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a b s t r a c t

This work addresses a two-parameter description of crack-tip fields in bend and tensile fracture speci-
mens incorporating the evolution of near-tip stresses following stable crack growth with increased
values of the crack driving force as characterized by J. The primary objective of this study is twofold. First,
the present investigation broadens current understanding on the role of constraint and test conditions in
defect assessment procedures for pipeline girth welds using SE(T) and SE(B) specimens. Second, the work
addresses the potential coupled effects of geometry and ductile tearing on crack-tip constraint as
characterized by the J�Q theory which enables more accurate correlations of crack growth resistance
behavior in conventional fracture specimens. Plane-strain and 3-D finite element computations including
stationary and growth analyses are conducted for 3P SE(B) and clamped SE(T) specimens having different
notch depth (a) to specimen width (W) ratio in the range 0.1 � a/W � 0.5. Additional 3-D finite element
analyses are also performed for circumferentially cracked pipes with a surface flaw having different crack
depth (a) over pipe wall thickness (t) ratios and fixed crack length. A computational cell methodology to
model Mode I crack extension in ductile materials is utilized to describe the evolution of J with the
accompanying evolving near-tip opening stresses. Laboratory testing of an API 5L X70 steel at room
temperature using standard, deeply cracked C(T) specimens is used to measure the crack growth
resistance curve for the material and to calibrate the key cell parameter defined by the initial void
fraction, f0. A key result emerging from this study is that shallow crack SE(B) specimens can accurately
and conservately produce crack growth resistance curves that describe well the measuring toughness
capacity of circumferentially cracked pipes under remote bending. The present results provide additional
understanding of the effects of constraint on crack growth which contributes to further evaluation of
crack growth resistance properties in pipeline steels using SE(T) and SE(B) specimens while, at the same
time, eliminating some restrictions against the use of shallow cracked bend specimens in defect
assessment procedures.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Substantial progress has been made in recent years in fitness-
for-service (FFS) procedures applicable to defect assessments and
life-extension programs of critical engineering structures. These
methodologies, also referred to as Engineering Critical Assessment
(ECA) procedures, provide a concise framework to correlate crack
size with applied loading in terms of failure assessment diagrams
(FAD) to evaluate the severity of crack-like flaws [1e3]. A key
feature of these approaches lies in the use of fracture toughness
claudio.ruggieri@gmail.com
data measured from deeply cracked specimens tested under bend
loading to guarantee high levels of stress triaxiality which drive the
fracture process. Under such conditions, a single geometry-
independent failure locus then suffices to provide highly effective,
albeit conservative, acceptance criteria for cracked structural
components. Several flaw assessment methodologies based upon
the FAD concept, such as the R6 procedure [4], BS7910 [5], API 579
[6] and SINTAP [7], among others, are now well established and
widely employed to analyze the significance of defects in terms of
assessment of structural integrity.

Most structural defects are very often part-through surface
cracks that form during fabrication or during in-service operation
(e.g., blunt corrosion, slag and nonmetallic inclusions, weld cracks,
dents at weld seams, etc.) [8]. These crack configurations develop
low levels of crack-tip stress triaxiality which contrast sharply to
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conditions present in deeply cracked specimens. Structural com-
ponents falling into this category include girth welds made in field
conditions for high pressure piping systems and steel catenary
risers (SCRs). In particular, as the offshore infrastructure moves into
deeper waters, SCRs become more attractive due to their relative
low cost, larger diameter and much larger structural capacity when
compared to flexible risers. More efficient and faster installation
methods are now available which employ the pipe reeling process
and allow welding and inspection to be conducted at onshore
fabrication facilities (see, e.g., [9,10]). The welded pipe is coiled
around a large diameter reel on a vessel and then unreeled,
straightened and finally deployed to the sea floor. Undetected
crack-like defects in girth welds for these structures are therefore
subjected to strong tensile fields associated with large plastic
strains which often lead to significant ductile crack extension of a
subcritical flaw thereby increasing its size. ECA procedures appli-
cable to reeled pipes [11] rely on the direct application of crack
growth resistance (J�Da) curves (also often termed R-curves)
measured using small, laboratory specimens to specify acceptable
flaw sizes. Consequently, the transferability of experimentally
measured fracture resistance data to these structural piping com-
ponents, including pipe girth welds, remains essential in accurate
predictions of the in-service residual strength and remaining life.

However, experimental testing of fracture specimens to mea-
sure resistance curves consistently reveals a significant effect of
specimen geometry, crack size (as characterized by the a/W-ratio)
and loading mode (tension vs. bending, on R-curves (see Refs. [12e
14] for illustrative toughness data)). For the same material, high
constraint configurations, such as deeply cracked bend SE(B) and
compact tension C(T) specimens, yield low R-curves while shallow-
notch bend and predominantly tension loaded configurations
develop higher resistance to ductile tearing and larger toughness
values at similar amounts of crack growth. This diverse range of
ductile fracture behavior under varying constraint conditions has
prompted research efforts to incorporate the observed increase in
toughness during ductile crack growth in defect assessment pro-
cedures of low constraint structures, including circumferentially
cracked pipes and cylinders. These approaches rely on the use of
single edge notch tension SE(T) specimens under clamp conditions
tomeasure experimental R-curvesmore applicable to high pressure
piping systems, including girth welds of marine steel risers. The
primary motivation to use clamped SE(T) fracture specimens in
defect assessment procedures for this category of structural com-
ponents is the similarity in crack-tip stress and strain fields driving
the fracture process for both crack configurations as reported in
previous studies by Nyhus and co-workers [15e17]. Later, Xu et al.
[18,19] examined effects of constraint on ductile crack growth
resistance for clamped SE(T) and standard, deeply cracked SE(B)
fracture specimens to correlate their fracture response with ductile
fracture behavior in circumferentially cracked pipes.

These previous research efforts represent a significant advance
in engineering applications of constraint-designed SE(T) fracture
specimens directly connected to structural integrity assessments of
girth welds in reeled SCRs. Most of these results are derived from
comparing SE(T) configurations having varying crack sizes with a
standard, deeply-cracked SE(B) specimenwith a/W ¼ 0.5. Here, the
evolving levels of crack-tip constraint with increased remote
loading in the SE(T) specimens follow closely the corresponding
levels of stress triaxiality for a surface cracked pipe under pre-
dominantly tensile loading. It remained apparent, however, that a
more systematic investigation on the measuring toughness ca-
pacity of these specimens beyond the onset of constraint loss is
needed to assess the degree of similarity between SE(T) configu-
rations and circumferentially surface cracked pipes. Nevertheless,
recent applications of clamped SE(T) fracture specimens to
characterize crack growth resistance properties in pipeline steels
[20] have been effective in providing larger flaw tolerances and, at
the same time, reducing the otherwise excessive conservatism
which arises when measuring the material’s tearing resistance
based on high constraint specimens.

