scale pipe experiments. While exhibiting some degree of success, the
model has not been completely adequate for these purposes. The present
work was undertaken to improve some known deficient aspects of the
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model in order to provide a reliable prediction of pipeline crack arrest
requirements. '

Specific attcntion in this work has been placed on the determination of
a key parameter of the model: the location of a plastic yield hinge relative
to the moving crack tip. In contrast to other features of the model, it has
not been possible to derive this parameter from basic mechanics consider-
ations. In this work, a pragmatic approach was taken. Previously, primary
emphasis was placed on the accurate computation of the speed of crack
propagation. In contrast, the work reported here has sought to determine
the yield hinge location empirically to match the observed crack speeds as
nearly as possible. In this way, it is believed that the maximum crack driving
force for various specified pipe sizes and operating conditions can be re-
liably predicted. This is the key result of the model. It provides an estimate
of the minimum fracture toughness of the pipe material required for crack
arrest.

Development of an Analysis Model for Crack Propagation in Pressurized
Pipelines

Application of Dynamic Fracture Mechanics to Pipes

In applying dynamic fracture mechanics to analyze crack propagation
and arrest in pipelines, it is necessary to consider the following specific
aspects:

1. Kinetic energy contribution to crack growth.

Work done by pressurized gas on pipe walls.

Inertia of deforming pipe walls.

Pressure decay due to escaping gas and pipe deformation.
Large-scale plastic deformation behind crack tip.

6. Constraint of backfill on deformation of pipe.

The approach adopted here is one that attempts to minimize mathematical
complexity while retaining all the necessary ingredients of a fundamentally
correct solution. This has led to a “‘one-dimensional’ representation for
steady-state crack propagation, developed from an energy balance stand-
point. The major simplification involved in this approach is that the pipe
is taken to be linear elastic in the vicinity of the crack tip. The crack
driving force, or dynamic energy release rate, is a generalization of the
static strain energy release rate that includes contributions due to inertial
forces and kinetic energy. It is assumed that the inelastic processes asso-
ciated with crack growth are contained within an infinitesimally small
neighborhood of the crack tip. Then, the dynamic energy release rate G for
a through-wall crack can be expressed as

IR

1 {dW’_ dU dT} =

GZI da da da
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where

W = work done by external forces acting on the pipe walls,
U = strain energy of the pipe,

T = kinetic energy of the pipe,

h = pipe wall thickness, and

a = crack length.

Because @ is a function of the crack speed V, the energy balance criterion
for crack propagation is stated most generally as

Gla, 1) = R(V) )

where ¢ denotes time. If G < ®, crack propagation is not possible. This is
the condition both prior to crack growth initiation and at the arrest of un-
stable crack propagation. At this time the fracture toughness of the pipe-
line material has been assumed to be independent of the crack speed and
equal to the energy absorbed in a drop weight tear test (DWTT).*

The transient conditions accompanying crack growth initiation in a
pressurized pipeline are extremely complex. Crack arrest presents similar
difficulties. To avoid the necessity of modeling these processes, the model
development has been restricted to a state of “steady-state” crack propa-
gation. Physically, this represents the situation long enough after the initia-
tion of crack growthS that the influence of the origin of the crack growth
process is negligible. In this context, crack arrest is predicted by the model
when, for given operating conditions and pipe properties, steady-state crack
propagation is not possible.

For the special case of steady-state crack propagation considered here,
a simplification can be made in Eq 2 since G then becomes a function of
crack speed only. By choosing an origin attached to the moving crack tip,
the new axial coordinate is defined by

E=x—Vt 3)
where

x = stationary axial coordinate of the pipe,
V = crack speed, and
t = time.

Then, Eq 2 becomes
GV)=® 4

4The DWTT energy is the total energy imparted to a specimen of pipe steel to fracture it by
impact. It therefore includes the kinetic energy and energy dissipated in the inelastic defor-
mation of the fractured pieces. In addition, the test gives an average toughness over an
(unknown) range of crack speeds.

5This may be only one or two pipe diametcrs.



344 CRACK ARREST METHODOLOGY AND APPLICATIONS

where the crack speed dependence of R has been omitted in recognition of
the fact that DWTT energies cannot provide this information.

Egquation of Motion for Steady-State Axial Crack Propagation

An equation of motion for steady-state axial crack propagation in a
pressurized pipeline by which G can be evaluated has been given in Refs 7-3.
In essence, four basic assumptions on the pipe behavior are made: (1) the
axial displacement and in-plane forces are negligible; (2) the circumferential
variations in pressure are insignificant; (3) the deformation is elastic every-
where ahead of a fully plastic yield hinge that develops a distance / behind
the crack tip; and (4), in the cracked region, the pipe deformation is in-
extensional in the circumferential direction. The model conforming to
these assumptions is shown in Fig. 1.

The approach followed is, starting from the elastic equations of motion
for the displacements of a circular cylindrical shell, that of introducing
integral operators to transform each displacement component into its cir-
cumferentially integrated value. Then, consistent with the foregoing assump-
tions, it follows that w, the circumferentially integrated value of the radial
displacement, becomes the dominant variable in the analysis. As shown in
Ref 1, in this way the governing equation for the problem reduces to a
single ordinary linear differential equation. Incorporating a backf{ill term
developed in later work [3] then gives

diw V2w (1201 — »?) 1201 = »2)k ) -
¥ 12— ) +{ . H(E)-**——T:—}w

ds“ h2Cy? dg? R2h?
= 5
= 247 ] s Lo b — 3R4 5(5) ()
where
R = pipe radius,
h = wall thickness,
Plostic
Elostic

. Crack tip ({ Z?R

}
R

FIG. 1 —Theoretical model for steady-state crack propagation in a pipeline with backfill.
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k = foundation modulus for a pipe with backfill,
Co = VE/p = elastic bar wave speed in the material [Cq = 5000 m/s
(16 400 ft/s) in steel],
p = pressure acting in the pipe,
6 = crack-opening displacement,
H = Heaviside step function, and

~2%

w&) = | we, £)de (6)

0

where ¢ denotes the circumferential coordinate in the pipe.

To evaluate the crack-opening displacement, it was assumed that the
cracked portion of the pipe is essentially in a state of plane strain with
respect to the axial coordinate. Subject to this assumption, it is readily
found from the equations of shell theory that

6(£) = w()H(—¥) 7

Subsequent work by Emery et al [4] using a two-dimensional finite-differcnce
computation verified that Eq 7 is quite accurate, even in the close proximity
of the crack tip.

As in modeling pipeline behavior, it is convenient to characterize the soil
by a Winkler foundation, and to neglect its inertia in comparison with that
of the pipe. As described in Ref 3, the foundation modulus k is deter-
mined by representing the pipe-soil system as an expanding circular cylin-
drical hole under uniform pressure in an infinite elastic medium. The
plane-stress solution to this problem gives

k = 2G,/R (8)

where G is the shear modulus of the soil. Due to the difficulty in obtaining
exact measurements of G, and the fact that the solution is not particularly
sensitive to the value chosen, a representative value of G, = 7 MPa (1000
psi) has been used throughout this work.

Steady-State Pressure Distribution

As shown in Ref 2, starting with the result given by Maxey ct al [5] for
the gas pressure at a propagating crack tip, the relation for the pressure
behind the crack tip can be obtained by combining the two-dimensional
shell deformation equations and the one-dimensional gas dynamics equa-
tions. In this approach each pipeline section is treated as a circular cylin-
drical shell in a state of plane strain with respect to the axial direction. It
is further assumed that the gas flow in any cross-sectional plane does not
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disturb the axial flow pattern and that the gas leakage can be represented
as choked flow from an infinite reservoir.

Ahead of the crack tip it is assumed that changes in pipe area and shape
can be neglected. In the region behind the crack tip, however, the formu-
lation must be generalized to account for large-scale deformation as well as
for the loss of gas through the crack. In both regions, the formulation
leads to a pressure distribution that is a function of the crack speed V,
the line pressure p;, the speed of decompression waves in the gas V,, and
the specific heat ratio ¥ of the gas. The decompressed pressure level p, at
the crack tip is given by the relation [5]

2 -1 174 2y/(y—1)
’ I ©

p°_p‘{7+1 y+1 v,
This is assumed to apply everywhere ahead of the crack tip. The leakage
of gas behind the crack tip couples the shell deformation and gas dynamics
equations. Solution (by finite-difference integration) of these equations
indicates that, qualitatively, the decay is exponential. Therefore, to have an
explicit statement for the pressure distribution, an exponential function is
used. Whereupon the pressure distribution at any cross section in the pipe-
line is expressed as

Po 0=<¢
pl&) =< pee?R  —d=<t=<0 (10)
0 E—d

where { is the coordinate fixed to the moving crack tip—see Eq 3—and
d is the length in which a choked condition at the crack tip is expected to
occur. The coefficient b for pressure decay is a function of crack speed that
is determined numerically. Typical results of the finite-difference integration
for p are shown in Fig. 2. Using such results, the exponential decay is
matched to the calculated pressure at a point one pipe radius behind the
crack tip to determine b.

Equations for Determination of the Crack Driving Force
By substituting Eqs 7, 8, and 10 into Eq 5, steady-state crack propagation
is found to be governed by

V: diw

d'w )
ape TR0 =M e
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1201 — )k | 2H(=F) | 12(1 — »?) _
{ ER? RY TR H(g)}w

_ ML{}I:_"Z)_po[ebe/RH(—g) + H®) 11

The solution of Eq 11 which gives bounded displacements ahead of the
crack tip (that is, as § — o) is

> |2

= (C, cos[(1 + u2)'2wE/R] + Cysin[(1 + u2)"2wi/R]}

a* R? pg

. (1 — 423172 o 8
exp[—(1 — u2)20E/R] + 27 RRTI

) E=20 (12)

where o, (3, w, and u are dimensionless parameters defined as
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FIG. 2—Calculated values of the pressure behind the crack tip for various crack speeds
(Py = 8.0 MPa).
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There are two possible solutions for the region between the plastic hinge
and the crack tip. These are

% = Cysin M\{£/R + C4cos \j£/R + Cs sin \y&/R + Cy cos A\, £/R
8raR 2pebi/R B
T dnn e o kst
where
gt V22
)\1‘2=[l.0)\/_2_{1:§: [1— 7 4:| 3
niw
and
% = [C; cos N;E/R + Cg sin Ny£/R] cosh \;£/R
+ [Cy cos AsE/R + Cy sin A4£/R] sinh \3£/R
87aRIpyebt/R

T @t doint + oo O SHSFe 09

where

Mg = (82 F p2e?]2

The constants of integration appearing in Eq 12-14 are determined by
requiring that the deflection, slope, moment, and shear force be continuous
across ¢ = 0 and that a fully plastic yield hinge exist at ¢ = —/L The
plastic hinge is represented by zero transverse shear and a fully plastic
moment of magnitude Y42/4 where Y is the yield stress of the pipeline
material. The resulting constants of integration are rather lengthy and will
not be reproduced here. They can be found in Ref 7.

The final step is to express G in terms of w and the known parameters in
the problem. This result was derived in Ref 2 as

R B ~ Yh2 /d?w \'0 _dp
= — ==y = 4\ g2 2 d
G 2h E[pwk— ! [pW]E~°°+ 4 <d$2 >5=—1+ v"’w dt ‘
1.044 ERV? <_ de) <d‘7> B
n W — [ == (15)
2 Cp? [\ dE? ), \dE /i,
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where the point § = —I denotes the position of the plastic yield hinge.
This was derived in the previous work in the form / = IV, R, k) but it has
since been decided that the formulation, was not satisfactory. Subsequent
work has concentrated on this parameter in an effort to improve the model.

Determination of the Plastic Yield Hinge Location

The preceding discussion has given the essential features of a mathe-
matical model capable of predicting crack speeds and conditions for crack
arrest in pipelines. Of key importance, in order to keep the model trac-
table, the pipe and the surrounding soil are considered to behave elastically
everywhere ahead of the crack tip and behind the tip to some distance /.
At £ = —I[ a fully plastic yield hinge appears. (This location may be
viewed as the average location of the gross yielding which exists behind the
crack tip.) Investigation of this parameter has indicated that G is extremely
sensitive to the location of the yield hinge. Hence, a study was conducted
to establish a relation between the various pipeline properties and the value
of / that would give the best possible agreement with experimental mea-
surements.

Measured crack speeds are available from the results of the full-scale
pipeline fracture experiments [5,6].° It was possible to find the / needed for
exact agreement by ignoring any possible functional relationship between
[ and the pipeline properties and recasting the formulation to yield G =
G(/) for V = constant. In each full-scale test, V was set equal to the
measured crack speed and G was calculated for a range of yield hinge
locations. The value of / needed for exact agreement is denoted as /,. This
was determined graphically, locating the point at which G(/,) = ®. Several
possible functional relationships between [, and the pipeline parameters
(that is, R, h, Y, p;) were evaluated. The most successful correlation was
achieved by allowing /, to depend only on A and V. As shown in Fig. 3,
l,/h tends to decrease linearly with increasing crack speed with differing
slopes for the nonbackfill and for the backfill cases. The lines in the figure
are completely empirical, but do provide a reasonable fit to the data. The
equations are given by

— =7 - — (16)

where V; = 34.6 m/s (113.6 ft/s) for backfill and 95.6 m/s (313.6 ft/s)
without backfill. This formulation was adopted for use in the analysis.
For the pipelines with backfill, Fig. 3 includes five cases where the

6These data are also summarized in Ref 3.
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cracks actually arrested within the section. These cracks are treated as
propagating, however, and a representative crack speed was selected as the
steady-state speed. Choosing to include these tests results in an equation
with a somewhat higher slope and intercept. This, in turn, will result in
more conservative estimates of G since larger values of [ generally yield
larger values of G. The prime consideration in computing G for these cases
is that crack arrest is never predicted for a pipeline where crack propa-
gation actually occurred in the full-scale experiments.

Computational Results on Crack Propagation and Crack Arrest in Pipelines

Comparison of Predicted and Measured Crack Speeds

Typical results of calculations made using the pipeline crack propagation
model described in the preceding section are illustrated by the G = G(V)
curves shown in Figs. 4 and S. These show that for, both backfill and non-
backfill conditions, G initially increases with crack speed, reaches a maxi-
mum, then decreases monotonically. Not revealed in the figures is the fact
that G actually becomes zero at a geometry-dependent crack speed Vi,
given approximately by

___EQ ("
Vim = 5300 — )74 (R) {an

No backfill
485 MPg
(70.3 ksi )

Backfill
479 MPa
- (69.4 ksi)

4, Crack Oriving Force, MJ/ m?2

0 | 1 | 1
o] 100 200 300 400
V, Crack Speed, m/sec

FIG. 4—Calculated dynamic energy release rate as a function of crack speed for pipelines
with and without backfill, based on Battelle full-scale experiment No. A31 (R = 0.457 m,
= 8.4 mm. P| = 8.0 MPa).
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No backfill
396 MPa
(57.4 ksi)
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# , Crack Driving Force, MJ/m?

Backfill
403 MPg

(585 ksi)
ol 1 | 1 L
0 100 0 400

200 30
V, Crack Speed, m/sec

FIG. S—Culculated dynamic energy release rate us a function of crack speed for pipelines
with and without backfill. based on Battelle full-scale experiment No. A35 (R = 0.33 m.
h = 7.9 mm. P, = 8.0 MPa).

which serves as an upper bound on the crack speeds for which the model is
valid; nota bene, for steel, (E/p)"2 = 5000 m/s (16 400 ft/s). Computa-
tional results for each test in the large body of full-scale experimental re-
sults compiled by Maxey et al [5,6] have been obtained for comparison
with these data.

First, for the same pipe geometry, material properties, and operating
conditions, it can be seen from Figs. 4 and 5 that G for a pipeline without
backfill is generally higher than for one with backfill.” Thus, for the same
toughness, the predicted crack speeds will be lower for pipes with backfill.
Also, there will be conditions where backfill could arrest a crack where
crack propagation would be possible without backfill. These predictions
are qualitatively consistent with the test results.

To use the theoretical model to predict crack speeds, some measure of
the dynamic fracture toughness is needed. Since there is no other means of
finding the fracture energy of a material as tough as pipe steel, this quan-
tity, as in previous work, ‘is approximated by the energy absorbed in the
drop weight tear test (DWTT). Using R-values obtained in this way, pre-
dicted crack speeds corresponding to each full-scale test were determined
graphically by locating the point at which G(V) = ® on a plot typified by
Figs. 4 and 5. These speeds are compared in Fig. 6 with the crack speeds
measured in the full-scale tests.

All predicted speeds are taken from the descending, that is, (dG/dV < 0),

7As noted in Figs. 4 and S, the pipes used in the backfill and nonbackfill cases had slightly
different yicld stress values.
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branch of the curves because only these speeds represent stable crack
growth. In many of the full-scale test results used for comparison with the
model predictions, nearly constant crack speeds were observed. However,
in five of the full-scale tests included in the comparison, the crack speeds
decreased and arrested within the pipe section. Because the deceleration
rate was small, these cracks have been considered as propagating, with a
representative crack speed chosen for comparison purposes. In other tests,
where there was a considerable range in the measured crack speeds, the
average value was taken.

