
PII:S002o-7683(97)00247-3

eJ Pergamon

Inl. J. Sohds SlruClures Vol. 35, No. 36, pp. 5139-5158, 1998
(f.') 1998 Elsevier Science Ltd. All rights reserved

Printed in Great Britain
0020-7683(98($-see front matter

LINE-SPRING FINITE ELEMENT FOR FULLY
PLASTIC CRACK GROWTH-II, SURFACE

CRACKED PLATES AND PIPES

HYUNGYIL LEE*
Department of Mechanical Engineering, Sogang University, Seoul, Korea

and

DAVID M. PARKS
Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139, U.S.A

(Received 23 November 1996; in revisedform 3 August 1997)

Abstract-Crack-tip opening angle (CTOA) is generally considered as the most operable fracture
descriptor for fully plastic, quasi-steady, extensive crack extension. In Part 1, based on the CTOA
crack growth criterion, a line-spring finite element model was presented to resolve through-thickness
crack growth in plane strain single-edge-cracked specimens and surface-cracked plate/shell structures
under fully plastic loading. With constraint-dependent CTOA and some supplemental kinematic
relations given, the line-spring model ultimately monitors crack extension from the history of
generalized displacements. The model was implemented in the implicit ABAQUS finite element
code (l993b) in a user-defined element form. Following the plane strain parametric studies in Part I,
we further apply the line-spring model to the problems of surface-cracked plates and pipes in Part II
here. Effects of material hardening, configuration and location of the surface crack on the histories
of penetration-displacement/pressure are examined in a remotely-stretched plate and a pressurized
cylindrical vessel. As the most plausible exercise of a stable crack propagation leading to leak
before-break failure, a circumferentially cracked pipe subject to pure bending is selected. Evolution
of CTOA along the crack-front and surface crack enlargement pattern are examined for each case.
Experimentally-observed CTOA values for the remotely-stretched plate are interpreted in light of
the model prediction. © 1988 Elsevier Science Ltd. All rights reserved.

I. INTRODUCTION

In the safety assessment of pressure vessels and pipes, primary concern is often given to the
occurrence of the failure mode known as leak-before-break (LBB). If the leakage of fluid
via a subcritical through-crack is detected in one way or another, a remedial action such as
shutdown of the system to prevent a global failure ca.n be taken. Since a loss of contained
fluid is likely to be followed by an internal pressure drop, LBB can in some sense be viewed
as a possible outcome ofa 'desirable' (at least, 'preferable') sequence of events-penetration
of a crack through-thickness, but no immediate unsta.ble crack propagation along the wall
(Kanninen and Popelar, 1985). By providing guidelines for design and material selection,
an established LBB methodology could bring about enormous cost savings in manu
facturing and maintenance of the pressurized vessel and piping systems.

With ultimate applications to LBB analyses in mind, Lee and Parks (1998), hereafter
referred to as Part I, developed an advanced line-spring model for fully plastic quasi-steady
crack growth of plane strain single-edge-cracked (SEC) specimens, and surface-cracked
shell structures. Ductile crack growth results from the nucleation, growth and coalescence
of microscopic voids. Evolution of voids is in turn influenced by the near-field plasticity.
Correlating micromechanisms and near-field plastic parameters, CTOA is thought of as
the most operable fracture descriptor of such strain-controlled fracture process. In the line
spring model, the CTOA is evaluated using the sliding-off and cracking model of McClin
tock et al. (1995) together with the least upper bound method of Kim et al. (1996). CTOA
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in the sliding-off and cracking model is viewed as a material-dependent function of stress
and strain imposed on the moving crack-tip. Upon determining the constraint-dependent
CTOA, the increment of crack extension is kinematically determined from the loading
imposed increment of crack-tip opening displacement (CTOD). Details of the crack-growth
line-spring constitutive relations are given in Part I. The model was incorporated into the
implicit ABAQUS finite element code (l993b) in the form ofa user-defined element.

Parametric studies in Part I on plane strain SEC specimens revealed that the loading
type and material hardening are responsible for the load increase after crack initiation and
crack propagation rate per unit imposed displacement. It was also shown that delayed
crack initiation, longer specimen length, higher yield strength, lower ductility and initially
shorter crack, each inclines the SEC specimen to unstable cracking. The line-spring system
characteristics derived for a plane strain SEC specimen under remote pure tension readily
accounted for how those parameters influence the system stability. Here in Part II, we apply
the line-spring model to problems of surface-cracked plates and pipes.