While now utilized effectively in fracture testing of pipeline
girth welds, some difficulties associated with SE(T) testing pro-
cedures, including fixture and gripping conditions, may raise con-
cerns about the significance and qualification of measured crack
growth resistance curves. Such uncertainties in measured fracture
toughness may potentially affect tolerable defect sizes obtained
from ECA procedures. While slightly more conservative, testing of
shallow-crack bend specimens (which is often viewed as a
nonconventional SE(B) configuration) may become more attractive
due to its simpler testing protocol, laboratory procedures andmuch
smaller loads required to propagate the crack. Consequently, use of
smaller specimens which yet guarantee adequate levels of crack-tip
constraint to measure the material’s fracture toughness emerges as
a highly effective alternative.

Motivated by these observations, this article addresses a two-
parameter description of crack-tip fields in bend and tensile frac-
ture specimens incorporating the evolution of near-tip stresses
following stable crack growth with increased values of the crack
driving force as characterized by the J-integral. The primary
objective of this study is twofold. First, the present investigation
broadens current understanding on the role of constraint and test
conditions in defect assessment procedures for pipeline girth welds
using SE(T) and SE(B) specimens. Second, the work addresses the
potential coupled effects of geometry and ductile tearing on crack-
tip constraint as characterized by the J�Q theory which enables
more accurate correlations of crack growth resistance behavior in
conventional fracture specimens. Plane-strain and 3-D finite
element computations including stationary and growth analyses
are conducted for 3P SE(B) and clamped SE(T) specimens having
different notch depth (a) to specimen width (W) ratio in the range
0.1 � a/W � 0.5. Additional 3-D finite element analyses are also
performed for circumferentially cracked pipes with a surface flaw
having different crack depth (a) over pipe wall thickness (t) ratios
and fixed crack length. For the growth analyses, the models are
loaded to levels of J consistent with a crack growth resistance curve,
J�Da, representative of a typical pipeline steel. A computational cell
methodology to model Mode I crack extension in ductile materials
is utilized to describe the evolution of J with the accompanying
evolving near-tip opening stresses. Laboratory testing of an API 5L
X70 steel at room temperature using standard, deeply cracked C(T)
specimens is then used to measure the crack growth resistance
curve for the material and to calibrate the key cell parameter
defined by the initial void fraction, f0.

2. Overview of the computational cell model for ductile
tearing

This section presents a summary of the cell-based framework to
model stable crack growth in ductile materials. Further details of
the cell model are found in Refs. [21e23]. Ductile fracture in metals
is a process of material failure which incorporates various and
simultaneous mechanisms at the microscale level [24]. The
commonly observed stages of this process are: a) formation of a
free surface at an inclusion or second phase particle by either
decohesion or particle cracking; b) growth of a void around the
particle by means of increased plastic strains and hydrostatic
stresses; and c) coalescence of the growing void with adjacent
voids. Experimental observations and computational studies show
that the plastic strains for nucleation are small thereby causing only
little damage in the material ahead of the crack tip. This feature
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enables simplification of the ductile failure process by assuming the
growth of microvoids as the critical event controlling ductile
extension. Fig. 1(a) pictures the schematic path of a growing crack
in a ductile material. The material layer enveloping the growing
crack, which must be thick enough to include at least a void or
microcrack nuclei, identifies a process zone for the ductile fracture
which conveniently gives the necessary length dimension for the
model. Void growth and coalescence in the layer will cause the
surface tractions that the process zone exerts on its surrounding
drop to zero (this implicitly defines a traction-separation law for
the process zone layer).

Motivated by the above observations, Xia and Shih [21] pro-
posed a model using computational cells to include a realistic void
growth mechanism and a microstructural length-scale physically
coupled to the size of the fracture process zone. Void growth re-
mains confined to a layer of material symmetrically located about
the crack plane, as illustrated in Fig. 1(b), and having thickness D,
which is associated with the mean spacing of the larger, void
initiating inclusions. This layer consists of cubical cell elements
with dimension D/2 on each side; each cell contains a cavity of
initial volume fraction f0 (the initial void volume divided by cell
volume). As a further simplification, the void nucleates from an
inclusion of relative size f0 immediately upon loading. Progressive
void growth and subsequent macroscopic material softening in
each cell are describedwith the Gurson-Tvergaard (GT) constitutive
model for dilatant plasticity [25,26] given by

�se
s

�2
þ 2q1f cos h

�
3q2sm
2s

�
�
�
1� q3f

2
�

¼ 0 (1)

where se denotes the effective Mises (macroscopic) stress, sm is the
mean (macroscopic) stress, s is the current flow stress of the cell
matrix material and f defines the current void fraction. Factors q1, q2
and q3 ¼ q21 introduced by Tvergaard [26] improve the model
predictions for periodic arrays of cylindrical and spherical voids. In
Fig. 1. Modeling of ductile tearin
the analyses addressed later for an API 5L X70 grade pipeline steel,
improved q-values derived from the work of Faleskog and Shih [27]
are used; these q-values are applicable to a wide range of material
flow properties (strain hardening properties and yield stress) for
common pressure vessel and structural steels. Using an experi-
mental J�Da curve obtained from a conventional, deeply cracked
SE(B) or C(T) specimen, a series of finite element analyses of the
specimen are conducted to calibrate values for the cell parameters
D and f0 which bring the predicted J�Da curve into agreement with
experiments as described later in the article.

Further improvement in the cell methodology introduced by
Ruggieri and Dodds (R&D) [22] and Gullerud et al. [23] enables the
model to create new traction free surfaces to represent physical
crack extension. When f in the cell incident on the current crack tip
reaches a critical value, fE, the computational procedures remove
the cell thereby advancing the crack tip in discrete increments of
the cell size (Tvergaard [26] refers to this process as the element
extinction or vanish technique). R&D [22] and Gullerud et al. [23]
implements a cell extinction process using a linear-traction sepa-
ration model with the critical porosity typically assigned a value of
fE ¼ 0.15w0.20. The final stage of void linkup with the macroscopic
crack front then occurs by reducing the remaining stresses to zero
in a prescribed linear manner.
3. Description of constraint variation in fracture

Much research in the last years has convincingly demonstrated
the strong effects of specimen geometry and loading mode
(bending vs. tension) on fracture behavior for ferritic structural
steels in the ductile-to-brittle (DBT) transition region as well as in
the upper shelf region. At increased loads in a finite body, such as a
cracked specimen or structure, the initially strong small scale
yielding (SSY) fields gradually change to fields under large scale
yielding (LSY) as crack-tip plastic zones increasinglymergewith the
g using computational cells.
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global bending plasticity on the nearby traction free boundaries.
This phenomenon, often termed loss of constraint, contributes to
the apparent increased toughness of shallow cracked and tension
loaded geometries observed in fracture testing [28,29].