In previous work [2,3] comparisons like that of Fig. 6 served as an
independent verification of the model predictions. In this work, however,
the crack speeds were forced toward agreement with the measured values
in order to set the yield hinge position. Nevertheless, such a comparison
does provide an important check because it is not likely that good agree-
ment could be obtained over such a wide range of conditions® by setting a
single parameter if the model were not fundamentally correct. When the
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F1G. 6—Comparison of predicted crack speeds and full-scale pipeline tests results.

8 A complete summary of the properties of the pipes used in the full-scale tests can be found
in Ref 3.



354 CRACK ARREST METHODOLOGY AND APPLICATIONS

difficulty in establishing an exact value for ® is considered along with the
lack of a definitive measure of crack speed, it is felt that the theoretical
results agree remarkably well with the measured crack speeds.

Comparison of Predicted and Empirical Crack Arrest Criteria

The most important result that can emerge from the analysis of pipeline
crack propagation is a criterion for crack arrest. For given pipeline condi-
tions, the results typified by Figs. 4 and 5 show that the model predicts a
minimum level of fracture toughness above which crack propagation is not
possible. In terms of the function G = G(V), this corresponds to the maxi-
mum value of the crack driving force, G,,,. Numerical results obtained
with the theoretical model can be used to derive an empirical relationship
for G,,,,. Then, for ease of comparison with the predictions of other em-
pirical formulations, it is convenient to relate G,,, to a minimum upper-
shelf two-thirds-thickness Charpy energy for crack arrest, (Cy) -

To determine an approximate simple relation for (Cy)y,, an average
pipe radius of 0.447 m (17.6 in.), wall thickness of 10.4 mm (0.4104 in.),
and yield stress of 483 MPa (70 ksi) were first chosen. These values rep-
resent average values for all of the pipes used in the full-scale experiments
[5,6]. A line pressure of 9.65 MPa (1400 psi) was taken to give a hoop
stress of 415 MPa (60 ksi), a value somewhat higher than average. The
effect of each of these four quantities was evaluated by varying them indi-
vidually, by +10 percent, keeping all other parameters constant, and
analyzing the resulting effect. A dependence on all four quantities was
observed. The corresponding relations are

300 p,SAY3AR 12~ 1/3/E  Backfill
(CV)min = (18)

500 p, 43 Y23R1/12p~1/4/F  No backfill

The quantities p;, Y, and E are in units of ksi, R and A in inches, and
(Cy)miq in ft-1b for two-thirds-thickness specimens to facilitate comparison
with the relations developed by the pipeline industry.®

Empirical relations that have been developed for the minimum Charpy
energy for crack arrest work include the results obtained by Maxey et al
[6] at Battelle for the American Gas Association. This is

0.0072 6,2(RA)%-333  Backfill
(CV)min = (19)

0.0098 ¢,2(Rh)%-24  No backfill

9 Appropriate conversion factors are: 1 ksi = 6.895 MPa; 1 in. = 0.254 m; and 1 ft-Ib =
1.356 1.
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where 6y = pR/h, the hoop stress. Next, work on behalf of the American
Iron and Steel Institute [§] gives

(Cy)min = 0.021 5g¥2R "2 Backfill (20)
A result obtained by the British Gas Council [9] is!©
(Cy)min = 0.021 oo'R/hV2  Backfill 21

Finally, a result obtained both by British Steel [10] (see footnote 9) and by
Sumitomo [11] is

(Cy)pin = 0.00079 64,2R  Backfill (22)

It should be recognized that these equations are valid only in a pressure
range of 60 to 80 percent of the pressure that would cause yielding of the
pipe. Note also that, despite their apparent dissimilarity, all of these re-
lations are based on essentially the same data base.

Since the empirical formulations involve only factors of 6¢, R, and A,
Eq 18 is recast into this form. For pipeline steels, E is 2.0 X 10° MPa
(29 000 ksi) and the operating conditions are usually such that g is equal
to 72 percent of the yield stress. Setting o, = 0.72Y in Eq 18 to eliminate
the yield stress then gives

0.0132 6o2R /3023 Backfill

(CV)min = { (23)
0.0215 6y2R1/4h34  No backfill

for the predictions of the model. Table 1 summarizes the coefficients in
the various relations to facilitate comparison between this result and the
empirical correlations.

Discussion and Conclusions

For given pipe materials, pipe sizes, and specified operating conditions,
the minimum fracture toughness required to preclude a long-running un-
stable fracture can be predicted from the mathematical pipe fracture model
described in this paper. If a value of the dynamic fracture toughness of the
pipe material is supplied that is less than the value for crack arrest, the
model can also provide an estimate of the crack propagation speed. A
simple relation is also derived from the model to estimate the minimum
arrest toughness value. This relation compares reasonably well with the

10°This result is an approximation of a more complicated formulation—see Ref 6.
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TABLE I—Comparison of the exponents in the empirical and theoretical relations for the
minimum toughness required to arrest unstable crack propagation
in a pressurized pipeline,

Exponent of

Developer Hoop Stress Pipe Radius Wall Thickness

Pipes WITH BACKFILL

Battelle [6]) 2.0 0.333 0.333
AISI [8] 1.5 0.5 0
British Gas Council [9] 1.0 1.0 —-0.5
British Steel [10) 2.0 1.0 0
This paper 2.0 0.33 0.667
PiPES WITHOUT BACKFILL

Battelle [6]) 2.0 0.284 0.284
This paper 2.0 0.25 0.750

various empirical relations that have been developed from the full-scale
pipe tests results, although it is somewhat conservative.

Previous work on the model development proceeded entirely from funda-
mental mechanics considerations, with full-scale test results used only to
check the progress being made. However, because it was not possible to
set a key internal parameter in this way, the current work departed from
this approach. The point of view that the crack arrest prediction of the
model was of paramount importance was adopted. Then, the measured
and predicted crack speeds were forced into correspondence by an optimum
choice of this parameter. It is believed that this makes the model offer a
reliable, albeit conservative, crack arrest prediction.

The major shortcoming of the theoretical model is its highly idealized
treatment of plastic deformation in the pipe. While the use of an axisym-
metric plastic yield hinge produces qualitatively correct behavior, as might
be expected, the experimental results of Shoemaker et al [12,13] indicate
that plasticity also engulfs the crack tip. However, attempts to improve this
aspect of the model would inevitably lead to a much more complicated
solution. For example, using a bilinear stress-strain curve and allowing
some plastic deformation ahead of the crack tip causes the governing dif-
fercntial equation to have variable coefficients. A closed-form solution is
then no longer possible. While it is possible to integrate the equation
numerically, the computer solution time would become large, thus losing
the essential simplicity of the approach. However, thcre may be applica-
tions where this would nevertheless be a useful approach; for example, in
the use of the model to treat sleeves and other mechanical crack arrestor
devices that perform by constraining the pipe wall deformation.

Alternative pipeline fracture models also exist [I4-18]. In most of these,
it appears that a somewhat more realistic account is taken of plastic de-
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formation and other aspects of the problem than was done in the develop-
ment of the model described in this paper. In particular, the pronounced
pipe ovalization and resulting longitudinal plastic strain induced ahead of
the crack tip observed in the experiments conducted by Shoemaker et al
[12,13] have been neglected here. However, it is also true that none of the
competing approaches has yet demonstrated any predictive capability—
either with regard to crack speeds or to practical measures to assure crack
arrest. With all its idealizations, the model given here can make useful
predictions with a quite reasonable degree of accuracy.
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In order to extend the experience gained through testing programs to the design of pipe-
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Ductile shear fractures can propagate in the axial direction over long
distance at very high rates in large-diameter pressurized linepipe, such as
that used in natural gas transmission lines. With a view toward developing an
understanding of this phenomenon and establishing pipeline design criteria,
several organizations have sponsored testing programs to determine the
propagation and arrest characteristics of running ductile fractures. Experi-
mental results obtained through the program sponsored by the American
Iron and Steel Institute (AISI) are summarized by Ives et al [/]3 and Shoe-
maker and McCartney [2]; results of the program sponsored by the American
Gas Association are summarized by Maxey et al [3,4]; and results of the
British Gas Council program are summarized by Poynton et al [5,6]. The
present discussion is based primarily on the experimental results obtained in
the AISI program. In these tests, long sections of steel pipe with capped ends
were pressurized with air to simulate pipeline operating conditions. Typi-
cally, the length of the test section was greater than 100 pipe diameters, the
wall thickness was less than 1/65 of a diameter, and the initial equilibrium
line pressure was 60 to 80 percent of the plastic limit load pressure based on
the initial tensile yield stress of the pipe wall material. Axial crack growth
was then initiated from an artificially induced flaw at the center of the test
section. In each test the pipe was instrumented with crack detectors, strain
gages, and pressure transducers. The electronically recorded data which
were obtained are summarized in Refs I and 2.

In order to extend the experience gained through these testing programs to
the design of pipelines, it is necessary to develop theoretical models of the
process. A brief listing of just the principal features of the process as ob-
served in the experiments illustrates the complicated nature of the process
and suggests numerous complexities which might be encountered in at-
tempts at modeling. For example, the process typically involves thinning and
plane-stress ductile fracture of the pipe wall at the crack tip, general three-
dimensional deformation of the pipe wall, large-scale plastic flow of the pipe
wall material, inertial resistance of the material to motion, gas flow along the
fracturing pipe and escape through the opening crack, and the resistance to
crack growth due to soil backfill and mechanical crack arresters when either
are present. Because of this complexity, therefore, models intended to
describe all details of the process are hopelessly complicated. Instead, the
development of tractable models must be based on simplifying assumptions
which are consistent with the available experimental data. If the results of
the analysis are to be used for system parameters outside the range of param-
eters used in the testing programs, it is essential that all important aspects of
the process be taken into account in the model so that the model provides a
true characterization of the process.

On the basis of the observations drawn from the full-scale test data

3The italic numbers in brackets refer to the list of references appended to this paper.
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reported in Refs I and 2, an analytical model was recently developed [7] for
ductile crack propagation in an initially pressurized long cylindrical shell.
The analysis was directed toward the ductile range of material behavior, for
which extensive yielding occurs in the pipe walls, and the material was repre-
sented as being rigid-ideally plastic. Further, to obtain a tractable model, the
shell deformation was assumed to be steady as seen by an observer moving
with the crack tip, and, on the basis of strain-time data in Ref I, kinematic
assumptions were made so that the deformation was expressed in terms of a
single function of position along the shell axis which is determined in accor-
dance with a variational statement of the equation of motion. Separation of
material was represented by a Dugdale zone of localized yielding in which a
critical opening displacement is attained for fracture. With these approxima-
tions, which are discussed at some length in Ref 7, the pressure distribution
decay length required to drive the crack is estimated. In a separate study con-
cerned with the dynamics of gas escape [8], the pressure decay profile was
estimated for the case of a widely opening crack. Other analytical models
have been considered by Kanninen et al (9, 10], Hahn et al [1], and Poynton
et al [6]. Numerical studies of the problem have been described by Emery et
al [12] and Owen and Shantaram [13],

The purpose of the present discussion is to review various aspects of the ex-
perimental results and to consider the implications of these results in the
development of analytical models of the process. The driving force for this
ductile crack propagation process is the gas pressute acting on the pipe wall.
Various contributions to resistance of crack growth can be identified; for ex-
ample, inertial resistance of the pipe material to motion, resistance of the
wall material to deformation, and fracture resistance. On the basis of the
available data, quantitative estimates are made of the relative magnitudes of
the crack driving force and the various contributions to crack growth resis-
tance involved in the process. From such results, the relative importance of
each contribution identified in analytical modeling can be inferred. Because
of the complexity of the process, some fairly wide-ranging assumptions must
be made in meeting this objective. However, the work-energy procedure to be
followed is quite general and the special assumptions can be easily adjusted
to suit individual tastes. An important point is that the general conclusions to
be drawn are quite insensitive to the details of the assumptions made because
global energy-work terms, rather than point-wise stress and deformation
fields, are compared. Of course, it is precisely this feature which makes
energy methods so useful in continuum mechanics.

The data [1,2] indicate that after the crack tip has moved about four pipe
diameters from the initiator, the crack length no longer has an influence and,
therefore, a semi-infinite crack is assumed. Furthermore, it was observed
that the crack extended at a fairly constant rate in each uniform test section.
Therefore, it is assumed that the semi-infinite crack extends at a constant
rate along a generator of the cylindrical pipe, and the deformation field is
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time-independent as seen by an observer moving with the crack tip. The pipe
is considered to be a thin cylindrical shell, and the small-deflection strain-
displacement relations are employed. Typical pipe material yields plastically
at extensional strains of about 0.2 percent in simple tension, whereas exten-
sional strains in excess of 2 percent have been observed in the tests. Thus,
elasticity effects are neglected and the material is considered to be ideally
plastic.

The present calculations are based on an overall energy balance which, for
the problem at hand, requires that the rate of work of all loads or tractions
on the surface of a material volume equals the rate of increase of kinetic
energy of the material plus the rate at which energy is irreversibly dissipated
through plastic flow. If such an energy balance is enforced for all kinemati-
cally admissible deformation fields, the balance is normally called the princi-
ple of virtual work, and standard procedures of variational calculus lead to
the field equations of motion as a necessary condition for the balance to hold.
In this study the work balance is examined only for a restricted class of defor-
mation fields and no attempt is made to derive field equations. Instead,
deformations are assumed on the basis of the full-scale test data and the con-
tributions to the energy balance equation due to individual deformation com-
ponents are computed in the spirit of upper-bound calculations of plastic
limit load analysis. In the following section, individual contributions are
estimated and compared for the case of steady-state ductile crack propaga-
tion in a pipeline with neither soil backfill nor mechanical crack arresters.
The capacity for soil backfill to dissipate the work of the driving force is
discussed in a subsequent section. Crack arresters are not considered here,
but a discussion of the wire-wrapped mechanical arrester was recently pre-
sented elsewhere [14].

Steady-State Crack Propagation: No Backfill

An important observation in making assumptions concerning the defor-
mation is that, generally, thin shells tend to deform predominantly by bend-
ing, and they have large relative resistance to stretching or shear of the mid-
dle surface. For the opening of an axial fracture in a cylindrical shell, the
deformation cannot be accommodated simply by bending, and some middle
surface stretching must accompany the outward flaring of the shell walls near
the tip of an advancing crack. Study of the shell strain-displacement rela-
tions suggests that the observed flaring of the walls must be accompanied by
stretching of the middle surface in the axial direction, as shown in Fig. 10 of
Ref 1. As can be seen from Figs. 10 and 11 of Ref I, the extensional strains in
the circumferential direction are much smaller than those in the axial direc-
tion, except very near the fracture path. Thus, the in-plane shear strain and
the extension in the circumferential direction are taken to be zero, except for
the latter within a Dugdale zone of plastic separation ahead of the tip.
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Spatial coordinates on the shell middle surface are defined in Fig. 1. The
mean radius of the undeformed shell is a, the wall thickness is 4, the circum-
ferential coordinate is 6, and the axial coordinate is £ measured from the
moving crack tip. Because of the assumption of steady-state fields, the opera-
tion of time differentiation is replaced by Va/3¢ where V is the crack-tip
speed. The length of the Dugdale zone of the plastic separation is R. Finally,
the axial, circumferential, and radial components of displacement of a point
initially at (£,6) are denoted by u, v, and w, respectively.

. VY
]
FR =

4 p(€)

— x ——

FIG. 1—Geometry and coordinate system for analysis of steady-state crack propagation.

Resistance to the Driving Force

The driving force for the ductile fracture process is the gas pressure on the
pipe walls, and the modeling of the gas flow process is described in the next
subsection. The energy balance is considered for the axial interval between
the leading edge of the plastic zone at £ = —R and the point behind the
crack tip at which the applied internal pressure has been reduced to essen-
tially atmospheric pressure, say at £ = A The strain and velocity fields must
therefore be specified for the interval —R < ¢ < Ain a manner consistent
with any kinematical constraints. The displacement field is assumed to be

w=26(1+ ¢/R)2/2= 1

v=—05(1+ &R) /2% )
u = ad 0% — x2/4X1 + £/R)/2R= 3)
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This displacement field was constructed by assuming that each circular cross
section deforms into a concentric circle, that the radial acceleration of the
pipe wall material is uniform over the interval, and that the circumferential
and shear strains of the middle surface vanish. The length scale of the defor-
mation field is set by the crack-tip opening displacement §,. The crack pro-
gresses with a fixed value of §,, a value which characterizes the resistance of
the material to ductile fracture. The pipe wall is undeformed for § < —R
and Eqgs 1, 2, and 3 satisfy continuity of displacement at £ = —R. The net
rate of kinetic energy uptake, of plastic dissipation, and of fracture energy
dissipation over the interval —R < & < Aare now computed for the defor-
mation (Eqs 1, 2, and 3) under the assumption that the material is rigid-per-
fectly plastic with tensile flow stress o,.

1. Energy dissipated in fracture D;: The region of progressive wall thin-
ning directly ahead of the tip leading up to the predominantly shear fracture
described in Ref I is idealized as a one-dimensional cohesive zone of length
R with the cohesive stress-resisting opening being o,. The rate of energy ab-
sorption within this plastic zone is

0
D, =2 { ohv(§, m)d & = Vo 0,k )
v—R

where the superposed dot denotes time derivative. It is convenient to express
all energy rates as multiples of the reference value o,haV = D, where the
multiplier depends only on the dimensionless quantities representing frac-
ture toughness (6,/k), yield zone extent (R/a), geometrical configuration
(h/a), material inertia (pV?2/g,), and pressure loading (ap,/ka, and \/a).