We first model a surface-cracked plate under remote tension. Effects of material
hardening and crack configuration on the surface crack propagation are examined. Exper
imentally observed CTOA values are interpreted in light of the model prediction. we then
consider axial surface cracks in an internally pressurized vessel. Again, effects of crack
configuration and location (internal/external) on the surface crack extension and CTOA
variation along the surface crack front are addressed in connection with elastic solutions.
Finally, motivated by the remarkably relaxed crack-front stress field reported by Kikuchi
(1992), we select a part-through circumferentially-cracked pipe subject to pure bending.
This crack geometry and loading gives the most plausible exercise of stable crack propa
gation leading to LBB failure. Surface crack enlargement pattern, and evolution of local
CTOA and crack depth are presented.

2. LINE-SPRING DEVELOPMENT

A subcritical crack under normal operating conditions typically initiates at the inner
surface of the vessel and pipe wall, then grows by combined fatigue and/or stress corrosion to
form a surface crack. In consequence ofsuch process, surface cracks are often encountered in
practice, and have been a primary concern in the field of engineering fracture mechanics.
Due to their intrinsic three-dimensional nature, surface/corner crack problems are generally
analyzed with numerical techniques. However, it is not currently feasible to solve problems
of extended ductile surface crack growth by using conventional 3-D continuum finite
element methods, even with state-of-the-art computer resources and FEM software. There
fore, a simple but accurate mechanics model of surface crack behavior is in great need.

For an effective evaluation of the stress intensity factor (K[) in part-through surface
cracked plates and shells, Rice and levy (1972) devised the line-spring model. The concept
was extended to elastic-plastic problems in the incremental theory of plasticity by Rice
(1972) and Parks et at. (Parks, 1981; Parks and White, 1982; White et at., 1983). The
model was then further applied to the two-parameter characterization of elastic-plastic
crack-tip stress fields along the surface crack front (Wang and Parks, 1992; Wang, 1993;
Lee and Parks, 1995). One of the most attractive, yet unexploited, features of the line
spring model is that it can simulate an arbitrary crack growth in the thickness direction
without any finite element remeshing. A crack-growth line-spring model based on the J
integral was attempted by Miyoshi et at. (1986) using deformation theory of plasticity.
However, a J-based fracture criterion and the deformation theory of plasticity upon which
it is ultimately based are limited to amounts of crack growth small in comparison to initial
ligament size (Hutchinson and Paris, 1979). Therefore, to handle extensive surface crack
growth, Lee and Parks (1998) presented a crack-growth line-spring model based on flow
theory plasticity and a constraint-sensitive CTOA fracture criterion. In our line-spring
model, CTOA in general varies both along the surface crack front at fixed load, and at
fixed crack front location, with respect to the applied load.
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3. RESULTS

3.1. A remotely-stretched surface cracked plate
Reuter and Lloyd (1990) (herein denoted 'RL') experimentally measured the CTOD

and CTOA around the surface-crack perimeters during fully plastic crack growth by testing
replicate specimens to varying load-crosshead displacements. Figure 1 is a schematic view
of a surface-cracked plate having a length 2h, a width 2b and a thickness t. The semi
elliptical crack in the center of the plate has a surface length 2e and a maximum through
thickness penetration a. Because the parametric angle ¢ requires an elliptical crack shape,
¢ holds its meaning only until the crack initiation. Once crack extension commences, the
distance x measured from the surface-crack center line is more useful than ¢ in locating the
crack front position of the growing crack. Surface-cracked plate specimens had geometric
ratios hit = 20, bit = 8 and a/c = 0.24. Given the symmetry of geometry and loading, only
one-quarter of a plate was modeled by eight-node shell elements with reduced integration
(element type S8R from the ABAQUS library, 1993b). For an adequate elastic-plastic
compliance in response to the remote bending moment, 9 Simpson's rule integration points
across the thickness of the shell were used. Ten 3-node second order line-spring elements
assuming a symmetry plane cross the spring represented the cracked plane.

