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The computed time history, crack opening shape and tip velocity are presented for the
ductile crack extension of circumferential cracks in finite length pipes. The pipes are
Toaded by: a) constant axial tension, b) constant axial displacement, c) constant end moment,
and d) constant end rotation to study the effects of these significantly different types of
loads. The crack extension is based upon a critical crack opening angle criterion.

The results indicate that the extent of the crack movement and the extension velocity is
primarily dependent upon the inertia of the moving pipe segments. With sufficient linear
momentum, complete severance is obtained, while if the movement is more rotation than trans-
lation the cracks either do not extend or do so only slightly. Thus in tougher material,
once it begins to extend, the crack may easily encircle the pipe while in more brittle
materials it may not, since the moving segments of the pipe have not had time to develop
sufficient momentum to force the continued extension of the crack into regions which are
initially in compression.



1. Introduction

The authors have recently made numerical predictions of the motion of axially and cir-
cumferentially oriented through cracks in pipes which are subjected to a variety of loading
conditions [1-4]. Additional studies were made of edge cracks in tensile plates[5]. These
studies indicated that crack extension in very ductile materials was probably more influenced
by the movement of the pipe sections as a whole than by the stress-deformation field at the
tip of the crack. In particular, it was shown that the inertia of the separating pipe sec-
tions appeared to control the crack extension. When the sections separated by rotation as
much as by translation, the crack growth was calculated to be very slow since most of the
energy was absorbed in the rotation of the separating segments and in the compression of the
material in front of the crack tip. When the sections separated by translating, rather than
by rotating, the crack faces quickly opened, the material ahead of the crack was uniaxially
extended and ductily torn and the crack extension occurred early and with a high velocity.

These observations are in contrast to the behaviour of cracks in brittle materials whose
extension is directly related to the value of the stress intensity factor developed by the
stresses in the vicinity of the crack tip. Furthermore, the terminal velocities of the
ductile cracks are substantially lower than those observed for brittle cracks since they are
controlled by the time necessary to move the entire segment, rather than the short times
needed to deform the material in the immediate vicinity of the crack tip. From these results
it appears that crack propagation in tough ductile materials may be arrested if this overall
motion of the pipe segments cam be restrained.

The purpose of this paper is to investigate the validity of this postulate for finite
length pipes whose ends are loaded in several different ways.
2. Dynamic Ductile Fracture Analysis

The dynamic shell code used in this study is described fully in references [4,6]. It is

based upon small strains, but large displacements and rotations of the shell elements.
Piola-Kirchoff stresses are used and the von Mises yield condition, linear strain hardening
(isotropic and kinematic) are used together with the associated incremental flow rule for
plastic analysis. The crack tip is advanced by gradually releasing the nodal force to
simulate the smooth movement of the crack tip from the midpoint of one element of the finite
difference grid to the next midpoint. This nodal release mechanism dissipates energy which
represents the fracture energy absorbed through crack extension and produces a smooth history
of stresses and crack tip motion.

There is, at present, no generally accepted dynamic ductile fracture criterion despite
substantial efforts to establish one[7]. In order to give a more realistic estimate of the
crack extension velocity in the presence of large scale yielding, the static ductile fracture
criterion proposed by Kanninen[8] and Shih[9] has been adapted to the dynamic calculations.
This criterion is based upon crack tip opening angle (CTOA) and was originally proposed for
mild steel. Both Kanninen and Shih have shown that experimental data for A533B steel,
2219-T87 aluminum alloy and 316 stainless steel correlated well with the CTOA obtained by
finite element studies based upon the J, deformation theory and flow theory.

In large scale yielding the CTOA concept appears to be related to ductile tearing and
since examination of the fracture surfaces in dynamic tests suggest that ductile tearing is
the dominant mode, the CTOA is used as a preliminary criterion by which the different aspects
of this numerical study can be compared. A numerical value of the crack tip opening angle,
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dé/da, equal to 0.26 was chosen to represent the SA 155 grade KCF70 steel, An equilibrium
crack speed of 355 m/sec was determined for a circumferential crack in a pipe under uniaxial
tension.