While a number of approaches have been proposed to describe
effects of constraint changes on fracture behavior, the present work
focuses on a widely adopted methodology to quantify the evolving
level of stress triaxiality ahead of the crack front under increased
remote loading based upon the J�Q framework. This section in-
troduces the essential features of the methodology needed to
correlate fracture behavior in circumferentially cracked pipes and
cylinders and common fracture specimens, including the SE(B) and
SE(T) configurations with varying crack sizes. Attention is directed
first to conditions pertaining to stationary cracks subjected to
monotonically increasing loading (deformation). Subsequent
development focuses on a simpler extension of the J�Q approach to
steady-state growing cracks.
3.1. Constraint measures in stationary cracks: the JeQ approach

Development of a two-parameter characterization of the
elasticeplastic crack-tip fields begins by considering a cracked body
subjected to a remote stress in which crack-tip deformation scales
with J/s0 where J denotes Rice’s J-integral [30] and s0 is a reference
(yield) stress. At load levels sufficiently small so that crack-tip
plasticity is limited, it can be shown that the mode I plane-strain
elasticeplastic near-tip fields can be described by a single family
of crack-tip fields with varying stress triaxiality. These arguments
motivated O’Dowd and Shih (OS) [31,32] to propose an approxi-
mate two-parameter description for the elasticeplastic crack tip
fields based upon a triaxiality parameter more applicable under
large scale yielding (LSY) conditions for materials with elastice
plastic response described by a power hardening law given by
ε/ε0f(s/s0)n. Here, n denotes the strain hardening exponent, s0 and
ε0 are the reference (yield) stress and strain, respectively. Guided by
detailed numerical analyses employing a modified boundary layer
(MBL) model, originally proposed by Rice [33], OS [31,32] identified
a family of self-similar fields in the form

sij ¼ s0fij

�
r

J=s0
; q; Q

�
(2)

where the dimensionless second parameter Q defines the amount
bywhich sij in fracture specimens differ from the adopted reference
SSY solutionwith the T-stress term [34e37] set to zero. In the above
Eq. (2), r and q are polar coordinates centered at the crack tip with
q ¼ 0 corresponding to a line ahead of the crack.
Fig. 2. (a) Procedure to determine parameter Q based on the difference field at a given nea
with increased amounts of ductile tearing.
Limiting attention to the forward sector ahead of the crack tip
between the SSY and the fracture specimen fields, OS showed that
Qs0 corresponds effectively to a spatially uniform hydrostatic
stress, i.e., the difference field relative to a high triaxiality reference
stress state

�
sij

�
FB ¼ �

sij
�
SSY þ Qs0dij (3)

where the dimensionless second parameter Q defines the amount
by which sij in fracture specimens, (sij)FB, differ from the adopted
high triaxiality reference SSY solution, (sij)SSY. Consequently, Q is
often defined as

Qh

�
syy

�
FB � �

syy
�
SSY
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where the difference field described in terms of the opening (Mode
I) stresses, syy, is conventionally evaluated at the normalized crack-
tip distance r ¼ r=ðJ=s0Þ ¼ 2, which represents a micro-
structurally significant distance ahead of crack tip related to the
operative fracture mechanism. OS [31,32] and Cravero and Ruggieri
[38] have also shown that Q is relatively independent of r in the
range 1 � r � 5. Construction of J�Q trajectories for structural
components and fracture specimens then follows by evaluation of
Eq. (4) at each stage of loading in the finite body. Fig. 2(a) depicts
the procedure to determine parameter Q for a moderate hardening
material simply as the difference field at a given near-tip location;
here, the computed difference between the SSY reference field and
the near-tip (opening) stress for the finite body gradually increases
with increasing remote loading as characterized by J. At similar
values of the continuum, scalar parameters (J, Q), the crack-tip
strain-stress fields which drive the local process have similar
values as well.
3.2. Extension of the JeQ approach for growing cracks

While the above framework was essentially developed for sta-
tionary cracks, the two-parameter description of near-tip stress
states based on the constraint parameter, Q, can be extended to a
steadily growing crack in a straightforwardmanner. Based upon the
interpretation of Q as a measure of the level of stress triaxiality that
quantifies the difference field relative to a high triaxility reference
stress state for a stationary crack (Da ¼ 0), an alternative form
applicable to growing cracks, denoted as bQ in the present work, can
be defined as
r-tip location; (b) Schematic representation of the evolving near-tip (opening) stresses
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where the difference field described is now evaluated at the current
normalized crack-tip distance, br ¼ 2J=s0, which represents the
location of a material point ahead of the advancing crack tip.

Fig. 2(b) shows the evolving near-tip (opening) stresses with
increased amounts of ductile tearing, Da, represented as a multiple
of the cell size, D, for a moderate hardening material. Clearly, the
tensile stress ahead of crack tip changes steadily with crack growth
(compare the stress distributions for Da/D ¼ 1 and Da/D ¼ 10)
thereby altering the corresponding levels of constraint (as
measured by bQ ) with increased crack extension. These
Fig. 4. Finite element models used in plane-strain analyses of fracture specimens; (a) 3P SE(B
observations are entirely consistent with the previous investigation
of Varias and Shih [39] and Dodds et al. [40] in which crack growth
under well-contained yielding changes near-tip constraint. This
issue is addressed in more details later in the article.
4. Numerical procedures and material models

4.1. Finite element models of fracture specimens for stationary crack
analyses

Nonlinear finite element analyses are described for plane-strain
models of bend and tension loaded crack configurations covering
plane-sided SE(B) and SE(T) fracture specimens with fixed geom-
etry having thickness B ¼ 20.6 mm and varying crack sizes. The
) specimen with a/W ¼ 0.5; (b) Clamped SE(T) specimen with a/W ¼ 0.5 and H/W ¼ 10.
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analysis matrix includes SE(B) specimens (S/W ¼ 4) and clamped
SE(T) specimens (H/W¼ 10) withW/B¼ 1 (often referred to as B� B
configuration) having a/W ¼ 0.1 to 0.5 with increments of 0.1. Here,
a is the crack size,W is the specimenwidth, S defines the specimen
span for the bend configuration and H represents the distance be-
tween clamps for the tension specimen. These crack configurations
are extracted from the longitudinal direction of pipes having wall
thickness, t, and often utilized to measure fracture toughness
properties in pipeline girth welds subjected to reeling. Fig. 3 shows
the geometry and specimen dimensions for the analyzed crack
configurations which also includes a clamped SE(T) configuration
with W/B ¼ 0.5 utilized in the 3-D analyses described later.

Fig. 4(aeb) shows the finite element models constructed for the
plane-strain analyses of the SE(B) and clamped SE(T) specimen
having a/W¼ 0.5. All other crack models have very similar features.
A conventional mesh configuration having a focused ring of ele-
ments surrounding the crack front is used with a small key-hole at
the crack tip; the radius of the key-hole, r0, is 2.5 mm (0.0025 mm)
to enhance computation of J-values at low deformation levels.
Previous numerical analyses [38] reveal that such mesh design
provides detailed resolution of the near-tip stress-strain fields
which is needed for accurate numerical evaluation of J-values.
Symmetry conditions permit modeling of only one-half of the
specimen with appropriate constraints imposed on the remaining
ligament. A typical half-symmetric model has one thickness layer of
1300 8-node, 3D elements (w2800 nodes) with plane-strain con-
straints (w¼ 0) imposed on each node. These finite elementmodels
are loaded by displacement increments imposed on the loading
points to enhance numerical convergence.