Figure 2(a) is the normalized load vs displacement curve under remote extension,
meaning NON > 0, eON = 0 in Fig. 1. We used a multi-linear stress/strain curve, smoothly
approximating the experimental data for ASTM A710 Grade A steel. In A710 steel, the
strain hardening exponent is near n == IO and (Jj(J, == 1.35, where (Ju is the tensile strength
occurring at about 8% strain (Reuter and Lloyd, 1990). The critical CTOD value at crack
initiation for this material ranges from c:5; = 0.22 mm to c:5; = 0.35 mm, depending on crack
tip constraint (Hancock et al., 1993). For crack initiation, we used a constant critical CTOD
value of 15; = 0.25 mm, along the entire crack front. The relative ratio of critical CTOD to
plate thickness is thus 15~/t = 0.25/6.4 == 0.039. Because 15; in general depends on the crack
tip triaxiality, it should actually vary along the crack front. However, the crack con
figuration tested here has a very flat border due to the low aspect ratio a/e = 0.24; thus the
constant value of 15~ seems acceptable as a first order approximation. Experiments by RL
in fact showed quite gradual (moderate) variation of c:5~ along most of the crack front. The

~2c

t

000
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Fig. I. Cross section of a part-through surface crack with a length 2(' and varying depth a(x) in a
shell of thickness t (above). Schematic illustration of line-spring model which converts the part

through surface crack to the through-crack with a g.~neralized foundation (below).
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Fig. 2. (a) Normalized load Nn vs displacement (jn curve under remote extension (N W > 0, Ow = 0
in Fig. 2). The point denoted by (I) is the crack initiation point at the mid-section (x/c = 0). A
constant critical CTOD value of (j: = 0.25 mm was used throughout the crack front. (b) Normalized
force and bending moment trajectory transmitted across the line-spring elements at three crack
front positions, x/c = 0, 0.66 and 0.87. (c) Normalized load Nn vs displacement on curve under
remote extension. Effect of initial center-line crack depth (a(x = O)/t = 0.6, 0.67). (d) Normalized
load N n vs displacement (jn curve under remote extension. Effect of material ductility (A = 0.5, 0.6).

material ductility parameters A and Bin eqn (3) of Part I are taken as A = 0.5 and B = O.
A is related to a strain for hole growth to linkage by micro-rupture, and B to a strain for
hole nucleation. Details are given in Part I. The point denoted by (1) in Fig. 2(a) is the
calculated crack initiation point at the mid-section (xlt = 0), and point (5) corresponds to
the load level where mid-section crack depth has grown to alt ~ 0.96; see Fig. 4(b). After
fully plastic yielding of the plate, the computed reaction force N OC saturates immediately,
and shows small variation (3%) in its magnitude in spite of the significant net-section
reduction due to surface crack growth. In the same simulation, but with non-hardening
material, the reaction force N OC steadily decreases more than 141~o from its peak value,
indicated by the cross symbol' x', as the surface crack grows. Figure 2(b) shows the
trajectories of normalized force and bending moment transmitted across the line-spring
elements at three locations. The positions xlc = 0., 0.66 and 0.87 on the original surface
crack front are marked by cross symbols' x ' in Fig. 4(b). Near the free surface (xlc = 0.87),
the loading starts near pure tension (N > 0, M ~ 0), then approaches pure extension
(N) 0, e ~ 0). Note that N(x) and M(x) are membrane force and bending moment per
unit length transmitted by the line-spring element at x, and relative separation and rotation
[l5(x), e(x)] are work-conjugates to [N(x) , M(x)] ; see Part I. Trajectories of resultant force
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and moment at three different crack front locations follow similar paths. Considering 10%
variation of a(x = O)/t-values in experimentally tested replicate specimens of RL, we also
analyzed the other extreme case of aft = 0.67. The effects of initial center-line crack depth
[a(x = O)/t = 0.6, 0.67], and material ductility (A = 0.5,0.6) are given in Figs 2(c) and (d),
respectively. An initially deeper and longer (due to fixed ratio, a/e = 0.24) surface crack
results in a smaller limit load N OO and an earlier penetration, while increased ductility brings
counter-results.