Thus
Dy _ (a\(k
5= ()

It is common to assume that an estimate of the critical crack-tip opening dis-
placement §, may be obtained from standard Charpy tests by assuming that
the energy absorbed per unit fracture surface area in the Charpy specimen is
equal to the product of the yield stress of the material times §,. This estimat-
ing procedure ignores the effect of the plane-strain type of constraint which is
operative in the crack-tip region in the center portion of the Charpy speci-
men, an effect which could lower the estimate by as much as 50 percent.

2. Kinetic energy rate D, : Inertial effects in the axial direction appear to
be much less than those in the radial and circumferential directions, and the
axial contribution to kinetic energy is therefore neglected. The net rate of
kinetic energy uptake by the pipe wall material in the interval —R < £ < A
is then
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)

d "1
Dy=—— = ph(2 + w2 6
2=, S—rzph(v + w?)adfd¢ (6)

v—R

where p is the mass density of the pipe material. The result of evaluating
Eq 6 for the deformation field (Eqgs 1, 2, and 3) is

2
TG R o
D T 3 g, h a R R
3. Dissipation through axial in-plane stretching D;: The in-plane axial
strain ¢; = du/d% is uniform within the interval —R < £ < Aaccording to
Eq 3. The strain rate é;, and therefore the plastic dissipation associated with
this strain component, is zero. However, ¢; is discontinuous across the line
¢ = —R, — 7 < 0 < 7 so that this line represents a traveling plastic hinge
in the terminology of plastic structural analysis. The energy dissipation in the
hinge is simply the discontinuity in e; times the operative flow stress inte-
grated over the hinge line times V, that is

D3 = j O'Ohléz(_R, 0)‘ ad?f

-7

=25 @ )6
4 \R a /\h

This is the energy dissipation associated with the relatively large axial in-
plane strains which have been observed [/] adjacent to the fracture path
upon approach of the crack tip. As can be seen from Eq 3 and the strain-dis-
placement relation ¢; = du/d, the axial strain is indeed maximum along the
crack line 6 = = «. The fact that the axial plastic strain develops within a
discrete hinge according to Eq 3 poses no problem for the present work rate
calculation, because the net dissipation depends only on the final axial
plastic strain and it is independent of the length interval over which this
strain develops. A maximum measured axial in-plane strain of 1 to 2 percent
is reported in Ref 15, and this provides a useful check on the assumed defor-
mation field. From Eq 3

(8)

3% ab
(fz)max = ?—EZL 9)

The value of (€;)max can be determined from test data, a is a known geomet-
rical parameter, and §, may be inferred from independent Charpy fracture
tests on the wall material. The relation (Eq 9) thus provides an estimate of R
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directly from the data. For example, for available data, relevant parameters
in Eq 9 fall within the ranges 30 < a/h < 60, 0.05 < §,/h < 0.33, and 0.01
< (€z)max < 0.02 so that R/a is in the range 0.22 < R/a < 1.15. Although
no direct measure of R is available, values of R/a in the upper part of this
range appear to be consistent with observations, and the value R/a = 0.75 is
used in all calculations.

4. Dissipation through circumferential bending D,: As the pipe walls
flare open behind the crack tip, the cross-sectional curvature continuously
decreases, resulting in the dissipation of work through plastic flow. Accord-
ing to a common idealization in the plastic analysis of cylindrical shells, the
internal stress resisting the change in curvature is the fully plastic bending
moment per unit length in the é-direction o,42/4 [7]. The curvature in the
circumferential direction is derived from the displacement field according to
kg = (8v/30 — 8?w/36%)/a?, and the rate of plastic work is

A 4
1
D,= j j — —o,h2kgadfdt (10)
—R J—«x 4

Substitution of the displacement field (Eqs 1 and 2) and evaluation of the in-
tegral (Eq 10) yields the estimate

D, 1 /§\/h\? A2
—=—-(=)—) {1 += 1
5 =5 ()6) 0+ 7) an
Other contributions to the overall structural resistance to crack growth
could be estimated in the same manner, such as those due to axial bending,
middle surface twist, or axial kinetic energy. It seems, however, that the

dominant contributions are included among the preceding four and these
suffice for present purposes.

Estimate of the Driving Force

The driving force for ductile crack propagation in a gas-pressurized line-
pipe is provided by the large amount of energy stored in the compressed gas
at normal operating pressures. Depending on pipe geometry and material
strength levels, typical operating pressures for large-diameter transmission
pipelines may be of the order of 80 to 100 atm. The gas flow accompanying
the initiation and subsequent ductile propagation of cracks requires a gas
dynamics analysis of the process in order to assess the crack-tip region pres-
sure distribution p(£, ) associated with the often-observed constant-velocity
crack propagation. This pressure distribution, once determined, in conjunc-
tion with the normal component w of velocity field (Eq 1) of the shell, pro-
vides the input (driving) work rate
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\ p(&, O)wadbdé (12)

The mechanics of the actual cracking process is of coupled fluid/solid in-
teraction, and the pressure distribution of the escaping gas is not truly inde-
pendent of the deformation of the structure [7]. In order to obtain tractable
models, however, the solid mechanics and gas dynamics subsystems have
often been decoupled and separately analyzed, as discussed in the following.
Justification for such decoupling is provided by the extent of agreement of
the resulting analyses with observations; however, there are important not-
well-understood aspects of the process, discussed in a later section, which
seem to require a more explicit treatment of the solid/fluid interactions.

Maxey et al [4] noted that a nominal gas pressure in the vicinity of a stead-
ily running crack tip, p,, was less than the initial line pressure, p; , for crack
velocities V less than the sound speed of initially pressurized gas, C;. They
modeled the crack by considering a semi-infinite duct initially pressurized
with a perfect gas at a pressure p; substantially greater than exterior (for,
example, atmospheric) pressure. At a certain instant, gas is suddenly al-
lowed to escape from the end of the duct and, simultaneously, the end of the
duct begins to recede at velocity V. If the boundary condition at the open end
is that the local particle velocity, relative to the moving end, equals the local
sonic speed, it can be shown that for transient, adiabatic duct flow, the local
pressure p, at the moving end is given by

— 29/(v—=1)
2 (v 1)V} Y (13)

p°=pL[y+1 (v + 1),

where v is the ratio of specific heat at constant pressure to specific heat at
constant volume for the gas. For air, v = 1.4. Maxey et al [4] found that Eq
13 agreed closely with the experimentally observed pressures in the crack-tip
region, and the AISI experiments [/,2] also obtained pressures immediately
ahead of the running crack tip in good agreement with Eq 13.

This pressure magnitude has been taken as an upstream boundary condi-
tion for modeling the gradual pressure decay associated with gas exit through
a flaring crack opening [8,9). Experiments [I] suggest only small circum-
ferential pressure variation at cross sections downstream from the crack tip,
so that the pressure in —R < { < A may be taken as circumferentially uni-
form. Parks and Freund [8] critically discussed existing one-dimensional
models of gas flow which account for mass and momentum loss from the pipe
and change in duct cross-sectional area due to flaring. They also provided a
two-dimensional model of gas exit from a widely flaring crack profile (as is
observed for ductile pipe materials) which gives an essentially universal rela-
tionship for normalized average pressure p(£)/p, in the region downstream
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from the crack tip. In particular, the pressure decays to about 0.20 p, within
about two diameters from the crack tip. This decay pattern is consistent with
full-scale tests [1] and with model experiments [16-18].

The results of Ref & are not strictly in agreement with a linear pressure de-
cay from p, to 0 over some distance A but, for present purposes, it can be
approximated sufficiently well by such a relationship if Ais taken to be about
4a. Thus an estimate of p(¢, 0) is

Po —R =< S =<0
p, 0 = [ (14)
Poll — E/N) 0<t=<A

with p, given by Eq 13.
When this field is inserted into Eq 12, along with Eq 1, the driving force

work rate is
. Poa \/h\ /6, A A2
W, = ——{—{— _t —
o)) R )

The perfect gas idealization which has been used in the models discussed
here may not always be an entirely appropriate model for the behavior of hy-
drocarbon mixtures in natural gas transmission pipelines. The most impor-
tant such nonideal effect would seem to be that spontaneous condensation
into atomized droplets can occur at constant pressure during rapid expan-
sion. One-dimensional solutions of the receding semi-infinite duct problem
have been obtained by King [19] using a realistic thermodynamic characteri-
zation of methane. The main difference between these results and the ideal
gas is that in Eq 13, p, is a monotone decreasing function of crack velocity.
Due to condensation, however, there can exist a velocity range roughly be-
tween 180 and 275m/s (within the range of observed ductile crack velocities
V) in which crack-tip pressute p, remains essentially constant. It is likely
that this effect on the velocity dependence of driving force (Eq 12) would tend
more to sustain steady growth. King [19] has also considered other nonideal
gas dynamics aspects of ductile crack propagation in pipelines.

Comparison of Work Rates

For comparison of the relative magnitudes of the various work rates,
numerical values of system parameters for two particular tests are consid-
ered. Values given in Table 1 are data for Test No. A31(CA4) as reported by
Maxey et al [3] and Test No. SF-12W as reported by Ives et al [I]. For the
first case, the values of the dimensionless parameters involved are A/a =
0.0183, pV2/0, = 1.075, R/a = 0.75, §,/h = 0.138, A/a = 4, and ap,/ha,
= 0.600. In calculating these parameters, p was taken to be 7770 kg/m3, §,
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TABLE 1—Typical system parameters for full-scale tests from sources shown. Crack speed V
was taken as the median speed for the process.

CVN,
a, em h, cm g, MPa p;, MPa 1/cm? V. m/s
A31(CA4) [3] 46 0.84 484 7.92 56 260
SE-12W (7] 53 0.95 531 6.41 56 244

was computed as the Charpy energy divided by g, without use of a constraint
factor, and p , was computed from p; using Eq 13 for y = 1.3 with V/C; =
260/396. Likewise, for the second case, the values of the dimensionless pa-
rameters are h/a = 0.0179, pV2/g, = 0.869, R/a = 0.75, §,/h = 0.111,
Aa = 4, and ap,/ha, = 0.474, where p, was here computed from p; using
Eq 13 fory = 1.4 and V/C; = 244/341.

For purposes of comparison, work rates normalized with respect to Dy,
the fracture work rate given in Eq 5, are computed. The results of the calcu-
lations are given in Table 2. Several general observations can be made on
these results. For example, the rate of work of the gas pressure exceeds each
of the individual dissipation rates, as it must if an energy balance is to be
strictly enforced. Also, the dissipation due to axial in-plane stretching of the
pipe wall is about four times larger than the dissipation of energy in the frac-
ture process and an order of magnitude larger than either the kinetic energy
uptake rate by the pipe wall or the dissipation in circumferential bending.
Some implications of these observations are made in the concluding section.

Finally, an estimate of the rate of elastic energy release is included. The
elastic energy density in the pipe wall material ahead of the crack tip is
(ap,/h)?/2E, where E is Young’s modulus, and the elastic energy density far
behind the crack tip is essentially zero. Thus the rate of elastic energy re-
lease is V times the energy stored per unit length in the pipe wall ahead of the
tip, which may conveniently be expressed as

90\/ap, \}
F=Drx{— )|/
" <E><h>
The ratio F/D, is also given in Table 2.

TABLE 2—Comparison of work rates for the data in Table 1, normalized with respect to the
fracture work rate D,

D2/D, D3/D D4/Dy W,/D, F/Dy

A31(CA4) 0.264 4.39 0.184 9.49 1.05
SF-12W 0.168 4.39 0.180 7.50 0.912




370 CRACK ARREST METHODOLOGY AND APPLICATIONS

The material volume for which the energy measures are being computed is
that part of the pipe instantaneously between the cross sections at § = —R
and £ = A. Thus, in an overall energy balance for this volume, the rate of
work of the tractions at £ = —R, \ arising from the internal stresses must
be included. Because the pipe material at these sections is not being strained,
except for circumferential bending at ¢ = A, the internal stresses cannot be
determined from the deformation field (Eqs 1, 2, and 3). At £ = —R all
particles have zero velocity and rotation rate and, therefore, the work rate of
the tractions at this section is zero. At ¢ = X\, the particle velocities and
rotation rates which are work-rate conjugate to the stress resultants are not
zero, and within the framework of the present discussion are given by suit-
able derivatives of the displacements (Eqs 1, 2, and 3). Because all of the
applied loads have been reduced to zero at the section £ = \ and remain zero
beyond, it is anticipated that the rate of work of the tractions will be small at
£ = A, with the exception of the in-plane axial traction. The reason for this
exception is that, if the pipe wall is to begin decelerating and ultimately come
to rest at some point far behind the crack tip, then the wall must experience
some reversed axial in-plane straining to accommodate the deceleration. If
the reversed straining is simply reversed plastic flow, then the axial in-plane
stress at £ = Ais at (or near to) g, for |6] < /2 and — o, elsewhere on the
section, and the work rate of this traction is

W, =— g o hlu(\, 6)|adb

-

o I
4 \R a/\h
where the minus sign reflects the fact that the traction is opposed to the ve-
locity and tends to decelerate the walls. The result that — W, = Dj reflects
the fact that, in order to bring the outward acceleration of the walls to zero,
the reversed axial plastic straining must exactly cancel the previous axial
plastic straining which took place near the crack tip. To result in a decelera-
tion in the outward motion of the wall, — W, should be larger than D ;. How-
ever, the deceleration appears to be very small in magnitude compared with
the rapid acceleration in the crack-tip region, and the anticipated slight dif-
ference between — W, and D3 is ignored. Finally, evidence of the reversed
axial straining just mentioned is apparent in photographs of fractured pipe
in Fig. 4 of Ref 6, in Fig. 4 of Ref 15, and in Fig. 3 of Ref 20, which show a
wavy or scalloped pipe wall adjacent to the fracture path after crack propaga-
tion. The waviness arises from the fact that the reversed deformation is not
entirely accommodated by reversed in-plane plastic strain, but also by
buckling under in-plane compressive stress of the previously stretched wall
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material. Furthermore, it is interesting to note that if all of the reversed axial
straining is accommodated by buckling, then an estimate of the prior plastic
stretching can be made from observation of the amplitude and the wave-
length of the waves in the pipe wall after crack propagation. For example, an
amplitude-to-wavelength ratio along the fracture path of 1:10 implies an in-
compatible plastic stretch of about 2 percent.

The Effect of Backfill

When gas transmission pipelines are buried in soil, the presence of the
backfill material affects the propagation of ductile fracture. From Fig. 3 of
Ref 20, it can be seen that a pipe which was initially buried at some depth
below the surface is apparently resting at the bottom of a V-shaped trench
after the crack has propagated past. This indicates that the soil above and on
either side of the pipe acquired considerable kinetic energy as the crack tip
passed. This kinetic energy uptake, especially for the soil on the sides of the
pipe, must be accounted for because part of the work rate of the pressure on
the pipe walls (Eq 12) is transferred through the wall directly into deforming
the soil. Furthermore, the resistance of the soil material to plastic deforma-
tion must also be included, although the rather small shear strength of dry,
cohesionless granular media under the low confining pressures near a free
surface would seem to render the magnitude of the plastic dissipation of the
soil much smaller than its kinetic energy uptake, as will be shown. Finally,
the possible effects of backfill on gas escape and resulting pressure distribu-
tion and hence driving force will be noted.

Resistance Effects: The Rectangular Trench Model

The resistance to steady crack propagation due to backfill can be evalu-
ated by integrating the work of the “’back pressure’’ tractions on the exterior
of the deforming pipe wall. If the soil/pipe wall friction is assumed small,
then the effective back pressure of the soil is a normal, inward-directed trac-
tion distribution p (£, 6) and the total energy absorption of the soil due to
uptake of kinetic energy and plastic dissipation is

o v

A T
Ds=§ as " pe Owcerao (15)
—-R L3

where w is obtained from Eq 1. For the present, rather than carrying out the
calculations implied in Eq 15 for detailed kinematical models of backfill
deformations, we choose to examine the simplified model shown in Fig. 2. In
this idealization the pipe is taken to rest in a rectangular trench of depth H,
a parameter intended mainly to account for the depth of burial of the pipe.
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FIG. 2—Rectangular trench model for calculation of backfill resistance to pipe wall deforma-
tion.