Finite element analyses are also conducted on numerical models
in full 3-D setting for the clamped SE(T) and SE(B) fracture speci-
mens with W/B ¼ 1 described previously. The analysis matrix in-
cludes the same crack configurations as defined before covering a/
W ¼ 0.1 to 0.5 with increments of 0.1. To assess the effects of
thickness on fracture behavior, the 3-D numerical computations are
also performed on finite element models for the clamped SE(T)
specimenwithW/B¼ 0.5; this crack configuration is recommended
by DNV F-108 procedure [41] for experimental measurements of
crack growth resistance curves in pipeline steels and their weld-
ments using fracture specimens extracted from the longitudinal
direction of the pipe. Fig. 5(aeb) shows the finite element models
Fig. 5. 3-D Finite element models of fracture specimens; (a) 3P SE(B) specimen w
constructed for the 3-D analyses of the clamped SE(T) and SE(B)
specimens withW/B¼ 1 and a/W¼ 0.5. Again, a conventional mesh
configuration having a focused ring of elements surrounding the
crack front is used with a small key-hole at the crack tip where the
radius of the key-hole, r0, is also 2.5 mm (0.0025 mm). Symmetry
conditions permit modeling of only one-quarter of the specimen
with appropriate constraints imposed on the remaining ligament. A
typical quarter-symmetric, 3-D model has 20 variable thickness
layers with w25,000 8-node, 3D elements (w30,000 nodes)
defined over the half-thickness (B/2); the thickest layer is defined at
Z ¼ 0 with thinner layers defined near the free surface (Z ¼ B/2) to
accommodate the strong Z variations in the stress distribution.
These numerical models are loaded by displacement increments
imposed on the loading points to enhance numerical convergence
with increased levels of deformation. The 3-D finite element
models for the SE(T) specimens with W/B ¼ 0.5 have also similar
features as the 3-D crack models for the clamped SE(T) and SE(B)
fracture specimens with W/B ¼ 1.
4.2. Numerical models of circumferentially cracked pipes

Nonlinear 3-D finite element analyses are performed on cir-
cumferentially cracked pipes with external surface flaws subjected
to reeling. The analyzed pipe models have wall thickness t ¼ 20.6
mm with outside diameters De ¼ 309 mm (De/t ¼ 15). This geom-
etry typifies current trends in deep water submarine pipelines and
risers made of high grade pipeline steels. The analysis matrix
considers surface, semi-elliptical flaws with varying crack depth (a)
and crack length (2c) as defined by a/t ¼ 0.1 to 0.4 with increments
of 0.1, and 2c¼ 196 mm (11.9 � c/a� 47.6), which corresponds to q/
p ¼ c/(2De) ¼ 0.16 according to API 579 [6]. Fig. 6(a) illustrates the
adopted scheme for the numerical simulation of reeling with the
reel drum being modeled by a rigid surface with diameter
Dr ¼ 15,000 mm; in the figure, the vertical displacement, V, rep-
resents the load line displacement (LLD). Fig. 6(b) shows the pipe
configuration and defect geometry adopted in the numerical ana-
lyses; here, we note that the semi-elliptical flaw geometry is
slightly degenerated to accommodate the pipe curvature as shown
in Fig. 6(c). The adopted pipe geometry and reel drum diameter
produce plastic strain levels ofw2 % in the outermost radius during
ith a/W ¼ 0.5; (b) Clamped SE(T) specimen with a/W ¼ 0.5 and H/W ¼ 10.



Fig. 6. (a) Adopted scheme for the numerical simulation of pipe reeling; (b) Pipe configuration and defect geometry adopted in the numerical analyses; (c) Illustration of the semi-
elliptical geometry representing the circumferential surface flaw of the pipe.
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the reeling process which is in accord with current guidelines for
submarine pipeline installation [11]. Additional analyses for cir-
cumferentially cracked pipes with 2c ¼ 98 mm (5.9 � c/a � 23.8)
were also conducted; however, since their fracture response in
terms of J�Q trajectories is essentially similar to the numerical
models with 2c ¼ 196 mm, the results for the shorter flaw are
omitted to conserve space in the present work.

Fig. 7 shows the finite element model constructed for the pipe
with a/t ¼ 0.4 and 2c ¼ 196 mm (c/a ¼ 11.9). The numerical models
for the circumferentially cracked pipes also employ a conventional
mesh configuration having a focused ring of elements surrounding
the crack front with a small key-hole geometry (blunt tip) at the
crack tip (r0 ¼ 0.0025 mm). The half-symmetric models for these
analyses have w67,000 8-node, 3-D elements (w78,000 nodes)
with appropriate constraints imposed on nodes defining the lon-
gitudinal symmetry plane. The crack front is described by 30
(circumferential) layers defined over the crack half-length (c); the
Fig. 7. (a) 3-D finite element model employed for the pipe configuration with D
thickest layer is defined at the deepest point of the crack with
thinner layers defined near the free surface to accommodate the
strong gradient in the stress distribution along the crack front.

4.3. Finite element models of the fracture specimens and
circumferentially cracked pipes including ductile tearing

The extensive set of crack growth analyses described in the
present study explores the effects of ductile tearing on constraint
variations for the circumferentially cracked pipes and fracture
specimens previously described. For these analyses, a mesh with
computational cells ahead of crack front (see Section 2) is used in 3-
D settings consistent with the previous numerical models for sta-
tionary crack solutions. Moreover, the arrangement of cell elements
ahead of the Mode I growing crack follows closely the scheme
depicted in Fig.1(b). Experiencewith past finite element analyses of
fracture specimens to estimate the cell size for common structural
e/t ¼ 15, a/t ¼ 0.4 and c/a ¼ 11.9; (b) Near-tip model and meshing details.



Fig. 8. Engineering stress-strain curve for the tested API 5L X70 pipeline steel [43,49].
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and pressure vessel steels suggests values of 50w200 mm for D
[22,23,42]. Here, the cell size is adopted as D/2 ¼ 100 mm. This size
provides an approximate correlation of spacing between the large
inclusions and the crack tip opening displacement (CTOD) at the
onset of macroscopic crack growth in conventional fracture speci-
mens for common pressure vessel steels while, at the same time,
providing adequate resolution of the stress-strain fields in the
active layer and in the adjacent background material.