Figure 3(a) shows the evolution of CTOA at three different locations with respect to
the far field normalized displacement bn • At the mid-section (x/e = 0), CTOA increases
monotonically as (jn increases, while CTOA near the free surface (x/e = 0.87) first drops
then increases. Near the end of crack penetration, all CTOA values converge to a constant
value CTOA ~ 30°. This results from the drift of the loads applied to each line-spring
towards the pure extension mode, with continued crack growth [Fig. 2(b)]. Let the par
ameter J.1 measures the local bending-to-tension ratio as J.1 == (M+Na/2)/(Nf) , where a(x) is
the local crack length and l(x) is local remaining ligament. In case of pure extension as
represented by J.1 = 0 of Fig. 5 in Part I, the selected values A = 0.5 and B = 0 correspond
to CTOA ~ 30° for nonhardening (n = (0) material. We found that at deformation levels
(jn ~ 3.6, the average flow stresses TO' in all the line-spring finite elements except the one at
the free surface, already reached the non-hardening limit value To = Tu ~ 1.35Tv' Figure 3(b)
is the predicted distribution of CTOA(x) along the crack front at various deformation
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Fig. 3. (a) Variation of CTOA at three different locations with respect to the far field nonnalized
displacement ,)". (b) Predicted distributions of CTOA (x) along the crack front at various defor

mation levels.

levels. At the beginning of crack growth, as denoted by bn = 1.84, the peak value of CTOA
occurs near the intersection with the free surface. As load increases to bn = 2.4, CTOA
increases in the central part but decreases near the intersection, resulting in a parabola
shaped variation. For the shallow-cracked region near the intersection, we simply used the
method for approximate evaluation of CTOA, which strictly applies only for the single
slip-line feature of deep cracks. However, all cracks loaded with pure extension mode can
be treated as deep cracks irrespective of relative crack depth, because there is no shoulder
plastic deformation. On the other hand, cracks having relative crack depth less than about
0.35 mm subject to predominant bending bear quite complicated deformation pattern at
the crack-tip (Lee and Parks, 1993). No complete analytical solution for crack-tip stress
triaxiality of shallow cracks is currently available. For load levels greater than bn = 3.6, at
which point the surface crack has almost penetrated the plate thickness-Fig. 4(b), the
CTOA along most of the crack front reaches the saturated value ofabout 30°. The minimum
CTOA always occurs near the location x/c ;::;;; 0.9, which was also observed in the experiment
ofRL.

Figure 4(a) represents the penetration of the crack at three locations x/c = 0, 0.66 and
0.87. Although same critical value of b~ was used along the surface crack front, cracking at
different locations initiates at different far field load levels. If triaxiality dependence of b~

(x/f) were also considered, the crack initiation at x/c = 0.87 would be further delayed,
because oflower crack-tip constraint at x/c = 0.87, as discussed by Wang and Parks (1992).
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Fig. 4. (a) Evolution of crack depth at the locations xlc = 0,0.66 and 0.87. Although same critical
value of ,); was used along the surface crack front, crack initiation at different locations occurs at
different far field load levels. (b) Predicted crack front profiles at various deformation levels. The

crack remains stationary until ,), ::::: 1.84, whereupon it starts to grow near mid-section.

At the higher load level lin;:' 3.2, the crack length evolution curves are parallel to each
other. This comes from the load state and CTOA variation along the surface crack front.
That is, regardless of crack front location, the load state approaches that of pure extension
as noted, and consequently CTOA saturates to a constant value. In such case, crack length
increment is simply proportional to the far field displacement. Figure 4(b) is the predicted
crack front shape at each deformation level. The crack remains stationary until lin ~ 1.84,
whereupon it starts to grow near mid-section.

As another representative of surface-cracked plate problems in remote extension, we
chose a deep and short (alt = 0.7, ale = 0.7) crack in the same-sized plate (hit = 20,
bit = 16). Comparison of Fig. 2(a) and Fig. 5(a) reveals that the normalized far-field
elongation at the penetration of plate, ~, strongly depends on the surface crack geometry
as well as material hardening. For hardening material (n = 10), li~ ~ 8.5 of the short surface
crack (ale = 0.7) is more than twice the value of ly'; ~ 3.85 of the long surface crack
(ale = 0.24). However, each surface crack has almost same value of b;; ~ 3 for n = 00.