At a given § location along the pipe, the vertical boundaries are subject to a
uniform velocity normal to themselves equalling the local radial velocity of
pipe wall at that section, w(£) from Eq 1. The triangular block of soil ABC
slides as a rigid body along a straight slipline at an angle ¢ from the horizon-
tal. Thus, the velocity of the block along slipline AC is w/cos ¢. This model
can be treated in the spirit of Coulomb’s analysis of the stability of soil
masses by equilibrating the resultant forces, including, by D’Alembert’s
principle, the body forces due to acceleration, acting on the triangular block.
The free-body diagram for this is shown in Fig. 2, where the force P is meant
to characterize the total force per unit length applied to one half of the soil
by the pipe wall, so that the numerical value of Eq 15 is given by

oA
Ds= 2P(E)w(E)dE (16)

v—R

It remains to calculate P at a given cross section in terms of N and §, the
resultant normal and shear tractions acting across the slipline, and the body
forces due to gravity and acceleration of the soil, W = Agp, and wp,A/cos ¢,
respectively. Here p; is the mass density of the backfill, g the acceleration of
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gravity, and A = "2H?/tan ¢ the area of the triangle ABC. Dynamic equi-
librium in the N and § directions, respectively, gives

N =Psin¢+ Wcos ¢ (17a)

p, AW

S =Pcos¢d— Wsino — (17b)

cos ¢

Now, for frictional cohesionless materials, the linear Mohr-Coulomb condi-
tion for localized deformation along a band is that the normal and shear
forces acting on the band be proportional, that is, § = fN = tan wN where
f is the friction coefficient of the interface and is equal to the tangent of w,
the angle of the Mohr-Coulomb yield surface. By incorporating this rela-
tionship into Eq 17, one can obtain P as

_ o, H? [w + g cos ¢ (sin ¢ + f cos ¢)]
2 sin ¢ [cos ¢ — f sin @]

(18)

It is now worth comparing the relative sizes of the two bracketed terms in the
numerator. For dry sand, f = 1/2 and the second term is therefore roughly
of size g. The first term is equal to V25,/7R?; values for the parameters V,
,, and R must be chosen for comparison. As was noted earlier, the plastic
zone size R is typically equal to the pipe radius, a. For toughness, let §, =
h/3. Then, for thin-wall pipe geometries with A/a = 1/50, and for large-
diameter gas transmission pipe radii of a = 61 cm, we find that w = g when
V = 54 m/s. However, typical crack velocities observed in backfilled tests
are usually three to five times this large. Consequently, because of the V2
term in w, it can be expected that at actual crack velocities the term w is
much larger than g cos ¢ (sin ¢ + f cos ¢). By neglecting the latter term,
then, with P = wp H?2/2 sin ¢(cos ¢ — f sin ¢), we can minimize the resis-
tance force P with respect to slipline inclination ¢ to obtain @ optimal = (7/4)
— (w/2) or, equivalently, f = cot 2¢. Finally, this optimal ¢-value can be
substituted into the relationship for P, which can be simplified to give

_ o H V%,

tan ¢7wR? (19)

When this is substituted into Eq 16, there results

L (VPeo\(& N[ N\ (HY? (a\?
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This treatment has ignored the shearing of the backfill due to nonuniform
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deformation along the pipe axis. This would, in general, provide an addi-
tional resistance term from the backfill of the form

AV AR S/ AN AR
DG_D(J(,)(h)rtand)<a2>R<1+R>

where 7, is a representative shear strength of the unconfined backfill near the
free surface. An estimate for the strength of a dry cohesionless sand backfill
might be, say, half of the average overburden stress, 7, = 2Hp g. With this
estimate it is seen that Ds is considerably greater than D¢ for reasonable
velocities V, if the trench depth parameter H is taken to be of order 1 m.
Because of the smallness of the D term, it will be neglected subsequently.

With Djs calculated, we can, if desired, compare the relative magnitudes
of the energy uptake of the backfill due to kinetic energy uptake and due to
the plastic deformation along the shear band AB. The kinetic energy uptake
is the more important term at observed crack velocities.

The only new parameter is this trench model of backfill deformation is the
trench depth H. As was noted before, H is meant to characterize backfill
depth. Common practice for large-diameter linepipe is to place 76 cm of
sand over the pipe. Consequently, it would seem reasonable in such situa-
tions to choose a value for H of about 76 + 2a cm. (Recall the original
V-shaped trench of Ref 20 which motivated the model; H should be roughly
the burial depth of the bottom of the pipe.)

In unpublished work by the authors and V. C. F. Li, this simple model of
backfill kinematics has been supplemented by more realistic two-dimen-
sional slipline fields of circular cylinders expanding in the neighborhood of a
free surface, taking the soil to be incompressible. In every case, we find that
the kinetic energy uptake of the soil dominates plastic dissipation for ob-
served crack speeds. Furthermore, all of the alternative kinematic fields
seem to give similar energy uptake rates for reasonable values of the param-
eters. The latter is likely true because in each model roughly equivalent
masses are accelerated by essentially the same amount.

This modeling of backfill resistance contributions is mainly directed at the
case of dry sand backfill. Additional factors which would modify the con-
clusions drawn could include the presence of pore fluid in the soil. Clearly,
saturated material would have a higher effective mass density, but the rapid
soil deformation (as compared with pore fluid diffusion times) would also
result in undrained backfill behavior, and higher strength. Also, in possible
cold-climate applications, frozen backfill would have a significantly larger
strength contribution, and the backfill itself might be more likely to “frac-
ture” rather than to flow.
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Discussion and Conclusions

According to the present model calculations, the main resistance to the gas
pressure on the pipe wall during ductile crack propagation without backfill is
the resistance of the wall material to in-plane axial stretching. For the as-
sumed deformation field, this contribution is four times larger than the frac-
ture energy and an order of magnitude larger than the other computed con-
tributions. It is quite possible that the resistance of the pipe wall to axial
stretching has been overestimated through the various approximations which
have been made. The effect is so large, however, that it must be concluded
that axial pipe wall stretching must be taken into account in the development
of theoretical models of the process.

The fracture resistance of the material, as measured by §,, enters the
energy balance in an indirect way. All terms are proportional to §, except
the kinetic energy rate, which is proportional to (,)2. Thus, the relative mag-
nitudes of the dominant terms, namely, the rate of work of the gas and the
rate of plastic dissipation in axial stretching, are not influenced by changes
in §,. On the other hand, the ratio of the kinetic energy rate to the driving
force rate is proportional to &, V2, so that a modest variation in §, for fixed
driving force could lead to significant variations in V, or a small change in
driving force at fixed §, could also lead to significant variations in V, and so
on. This observation is qualitatively consistent with the results of full-scale
tests on pipe without backfill where large variations in crack-tip propaga-
tion speed were found within test sections of uniform fracture resistance or
Charpy energy. Conversely, because of this sensitivity of V to slight variations
in system parameters, simple models of the type being considered here can-
not be expected to lead to crack speed predictions which are always close to
measured values.

As was stated in the preceding, the crack is assumed to propagate with a
fixed value of crack-tip opening displacement §, in this analysis, and the
actual value of §, was taken to be the Charpy energy per unit area of the spec-
imen ligament divided by the yield stress of the wall material. This estimate
could be doubled through an alternative interpretation of the Charpy energy.
In the case of Charpy tests above the transition temperature for pipeline
steels, large plastic displacement normally precedes crack extension. The net
Charpy energy CVN then includes mainly the energy dissipated up to exten-
sion of the crack, and the value of the fracture-characterizing parameter J at
the onset of crack extension is essentially 2 X CVN + A where A is the
specimen ligament area [2/]. On the other hand, the near crack-tip value
of the same parameter J is o, 6, where, as before, the influence of lateral con-
straint is ignored. Thus, assuming monotonic proportional loading and
invoking the path-independence of J as expressed through its well-known
representation as a line integral around the crack tip, the two expressions for
J are equated to yield 6, = 2 X CVN + (0,A). Although the kinetic energy
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rate term in Table 2 is doubled through this alternative interpretation of
§,, the main conclusions of the analysis are unaffected.

In the calculation of the fracture energy rate D, it was assumed that the
strength of the wall material was given by the yield stress o, from the onset of
flow up to shear separation. The pipeline steels used in the AISI program
[1] did show some strain-hardening, and perhaps it would be more appropri-
ate to use the ultimate tensile strength rather than g, in calculating the frac-
ture energy. If this is done, however, it has no effect on the relative magni-
tudes of the terms in Table 2. It is also noted that reasonable variations of
R/a, for which no direct measurements are available, and o,, which might
vary with V to account for rate sensitivity of the flow stress, have little in-
fluence on the relative magnitudes of the terms in Table 2.

The elastic energy release rate F appearing in Table 2 was calculated under
the assumption that elastic energy was stored in the pipe wall ahead of the
crack tip as hoop strain due to the pressure p,. The pressure p, was used for
this calculation rather than the line pressure p; because the pipe wall elastic
energy release associated with reduction of the pressure from p; to p, goes
into accelerating the gas, and the driving force of the gas is subsequently
taken into account explicitly. Only the elastic energy due to the pressure p,, is
available in the pipewall near the crack tip to drive the fracture process. In
view of the extensive plastic flow which occurs during this crack propagation
process, the relative magnitude of the elastic energy release rate is surpris-
ingly large, and this result suggests that perhaps elasticity effects should be
included in attempts at developing more refined models.

The various energy rate estimates in Table 2 were computed for the pipe
material instantaneously between the leading edge of the plastic zone and the
section at which the pressure on the pipe wall has decayed to zero, that is, in
the interval —R < £ < A. At the section £ = ) the pipe wall still has kinetic
energy due to its outward motion, and it appears that this kinetic energy is
dissipated through plastic circumferential bending in £ > X. For £ > A, the
pipe wall is decelerating, and the kinetic energy rate and circumferential
bending dissipation rate have opposite sign.

Finally, it is noted from Eq 20 that the resistance provided by backfill in-
creases as the depth of burial, reflected in H, becomes large. Consequently
one may speculate that if pipe were buried sufficiently deeply, the energy re-
quired to deform the backfill would become so large that a long-running
steady fracture of the type modeled could not be sustained. However, the
presence of the backfill also retards the escape of gas from the running frac-
ture, with the result that the local pressure decay distance A will be increased.
The resulting increase in the driving force W, could conceivably offset the
increasing resistance terms Ds, thus sustaining crack growth at increased
burial depths. Until suitable models for the mechanics of gas escape through
a surrounding granular backfill material are developed, the question of
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dominance of the increase in resistance of driving force with increasing burial
depth would seem to remain open.

It is interesting, however, to note the results of calculations which were
made using the equation of motion derived in Ref 7, including the effects of
pipe wall and backfill inertia. The pressure decay was again taken to be
linear over some (to-be-determined) distance . It was found that, in this gas
dynamics-uncoupled model, for a material toughness given by §,, there was a
maximum attainable velocity of crack propagation. For any velocity less than
this values, a solution could be obtained for some A-value. This uncoupled
calculation reveals that the required pressure decay length necessary to drive
the assumed crack propagation in this backfilled condition is of the order 7
to 8a. This required decay length is somewhat greater than the apparently
maximum obtainable decay length of roughly 4a both predicted and ob-
served in the no-backfill case. Presumably the presence of backfill material
then does inhibit gas escape, resulting in longer pressure decay profiles. Of
course, the actual pressure decay profile need not be linear, and must be
determined from experiments and a coupled gas dynamics/solid mechanics
analysis. We conclude that the topic of backfill effects on gas escape would
seem to merit further examination both experimentally and in the formula-
tion of models of the processes.
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ABSTRACT: The dynamic motion of a circumferential through-crack in an axially
stressed pipe was examined with a finite-difference shell code to determine the crack
opening shapes and speed of extension of elastic-plastic crack propagation. Calculations
were also performed with an additional hoop stress to examine the effect of earlier plastic
deformation due to a biaxial stress state.

The results were compared with those obtained for elastic propagation of the cir-
cumferential crack and those obtained in a study of pressure-driven axially oriented
cracks. As previously noted, in the study of the elastic fracture, the crack characteristics
are primarily functions of the ratio of the dynamic crack intensity factor developed for a
crack of fixed length to the crack initiation stress-intensity factor, K. Elastic-plastic
circumferential cracks propagate slower than their elastic counterparts but substantially
faster than comparably loaded axial cracks. Although slower moving, the crack openings
are much larger. No effect of shell thickness was noted, and no edge flaps were found to
exist.

KEY WORDS: crack propagation, pipes, fracture properties, stresses, strains, plastic
deformations
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h Half thickness of shell
K| Plane-strain Mode I stress-intensity factor
K. Plane-strain Mode I critical static stress-intensity factor
max Maximum dynamic stress-intensity factors observed for fixed-length
cracks
Mode I crack initiation stress-intensity factor
Moment resultants
Force resultants
Shear resultants
Radius
Stresses
Time
Surface loads
Axial displacement
Circumferential displacement
Radial displacement
Axial coordinate
Radial coordinate
Axial rotation
Circumferential rotation
Increment
Angular coordinate
Density
Half central crack opening
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Piping system components are designed to mecet a number of criteria,
among which is the loss of fluid postulated to be caused by a rupture of the
piping system. The worst case is presumed to occur when the piping fractures
instantaneously by propagation of a circumferential through-crack which,
upon severance of the pipe, permits the fluid to escape and to propagate fluid
pressure waves throughout the piping.

Although the crack cannot circumscribe the pipe instantly, the propaga-
tion, for design purposes, is assumed to occur in zero time. Emery et al [/]3
have analyzed the behavior of an elastic circumferential crack, propagating
in an axially stressed pipe, to determine its opening shape and speed for a
range of initial stresses and crack initiation stress-intensity factors. These
results were compared with those obtained in the studies of comparably
stressed axial through-cracks. No hoop stresses due to internal pressurization
were considered because of the linear nature of the problem and the absence
of crack edge flaps, which are the only componcnts of the pipe strongly af-
fected by the fluid pressure forces. Fluid leakage was also estimated to be
small because of the small crack openings and because no flaps were ob-

3The italic numbers in brackets refer to the list of references appended to this paper.
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served to exist. Previous studies [/-5] of axially oriented cracks had
demonstrated that such flaps were of prime importance in affecting the mo-
tion of the crack. However, their absence suggested that the pressure forces,
which cause crack propagation and which created the flaps in the axial case,
but which do not, in themselves, cause circumferential crack growth, are of
little importance in the latter case.

On the other hand, the pressure-generated hoop stresses do affect yielding
and thus are of importance in the examination of elastic-plastic crack pro-
pagation.

A more complete analysis of this biaxial state of stress would require that
the structure-fluid interaction be considered in the manner that the axial
crack has been studied by Kanninen [2], Freund [3] and Emery [4,5]. These
studies have indicated the conditions under which the fluid pressure calcula-
tions may be decoupled from the structural calculations.

In this paper we examine the behavior of a propagating elastic-plastic cir-
cumferential through-crack. Pipes with axial stresses only and with both ax-
ial stresses and internal pressure are considered. The elastic-plastic crack
behavior is compared with that of a comparable elastic circumferential crack
and axial crack growth. Both small and large deflections are considered.
Fluid-structure interactions are not considered because of the small crack
openings encountered.

Structural Analysis

Consider a cylindrical shell of thickness 22 and midsurface radius a as
shown in Fig. 1, where u and v are the midsurface deflections in the x and
directions, respectively, w is the radial deflection, and « and 3 are the rota-
tions of lines, originally perpendicular to the midsurface, in the x and 8 direc-

OUTGOING WAVE
CONDITION

CRACK SURFACE
PLANE OF SYMMETRY

FIG. 1—Fracturing cylindrical shell.
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tions. The dynamic equations of motion with the assumption of plane sec-
tions remaining plane, and of small strains but large deflections, are
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The force and moment resultants, N, M, and Q, and the surface tractions
T for large deflections are defined in terms of those for small deflections N,
M, Q, and T by
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where §'s represent the Piola-Kirchoff stresses, which are related to the
strains by the Hookean linear elastic relationships [6] with the necessary ad-
justments to ensure the correct shear wave velocities [7]. The stresses during
elastic-plastic deformations are computed by using the von Mises yield condi-
tion and incremental plastic strain theory. In performing the elastic-plastic
calculations, it is usual to use several iterations for each loading step to en-
sure that the final state lies on the yield surface and is in agreement with the
flow rule. Because the calculations, using large dcflection theory, are very
time-consuming and because no dynamic plastic effects were included, no
iterations were made. Instead, it was assumed that any small error generated
during one time step would be compensated for during the next time step.
Although this is not generally true for arbitrary time steps, the time in-
crements used herein were one-fifth to one-tenth the normal size, and com-
parisons made with dynamic finite-element codes showed the assumption to
be satisfactory [8].
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Finite-Difference Algorithm

The pipe was modeled by a thin shell subdivided into a series of mesh
points and uniform spatial regions by the mesh illustrated in Fig. 2. The
force and moment resultants were defined at the edges of each element as
shown, and the displacements and rotations were specified at the element
center. An explicit finite-difference algorithm was used to solve for the
displacements and rotations at time ¢ + Ay in terms of values at time z and
t — At in the form

Aw(t+ A1) —2Aw() + Awl(t — Ar) = F(¥) (8)

where F(z) represents the right-hand side of Eq 3. The time step was
restricted by

Co AL < 2h 9)

which is 2h/a Af or 2h/ Ax smaller than the usual value used in shell com-
putations. Larger values of Af require an implicit solution plus an iteration
for the plastic deformation.