To simulate ductile crack extension using the GT model, the
planar meshes (2-D) for the SE(T) and SE(B) fracture specimens
contains a row of 60 computational cells along the remaining crack
ligament (W�a). The 3-D numerical models for these crack con-
figurations are obtained by simply extruding the 2-D mesh along
the Z-axis. Symmetry conditions enable analyses using one-quarter
of the specimen with appropriate constraints imposed on the
symmetry planes. These numerical models have 14 variable thick-
ness layers defined over the half-thickness (B/2) with the thickest
layer defined at Z¼ 0. The quarter-symmetric, 3-Dmodels for these
specimens have w38,000 nodes and w38,000 elements with
60 � 14 ¼ 840 computational cells ahead of crack front.

Nonlinear 3-D finite element analyses including ductile tearing
are also performed on circumferentially cracked pipes with
De ¼ 309 mm and t ¼ 20.6 mm (De/t¼15) having an external
surface flaw with 2c ¼ 196 mm and a/t ¼ 0.2, 0.3 and 0.4 (see
Fig. 6). The crack front is described by 30 (circumferential) layers
defined over the crack half-length (c); for each crack front layer, a
row of 60 computational cells is arranged over the remaining crack
ligament (t�a) thereby enabling description of ductile crack
extension along the crack front. The half-symmetric models for
these analyses have w60,000 8-node, 3-D elements (w68,000
nodes) with appropriate constraints imposed on nodes defining the
longitudinal symmetry plane.

Calibration of the initial material porosity (void fraction), f0, for
the GT material requires a crack growth analysis to match R-curves
obtained from testing of high constraint, deeply cracked specimens.
Hippert [43] tested 1-T compact tension C(T) specimens
(B ¼ 25.4 mm) with a/W ¼ 0.65 and 20% side-grooves (10% each
side) to measure ductile tearing properties for the API X70 pipeline
steel described next. Ideally, the growth analysis for this specimen
should employ full 3-D numerical finite element models incorpo-
rating an arrangement of cell elements ahead of the 3-D crack front.
However, previous studies of Ruggieri and Doods [22] revealed that
analyses of ductile crack extension using 3-D computational cells
exhibit significant problems related to meshing and physical
growth by cell extinction along the crack plane. In particular, the
side-groove region in the numerical model suppresses crack
growth therebymaking it difficult to define ameaningful computed
resistance curve against which the experimentally measured R-
curve is compared to determine the key parameter, f0. Since our
primary interest lies in the assessment of constraint effects in
cracked pipes and fracture specimens including ductile tearing, the
characterization of crack growth response evaluated at the cen-
terplane of the crack configuration (Z¼0) proves adequately effec-
tive. Moreover, a number of previous works, including the
numerical investigation of Nevalainen and Dodds [29], demon-
strated the relatively small effects of side grooves on midplane
constraint for common specimen geometries. Hence, in this case it
suffices to consider a plane-strain model to simulate ductile crack
extension for the tested C(T) specimen such that the computed R-
curve describes well the experimentally measured crack growth
response. The finite element mesh for the growth analysis of the
deeply-cracked C(T) specimen contains a row of 120 computational
cells along the remaining crack ligament (W�a) with fixed size ofD/
2�D/2 (see Fig. 1(b)). The initially blunted crack tip accommodates
the intense plastic deformation and initiation of stable crack
growth in the early part of ductile tearing. Symmetry conditions
permit modeling of only one-half of the specimenwith appropriate
constraints imposed on the remaining ligament. This half-
symmetric, plane-strain model has one thickness layer of 1611 8-
node, 3D elements (3522 nodes) with plane-strain constraints
(w¼0) imposed on each node and displacement increments
imposed on the loading point which permits continuation of the
analyses once the load decreases during crack growth.

4.4. Material models and finite element procedures

The elasticeplastic constitutive model employed in all station-
ary crack analyses reported here follows a flow theory with con-
ventional Mises plasticity in small geometry change (SGC) setting.
The numerical solutions for fracture specimens and cracked pipes
utilize a simple power-hardening model to characterize the uni-
axial true stress (s) vs. logarithmic strain (ε) in the form

ε

ε0
¼ s

s0
; ε � ε0;

ε

ε0
¼

�
s

s0

�n

; ε > ε0 (6)

where s0 and ε0 are the reference (yield) stress and strain, and n is
the strain hardening exponent. The finite element analyses
consider material flow properties covering typical structural,
pressure vessel and pipeline grade steels with E ¼ 206 GPa and
n ¼ 0.3: n ¼ 5 and E/s0 ¼ 800 (high hardening material), n ¼ 10 and
E/s0 ¼ 500 (moderate hardening material), n ¼ 20 and E/s0 ¼ 300
(low hardeningmaterial). These ranges of properties also reflect the
upward trend in yield stress with the increase in strain hardening
exponent, n, characteristic of ferritic structural steels, including
pipeline steels.

For the crack growth analyses, the mechanical and flow prop-
erties for an API 5L X70 pipeline grade steel described next are
employed to generate the required numerical solutions in large
geometry change (LGC) setting. The material has 484 MPa yield
stress (sys) and 590MPa tensile strength (suts) at room temperature
(20 �C) with relatively moderate-to-low hardening properties (suts/
sys z 1.22), Young’s modulus E ¼ 205 GPa and Poisson’s ratio
n ¼ 0.3. Fig. 8 shows the engineering stress-strain curve for the
tested steel (average of two tests) obtained frommechanical tensile
tests conducted on longitudinal tensile specimens (ASTM E8 [44])
at room temperature (20 �C). Using these tensile properties and an
improved estimate for the hardening exponent given by Annex F of



Fig. 9. Variation of parameter Q with normalized crack-tip distance for the SE(B) specimen with n ¼ 10 (E/s0 ¼ 500) material: (a) a/W ¼ 0.2; (b) a/W ¼ 0.5.
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API 579 [6], the strain hardening exponent for the adopted API 5L
X70 pipeline grade steel yields n ¼ 13.3 thereby closely character-
izing a moderate hardening behavior material.

To describe the evolution of void growth and associated
macroscopic material softening in the computational cells, the GT
constitutive model given by Eq. (1) is adopted. The background
material outside of the computational cells follows a flow theory
with the Mises plastic potential obtained by setting fh 0 in Eq. (1).
The uniaxial true stress-logarithmic strain response for both the
background and cell matrix materials follows a piecewise linear
approximation to the measured tensile response for the material at
room temperature shown in Fig. 8. The two adjustment factors in
the Gurson yield condition given by Eq. (1) are taken as q1 ¼ 1.43
and q2 ¼ 0.97 in the present analyses. These q-values are derived
from the work of Faleskog and Shih [27] which provides the
adjustment parameters q1 and q2 for a wide range of material flow
properties (strain hardening properties and yield stress) for com-
mon pressure vessel and structural steels.