Trajectories of force and moment transmitted by line-spring elements at three locations
during loading, and predicted evolution of CTOA and crack propagation, are presented in
Figs SIb), 6 and 7, respectively, for the deep and short surface crack in the hardening plate.
It is worth noting in Fig. 7(b) that along the crack front, surface crack growth relative to
its mid-section (x = 0) growth is faster in hardening case than in nonhardening case. Unlike
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Fig. 5. (a) Normalized load Fn vs displacement e5n curve for a deep (alt = 0.7), short (ale = 0.7)
crack in the same-sized plate (hit = 20, bit = 16) under remote extension. (b) Normalized force and
bending moment trajectory transmitted across the line·spring elements at three crack front positions,

xle = 0, 0.658 and 0.895.

the long surface crack, lateral extension of this deep and short crack is in fact very likely to
happen, since maximum K1 of a semi-circular surface crack occurs on the free surface.
However, as the current line-spring model does not account for crack singularities at the
free surface, no measure was taken in the analyses to accommodate lateral extension.

3.2. A pressurized cylindrical vessel with axial swjace crack
In this section, we solve a set ofaxial surface crack problems in an internally pressurized

cylinder having mean radius Rrn , a total length 2L and a thickness t. The cylinder dimension
was fixed at Rrnlt = 10.5 and 2LIRrn = 11. As for the surface cracked plate in tension, two
types of semi-elliptical crack configurations, i.e. aspect ratios of (al t = 0.6, alc = 0.24) and
(alt = 0.7, alc = 0.7), were selected. Both internal and external crack cases were considered
for each crack configuration. No pressure traction, however, was applied to the faces of
inner cracks. To form a remotely-closed cylindrical vessel, axial stresses consistent with
internal pressure were imposed simultaneously. Figure 8 shows a finite element mesh for
alt = 0.6, alc = 0.24 case. It consists of 325 eight-node shell elements and ten line-spring
elements arranged to act as the surface crack. Only one-quarter of the cylinder was modeled,
again by virtue of symmetries. To facilitate the generation, the mesh was more refined than
needed. However, this did not cause any substantial difficulty in computations performed
on HP 9000 workstations. A mesh somewhat finer than that in Fig. 8 was employed for the
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Fig. 6. (a) Variation of CTOA at three different locations with respect to the far field normalized
displacement on for the surface crack having alt = 0.7, ale = 0.7. (b) Predicted distributions of

CTOA (xlc) along the crack front at various deformation levels.

a/t = 0.7, a/c = 0.7 case to better define the rapidly varying local crack depth. The same
finite element mesh is used for both internal and external crack analyses except that the
signs of rotation and moment are reversed in line-spring elements.

Before we probe fully plastic growth, it is instructive to see first some features of
stationary cracks in an internally pressurized elastic cylinder. Figure 9(a) and (b) show
such elastic stationary crack line-spring solutions of the stress intensity factor Kj and T
stress along the crack fronts. Here average hoop stress (Jh = pRm/t is used for normalizations
of KJ and T, and points on the crack front are located by the normalized distance, x/c; see
Fig. 1. Poisson's ratio was taken as v = 0.3. For all four cracks considered, the maximum
Kj occurred at the deepest point (x = 0). For a given configuration, the external crack
carries higher Kcvalues than the internal crack. Th(~ difference, which comes from less
constraint on the rotation at the shell outside, is bigger in the long surface crack. All of
these observations parallel the 3-D FEM results by Raju and Newman (1982).

The T-stress is the second term in the Williams (1957) eigen-expansion ofelastic crack
tip fields. A pioneering study of Beteg6n and Hancock (1991) demonstrated that the T
stress quantifies the elastic-plastic crack-tip stress triaxiality; thus, together, the J and T
parameters can characterize the elastic-plastic crack-tip fields. For an easier application of
two-parameter methodology to surface crack problems, Wang and Parks (1992), and Lee
and Parks (1995) extended the line-spring concept to the evaluation of T-stress along the
surface crack front. The T-distributions in Fig. 9(b) were obtained following Lee and Parks
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having alt = 0.7, ale = 0.7. (b) Predicted crack front profiles at various deformation levels. The

crack remains stationary until 3M "" 3.85, whereupon it starts to grow near mid-section.

(1995). Unlike the plate under remote extension (Wang and Parks, 1992), the pressurized
shell here gives continuously varying T-distributions along the crack front for (alt = 0.6,
alc = 0.24) crack geometry. Overall, negative T-stress can be related to the enhanced
resistance to tearing, and increased CTOA whereby allowing stable crack growth (Hancock
et al., 1993).