Dynamic Fracture of a Steel Pipe

A steel cylindrical shell with an internal radius of @ = 0.076 m (3 in.) and
wall thicknesses of k/a = 1/120, 1/60, 1/30, and 1/15 was divided into a
finite-difference mesh of Af = 9 deg and x/a Af = 1/2. The shell was taken
to be three radii long with an outgoing wave condition applied at the end at
which the axial stress was applied. The material was AS33B steel with a
modulus of 1.97 X 105 MPa (28.8 X 10°Ib/in.2), a Poisson’s ratio of 0.28,
and a yield stress of 505 MPa (74 000 Ib/in.2). The fracture toughness was
assumed to be K. = 65.4 MPa vm (60 ksi vin. ). Weiss’s [9] notch-
strength theory of ductile static fracture for mildly ductile material was ex-
tended to the dynmamic fracture without modification. (Tough ductile
materials should be handled by the net section yielding method of Ref 10.)
This criterion states that fracture occurs when the dynamic axial strain, €.,
at a distance of r, = K.2/27a? ahead of the moving crack tip, is equal to
the yield strain of the material. For these calculations, the yield strain was
assumed to be €,, = 0.002569, which was prescribed at a distance of r, =
2.67 mm (0.1053 in.) ahead of the crack tip. The elastic and elastic-plastic
crack extensions occur when the stress resultant N, or the axial strain e,
satisfies the respective criterion of ‘

N K12h eys K]z
== Drab8/2 % anb/2 27,2

(10)
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Both N, and €, are evaluated at a point, called the critical point, one-half
mesh distance, aA§/2, ahead of the crack tip. Care must be taken in estab-
lishing the mesh to ensure that in the elastic-plastic calculations the strain €,
at the critical point, at which propagation is presumed to occur, is larger
than the largest possible elastic strain generated at an equal time. To ensure
that small oscillations in the computed values of N,, and €,, did not affect
the results, without requiring a finer mesh, the value of crack initiation
stress-intensity factors K 1o was taken to be 1.5 K. or 105 MPa Vm (97 ksi
Vin. ).

Figure 3 illustrates the dynamic stress-intensity factor, K, calculated us-
ing Eq 10 for circumferential and axial cracks of the same length and the
same static elastic stress-intensity factors. Dynamic crack propagation was
initiated after the crack surface was suddenly released and permitted to open
and the crack initiation stress-intensity factor reached it’s prescribed K jq-
value. For the axial crack, the stress-intensity factor increases slowly and the
crack opening stress wave propagates around the circumference and impacts
the crack tip at a time near 140 us. The stress-intensity factor for the elastic
circumferential crack increases very quickly and shows a high percentage of
high-frequency oscillation. The highly loaded elastic-plastic circumferential
crack, on the other hand, rises continuously until a time of approximately 90
us, at which point it is about 14 times the critical value. For larger times, the
value oscillates, but generally remains constant. With the axial stress of 205
MPa (30 000 Ib/in.2), the final plateau is much more evident. In an actual
piping situation, reflected waves would cause unloading and a reduction in
the crack tip strain, thus leading to a well-defined maximum value of €.
During the rise, some small oscillations exist, but in general it may be said
that for a sufficiently high loading, given enough time and the lack of
reflected unloading waves, the ductile crack will always propagate since there
is no well-defined maximum as exists for the elastic crack. For the pressur-
ized axial crack, the outward-oriented surface force coupled with the long
times associated with the slow crack growth permits a substantial amount of
local bending of the crack edges (the flaps). This deformation has been
shown to be a dominant feature of such axial cracks in that a substantial
energy is absorbed by it and because of the effect it has upon the direction of
the resulting force.

Elastic circumferential cracks, on the other hand, tend to propagate at
higher speed, and the natural rigidity of the cylinder to crack edge bending
inhibits the flap motion and forces the energy to be absorbed in crack-tip
movement. Consequently, the elastodynamic details of the fracture process
and its history tend to be considerably different from those of the axial crack.
Furthermore, stress waves which emanate from the crack tip are passed out
of the system by the outgoing wave condition, and, unless a reflection
mechanism exists downstream in the pipe, do not return to affect the crack
motion as they do for the axial crack. There is an effect due to retlection at
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FIG. 3—Stress-intensity factors developed by a crack of fixed length whose edges are suddenly
released (initial stress = o).

6 = 180 deg from the crack center, but because these waves do not intersect
the crack at right angles to its direction of motion, the effect is slight.

Crack-Tip Motion

The crack-tip motion was computed by permitting the crack to extend one
mesh interval whenever the criterion K| = Ko was satisfied. Calculations
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were done for thicknesses of #/a = 1/120, 1/60, 1/30, and 1/15. No ap-
preciable effect of thickness was observed even though the moment of inertia
ph?3/12 changed by a factor of 512, indicating that there was no significant
flap formation and suggesting that computations can be successfully made
without considering rotatory inertia or transverse shear. For the axial crack,
large and small deformation calculations differed because of the flap defor-
mation. For the circumferential crack, however, less than 1 percent dif-
ferences in results were noted between large and small deformation computa-
tions.

Figure 4 illustrates the time history of the crack-tip position for several
values of K ,,/Kq for circumferential and axial cracks. Only the elastic
case was considered in the latter case since the elastic and elastic-plastic axial
crack results are very similar, K ., is defined as the maximum dynamic
stress-intensity factor developed by a crack of fixed length in the absence of
yielding since AS33B is only mildly ductile. For very ductile materials, the
elastic-plastic value of K| would depend upon the nature and extent of the
stress waves reflected from the boundaries of the pipe, and the crack-tip
movement may not be adequately represented by the results shown in Fig. 4.

Figure S illustrates the calculated maximum crack speeds expressed in
terms of the ratio X ,,/Kq. These maximum crack speeds are linearly
related to this ratio over the range of 1.1 to 6 provided that there is no static
net section yielding in the absence of a crack. For all values of K ,,,/Kq,
the elastic-plastic crack speeds (for both axial and circumferential cracks)

max
o e
1 @ %0
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FIG. 4—Crack-tip movement for circumferential crack for different values of K, /K.
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FIG. S—Maximum crack-tip velocities as a function of K, .. /K ;5.

~ are slightly lower than those determined for the elastic case, but with about
the same upper limit.

Calculations were also made for cases in which the effects of plasticity were
enhanced by the addition of a hoop stress of 207 MPa (30 000 1b/in.2) due to
a pressure of 3.45 MPa (500 Ib/in.2). For small axial stresses, the crack
moves a little later than in the absence of the pressure because the stress is
slightly reduced by the enhanced plastic deformation. For high axial loads,
the yielding is so widespread that a critical strain is reached earlier and the
crack moves markedly earlier. On the other hand, the propagation velocity is
unaffected by the pressure at the low axial load, but reduced by S percent for
the higher axial load.

Crack Opening Shapes

Figure 6 shows the crack opening shapes for the different cases for strongly
overdriven cracks and illustrates that the elastic-plastic crack shapes are
significantly different near the crack tip. At the center of the crack, the
elastic-plastic circumferential crack openings are much larger than the
elastic circumferential crack openings because of the longer times needed to
propagate the former. If the circumferential crack shapes are normalized by
the value at the center of the crack, the opening shapes for all the cir-
cumferential cracks are almost identical. The opening shapes for elastic-
plastic cracks with no internal pressure and with internal pressure were
found to differ by only about 10 percent. This small difference is primarily
due to the nearly equal crack propagation velocities and tip histories.
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FIG. 6—Crack opening shapes for a strongly overdriven crack (K ... /K g = 2.6).

Conclusions

The calculations have shown that for elastic and elastic-plastic cir-
cumferential uniaxial states of stress, for elastic-plastic circumferential
cracks with biaxial states of stress, and for pressurized axial cracks, the prop-
agation is primarily determined by the ratio of K,,,/K g where K, is the
maximum brittle stress-intensity factor developed by a crack of fixed length,
For equal values of overdriving, the circumferential crack speeds are
substantially higher than the velocity of the axial crack. Both types of cracks
appear to have equal limiting velocities for both elastic and elastic-plastic
cracks, with the latter being slightly lower than that of the former. In all of
the circumferential crack results, the severance velocity is so high that
substantial fluid loss and critical fluid pressurc waves are unlikely—espe-
cially in comparison with the axial crack case.

The results and conclusions for the elastic-plastic case are based upon the
observation that AS33B is only mildly ductile. Obviously, different materials
would act differently. In particular, the crack speeds would be much lower
for more ductile materials, elapsed times would be longer, crack openings
would be larger, and fluid losses greater. Furthermore, it might not be possi-
ble to correlate the results in terms of the ratio K, ,,/Ko. For these
materials, calculations would have to be performed for each specific loading
of interest.
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ABSTRACT: This paper presents evaluations of the onset of fracture and crack arrest
in a thick-walled AS08 steel cylinder (530-mm outside diameter, 240 mm inside
diameter and 910 mm long) for thermal shock loading conditions similar to those
postulated for a nuclear reactor vessel. The evaluations include static finite-element
as well as static and dynamic finite-difference analyses of the flawed cylinder, The
calculated values of the stress-intensity factor at initiation and at arrest are compared
with the fracture toughness (K}) and crack arrest toughness (K;,) values obtained
from small specimens tested at the same temperatures. The stress-intensity factor at
initiation agrees with K, while the stress-intensity factor at arrest is less than Ky,
and consistent with estimates of K. Dynamic effects (such as inertial effects) at
arrest are negligible, and the static and dynamic analyscs give the same result for
the rather small (12 mm) crack extension experienced by the vessel. However, a
dynamically calculated large (93 mm) crack extension for a hypothetical brittie steel
is 52 percent longer than predicted by the static analysis. It follows that dynamic
effects may not be negligible for very deep penetrations of the vessel wall.

KEY WORDS: crack arrest, thermal shock, pressurized water reactor vessel, loss-of-
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Crack length at arrest
a Crack velocity
BCL Battelle’s Columbus Laboratories
6; Displacement at initiation of run-arrest event
Displacement at arrest
FE Finite element
FD Finite difference
K, Stress-intensity factor
(K{)max Value of K where dK{/dt = 0
K, Estimate of crack arrest toughness derived from a static analysis
of K at arrest
K. Fracture toughness
K\ Fast fracture toughness
K|, Minimum in the variation of K with crack velocity; also crack
arrest toughness '
K Stress intensity for onset of crack extension from blunted starting
slot
L Work of external loads + kinetic energy — internal strain energy
ORNL Oak Ridge National Laboratory
PWR Pressurized water reactor
r Radius
t Time
TSE Thermal shock experiment
TSV Thermal shock vessel
u Displacement
W Cylinder wall thickness
¢ Angle between adjacent nodes

Several fracture mechanics analyses of crack arrest have been proposed,
including the static, dynamic, and energy conservation approaches [/].°
Critical evaluations of these analyses have been confined mainly to run-
arrest events in smiall laboratory test specimens [2-5]. This paper presents
evaluations for crack arrest in a relatively targe cylinder (530-mm outside
diameter, 240-mm inside diameter, and 910 mm long) that was subjected
to thermal shock loading. The experiment is one of a series conducted at
ORNL [6] to investigate crack initiation and arrest under thermal shock
loading conditions similar to those encountered by a pressurized water
reactor (PWR) vessel during hypothetical loss-of-coolant and steamline-
break accidents. Such accidents would be followed by the injection of
low-temperature coolant that would pass over the relatively hot inner sur-
face of the vessel wall to produce the following effects (refer to Fig. 1):

1. A steep positive temperature gradient through the wall,

5The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Typical instantaneous temperature, stress, fluence, stress-intensity factor and
fracture and arrest toughness (high-copper material) for a PWR vessel subjected to a loss-
of-coolant accident thermal shock (maximum fluence = 4 X 10'9 neutrons (n)/cm?.

2. High, thermally induced tensile stresses and thus an appreciable stress-
intensity factor (K) for flaws extending from the inner surface.

3. A reduction in fracture toug}iness (K|) corresponding to the reduc-
tion in temperature.

The combined effect of the high stress-intensity factor for a preexisting
flaw and the low fracture toughness induced by the cooling and by radia-
tion damage may result in propagation of the flaw. However, because of
the sensitivity of fracture toughness to temperature and fluence, the positive
gradient in temperature, and the attenuation of the fluence, there is a net
positive gradient in toughness in the vessel wall, as shown in Fig. 1, that
tends to provide a mechanism for crack arrest.

Four thermal shock experiments were conducted at ORNL on the large
cylinders. Data retrieved from the experiments included the temperature
distribution through the wall as a function of time, and indications of
crack initiation and arrest as detected by crack-opening-displacement
gages and acoustic emission instrumentation. At the completion of an
experiment, the temperature distributions were used as the thermal loadings
for the calculation of the stress-intensity factors.
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In one of the experiments (TSE-4), the cylinder initially contained an
1 1-mm-deep, long axial crack that propagated in a single jump to a depth
of 23 mm, under the influence of the thermal shock, and arrested. Test
conditions for this experiment are given in Table 1.

One of the objectives of TSE-4 was to compare calculated values of the
stress-intensity factor corresponding to the arrest event with laboratory
measurements of the crack arrest toughness for the same material. Calcula-
tions of the stress-intensity factor were performed by ORNL and BCL, and
static fracture toughness and arrest toughness values for the TSE-4 test
cylinder material were obtained at both laboratories. This paper presents
an analysis of the TSE-4 initiation-arrest event using this information.
The results of the analysis indicate that dynamic effects at arrest are negligible
for the rather small (12 mm) crack extension experienced in TSE-4, and
thus the static and dynamic analyses of the arrest event agree with each
other and with the experiment.

A dynamic calculation for a hypothetical temperature-invariant crack
arrest toughness reveals a crack penetration of 93 mm, which is 52 percent
deeper than predicted by the static analysis. It follows that dynamic effects
may not be negligible for very deep penetrations of the vessel wall.

Analysis of Crack Arrest

The various analytical approaches adopt essentially the same linear elastic
fracture mechanics (LEFM) criterion for crack arrest: crack propagation
must stop when the instantaneous value of the stress-intensity factor is less

TABLE 1--Test conditions and material properties for TSE-4.

Test specimen dimensions, m

oD 0.53

ID 0.24

length 0.91
Test specimen material AS08 steel, Class 2 chemistry
Heat treatment quench only from 871°C
Flaw long axial crack

initial depth, mm 11 +1

final (arrested) depth, mm 23 £2
Temperatures, °C

wall (initial) 291

sink (initial) —-25
Coolant 40 weight % methyl alcohol,

60 weight % water
Material properties

Young’s modulus, 6Pa 193
Poisson’s ratio 0.3
bar wave speed, m/s 5000
coefficient of thermal expansion,

10~6°Cc—! 11.7

density, g/cm3 7.86
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than the crack arrest toughness, or Ky < Kj, [7]. The crack arrest toughness
is defined as the minimum in the variation of the propagating crack toughness
(Kp) with respect to crack speed [8]. As shown schematically in Figs. 2a
and 2b, Kj,, can be equal to or less than Kj., depending on the nature
of the K p-versus-a curve.

Differences among the analytical approaches can arise from the way
K is evaluated. The static analysis approach [9] evaluates K; in the con-
ventional way; that is, it assumes static equilibrium conditions and neglects
the kinetic energy in the structure or test specimen at the instant of crack
arrest. In contrast, the dynamic analysis approach [I0] seeks to account
for the kinetic energy and inertia in the calculation of K; but neglects

/Krc
¢

<« Krm

Crack Velocity Crack Velocity
Q. b.

200 — 200 — 7/

S /
g [ <—KIC //
= 00— / 100 }—
* - Kim
78 C 126 C

O Ductie mode

® Cleavage mode
o I R R | P G
o 400 800 0 400 800
Crack Velocity, ms™' Crack Velocity, ms ™'
c. d.

FIG. 2—K, versus 4: (a) and (b) schematic; (¢) and (d) quenched-only A508 steel.
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damping. In effect, the dynamic approach allows for conversion of Kinetic
energy to fracture energy in the latter stages of propagation event, while
the static anaiysis does not. The results of the static and dynamic analyses
will agree when kinetic energy return is negligible, such as for small crack
jumps (small relative to the body dimensions). The energy conservation
approach [I] assumes that all of the kinetic energy is utilized as fracture
energy before arrest. This approximation makes it possible to estimate
K-values at arrest from the conventional static calculations.

It should be noted that Crosley and Ripling [7/] have developed test
procedures that employ the static analysis approach to evaluate crack
arrest toughness. Values obtained in this way are designated K, by these
workers. Similar procedures devised by Hoagland et al [12] use the dynamic
analysis approach. In this case, the crack arrest toughness in designated
Klm.

Material Characterization for TSE-4

Two test cylinders (TSV-1) and TSV-2) were used in the series of thermal
shock experiments at ORNL, with TSV-2 being used for TSE-4. To simulate
postulated PWR fracture conditions as closely as possible, the two test
cylinders were fabricated from pressure vessel grade AS08 steel and were
given a quench-only heat treatment.® This treatment reduces the toughness
and increases the yield strength relative to the standard quenched-and-
tempered condition—changes which simulate irradiation effects to some
extent.

The ORNL characterizations were performed on prolongations of the
two test cylinder forgings, and included tensile, Charpy-V, and static
fracture toughness (precracked Charpy and compact tension) data. Char-
acterizations conducted at BCL were carried out on material taken from
TSV-1 after completion of the thermal shock experiments. These included
static fracture toughness tests (1T compact tension specimens) and crack
arrest toughness measurements.

The yield and ultimate strengths of the AS08 material in the quench-
only condition are nearly independent of temperature in the range —73 to
260°C and have average values of 970 and 1170 MPa, respectively. Charpy-V
impact data from ORNL are presented in Table 2, and static fracture
toughness data from the two laboratories are presented in Fig. 3. No
systematic differences betwecn the results for TSV-1 and TSV-2 or with
distance from the outer surface are apparent. Values of the various toughness
parameters at approximately 77 and 131°C have special significance because
these temperatures correspond to the TSE-4 initiation and arrest events,
respectively.

6Quenched in water from 870°C.
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TABLE 2—Charpy-V impact values from CA°-oriented specimens
from thermal shock vessel TSV-1 and TSV-2 prolongations after
aging for 24 h at 288°C and cooling in air.