Although the choice of a different value of d§/da will yield different terminal velocity,
this reasonably representative value will serve for comparing the behaviour of the several
cases reported in this paper.

3. Analysis

A SA 155 grade KCF70 steel pipe (Modulus of elasticity =199 GPa, Poisson's ratio = 0.3,
Yield strength = 262 MPa, Ultimate stirength = 414 MPa, Estimated crack tip opening angle =
0.26) with an outer diameter of 813 mm and a wall thickness of 38 mm was considered. By
means of the symmetry of the configuration and loading, only the one-quarter of the pipe, as
shown in figure 1, was modelled. The pipe was taken to be of several different lengths and
several end Toading conditions were applied to the right hand end. The simulations were
performed by assuming that the crack edges were initially welded together to transmit the
applied stress. At time t=0+, the two crack surfaces were freed and a dynamic stress re-
distribution occurred to satisfy the traction free crack surfaces. The pipes were not con-
sidered as pressurized since the added hoop stress only slightly decreases the axial stress
level at which yielding occurs and does not materially affect the crack propagation[10].

The several loading conditions used were:

1. Uniaxial Tension: A tensile stress, equal to the yield stress, was applied to the

ends of the pipe. The pipe length varied from Ly to Lo/8 (where Lo= three radii).
This stress was maintained at all times to ensure an outgoing wave condition and to
eliminate the stress waves associated with the reflections from the free end.

2. Uniaxial Displacement: A uniaxial tensile stress, équa1 to the yield stress, was
statically applied and the pipe allowed to extend. The pipe ends were then fixed
and the crack surfaces freed.

3. Pure Bending: Two bending loads were applied. In the first case, a linearly vary-
ing stress, with a maximum value equal to the yield stress, was applied. In the
second case, the pipe was assumed to have completely yielded. .In both cases, after
the crack surfaces were freed, the ends were free to move.

4. End Rotation: In the case of pure bending at yield moment, the static rotation of
the end was fixed for all times.

4. Results

4.1 Crack Initiation and Early Extension History.

4.1.1 Uniaxial Tension.

Figure 2 shows the crack opening displacement (COD) at the first finite difference node
behind the crack tip after the crack faces were freed. Previous studies have shown that at
least 3 wave reflections are required before the state of stress ahead of the crack begins
to approach a steady state value, either static or dynamic. For the full length pipe, this
corresponds to 1500 microseconds, but crack extension is seen to occur sooner than 1000
seconds, or less than the time required for two reflections. For all pipe lengths, the time
to reach the fracture criterion is proportional to the length of the pipe‘undergoing acceler-
ation, just as suggested by the inertial theory proposed in references 1 and 5. Since the
stress at the free end of the pipe is maintained at 9yield, the only other mechanism which
could affect the time of crack extension is the wave which reflects from the plane of symmetry
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at 8 = 180. The nearly direct proportionality of the times at which the crack begins to
extend to the pipe length tends to rule this out. The figure clearly shows the effect of the
formation of a yield hinge for the longest pipe. The shorter pipes, because of the rapid
occurrence of crack extension and the translational nature of the segment motion, do not have
sufficient time for rotation to occur and the yield hinge does not develop. These results
parallel those reported in reference [5] for the tensile plates. Figure 5 shows the crack
opening displacement as a function of the crack length and the cusp-like tip shape, typically
associated with dynamic crack propagation is clearly shown. Also shown is the comparable
static elastic COD for the same crack length and the very substantially increased crack mouth
openings are clearly evident.

4.1.2° Pure Bending at Yield Moment

Figure 4 shows the development of the crack opening of the node closest to the crack tip.
During the initiation phase for which the crack length is constant, the stress acting on the
crack face is constant and equal to the yield stress, as for the uniaxial tensile case. The
pipe segments rotate more than translate and as a consequence, in comparison to the uniaxial
tensile case, the development of the crack opening is slowed significantly since most of the
energy is absorbed by the rotation and 1ittle is available for the translation which is
required. to produce the ductile tearing. Thus this crack reaches the critical opening much
later than the uniaxial tensile load. This is clearly shown on figure 3 where the crack
mouth opening at later times is markedly larger than that predicted for the uniaxial tensile
case for the same length of crack.