For the long surface crack (alt = 0.6, alc == 0.24), Fig. lO(a) shows the local crack
penetrations at three locations, xlc = 0., 0.66 and 0.87 with respect to the normalized
internal pressure, Pn = pRc/(ayt). Material properties were taken such that a)1E = 0.0023,
n == 10; A = 0.5, B(a,) = 0 and ()~/t = 0.15 mm/6.4 mm == 0.024. Local crack initiations,
marked by the 'x' symbols, occur consistently earlier in the external crack than in the
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Fig. 8. A finite element mesh for axial surface cracks of a/I = 0.6, a/e = 0.24 configuration in an
internally pressurized cylinder.
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internal crack surface with increasing applied internal pressure.

internal crack, as expected from Fig. 9(a). In contrast to the plate under displacement
controlled remote extension of Fig. 4(a), here the crack growth is sharply accelerated with
increasing applied internal pressure. Computations were in fact carried out only near to
points of maximum pressure due to numerical convergence problems. Linear extrapolation
of the last two increments can provide estimates of the normalized penetration pressure;
Pn = 1.13/1.21 for external/internal cracks, respectively. The issue involved in the fully
plastic solution from the 'pressurized' shell finite element model is addressed in the dis
cussion section. Figure 10(b) shows the gradual enlargement of the internal crack surface
as the applied internal pressure increases. Note that over each (evenly-spaced) enlargement,
pressure increment drops by one-half. Local CTOA evolution vs Pn at three locations along
the internal surface crack front are plotted in Fig. 11 (a). Near, Pn = 1.205, the CTOAs
sharply increase to CTOA ~ 31.4°, a maximum for model parameter n == 10 and A = 0.5.
Variations of CTOA along the crack front at differing internal pressure levels are given in
Fig. 11 (b). The reversal of distribution shape between CTOA and T-stress of Fig. 9(b) is a
natural outcome of quantifying crack-front fields based on both deformation and stress.
Peak values of CTOA always occur at the center line (x = 0) through the loading.

Figure 12(a) depicts the local crack extension vs normalized internal pressure at
x/t = 0.,0.658 and 0.895 of the deep and short crack (a/t = 0.7, a/e = 0.7). A slightly earlier
initiation in the external than internal crack is again consistent with the K,-distribution of
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Fig. II. (a) Local CTOA evolution vs Pn at three locations along the internal surface crack front.
(b) Variations of CTOA along the crack front at differing internal press levels.

Fig. 9(a). Acceleration of crack extension with increasing Pn is gradual here, and no
numerical convergence problem occurred (until the center-line penetration). Comparison
of the enlargement patterns of internal and external cracks in Fig. 12(b) reveals that the
local crack growth relative to the center-line crack extension is faster in the external crack.
The same feature was observed in the foregoing long crack, although not shown. Local
CTOA evolution vs Pn at three locations, and CTOA variations at differing relative center
line crack depth, a(x = O)/t, are plotted in Fig. l3(a) and (b), respectively. At the moment
of center-line penetration, a(x = O}/t = 0.98, CTOA has reached its maximum value along
nearly the entire crack front. Again, no special measure was taken into the present analyses
for a possible lateral extension in the deep and short crack.

3.3. A pipe bending problem
Our line-spring model now targets a circumferentially-cracked pipe subject to pure

bending load. Figure 14 shows schematics of the pipe with an internal surface crack, and a
corresponding finite element shell model used for both internal and external cracks. Twelve
line-spring elements were placeq to represent the cracked plane. A long and constant relative
crack depth geometry was taken such that a(y)/t = 0.66 and Yo = 93.6° in Fig. 14(a). Here
Y measures angular distance along the crack front from the center-line over an arc of total
extent 2YM where Yo = 93.6°. It is on this crack geometry and loading that Kikuchi (1992)
reported a remarkably relaxed plane strain crack-tip stress field, approaching that of a
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Fig. 12. (a) Local crack extension vs normalized internal pressure at xle = 0, 0.658 and 0.895 of the
deep and short crack (alt = 0.7, ale = 0.7). (b) Comparison of the enlargement patterns of internal

and external cracks of the deep and short crack (alt = 0.7, ale = 0.7).