Charpy-V Impact

Test Lateral
Depth® Temperature, °C  Energy, J Expansion, mm

TSV-1
0.58 23 .- e
66 13 0.08
79 o .
93 27 0.25
149 43 0.61
204 48 0.61
0.69 38
66
93
149
0.77 23 . R
66 10 0.05
93 22 0.30
149 49 0.64
204 59 0.86
0.86 23 e o
66 135 0.03
93 25 0.2
149 38 0.51
204 43 0.61
TSV-2
0.57 —46 8 0
—-17 14 0
10 9 0.08
38 11 0.13
66 23 0.18
93 23 0.30
121 38 0.43
177 47 0.66
232 42 0.48
0.76 —46 12 0
—-17 14 0
10 11 0.13
38 18 0.18
66 15 0.15
81 e o
93 22 0.25
121 40 0.61
177 43 0.58
232 44 0.61

?Specimen oriented circumferentially (tangentially), and crack
propagates axially relative to test cylinder.
Depth from outer surface/wall thickness.
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Scanning electron micrographs (SEM’s) of two BCL compact tension
specimens are shown in Figs. 4a and 45 for test temperatures of 93 and
126°C, respectiveiy. These SEM’s reveal that the onset of crack extension
procceds by the cleavage mode at temperatures <93°C and by the ductile,
fibrous (void nucleation and growth) mode at 126°C. In contrast, micro-
graphs of the actual TSE-4 fracture show that the crack in the cylinder
propagated and arrested by cleavage (Fig. 4d).

Crack arrest measurements wcre performed on wedge-loaded, duplex,
rectangular double cantilever beam (DCB) specimens [/3] (140-mm wide,
400-mm long, and 50-mm thick). Broken and heat-tinted spccimens are
illustrated in Fig. S, and the results obtained at two temperatures are
summarized in Table 3. The tests provide Kjp-values at essentially one
crack velocity, ~700 ms ™!, at each temperature. SEM’s of these fractures
show that fast fracture and arrest in the DCB specimens proceed with the
cleavage mode’ at both 78 and 126°C (Fig. 4¢). It is important to note
that the DCB specimens tested at 78 and 126°C reproduced thc mode of
propagation and arrest observed in the cylinder (compare Figs. 4c and 4d).

The K| -vaiue can be regarded as a measure of both Kjp (for very low
crack velocity) and K\, provided the fracture proceeds by the ductile
mode (Fig. 2a). However, the K, value tends to fall below K|, for propaga-
tion involving cleavage (Fig. 2b) [I4]. Since fast fracture and arrest in the
DCB specimens (and presumably in TSE-4) proceed by cieavage at 77 and
126°C, neither the K- nor Kp-values measured are acceptable estimates
of K|, at these temperatures. Rough estimates of Ky, for 77 and 126°C
(77 and 134 MPa m!/2, respectively) were deduced from run-arrest events
(pop-ins), which proceeded by cleavage in two 17 compact specimens
tested at 93°C.8 The resulting K, crack velocity curves for the two tem-
peratures are shown in Figs. 2¢ and 2d. The curves are similar to one
reported by Bilek [I5] for a quenched-and-tempered stec!, which also
involves propagation by cleavage.

The K),-values in Table 3 were deduced from the same experiments,
using the displacement values measured after arrest, according to the
practice followed by Crosley and Ripling [/7]. Thesc vaiues are 7 to 20
percent lower than the average values of K. In the presence of dynamic
effects, the value of K|, is expected to be less than the vaiue of Ky,. This
is indeed observed at 126°C, but not at the lower temperature. This dis-

7Clevage fractures at different levels are connccted by verticai ductile shear failures [{4],
but the fracture surfaces at 77 and 126°C are predominantly clevage.

8The onset of crack extension occurred with pop-ins involving 3.8- and 5.0-mm crack
extensions accompanied by a drop in load. The values of the stress-intensity factor at arrest
(K| = Ky, = 94 and 96 MPa m'’? at 93°C) were obtained directly, assuming crack-extension
at constant displacement and negligible dynamic cffects for the smali crack extensions. The
values at 77 and 126°C were obtained by applying the linear temperature coefficient for Ky,
(1.19 MPa m!/? per deg C), which was obtained for this material in a different heat-treated
condition [14].
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crepancy probably is connected with specimen-to-specimen variability and
the approximate nature of the temperature coefficient (see footnote 8).

Methods of Analysis for Calculating K;

The elastic plane-strain stress-intensity factors were obtained by numerical
analysis using either a finite-element (FE) or a finite-difference (FD)
technique. The FE technique was applied by ORNL to the static analysis
of TSE-4, while BCL used the FD technique for both static and dynamic
events.

Two approaches were used in the static FE technique. One approach is
based upon the so-called energy release rate method [16], and a typical FE
model used is shown in Fig. 6a. The other approach is based upon the
classical relationship between the displacements near the crack tip and the
stress intensity-factor K|, and for our analysis an eight-noded, 1/4-point
singularity element was used in the vicinity of the crack [/7,18]. A typical
model for this approach is shown in Fig. 6b.

The Battelle FD scheme used to analyze fast fracture events in two-
dimensional structures such as compact tension and single edge notch speci-
mens is described elsewhere [/8]. Conceptually, the two-dimensional
scheme used to analyze TSE-4 is identical to that in Ref 18, although the
numerical details differ. Details required to familiarize the reader with
the method are discussed briefly in this paper, and a complete description
is given in Ref 19.

Within the usual assumptions of two-dimensional LEFM, the FD analysis
for TSE-4 was performed by first modeling the test specimen with a grid sim-
ilar to that shown in Fig. 7. The stress-intensity factor is calculated by means
of the strain energy release rate technique, which requires knowledge of the
displacements. These displacements are obtained by solving Lagrange’s
equation, which for the radial and circumferential directions is

d /oL aL
— - =0, k=12
dt (c'iuyk) all,'jk M

where u;; and uy) are the radial and circumferential strains at node i, and
L is the sum of the work done by the external loads and the kinetic energy
of the system, less the internal strain energy.

The initial conditions for the dynamic problem are obtained by solving
a static problem for the initial crack configuration. The dynamic analysis
then commences by releasing the node nearest the crack tip, and the
equations of motion are solved. The stress-intensity factor is then computed
and compared with the dynamic crack toughness K. If K| is equal to or
larger than Kp, the next node is released. The procedure is continued until
K| < Kjp. At that time the crack is considered to be arrested.
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PORTION ANALYSED
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FIG. 6a—Finite-element idealization of the longitudinal crack: (a) 15-deg segment of the
mesh used to model one half of the cylinder: (b) details af the crack region.

The sudden release of a node in the FD analysis introduces additional
dynamic effects that are peculiar to the numerical analysis technique. As
discussed in Ref 18, the magnitude of the effect depends on the ratio of
the nodal spacings in the r- and ¢-directions and is negligible for ratios
< 0.06. Typical values of Ar-and A¢ for the TSE-4 analysis are 2.92 mm

and 25.7 deg.
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FIG. 6b—Finite-element model using Y4-point, 8-noded element.

Considerable efforts were expended to ensure convergence of all numerical
techniques. This was accomplished by means of mesh and time-step refine-
ment studies, comparisons with closed-form solutions, and comparisons
between the three different numerical analysis approaches for the static
case. For the actual TSE-4 conditions the FE and FD static K-values
agree within 2 percent, but for assumed deeper flaws in the test specimen
the agreement between the FE and FD results was not as good [for a/w =0.5,
K{(FD) > K((FE) by ~30 percent]. Based on the results of numerous
accuracy tests conducted on the particular FE method of analysis, it is
believed that the FE K|-values are accurate within +10 percent.

With regard to the time-step convergence studies, it was determined that
for the TSE-4 analysis a satisfactory time step was ~ 0.2 us (from a stability
point of view the maximum allowable time step is proportional to the
smallest nodal spacing).

As a check on the accuracy of the dynamic aspects of the FD analysis, a
run-arrest experiment conducted by Kalthoff et al [2] with an Araldite-B
DCB specimen was calculated by BCL. The crack speed and Kp-values
occurring during the dynamic event were calculated correctly, and the
calculated crack length at arrest was within 10 percent of the actual value
[18].
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Analysis of TSE-4

During the TSE-4 thermal transient, crack initiation and arrest took
place along the entire crack front at a time of 150 s. The measured radial
temperature distribution at this time was used in the static calculation of
K, for both the initial crack depth and the final crack depth (depths deter-
mined post-test by destructive means). These Kj-values constituted the
static fracture toughness and static arrest toughness for the temperatures
occurring at that time (150 s) at the two crack tips. The measured radial
temperature profile, the calculated K; distribution (assuming various
crack depths), and the nominal K. radial distribution (based on the
Kj.-versus-temperature curve in Fig. 3), all corresponding to 150 s, are
shown in Fig. 8. Tabulated values of K| and temperature at 150 s for the
two actual crack depths and the corresponding material toughness values
are presented in Table 4. It is observed in this table that the Kj-values
calculated by ORNL and BCL agree within 2 percent, and that the nominal
value of K (calculated by ORNL) corresponding to crack initiation (114
MPa m'?) and the average value of K. taken from Fig. 3 (108 MPa m'’?)
agree within 6 percent, which is well within the uncertainty in both numbers.
The K;-value corresponding to crack arrest (127 MPa m'/2) is 11 percent
greater than that corresponding to crack initiation and is reasonably close
to the aforementioned rough estimate of Kj,;, (134 MPa m'/2),

A static interpretation of the TSE-4 initiation-arrest event is displayed
graphically in Fig. 9, which is a plot of fractional crack depth (a/w),
corresponding to K; = Ky, K1 = Kj,, and (K[)., versus time in the
transient. This plot is constructed using the (Kj)m.,-value and the inter-
sections of the K| curve with the K. and K, curves, similar to those shown
in Fig. 8, for different times in the transient. Points 1 and 2 in Fig. 9
represent the measured time and crack depths corresponding to the actual
initiation and arrest events, respectively, and thus the vertical distance
between Points 1 and 2 represents the crack jump. Curve b in Fig. 9 is
based on the best pre-TSE-4 estimate of the K .-versus-temperature curve
(K. curve in Fig. 3), while Curves a and ¢ are based on assumed Kj.- and
K,-versus-temperature curves normalized to the experimental results at
Points 1 and 2.

The difference between Curves a and b could be explained by the initial
flaw being blunted to some extent. However, photomicrographs of test
flaws prepared in an identical manner indicate that the TSE-4 initial flaw
was sharp. Thus the difference is attributed to the uncertainty in K. or
to a bias between the relatively small laboratory test specimens used to
obtain the curve in Fig. 3 and the TSE-4 test specimen, or to both.

It is of interest to note that following the arrest event (Point 2), reinitia-

9(dK/de) = 0.
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FIG. 8—Measured radial temperature distribution and corresponding calculated K;
distribution at 150 s in TSE-4 transient. Initiation and arrest events are indicated.

TABLE 4a—TSE-4 initiation and arrest data.

ORNL Static
Analyses, BCL Analyses,
Crack Depth, Temperature, Ky K
Event mm °C MPa m!/2 MPa m!/2
Initiation 11 +1 773 114 = 2 112 £ 118
Arrest 23+ 2 131 £ 9 127 1 124 + 15¢

@ Variation associated with uncertainty in crack depth; does not include uncertainty in K
calculation, which is ~ % 10 percent.

b Static.

¢ Dynamic.
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TABLE 4b—TS V-1 and TSV-2 toughness data.

Temperature,
Event °C K Kim Ky
Initiation 77 108 + 3 77 £ 15 103 = 12
Arrest 131% 158 = 10 134 + 20 120 £ 15

“Variation associated with uncertainty in crack depth in TSV-2 and thus temperature.
Uncertainty in K. data (Fig. 3) is ~ +20 percent.
b K\ and K|, measurements were performed at 78 and 126°C, respectively (BCL data).
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FIG. 9—Fractional crack depth corresponding to K; = K,., K; = K,,, and (K,),,,,, versus
time in transient for TSE-4.

tion could take place only after Curve d had been crossed. By this time,
however, Ky was decreasing with time, and thus even though K;/Kj. might
eventually increase to unity or beyond, reinitiation presumably could not
take place [21]. It is also possible, as indicated in Fig. 9, that (K|/Kc)max
for the arrested crack depth was less than unity, in which case reinitiation
could not take place even if K| were increasing with time. In any event,
reinitiation did not take place, and unfortunately the accuracy with which
K1/K|, is known for the final crack depth is not sufficient to permit a
determination of which mechanism, if not both, prevented reinitiation.
Several dynamic calculations pertaining to TSE-4 were made by BCL.
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For each case, the initial crack depth and the stress-intensity factor at the
time of initiation (K o) were taken to be 11 mm and 112 MPa m!/2, re-
spectively; it was assumed that Kjp # f(4), and thus K;,, = K}4. (Other
applicable data are given in Table 1). For the first calculation and as a
first approximation, it was further assumed that Kj, was only slightly
less than K| at the initiation temperature, and the Kj,-versus-temperature
curve was approximated by the linear relation identified as Case I'® in
Fig. 3. Results of this calculation indicated a crack jump of 6 mm compared
with the actual jump of 12 mm. As shown in Fig. 10, the dynamic stress-
intensity factor at the instant of arrest is nearly equal to the static value,
indicating that dynamic effects for a 6-mm crack jump in TSE-4 are small;
the propagation time for this crack jump was 125 pus.

The calculated crack jump can be increased by decreasing K, and thus
for the second calculation the Kyy,-curve in Fig. 3 (Case I) was shifted to
the right an arbitrary amount (~58°C); this K|,-versus-temperature curve
is referred to as Case II'"! in Fig. 3. The result of this calculation was a
crack jump of 19 mm with a propagation time of 30 us. Once again, as
shown in Fig. 10, the dynamic stress-intensity factor at the instant of arrest
is nearly equal to the static value, indicating small dynamic effects for the
19-mm jump as well.

The results of these two calculations show that the actual crack jump
of 12 mm had essentially no dynamic effect associated with it, and thus
K, would be nearly equal to the static arrest toughness (Kj,) calculated
for TSE-4. For the given set of assumptions mentioned in the preceding,
the value of Ky, at 131°C required for a dynamically calculated crack
jump of 12 mm is 124 MPa m!/2, which agrees very well with the static
value obtained from an analysis of TSE-4 (127 MPa m'/2) and with the
average of the three Kj,-values measured at BCL, after correcting for the
5 K temperature difference between lab measurement and TSE-4 (125
MPa m!/2).

Certainly all of the preceding analyses are subject to the effects of un-
certainties in the calculations and experimental data. Most-probable values
were used in the analyses, and no attempt was made to conduct a sensitivity
analysis. The estimated uncertainties pertaining to the initiation and arrest
events in TSE-4 and to the DCB data are included in Table 4.

Analysis of a Deep Flaw Under Modified TSE-4 Conditions

As illustrated in the preceding section, the shallow flaw associated with
TSE-4 exhibited essentially no dynamic effects. Under a different set of
circumstances, however, the flaw could extend farther and might have

0K (MPam!/?) = 0.787(°C) + 41.2.
UK, (MPam'/2) = 0.787 (°C) — 4.7.
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substantial dynamic effects. In order to examine analytically the dynamic
effects associated with a “‘long’ crack jump in TSV-2 under TSE-4 loading
conditions, a hypothetical material was considered for which the toughness
was independent of temperature and crack velocity, and Ky, = Kjp =
Ki. = 62 MPa m!/2. As shown in Fig. 11, the static-analysis approach
predicts, that the crack will extend from 11 to 73 mm (a/w = 0.5), assuming
that KIa = K]m.

A dynamic analysis of this hypothetical problem indicates that the flaw
would extend to 93 mm (a/w = 0.64), stop for ~ 100 ps, and extend an
additional 11 mm for a total penetration of 104 mm (a/w = 0.72). This
is illustrated in Fig. 12, which is a plot of crack growth versus time, and
also in Fig. 11, which shows that Kj, would have to be reduced to ~23
MPa m!“? for the static analysis to result in the same total crack growth.
This comparison of the dynamic and static approaches indicates a very
significant difference in the predicted crack growth for this particular set
of conditions.

Discussion

The application of the particular dynamic method of analysis to TSE-4
indicates that the run-arrest event in TSE-4 was essentially void of dynamic
effects at arrest. Thus the stress-intensity factor at arrest calculated using
the static and dynamic models should agree, and indeed they do; further-
more, this stress-intensity factor can be interpreted as K7, the crack arrest
toughness of the cylinder material. The particular value obtained (~ 127
MPa m!/?) is associated with a temperature of 131°C and is 20 percent
less than the K .-value from Fig. 3 at the same temperature.

A precise value of Ky, was not determined from the laboratory testing
of the DCB specimens because of insufficient Kjp data, and this prevented
an accurate comparison of Kj,-values obtained from DCB specimens and
deduced from TSE-4. However, the rough estimate of ~134 MPa m'/?
based on the DCB specimen cleavage pop-ins is consistent with K, < Kj.
and is reasonably close to the TSE-4 value (~ 127 MPa m'/2).

The dynamic analyses of the DCB specimens used in this study indicate
that substantial dynamic effects were present. The relative values of Kjp
and K, for a temperature (126°C) close to the arrest temperature of TSE-4
(131°C) are consistent with experience on other reactor pressure vessel
steels [22]. The three K|,-values obtained at 126°C vary with crack jump
distance in a manner consistent with a material for which K increases
substantially with crack velocity. However, the variation is not large (122,
125, 113 MPa m'/2), and the average, corrected for the 5 K temperature
difference between lab test and TSE-4 (125 MPa m!/2) agrees well with the
Kia-value obtained from the static analysis of TSE-4 (127 MPa m!/2).