4.1.3 Uniaxial Displacement

When the end is statically:loaded by a tensile stress equal to the yield stress and then
fixed in position, the pipe segments cannot move. For the specific dimensions chosen, the
yield hinge does develop ahead of the crack tip, but the suppression of the movement of the
pipe segments does not‘permit the crack to open sufficiently to reach the critical value of
CTOA. The crack does not extend, and because of the stress waves reflected from the fixed
end, quickly reaches its equilibrium opening shape. This constant value of COD implies a
negligible effect of dynamic load redistribution in the presence of large scale yielding.

4.1.4 Pure Bending-Linear Moment

In this case, even though most of the welded crack face was under a tensile stress nearly
equal to the yield stress, the end moment was not large enough to open the crack sufficiently
to achieve crack extension. Figure 5 compares the static elastic and dynamic crack opening
shapes for these non-propagating crack cases (cases III and IV) and their resemblance to each
other, in contrast to figure 3, is quite apparent.

4.1.5 Fixed End Rotation

In contrast to the fixed uniaxial displacement case, this crack propagated to the middle
of the pipe, i.e., to 8 = 90. Because of the fixed end displacement, the stress redistribu-
tion due to the crack extension was primarily one of stress reduction rather than movement
of the zero stress point. Further crack movement would have required extension into a highly
comprehensive stress region and thus the crack extension ceased.

4.2 ‘Crack Extension History

Figure 6 shows the history of the crack extensions for the uniaxial tension and the pure
bending-yield moment cases. The decided slowness of the bending case is attributed to the
absorption of the energy by rotation, leaving little for the translation which appears to be
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necessary to produce crack extension. This result agrees with those previously found for
axial pipe cracks and tensile sheet edge cracks.

4.3 Crack Velocity

Figure 7 illustrates the smoothed crack tip velocities determined from the crack tip
extension histories. We note the very rapid attainment of a terminal velocity by the shorter
pipes, the rather slow development for the long pipe whose slow extension permits substantial
rotation and the very slow development and very low velocity of the pure bending at yield-
moment case. The results for the very short pipe with a large initial flaw are almost coin-
cident with the same length pipe but with a short initial crack. This coincidence reinforces
the postulate that it is the movement of the separating pipe segments rather than the stress
.field near the tip which controls the crack extension, since the longer flaw obviously has
a much higher value of the static stress intensity factor.

5. Discussion

The results of these several numerical simulations using a shell code and the CTOA
fracture criterion show that the onset of ductile crack propagation and the speed of propaga-
tion are greatly influenced by the inertia of the separating pipe segments. When the seg-
ments cannot develop sufficient translational movement to produce a one dimensional ductile
extension and tearing of the material ahead of the crack tip, the crack does not extend.

This situation was found to occur for all fixed end displacement cases studied (longer pipes
may well permit sufficient gross motion near the plane of the crack to produce crack exten-
sion).

In addition, when too much of the energy goes into the rotation of the pipe segments,
either because the end load is a pure moment or because the propagation times are long
enough to permit the rotation to develop, the material ahead of the crack tip tends to
simply rotate and not to separate, thus substantially reducing the crack speeds. On the
other hand, when the separation is very fast and the rotation is inhibited by the geometry
(i.e., large diameter, short pipe segment length) the pipe segments separate primarily by
translation, the tearing proceeds rapidly and the crack extension velocities are very high.
In these cases, the terminal velocities are quickly reached. This terminal velocity appears
to be reasonably independent of the pipe configuration and primarily a function of the value
of the CTOA criterion. These results also show that the dynamic ductile crack propagation
can be controlled by restraining end movement or by imposing end bending moments.

Although the results obtained herein are specialized to the case of d§/da = 0.26, the
choice of other values of the CTOA criterion will lead to different crack initiation times
and velocities, but shod]d not affect the qualitative nature of the results.
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