The finite element code WARP3D [45] provides the numerical
solutions for the plane-strain and 3-D simulations reported here
including stationary and crack growth analyses implementing the
cell model. Evaluation of the J-integral derives from a domain
integral procedure which yields J-values in excellent agreement
with estimation schemes based upon h-factors for deformation
plasticity in the fracture specimens [46] while, at the same time,
retaining strong path independence for domains defined outside
the highly strained material near the crack. WARP3D analyzes
fracture models constructed with three-dimensional, 8-node tri-
linear hexahedral elements. To achieve plane-strain conditions
for the current study, a single thickness layer of the 3-D elements
is defined with out-of-plane displacements constrained to vanish.
The research code FRACTUS2D [47] is employed to compute J�Q
Fig. 10. Variation of parameter Q with normalized crack-tip distance for the clamped
and J � bQ curves derived from stationary and growing analyses for
the analyzed fracture specimens and circumferentially cracked
pipes.
5. Evolution of crack-tip constraint in stationary cracks

Previous studies [28,29,38,48] have characterized crack-front
stress fields for common fracture specimens using the J�Q meth-
odology to quantify effects of constraint loss on fracture behavior.
Here, we enlarge on these previous developments to examine in
more detail the constraint variations in terms of J�Q trajectories
derived from the extensive analyses conducted on SE(B) and
clamped SE(T) fracture specimens and also on circumferentially
cracked pipes with varying crack sizes and hardening behavior. The
section begins with descriptions of crack front constraint for SE(B)
and clamped SE(T) specimens under plane-strain conditions. These
analyses are followed by a 3-D characterization of J�Q trajectories
using detailed 3-D models for these crack configurations. The
presentation concludes with 3-D results describing the evolution of
Q with increased J-values for the circumferentially cracked pipes
under reeling.
5.1. Plane-strain results for SE(B) and clamped SE(T) fracture
specimens

The J�Q trajectories to be presented next are computed at the
particular distance r ¼ r=ðJ=s0Þ ¼ 2. Since Q is a measure of the
deviation in the stress fields for the finite cracked body from the
reference SSY fields, we first examine the variation of the constraint
parameter, Q, with crack-tip distance. Figs. 9,10 show Q-values
computed at varying normalized distances, r/(J/s0), for the shallow
SE(T) specimen with n ¼ 10 (E/s0 ¼ 500) material: (a) a/W ¼ 0.2; (b) a/W ¼ 0.5.



Fig. 11. Plane-strain J�Q trajectories for the SE(B) specimen with different crack sizes and varying material properties: (a) n ¼ 5 (E/s0 ¼ 800); (b) n ¼ 10 (E/s0 ¼ 500); (c) n¼20 (E/
s0¼300).
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and deeply cracked SE(B) and SE(T) fracture specimens with the
moderate hardening (n ¼ 10) material (E/s0 ¼ 500) at increased
deformation. The Q-values for the shallow crack SE(B) and the
clamped SE(T) specimens displayed by these plots show a relatively
weak radial dependence under increasing loading, particularly for
the tension loaded configuration. In contrast, parameter Q for the
deeply cracked SE(B) specimen shown in Fig. 9(b) displays consis-
tently increased radial dependence under increasing loading,
particularly for large applied J-values. This behavior reflects the
interaction of the remote plastic bending field acting on the
remaining ligament (b ¼ W�a) which impinges strongly upon the
Fig. 12. Plane-strain J�Q trajectories for the clamped SE(T) specimen with different crack si
n ¼ 20 (E/s0 ¼ 300).
crack tip resulting in steeper stress gradients at higher deformation
levels. Such trends are consistent with previous analyses of O’Dowd
and Shih (OS) [31,32], Nevalainen and Dodds [29] and Cravero and
Ruggieri [38]. Similar results hold across all other crack configura-
tions and hardening properties thereby providing reasonable sup-
port to the value r ¼ 2 adopted in the present work; to conserve
space, they are not shown here.

Figs. 11, 12 display the general effects of specimen geometry,
loading mode and flow properties on the J�Q trajectories for the
analyzed crack configurations. In all plots, Q is defined by Eq. (4) at
the normalized crack-tip distance given by r ¼ 2 whereas J is
zes and varying material properties: (a) n ¼ 5 (E/s0 ¼ 800); (b) n ¼ 10 (E/s0 ¼ 500); (c)



Fig. 13. Comparison of plane-strain J�Q trajectories for the clamped SE(T) crack configuration with varying crack sizes and shallow notch SE(B) specimens: (a) n ¼ 10; (b) n ¼ 20.
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normalized by bs0 with b denoting the remaining crack ligament
W�a (notice that we plot J/bs0 vs. �Q to maintain positive scales).
For each crack configuration, the evolution of Q depends markedly
on crack size, as characterized by the a/W-ratio, particularly for the
SE(B) specimen. For this specimen configuration, there is a rather
uniform shift of the J�Q trajectories with decreased crack size. In
contrast, the evolution of Q with J/bs0 for the clamped SE(T)
specimen displaysmuch less sensitivity on crack size in the range a/
W � 0.3, particularly for the high hardening material. These spec-
imens also show large negative Q-values almost immediately upon
loading for all strain hardening properties which are associated
with substantial reduction in the opening near-tip stresses early in
the loading.

An interesting result having a direct bearing on experimental
evaluation procedures of crack growth resistance properties in
pipelines is the strong correlation between the J�Q trajectories for
the shallow crack SE(B) specimen with a/W ¼ 0.1 and 0.2, and the
clamped SE(T) specimenwith varying a/W-ratios. Fig. 13 recasts the
previous crack front constraint variations to provide selected J�Q
trajectories for the n ¼ 10 and n ¼ 20 materials. It is clear that both
shallow crack SE(B) specimens and clamped SE(T) configurations
display similar descriptions of crack front constraint with increased
deformation.
Fig. 14. J�Q trajectories evaluated at midplane specimen for the SE(B) configuration with W
(b) n ¼ 10 (E/s0 ¼ 500); (c) n ¼ 20 (E/s0 ¼ 300).
5.2. 3-D results for SE(B) and clamped SE(T) fracture specimens

Conventional plane-strain, 2-D analyses provide J�Q trajectories
that do not reflect the effects of out-of-plane constraint on the near-
tip opening stresses. 3-D analyses describe more adequately the
through-thickness variations in crack front stresses with conse-
quent impact on Q-values over the crack front, including the center
portion of the specimen thickness. Here, we provide descriptions of
crack front constraint corresponding to the midplane location in
the SE(B) and SE(T) specimens. Since a primary interest of the
present work lies in the fracture correlation between common
specimens and a circumferentially cracked pipeline, we can ad-
vantageously evaluate the dependence of Q on J at the crack front
location defined by Z/(B/2) ¼ 0 for subsequent comparisons with
the J�Q trajectories evaluated at the deepest point of the circum-
ferential surface crack in the reeled pipe addressed next.