plane stress crack-tip. Figures 15(a) and (b) show the crack-front distributions of the elastic
stress intensity factor K) and T-stress, normalized with the tensile stress of the outer-fiber
in the uncracked-pipe cross section, (Jb = MW(Rc+t/2)/1, where 1 is the second moment of
the uncracked-pipe cross sectional area. These preliminary elastic solutions clarify the fact
that crack-tip fields near center-line ('1/'10 = 0) experience intense deformation very low
constraint (very negative T-stress), while those near the crack end ('1/'10 = I) undergo small
deformation under relatively low constraint. We therefore expect that the local crack fronts
near center-line will propagate in a stable manner without any sensible lateral extension. It
is also worth noting that T/(Jb ~ -0.9 at the center-line is the most negative T-value for
nominal tension ever known, except that of the Griffith crack (T/(Jxo = -I). Figure 16(a)
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Fig. 13. (a) Local CTOA evolution vs Pn at three locations. (b) CTOA variations at differing relative
center-line crack depth a(x = O)/t.

is the normalized moment vs rotation curve, where ¢y and My are the rotation and moment,
respectively, at incipient yielding of outer-fiber in the uncracked-pipe cross section. Fol
lowing Kikuchi (1992), material properties were taken such that (JylE = 0.001, n == 4;
A = 0.5, B«(J,) = 0 and b~/t = 0.15 mmjl6.6 mm == 0.01. The reaction moments drop sig
nificantly near penetration due to the substantial amount of net-section reduction far from
the neutral axis. The external crack grows faster than the internal one again. Figure 16(b)
shows the enlargement pattern of the external crack surface as the applied rotation increases.
The crack grows much faster near center-line than near free surface, as expected from Fig. IS.
Local CTOA evolution and crack propagation at the external crack front locations y/Yo = 0,
0.5 and 0.792 are given in Figs 17(a) and (b), respectively. CTOA is observed to saturate
to CTOA ~ 32.9°, a maximum for given n == 4 and A = 0.5.

4. DISCUSSION

RL (Reuter and Lloyd, 1990) interpreted their experimental CTOA vs ~a result (Fig.
17 of RL) as indicating the trend of decreasing CTOA with increasing crack depth as
applied load increases. The fatigue precracked specimen initially undergoes blunting, then
passing through the transient stages, it reaches quasi-steady state growth. In the experiments
of RL, the initially large value of CTOA seems essentially due to the blunting (~a < 0.2
mm), and no data are shown for 0.2 mm < ~a < 1 mm. Further, the tested replicate
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(a)

M"",<fi""/2

Fig. 14. (a) Schematics of the pipe with an internal circumferential surface crack, subject pure
bending. (b) A corresponding finite element shell model used for both internal and external cracks.

specimens contain about 10% vanatiOn in their maximum center-line crack depth of
fatigued pre-cracks. For these and other reasons such as large compliancies from the
testing machine, extensions, adapters and grips, direct quantitative comparison between
experimental results and the line-spring simulation is rather difficult. Our fully plastic line
spring model, which takes only steady state growth into consideration, shows a gradual
increase of CTOA at the center-line immediately after the crack initiation. Combining
experimental and FEM results, we infer that the CTOA at center-line of the surface crack
under remote extension drops to a lower value after blunting, then it gradually increases
and finally saturates to a constant value. Experiments of RL also show a tendency for
CTOA to approach a constant value ofabout 40" with increasing crack depth. As remarked,
the load state along the crack front of surface crack under remote extension approaches
the pure extension mode (N) 0, M < 0; f.1 :::::; 0). Reverse-calculating of A with f.1 = 0,
B = 0 and CTOA = 30° ~ 400 from (1)-(3) of Part I gives A = 0.5 ~ 0.6. On this basis, we
adopted A = 0.5 and B = 0 for the surface crack analyses. McClintock et at. (1995b)
suggested some plane strain, fully plastic growth tests for determining the material proper
ties A and B(aJ from unequally grooved tensile specimens.

For circumferentially cracked Type-304 stainless steel pipes in fully plastic tension,
Zahoor and Norris (1984) demonstrated that a strong propensity for predominantly radial
growth exists. They also showed that pipes of similar size but reduced thickness are expected
to show greater potential for leak-before-break (LBB). For the part-through circumferential
crack in pipes subject to bending, Zahoor and Kanninen (1981) predicted that crack
growth in the circumferential direction prior to the wall break-through will be negligible.
Experimental observations on surface cracked plates under remote extension (RL) and
remote bending (White et at., 1983) indeed showed negligible crack growth in the lateral
direction. However, as inferred from the Krdistribution along a deep semi-circular surface
crack front (Raju and Newman, 1979), where the maximum K[ occurs at the free surface,
the deep and short crack is very likely to first extend in the lateral direction. Provided an
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cumferential surface cracks in a pipe subject to bending.

appropriate criterion can be incorporated, in the lineoospring model, the lateral extension of
a surface crack can be accommodated by adding a few line-spring finite elements with
initially zero crack depth just adjacent to free surface intersection.