The absence of significant dynamic effects in TSE-4 at arrest is not
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surprising considering that (1) the distance the crack propagated was only
9 percent of the uncracked ligament, and (2) dynamic effects at arrest
vanish in the limit of infinitesimal crack jumps [/]. The dynamic calcula-
tion also failed to reveal a significant dynamic contribution for Case II,
where the crack jump was 15 percent of the uncracked ligament. However,
the indications of large dynamic effects were evident for the one calcula-
tion which produced a large jump, fracturing 69 percent of the remaining
ligament. In this case, the crack propagated 52 percent farther than the
static analysis approach predicted. This result suggests that under some
circumstances involving a large crack jump in a heavy-wall cylinder dynamic
effects may not be negligible. It is difficult to generalize from these results.
More experiments and dynamic analyses are desirable both to validate
the computational procedures and to examine run arrest in the geometry
and gradients of full-scale vessels to permit conclusions about the PWR
vessel.
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DISCUSSION

P. B. Crosley! and E. J. Ripling! (written discussion)—This is the
second paper that two of the four authors wrote on this thermal shock
experiment. The authors’ Fig. 8 is a copy of a figure one of the present
discussers gave as a discussion to their earlier paper.2 It shows that a
static analysis of the experiment, used in conjunction with K;, measure-
ments on the test vessel material, is in exact agreement with the TSE-4 test

"Materials Research Laboratory, Glenword, 11

2Hoagland, R. G., Gehlen, P. C., Rosenficld; A. R., and Hahn, G. T., “Analysis of Crack
Arrest in Reactor Pressure Vessels,”' presented at the Joint American Society of Mechanical
Engineers/Canadian Society of Mechanical Engineers Pressure Vessel and Piping Conference,
Montreal, Que., Canada, June 1978.
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results. The same thing is shown in Table 4, where the material value of
K, and the static analysis results of K at arrest are posted.

Their analysis shows that for this vessel test there were no dynamic
effects, so they allow that a static approach (involving Kj,) should work
as well as the dynamic approach. It is apparent that the static approach
worked extremely well; but how well does the dynamic approach work?
The material toughness values, measured by the authors, by use of their
fully dynamic methodology, namely, K;p = 173 MPa m!/2 at 126°C and
153 MPa m'’? at 78°C, are stated to be not applicable to the TSE-4 ex-
periment. Since they are above K., they indicate that no unstable cracking
should have occurred. This is explained away by the authors by asserting
that the crack in TSE-4 propagated at a velocity at which a lower Kjp
value pertained. What value? The authors make a circuitous argument to
arrive at a value of K, (more properly Kip,) = Kj,, that is, K\p,, = 77
MPa m!/2 at 77°C and K;p,, = 134 MPa m!/2 at 126°C. If one is willing
to accept these values, which show no relationship to their measured ones,
then the dynamic analysis gives reasonable results.

One must conclude that the purpose of the first parts of this paper
is to show that a static analysis, using the measured values of Kj,, is in
excellent agreement with the vessel post-test measurements; and if one is
willing to accept the authors’ implied values of Kp.,,, rather than measured
values of Kjp, then the dynamic analysis is also reasonable.

In the last part of the paper, “Analysis of a Deep Flaw Under Modified
TSE-4 Conditions,” the hypothetical experiment seems wholly unrelated to
the real experiment. The material properties put into the analysis to show
dynamic effects are totally unrealistic: the assumption of velocity indepen-
dence, K\p = K, = Kj. = 62 MPa m'’2, is questionable; to assume that
this same toughness value, 62 MPa m'’?, pertains over the range of tem-
peratures from 25 to 250°C, is ridiculous. What seems to have been dem-
onstrated is that, with an appropriate assignment of hypothetical material
properties, the authors’ analysis predicts dynamic effects. This is nothing
new. Their analyses have regularly predicted dynamic effects. What has
still not been demonstrated is the occurrence of dynamic effects in the
real experiment.

A likely place to look for dynamic effects in crack arrest is in laboratory
specimens, specimens which are smaller than the TSE-4 structure and
should, then, offer more opportunity for stress wave reflections. Two of
the four authors have shown how K, should vary with K, according to
their dynamic analysis.> As shown in Fig. 13, the dependence of Kj, on
Kq is quite similar for a large number of shapes. This proposed behavior
for the normal compact specimen is compared with actual specimen data

3Hahn, G. T., et al, “Third Annual Progress Report, Oct. 1976-Sept. 1977,” NUREG-CR-
0057, BMI-1995, Battelle Memorial Institute, Columbus, Ohio, May 1978.
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FIG. 13—Influence of the relative initiation stress-intensity level on the K,,/K,p,, ratio
according to BCL dynamic analysis.

in Fig. 14. Obviously, static and dynamic analyses lead to pronounced
differences for large crack jumps (that is, hihg Kqy-values), and the speci-
men data are in good agreement with the static approach, which, of course,
means that the BCL dynamic analysis must be wrong.

R. D. Cheverton, P. C. Gehlen, G. T. Hahn, and S. K. Iskander—The
discussers and reader are referred to Kalthoff et al* for direct observations
of large dynamic effects’ in DCB specimens, and to Kobayashi® for both-
direct observations and independent dynamic analyses showing comparable
dynamic effects in the compact tension specimen. The results of these
studies are in good agreement with the BCL dynamic analysis, as in the
work of Fourney and Kobayashi in this volume. The discussers’ comment
that the BCL dynamic analysis “regularly” predicts dynamic effects is at
odds with the work under discussion; that is, the dynamic effect of the
TSE-4 event is found to be negligible by the BCL dynamic analysis. Further-
more, systematic calculations of run arrest events performed with the BCL

4Kaithoff, J. F., Beinert, J., and Winkler, S. in Fast Fracture and Crack Arrest, ASTM
STP 627, American Society for Testing and Materials, 1977, p. 161.

SThe term “dynamic effect” is used herc to denote that the stress-intensity value at the
instant of crack arrest is larger than the value calculated for the remote application of load
or displacement using conventional static LEFM analyses.

6Kobayashi, A. S. in Nonlinear and Dynamic Fracture Mechanics, AMD Vol. 35, Amer-
ican Society of Mechanical Engineers, 1979, p. 19.
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data. “K;p = constant” curve shows expected dependence from dynamic analysis.

dynamic analysis’ show clearly that K|, can be independent of Ko when
the Kp-crack velocity curve displays a strong upswing of the type reported

in the present paper.

The discussers are correct in sensing that the dynamic calculation of the
long crack jump reported in the paper does not relate to the actual TSE-4
event. This calculation was performed because Section XI, Article AS000
of the ASME Pressure Vessel Code provides for crack penetrations up to
75 percent of the wall thickness. The calculation was designed to examine
the general validity of the static analysis approach for deep penetrations
advocated by the discussers and contained in Article AS000. It was per-
formed for the TSE-4 vessel geometry and the TSE-4 thermal stress gradient
simply for convenience. Under these conditions, it is necessary to employ a
(hypothetical) relatively low material toughness value to achieve a deep
penetration. Consequently, the calculation sheds light on the method of
analysis, but #ot on the likelihood of a deep penetration in a full-scale

vessel.

7Hahn, G. T., Gehien, T. C., Hoagland, R. G., Kanninen, M. F., Popelar, C., Rosenfield,
A. R., and de Campos, V. S., “‘Critical Experiments, Measurements and Analyses to Establish
a Crack Arrest Methodology for Nuclear Pressure Vessel Steel,” Report to the Nuclecar
Regulatory Commission, BMI-1937, Aug. 1975.
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ABSTRACT: The current American Society of Mechanical Engineers Code procedure
for crack arrest in a reactor vessel is based on a static tinear elastic fracture mechanics
analysis and the assumption that arrest occurs when the crack-tip stress intensification,
K\, equals some critical value, Kja—the so-called crack arrest toughness. The paper
argues that the conditions for crack arrest in a nuclear pressure vessel, when it is sub-
jected to thermal stresses resulting from a hypothetical loss of coolant accident, can be
demonstrated with the current Code method, provided that an appropriate value for Kia
can be obtained from laboratory tests. The difficuities in selecting the appropriate value
of K. for this component analysis are highlighted, particular attention being given to the
effect of test specimen geometry, crack jump length, and material variability. Against
this background, the paper outlines a possible procedure for obtaining the appropriate
Kys-value. It is emphasized that the viability of the approach may be highly dependent on
the structure’s characteristics, and an approach considering kinetic (dynamic) effects
may be necessary for other crack arrest problems.

KEY WORDS: fracture mechanics, ASME Code, warm prestressing, crack propagation

One postulated emergency condition for the pressure vessel of a water-
cooled nuclear reactor is a loss-of-coolant accident (LOCA), which might be
the result of a large break in a main coolant line to the reactor vessel. The
LOCA is followed by operation of the emergency core cooling system (ECCS),
when introduction of the relatively cold ECCS water subjects the hot pressure
vessel to high thermal stresses in the vicinity of the inner surface. If this sur-
face contains a crack-like defect, the stress intensity at the crack tip increases

'Project manager and program manager, respectively, Electric Power Research Institute,
Nuclear Power Division, Systems and Materials Department, Palo Alto, Calif. 94303.

2Professor, University of Manchester, Manchester, U. K.
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with time to a maximum, and then decays as the temperature gradient
through the wall becomes smaller. Additionally, with highly irradiation-
sensitive materials, neutron bombardment can cause a lowering of the
fracture toughness, K., at a given temperature. If the embrittlement is suffi-
ciently sevcre, K. could be low enough that the rising K1 due to the emer-
gency condition will exceed Kic and the crack will extend. Because the
primary objective is to retain a coolable core configuration after an emcr-
gency condition, it is essential to guard against the possibility of the crack
penetrating the vessel wall.

Article A-5300, which deals with flaw evaluation for emergency and
faulted conditions, of Section XI of the Amcrican Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code |/],> which provides
rules for in-service inspection of nuclear power plant components, states that
each postulated incident should be considered in the following manner:

1. Determine the maximum end-of-life fluence profile through the wall
thickness at the flaw location.

2. Determine the temperature and stress profiles through the thickness of
the component at the flaw location.

3. Using irradiated fracture toughness data, determine the crack arrest
(K1) and crack initiation (Kic) fracture toughncss profiles through the
thickness of the component as a function of time following the postulated in-
cident.

4. Calculate the stress-intensity factors for various penetration depths of
the assumed flaw.

5. The crack penetration at which the calculated stress-intensity factor ex-
ceeds the K|, profile corresponds to the critical size for initiation (g;), and the
penetration at which the stress-intensity factor goes below the K, curve cor-
responds to the critical crack size for arrest (q,). This comparison is il-
lustrated in Fig. 1 for both an arrest and a nonarrest situation.

6. Curves such as Fig. 1 should be prepared for a number of selected times
following each postulated accident to establish the critical time and the
smallest a;,

The smallest value of a; determined by the foregoing procedure, and for
which the crack penetration (p) is greater than 75 percent of the wall
thickness after all postulated accidents have been considered, represents the
minimum critical initiation flaw size for emergency and faulted conditions at
the flaw location. The flaw evaluation procedure is explained in detail in
Ref 12.

The vaidity and usefulness of the approach depend on two points:

1. Can static crack arrest K, procedures be used for nuclear pressure
vessel analysis?

2. Can appropriate Ka-values be measured in suitable laboratory tests?

3The italic numbers in brackets refer to the list of references appended to this paper.
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The K1a crack arrest procedure essentially depends on a static linear elastic
fracture mechanics (LEFM) analysis for the structure, where dynamic effects
associated with the crack propagation event are not considered. This
simplified static procedure [2,3] has been questioned in recent years as to its
accuracy and, more importantly, as to the conservatism of its predictions.
Accordingly, dynamic approaches to crack propagation and arrest have been
developed (see for example Ref 4); these approaches are significantly more
complicated than K1, static approach.

It is against this background that the present paper addresses the problem
of crack propagation and arrest in the pressure vessel of a water-cooled re-
actor subject to a LOCA. The crack arrest procedure that can be employed in
the light of present ASME Code rules is discussed, as well as an approach for
obtaining Kia-values for use in the arrest analyses. It should be emphasized
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that the authors do not assert that the Code and K. procedures can be used
satisfactorily for all crack arrest problems, since attention in this paper is
concentrated merely on one specific, albeit very important, crack arrest
problem wherc dynamic effects are minimal.

Outline of Problem and Demonstration of Validity of K1. Crack Arrest
Procedures

Various theoretical analyses have been performed for the potential for
crack extension during a LOCA of a pressurized-water reactor vessel. To il-
lustrate the general problem, however, the present discussion will be based
on the theoretical analysis conducted by Cheverton [5] for a typical vessel.
The following assumptions were made in modeling the vessel:

1. Wall thickness = 216 mm (8.5 in.).

2. Inner wall fluence = 4 X 1019 neutrons (n)/cmZ E > 1 MeV (cor-
responding to a 40-year operation period).

3. High-impurity copper level (>0.25 percent, corresponding to severe
predicted irradiation embrittlement).

4. Preirradiation K. versus temperature as defined by Westinghouse [6, 7]
for SAS33-Bl1 steel.

5. Vessel not pressurized during the LOCA due to loss of coolant.

As described earlier, decreasing fluence and increasing temperature
toward the outside wall surface provide a mechanism for the arrest of a run-
ning crack that might start to propagate from the highly stressed material of
relatively low toughness near the inner wall surface. Arrest is assumed to
occur when the Kjs-value exceeds the Kj-value at the crack tip, the Kj,-
versus-temperature behavior for reactor pressure vessel material being de-
fined in Section XI, Appendix A, of the ASME Boiler and Pressure Vessel
Code. While other trend curves are available, the degradation in K1, due to
neutron irradiation through the wall has been characterized in Cheverton’s
subject analysis according to the procedures of Regulatory Guide 1.99 [8].
This guide predicts the K. and K¢ versus relative temperature trends for ir-
radiated material by a simple temperature translation of the unirradiated
properties based on the fluence level and residual copper and phosphorus
content of the steel. In Cheverton’s reference calculational model, the K-
versus-temperature trend for the irradiated material has been obtained in a
similar manner by the identical temperature translation.

Figure 2 gives K1 as a function of the crack-tip position for a long axial
flaw 450 s after the LOCA. The curves show that an axial crack with a depth-
to-wall thickness ratio (a/W) of 0.03 will initiate at this time. This crack will
then propagate to a relative depth of a/W = 0.35 before it arrests. The arrest
occurs at a Ky-level greater than the K. associated with initiation, because
the crack extends into a region of increasing temperature which provides
significantly higher values of K1a that arrest the crack. It is important to ap-
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preciate that flaws of different sizes can initiate at different times after the
LOCA; Fig. 2 represents the conditions only after a time of 450 s. Figure 3
shows a crossplot of the intersections of the K curve with the K1c and K1a
curves at various times, the dashed line iflustrating the progressive initiation,
arrest, and reinitiation behavior of a shallow crack; this description suggests
that the crack could penetrate deep into the wall; and extend beyond the 75
percent penetration limit that is set by the Code.

Figure 4 depicts the behavior of K| with time for a family of long axial
flaws, and the dashed curve represents the locus of points for which K1/Ki. is
unity. The intersection of the K1 and K. curves occurs with decreasing K1 for
flaws of depth (a/W) greater than 0.2. This means such cracks will have been
warm prestressed [9] (that is, although K may attain its maximum early in
the transient, the critical-level K. is not reached unitl sometime later). Such
cracks should therefore not extend. Nevertheless, it is possible to predict
crack propagation to relative depths greater than 0.2. Thus, for example,
consider a crack whose relative depth is 0.1. This crack wilt not be subject to
warm prestressing; according to Fig. 3 it will start to propagate at a time of
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FIG. 3—Crossplot of the intersection of the K curve with the K. and Ky, curves at various
times [9].

180 s and will penetrate to a relative depth of 0.2. Since only cracks whose
relative depth is grater than 0.2 will be subject to warm prestressing, this
crack will reinitiate at a time of 420 s and then extend to a relative depth of
0.34. Because of warm prestressing, farther extension is unlikely at 1080 s
into the event, whereas reinitiation would normally be predicted in the
absence of warm prestressing.

The preceding arguments, which are developed in Ref 9, lead to the con-
clusion that although warm prestressing cannot prevent crack initiation from
shallow cracks, the amount of crack extension can be limited by this
phenomenon. The central problem regarding crack arrest is therefore to
guarantee that a shallow crack will not penetrate deep into the vessel wall,
the likely situation where deep penetration is most likely being that for which
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a/W = 0.2, where the K1 approach shows that propagation will occur to a
relative depth of a/W = 0.34.