Figs. 14, 15 show the evolution of parameter Q evaluated at the
crack-tip distance given by r ¼ 2 with increased deformation for
the SE(B) and SE(T) specimens withW/B¼ 1 and varying crack sizes
and hardening behavior. As already mentioned, these J�Q trajec-
tories correspond to the midplane location so that Q derives from
Eq. (4) in which the opening stresses, (syy)FB, are evaluated at Z/(B/
2) ¼ 0. The general trends already observed previously for the
/B ¼ 1 and different crack sizes and varying material properties: (a) n ¼ 5 (E/s0 ¼ 800);



Fig. 15. J�Q trajectories evaluated at midplane specimen for the clamped SE(T) configuration with W/B ¼ 1 and different crack sizes and varying material properties: (a) n ¼ 5 (E/
s0 ¼ 800); (b) n ¼ 10 (E/s0 ¼ 500); (c) n ¼ 20 (E/s0 ¼ 300).
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plane-strain results remain essentially unchanged. Moreover, ex-
amination of these plots reveals that themidplane location of the 3-
D model maintains higher levels of constraint with increased
deformation for both configurations in the crack size range a/
W� 0.3 for the SE(B) specimen and a/W� 0.2 for the clamped SE(T)
specimen. Observe that the Q-value at a given J/(bs0) is somewhat
higher for these configurations compared to the plane-strain re-
sults. Fig. 16 compares selected J�Q trajectories for the n ¼ 10 and
n¼ 20 materials derived from the 3-D analyses for both specimens.
The response of the SE(B) and clamped SE(T) specimens with a/
W ¼ 0.1 and 0.2 is essentially similar as there is good agreement
between the J�Q trajectories for these configurations.

We now direct attention to the J�Q trajectories for the clamped
SE(T) specimens with W/B ¼ 0.5 (see Fig. 3) displayed in Fig. 17;
again, parameter Q is evaluated at the midplane location corre-
sponding to Z/(B/2) ¼ 0. As mentioned earlier, this crack configu-
ration is recommended by DNV F-108 procedure [41] for
experimental measurements of crack growth resistance curves of
pipeline steels and their weldments using fracture specimens
extracted from the longitudinal direction of the pipe. It can be seen
that the J�Q trajectories for the analyzed crack geometries displays
Fig. 16. Comparison of J�Q trajectories at midplane specimen for the clamped SE(T) configur
B ¼ 1: (a) n ¼ 10; (b) n ¼ 20.
only moderate sensitivity to specimen thickness as characterized
by the W/B-ratio in comparison with the plots of Fig. 15. Here, a
decreased W/B-ratio (increased specimen thickness) shifts the J�Q
curves slightly to the right, particularly for crack sizes corre-
sponding to a/W � 0.2, indicating that this crack configuration
exhibits a somewhat larger constraint loss at the same level of
applied J than the specimen with W/B ¼ 1. Overall, however, our
analyses reveal that increasing specimen thickness relative to a
fixed specimen width produces only small effects on the J�Q tra-
jectories and, consequently, on the expected fracture behavior of
the specimen from W/B ¼ 1 to W/B ¼ 0.5.

5.3. 3-D results for circumferentially cracked pipes

We begin this section by first examining the variation of
parameter Q with crack-tip distance. Fig. 18 (aeb) show Q-values
computed at varying normalized distances 1 � r/(J/s0) � 5, for the
cracked pipes with n ¼ 10 (E/s0 ¼ 500) and a/t ¼ 0.2, 0.4 at
increased deformation levels. These Q-values are evaluated at the
deepest point of the surface crack (see Fig. 6). The Q-values for the
shallow crack (a/t ¼ 0.2) and deep crack (a/t ¼ 0.4) pipe are fairly
ation with W/B ¼ 1 and varying crack sizes and shallow notch SE(B) specimens with W/



Fig. 17. J�Q trajectories evaluated at midplane specimen for the clamped SE(T) configuration with W/B ¼ 0.5 and different crack sizes and varying material properties: (a) n ¼ 5 (E/
s0 ¼ 800); (b) n ¼ 10 (E/s0 ¼ 500); (c) n ¼ 20 (E/s0 ¼ 300).
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independent of normalized distance, particularly at lower defor-
mation levels. Fig. 18 also reveals that the Q-values for both pipe
geometries consistently show slightly increased radial dependence
under increasing loading, particularly for large applied J-values,
which is nevertheless small in the range 1 � r/(J/s0) � 5. Since the
primary interest lies on assessments of fracture correlations be-
tween fracture specimens and a cracked pipe, the value of r/(J/
s0) ¼ 2 is also utilized to evaluate parameter Q for this crack
configuration.

We now direct attention to the J�Q trajectories for circum-
ferentially cracked pipes subjected to reeling. Fig. 19 provides the
evolution of parameter Q with increased values of J for the cracked
pipe with varying crack sizes (as characterized by the a/t-ratio) and
flow properties. Similar to the previous results, Q is defined by Eq.
(4) at the normalized crack-tip distance given by r ¼ 2 and J is
normalized by bs0 where b now denotes the remaining crack lig-
ament t�a (see Fig. 6). For all crack configurations and hardening
materials, Q-values display a severe loss of constraint almost
immediately upon loading. With increased deformation, Fig. 19(a)
shows a somewhat large dependence of Q-values on a/t-ratio for
Fig. 18. Variation of parameter Q with normalized crack-tip distance for the circumfere
the high hardening (n ¼ 5) material. However, the J�Q trajectories
for the n ¼ 10 and n ¼ 20 materials with crack sizes in the range
0.2 � a/t � 0.4 provided by Fig. 19(bec) are nearly identical; here,
only the trajectory for the shallow crack corresponding to a/t ¼ 0.1
falls well below these curves.

The results displayed by the plots in Fig. 19(bec) deserve
attention because the materials with n ¼ 10 and n ¼ 20 typify
hardening properties of high grade pipeline steels such as API
X70wX80 grade steels. The almost insignificant effect of crack size
on the J�Q trajectories for a/t-ratios larger that 0.2 may justify
narrowing the choice of an appropriate crack size for the fracture
specimen which adequately matches fracture behavior in a cir-
cumferentially cracked pipe. To make this point, Fig. 20 compares
J�Q trajectories for the cracked pipes with selected results for the
SE(B) and clamped SE(T) specimens with the n ¼ 10 material
derived from the previous 3-D analyses. It can be seen that the J�Q
trajectories for the shallow notch SE(B) specimen with a/W be-
tween 0.1 and 0.2 encompasses entirely the corresponding evolu-
tion of crack front constraint for the cracked pipe. In contrast, the
clamped SE(T) specimen maintains a somewhat higher level of
ntially cracked pipe with n ¼ 10 (E/s0 ¼ 500) material: (a) a/t ¼ 0.2; (b) a/t ¼ 0.4.



Fig. 19. J�Q trajectories evaluated at deepest point of the surface cracked for the pipe configurationwith different crack sizes and varying material properties: (a) n ¼ 5 (E/s0 ¼ 800);
(b) n ¼ 10 (E/s0 ¼ 500); (c) n ¼ 20 (E/s0 ¼ 300).
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constraint compared to the J�Q curves for the cracked pipe.
Although not shown here in interest of space, similar behavior is
found for the n¼5 and n¼20 materials.