Kumar and German (1985) showed that the thin-shell finite element method does not
accurately handle the problem of an internally pressurized cylinder under fully plastic
condition. The solution error (in deformation as a function of pressure) increases with
increasing strain hardening exponent, n and decreasing ratio of mean radius to thickness,
Relt. To overcome this difficulty, they suggested that the fully-plastic cracked-cylinder
should be modeled by 3-D brick elements rather than shell elements. Therefore, for more
quantitatively precise fully plastic solutions, our line-spring elements could be also con
nected to the 3-D brick elements by using multi-point constraints (MPC) option in
ABAQUS (1993b).

When a cracked pipe with an internal part-through circumferential crack is subject to
pure bending as in Fig. 14(a), the load states along the crack front are located at the vertex
of the yield surface, corresponding to local mid-ligament tension. In contrast to pure
extension, this loading states cause the yield surface normal to have negative plastic rotation
component. Although we know the two extreme values of the yield surface normals at the
vertex, for simplification of the numerical procedure, we preferentially used the smooth
continuation of the yield surface at the vertex in ABAQUS finite element code (1993a);
improved models of this phenomenon should be further investigated.
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As noted in Part I, our line-spring model formulated on small-geometry change does
not account for bulging or wall-thinning behavior. However, unlike the through-crack in a
2-D SEC specimen, finite length surface cracks embedded in plates/shells are less exposed
to bulging due to the geometrical resistance from their elastic surroundings. Accordingly,
the bulging effect is less important in surface crack problems presented here. However, the
pipe ovalization on bending, the Brazier effect, does require large geometry analysis, as
does the effects of changing Re/t with plastic deformation under internal pressure. These
effects are under investigation in the present model.

Significant anisotropy can occur in nuclear pipes due to forming or manufacturing
process. Wilkowski (991) reported that the anisotropy of material can cause the crack
under initially pure mode I loading to turn and grow with mode II or mode III components.
The change in failure mode may bring error into the assessment of postulated cracks under
mode I loading. Thus LBB analyses for combined modes may be necessary.

5. SUMMARY

The line-spring model based on the CTOA crack growth criterion was applied to
the crack-growth problems of surface cracks in plate/pipe structures under fully plastic
conditions. In the line-spring model, the CTOA is evaluated using the sliding-off and shear
cracking model together with the least upper bound method. The constraint-dependent
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Local crack propagation at the external crack front locations y!y" = 0, 0.5 and 0.792.

CTOA, which varies both along the surface crack and with respect to the applied load (Figs 6,
II, 13 and 17(b», determines the increment of crack t:xtension from the kinematic relation
with the CTOD increment.

Simulation of ductile surface crack growth in a plate under remote extension showed
that the remote reaction force of a long surface-cracked plate with hardening material
saturates after fully plastic yielding, while that with non-hardening material steadily
decreases. The ligament-load states along the surface crack front eventually approach pure
extension. Combination of the experimental results of Reuter and Lloyd (1990) and our
line-spring simulation suggests that the center-line CTOA drops to a lower value after
blunting, then it gradually increases and finally saturates to a constant value. For hardening
material, the normalized far-field elongation at plate penetration, ~, of the short surface
crack is more than twice the value for ~ of the long surface crack, while the lower ~ of
each surface crack is almost the same for nonhardening material.

When a cylinder with an axial surface crack is internally pressurized, the crack initiates
earlier and propagates faster in external as compared to internal cracks. In contrast to the
plate under displacement-controlled remote extension, the crack growth in an internally
pressurized cylinder is sharply accelerated with increasing applied internal pressure. The
local crack growth relative to the center-line crack extension is faster in the external
crack. For a circumferentially cracked pipe subject to pure bending load, T/ab ~ -0.9 was
obtained at the center-line, the most negative one ever since the Griffith crack. Near
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through-thickness penetration, a sharp and significant reaction moment drop results from
the substantial amount of net-section reduction, and the external crack grows faster than
the internal one again.
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