It is important that the K1 approach should therefore be valid for a crack
jump of this magnitude. In considering the problem, it should be empha-
sized that the crack is penetrating normally into the vessel wall. Unlike the
situation with the common double cantilever beam (DCB) test, for example,
surfaces in the vessel paralilel to the crack are so remote that only the effect of
reflections from the outer walil need be considered. Propagation of a crack
from a/W 0.20 to 0.34 in a vessel 215.9 mm (8.5 in.) thick implies a crack
jump length of 30.48 mm of (1.2 in.), while the outer surface is 142.24 mm
(3.6 in.) away at the hypothetical arrest point. It is difficult to rationatize the
outer surface having any effect in such a situation, and therefore its effect
may also be ignored. In addition, there is negligible motion of the vessel as a
result of crack extension. Thus it would seem proper to use the K1a approach
for this crack propagation and arrest event. This view is supported by
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Kalthoff’s experimental observations [/0] on wedge-loaded single-cdge notch
(SEN) specimens of Araldite B. The difference betwcen the statically K1a-and
dynamically Kiadyn-dctermined fracture thoughness values is considerably
smaller, by a factor of 2, than for DCB specimens for cquivalent crack jump
distances and crack propagation velocities, and Kalthoff has concluded that
dynamic effects are small in SEN than in DCB specimens. (Surfaces parallel
to the crack are farther away in thc SEN specimen than in the DCB
specimen.)

The general conclusion emerging from this section’s considerations is that
certainly for crack jump Iengths of the order of 25.4 mm (1 in.) through the
vessel wall, the K, arrest procedure will be adequate; it may be adequate
even for larger crack jumps, but this point requires further investigation.
However, beacusc of warm prestressing effects associated with long cracks,
the long-crack bchavioral situation may not be relevant. Of course, the ap-
proach devcloped in this section depends on reliable K1, data being available;
this point will be considered in the next section.

Determination of Ki, via Laboratory Experiments

In principle, one requires to know the value of Ki, in a nonreflecting situa-
tion where there are no wave reflections from surrounding surfaccs, that is
ideally for a situation where there is a small crack jump length in an infinite
body. Clearly this is an impossible situation to attain in practice, since all
laboratory experimental specimens have finite boundaries which introduce
dynamic effccts. Conscquently, as has been emphasized in the extensive
series of papers generated by the Battelle Columbus group (see for example
Ref 4), a crack will propagate farther than is predicted by the K1, approach.
This is duc to kinetic energy generated within the specimen, during the early
stage of propagation, which is available to allow the crack to propagate far-
ther than if no such energy is generated. The magnitude of the dynamic ef-
fects clearly depends on the specimen configuration, with some gcometries
exhibiting morc dynamic effects than others. For example, as indicated in
the preceding section, the SEN specimen displays fewer dynamic effects than
the DCB spccimen; this is because surfaces paralilel to the crack plane are
farther away in the SEN specimen and the effect of reflected stress waves is
thereby diminished.

The presence of boundaries, particularfy those parallel to the crack plane,
lead to crack arrest at Kj,-values that arc {ower than the value appropriate to
the nonreflecting situation. This mecans that laboratory test measurcments of
K. will be conservative with respect to the pressure vessel application
discussed in the preceding section. It should be appreciated, howcver, that
there will be a scatter in K1,-values due to material variation, although this is
not expected to be as great compared with K1 measurements. On the one
hand, a high Kia-value is required to simulate the nonreflecting situation,
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while on the other hand a low value is required to be conservative from the
material variability aspect; these objectives are conflicting.

To proceed against this background, the authors suggest that the results of
the SAS33-B1 round-robin test program be considered; in this program both
compact tension specimens of the Battelle design [4] are being tested.
Assuming that one of these specimens is shown to be preferable, as a result of
the round-robin program, a possible procedure is to test three specimens at a
given temperature and use the lowest of the three K1,-values as input to the
pressure vessel assessment procedure described in the preceding section; in
other words, the data base for the earlier considerations should be secured.

Discussion and Conclusions

It should be strongly emphasized that the present paper has discussed only
one specific crack propagation and arrest problem, namely that of crack
propagation and arrest in a pressure vessel during a hypothetical LOCA in a
water-cooled nuclear reactor. For this particular situation it has been argued
that, in view of the geometrical factors, K. arrest procedures in accord with
the ASME Code provisions should be adequate for assessing the propagation
of cracks whose initial depths are less than 20 percent of the vessel’s
thickness. As indicated in the paper, deeper cracks will be subject to warm-
prestressing effects that should prevent them from extending farther into the
vessel. Even in the unlikely event of the warm-prestressing argument being
invalid, it is expected, again because of geometrical factors, that the prop-
agation and arrest of cracks whose lengths are somewhat greater than 0.2W
can still be considered via the K1, procedure. If support is required for this
view, it might be desirable to conduct a dynamic analysis along the Battelle
Columbus lines [4], although it should be recognized that long cracks may be
associated with plasticity effects. For other practical crack propagation and
arrest situations, particularly where there are surfaces parallel to the direc-
tion of crack propagation, the dynamic approach might indeed be necessary.

Arising from this brief survey of the LOCA problem, the areas that might
be worth considering in the future, in order to secure the position outlined in
this paper, are as follows.

1. Propagation of long cracks using an appropriate dynamic approach to
confirm that a static analysis is sufficiently accurate; warm prestressing then
will not be a necessary part of the safety argument.

2. Sensitivity study of the parameters in the model problem discussed
herein to see whether this paper’s approach can be applied to a wider range
of LOCA conditions.

Otherwise, it may be concluded that the K1, procedure based on the
ASME Code provisions should be adequate for discussing the LOCA prob-

lem.
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Summary

While more time must pass to fully appreciate the contributions in
this volume, some of their implications for testing, analysis, and material
response are already evident. The deliberations of the ASTM Crack Arrest
Task Group, E24.01.06, in Atlanta five months after the symposium,
were strongly influenced by the results of the Cooperative Test Program
previewed in this volume. These indicated that the two test specimen
configurations: duplex and weld embrittled, yield essentially the same
K|,-values and similar Kp-values (see addendum to the paper by Hahn,
Hoagland, Rosenfield, and Barnes). The task group, therefore, selected
the weld embrittled design advanced by Crosley and Ripling for a round
robin scheduled to get underway in 1980. This specimen will be called
the “compact crack arrest specimen.” It has the virtue that it can be
fabricated at lower cost and in thicker sections because it does not require
electron beam welding, which proved troublesome for the duplex specimen.

Several problems with the design of the compact crack arrest specimen
are receiving further attention. In the absence of a hardened starter sec-
tion, large-scale plastic deformation can be expected prior to crack initiation
when the specimen is loaded to the high K-levels of practical interest.
Appropriate specimen size requirements or corrections for the plastic
component of displacement need definition. A more convenient method of
controlling the K-value at the onset of the run-arrest event is also desirable.
The pre-compression loading presently employed requires a large testing
machine and introduces residual stresses whose effects are not well under-
stood. There are also indications that the variation of Kp-values with K,
noted by Crosley and Ripling, may reflect a strong velocity dependence
of the resistance to crack propagation. The possible influence of this
dependence on the behavior of the test specimen and the interpretation
of the results—particularly the connections between K;,, Kip, and K, (the
minimum resistance to penetration)—should be examined in more detail.

The best method of analyzing run-arrest events in test specimens and in
large structural components remains an unsettled issue. At the time of the
earlier symposium, there was general agreement that precise treatments for
the arrest of a rapidly propagating crack must be based upon dynamic
analyses of the propagation even itself. However, as noted in the summary
to that volume, there was considerable disagreement in evidence on the
extent to which the not inconsiderable computational and experimental
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complexity required for a fundamentally correct analysis is necessary
for practical applications. Indeed, for small crack jump lengths, a dynamic
fracture mechanics treatment will be indistinguishable from a simpler
quasi-static analysis. But, when the two approaches differ, it must be
that the dynamic approach is more nearly correct. And, because it generally
predicts that the crack will propagate faster and further than will a static
analysis, it may be dangerous to assume a priori that quasi-static conditions
prevail in any given circumstance.

The papers contained in this volume indicate that, while the schism
between the dynamic and quasi-static approaches to crack arrest still
exists, substantial accommodation appears to have been rcached. This has
been done on a pragmatic basis. Crosley and Ripling note in their paper
that, because dynamic effects exist in crack arrest, the quasi-static ap-
proach is an oversimplification. Nevertheless, as they assert, reasonably
constant statically determined arrest values can be determined experi-
mentally that will suffice for practical purposes.

This same point of view was adopted in the paper by Marston et al. They
applied a quasi-static approach to assess crack propagation and arrest in
a nuclear pressure vessel subjected to thermal stresses in a hypothetical
loss-of-coolant accident (LOCA). They concluded that, while dynamic
analyses may in general be necessary for crack arrest problems, because of
the geometry of the vessel and the anticipated short jump length, a quasi-
static analysis should suffice. This assumption is corroborated by the
dynamic analysis of the short-jump LOCA event reported in the paper
by Cheverton et al. But, as Cheverton et al also point up, for a hypothetical
long crack jump, a dynamic analysis predicts a much deeper penetration
than would a quasi-static analysis. This conclusion would seem to be
reinforced by Dally et al who proposed a thick-walled ring specimen
for mechanically simulating crack propagation under a thermal stress
that might occur in a LOCA event. Their results also indicate that quasi-
static stress analyses will generally not be applicable for dynamic crack
propagation. ‘

It can be perhaps concluded that the dynamic-quasi-static crack arrest
controversy is no longer a critical issue. A perusal of the papers contained
in this volume will indicate the field has advanced and, in doing so, new
critical issues have emerged. Of most prominence is the growing realization
that the applicability of even the most rigorous analysis procedures that
have been developed may be much more limited than was previously
realized. That is, virtually all mathematical solutions and interpretations
of experimental results are now made in terms of linear elastic fracture
mechanics (LEFM) treatments. (Dynamic fracture mechanics, which uses
elastodynamic analyses, are no less subject to this than are quasi-static
treatments.) However,-most work is done on either ductile tough materials
like the nuclear pressure vessel stress A533B or on viscoelastic polymeric
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materials. These materials do not satisfy the basic assumptions of LEFM.
Moreover, all materials—even those which satisfy LEFM requirements
at the initiation of crack growth—will leave a wake of residual plasticity
behind the propagating crack tip. While this has been always ignored,
there may be reason to question the propriety of neglecting it, as follows.

The basic assumption in elastodynamic analyses of crack propagation
has becn that the dynamic fracturc toughness is a unique geomctry-
independent material property that can, at most, depend upon crack
speed, temperature, and plate thickness. However, results presented by
several of the contributors to this volume are beginning to seriously ques-
tion the legitimacy of this assumption. Some investigations indicate that
the external dimensions of the component can affect valucs inferred for the
toughness property. Dahlberg et al point up that, even if K dominance
of the inelastic region around the crack tip exists, a dependence of the
dynamic fracture toughness on higher order derivatives of crack speed
cannot be excluded by theoretical mcans. If so, geometry-dependence
and incorporation of higher order derivatives of the crack speed must be
accepted in linear elastic dynamic fracture mechanics. Whether or not
residual plasticity or other nonlinear effects could play a key role in mol-
lifying this lack of uniquencss cannot be presently detecrmined. What does
seem clear is that a growing lack of confidence exists in the fundamental
soundness of the LEFM-based procedures for analyzing fast fracture
and crack arrest. In fact, it may be that this has become the most critical
issue in the field.

An important fact that cannot be overlooked in any use of experimental
observations to assess the basis of mathematical analysis procedures is
that no direct measurement of the stress intensity factor is possible. While
observations of fringe and shadow patterns associated with a propagating
crack can be made, the relation of these measurements to fracture me-
chanics parameters always requires the use of some mathematical model.
And, any such model must be based upon a constitutive relation and other
presumptions about the interaction between the propagating crack and the
component that contains it. (Most often, it is tacitly assumed that the
near crack tip region can be treated as if it were in a quasi-static linear
elastic infinite medium.) To assess such approaches, Popelar and Kan-
ninen have devised a dynamic viscoelastic representation for polymer
DCB test specimens. Freund and Parks have begun the development of an
elastic-plastic analysis model for ductile crack propagation in pressurized
pipelines. Clearly, other such nonlincar treatments will be required to
resolve the questions that are yet unanswered in the subject covered by this
volume.

While the applicability of linear -elastic crack arrest treatments may
well be the most outstanding issue at the time of the second symposium,
it is clear from the many papers devoted to it in this volume that such
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treatments still can be quite useful. The paper by McGuire et al showed
how such an approach was applied successfully for an assessment of pipe-
line safety. Mall et al used an elastodynamic finite element model to de-
termine dynamic initiation toughness in impact loaded three-point bend
specimens. Emery et al were similarly successful in studying dynamic
circumferential crack propagation in an axially stressed pipe.

There is considerable work in progress in refining both the analysis
and experimental procedures needed for crack arrest assessments evi-
denced by the papers in this volume. Shmuely and Perl have developed
an improved two-dimensional dynamic finite difference code that simulates
a continuous rather than a discrete movement of the crack tip. Malluck
and King have compared two different methods for relaxing the restraining
reaction force at the crack tip to permit a similar effect for finite element
models. As they point up, much work must yet be done in developing
numerical analysis methods for fast fracture and crack arrest. Hence, it is
fortunate that closed form solutions such as that of Popelar for the double
torsion test specimen also are being pursued.

Advances in experimentation are also in evidence in this volume. In
addition to those already mentioned, Kobayashi and Dally describe a
dynamic photoelastic method for the direct determination of the instan-
taneous stress intensity factor for running cracks by use of a split bire-
fringent coating applied to the surface of a compact tension test specimen.
By using the shadow optical method of caustics in both a photoelastic
material (by transmission) and in steel (by reflection), Kalthoff et al have
investigated crack arrest and post arrest behavior. They find that the
dynamic effect (that is, the difference between the dynamic stress in-
tensity factor at the instant of crack arrest and the static value that exists
long after arrest) is strongly affected by specimen geometry and material
type. They conclude that these differences must be taken into account
in establishing a physically correct, generally applicable, crack arrest
methodology.

When direct observation of the tip of a propagating or arresting crack
is not appropriate, analysis methods are needed to interpret the experi-
mental results. Work at Battelle has provided a set of reference curves
for this purpose. In their paper, Fourney and Kobayashi describe a critical
examination of these and report that they do have a reasonably good
basis. In other work of this general type, Gates had independently studied
the effects of specimen geometry and loading conditions for crack propa-
gation in steel and found that his results are in general agreement with
other analyses. Chow and ‘Burns have employed a shear force measurement
technique in a rapidly wedged DCB specimen to deduce dynamic toughness
values for 1018 steel. Bilek presents results from both slow and rapid
loading of a DCB specimen to obtain values for 4340 steel.

Contributions to the important task of material characterization and
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the origins of fracture toughness are also contained in this volume. Metcalf
and Kobayashi have made an intensive study of the two commonly used
photoelastic materials, Homalite 100 and Araldite B, to better understand
dynamic crack propagation and arrest results in these materials. Hahn
et al present a crack arrest data base from crack propagation and arrest
measurements on six pressure vessel steels and a submerged-arc weldment.
A fractographic interpretation of the arrest toughness is also given. Finally,
Burns has made an interesting effort to connect the rate-controlling me-
chanisms for slow crack growth with those of rapid crack propagation by
replacing the isothermal condition applicable to the former with an adia-
batic condition. While incomplete for lack of key experimental data,
this kind of approach is clearly needed for an increased understanding of
the subject.

The toughness values generated by the Cooperative Test Program (see
addendum of the paper by Hahn, Hoagland, Rosenfield, and Barnes)
are most important, since they represent the most extensive and up-to-date
collection of crack arrest measurements on a nuclear pressure vessel steel.
The Kj,-values measured at room temperature, NDT + 60°C, straddle
the Kir-curve of Section III of the ASME boiler and Pressure Vessel Code.
This curve was originally drawn to represent lower bound toughness be-
havior. It would appear that the improvements in crack arrest test meth-
odology wil! require a downward revision of the Kjg-curve, at least for
crack arrest considerations.

In conclusion, it can be said that the study of dynamic crack propagation
and crack arrest is one with very important practical applications. In
accord with this, the subject is receiving the attention of a highly capable
and energetic group of researchers. Clear progress has been made since the
time of the earlier symposium in this field. While some of the issues that
existed at that time have been resolved, new issues have emerged that are
now being addressed. This is natural in the study of a complex problem
area. Hence, it can be taken as evidence of the healthy progress that is
being made towards the eventual reduction of crack arrest considerations
to routine engineering practice.

G. T. Hahn

Vanderbilt University, Nashville, Tenn.
37235; editor.

M. F. Kanninen

Battclle Memorial Institute, Columbus Lab-
oratories, Columbus, Ohio; 43201; editor.
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234-237, 245, 256-257, 286,
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E

Energy dissipation, 10, 15, 21-23,
38, 109, 112, 116, 119-120,
123-125, 129, 138-139, 146-
147, 162, 177, 211

Epoxy, 111, 115, 169, 194

F

Finite difference method (see Dy-
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Fractography (see Fracture surface)

Fracture energy (see Dynamic tough-
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289-291, 298-315, 400-403
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K p-values (see Dynamic toughness)
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Loss-of-coolant accident, 162, 290,
392, 393, 422-431, 436
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253, 289-322, 334
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Brittle behavior of, 71-72, 189-191
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346, 367
Pressurized pipe fracture models,
341-357, 359-377, 379-391
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72, 246
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Thermal activation, 178-184
Thermal shock experiment, 392-421
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also Ring specimen), 392-417
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Vv

Viscoelastic properties, 5-23, 128,
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Warm prestressing, 462-427, 430

Weld-embrittled specimen (see Dy-
namic touchness measure-
ments)
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