6. JeQ trajectories incorporating crack growth

The extensive numerical analyses of the SE(B) and clamped
SE(T) fracture specimens, including the circumferentially cracked
pipes, conducted thus far have not considered effects of ductile
tearing on the evolving near-tip stress fields. Previous studies of
Varias and Shih [39] and Dodds et al. [40] revealed varying crack-tip
constraint for the growing crack relative to the stationary crack at
the same level of applied J. Consequently, the previous J�Q trajec-
tories for the fracture specimens and cracked pipes based on a
stationary crack analysis may not reflect the potentially strong
changes in the near-tip stresses due to increased crack growth.

Here, we address the effects of small amounts of crack growth,
Da, on the evolution of parameter bQ with increased remotely
applied J for the analyzed crack configurations and implications for
the correlation of fracture behavior between the fracture specimens
and circumferentially cracked pipes. All the results presented in
this section are for a typical API grade X70 pipeline steel tested by
Hippert [43,49]; the flow properties and stress-strain response for
this material were given previously in Section 4.4.
Fig. 20. Comparison of J�Q trajectories for the cracked pipes with selected res
While the present study incorporating effects of crack growth
on J � bQ trajectories is restricted to the pipeline grade steel
employed in the ductile tearing analyses, it is nevertheless very
representative of the crack growth behavior for a moderate hard-
ening material e recall that the strain hardening exponent for this
steel was estimated as n ¼ 13.3 in Section 4.4. The large variety of
possibilities associated with different combinations of strain
hardening properties and initial porosity values, f0, which reflects a
diverse range of crack growth behavior for fixed material flow
properties (for example, a low hardening material could exhibit a
high or low tearing resistance depending on its microstructure and
content of inclusion [24]), preclude extending these analyses to all
hardening materials as in the case of the stationary crack analyses
performed before. However, the broad features of the J � bQ tra-
jectories incorporating crack growth computed here can be regar-
ded as generic and the trends should apply to other hardening
materials as well.

6.1. Calibration of cell parameters

Numerical simulation of ductile tearing in the fracture speci-
mens and circumferentially cracked pipe described here begins
with calibration of the cell parameters, f0 and D, as outlined pre-
viously for the pipeline steel employed in this study. In all crack
ults for the SE(B) and clamped SE(T) specimens with the n ¼ 10 material.
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growth analyses reported next, the cell extinction process using a
linear-traction separation model described in Section 2 advances
the crack when the current porosity, f, in the cell incident on the
current crack tip reaches the critical value, fE ¼ 0.15. However, to
improve the numerical response and to provide a more consistent
description of the ductile tearing process, the location of the
growing crack tip in the numerical analyses is taken at the cell with
f ¼ 0.1. Observe that this corresponds to a position between the cell
currently undergoing extinction and the peak stress location; at
this position stresses are decreasing rapidly and the void fraction is
sharply increasing. Consequently, the use of slightly different f-
values, other than 0.1, to define the crack-tip location for plotting
purposes does not appreciably alter the R-curves (at a fixed J, the
amount of crack extension would vary only by a fraction of the cell
size) while, at the same time, smoothing the shape of the resulting
crack growth resistance curve; Xia and Shih [21] and Ruggieri and
Dodds [22] discuss this issue in detail.

The cell size D and initial porosity f0 define the key parameters
coupling the physical and computational models for ductile tearing.
The measured resistance curve for a deeply cracked C(T) specimen
(a/W ¼ 0.65) tested by Hippert [43] (see also Hippert and Ruggieri
[49]) using the unloading compliance technique is employed to
calibrate these parameters. Within the present context, a series of
finite element analyses is conducted to calibrate the cell parameters
which establish agreement between the predicted J�Da curve and
experiments for a high constraint fracture specimen. Fig. 21 dis-
plays the measured crack growth resistance curve (average of two
tests) in the TL orientation (described by the solid symbols in the
plot) for the tested pipeline steel at room temperature. This fracture
data was obtained using conventional 1-T C(T) specimens having
the following dimensions: gross thickness, B ¼ 25 mm, net thick-
ness, Bn ¼ 20 mm (20% side groove), width, W ¼ 50 mm,
a ¼ 32.5 mm (a/W ¼ 0.65). Hippert and Ruggieri [49] provide
additional details of the material properties, including metallur-
gical characterization, and the fractures tests.

As described earlier in Section 4.3, we specify the cell size D/
2 ¼ 100 mm for the API X70 material employed in this study. While
the cell parameters, D and f0, control the cell response they
should not be viewed as metallurgical parameters representing
the microscopic observations of void spacing and initial void
volume fraction but rather as computational parameters
Fig. 21. Comparison of measured and predicted R-curve with different f0-values for
side-grooved 1-T C(T) specimen of API 5L-X70 at room temperature.
phenomenologically calibrated. Further, the calibrated values for D
and f0 clearly do not constitute a unique pair of parameters; for
example, the numerical crack growth response of the fracture
specimen scales almost proportionally with D for fixed value f0 (a
larger cell requires more total work to reach critical conditions).
However, since D introduces an explicit length scale into the model
thereby requiring the construction of a new mesh, it is obviously
much less effort to fix D early on and then calibrate f0.

Hence, with parameter D fixed, the calibration process then
focuses on determining a suitable value for the initial volume
fraction, f0, that produces the best fit to the measured crack growth
data for the deeply cracked C(T) specimen. Fig. 21 also shows the
predicted J�Da curves for this specimen. Predicted R-curves are
shown for three values of the initial volume fraction, f0 ¼ 0.0005,
0.00075 and 0.001. For f0 ¼ 0.0005, the predicted R-curve agrees
well with the measured values for almost the entire range of
growth, albeit lying a little above the measured data for Da � 1 mm
in the blunting line region. In contrast, the use of f0¼0.001 produces
a much lower resistance curve relative to the measured data.
Consequently, the initial volume fraction f0 ¼ 0.0005 is thus taken
as the calibrated value for the API 5L-X70 steel used subsequently
in this study.

6.2. SE(B) and clamped SE(T) fracture specimens

Figs. 22 and 23 display the J�Da curves and J � bQ trajectories
(including ductile tearing) derived from the SE(B) and SE(T) growth
analyses in 3-D with varying a/W-ratios which utilize the previous
calibrated value of f0 ¼ 0.0005 for the X70 pipeline steel. For all sets
of analyses, the computed resistance curves with crack extension
and evolution of parameter bQ with crack-tip loading are defined at
the centerplane (Z ¼ 0 e see Fig. 5). To provide a comparison be-
tween the experimental measurements and predicted results, the
open symbols in the plots of Figs. 22(a) and 23(a) indicate the
measured R-curve with crack extension obtained by Hippert [43];
this crack growth data was employed to calibrate the cell param-
eter, f0, utilized in these growth analyses for the SE(B) and SE(T)
fracture specimens.

Consider first the computed crack growth resistance curves for
both specimen geometries with varying a/W-ratios shown in
Figs. 22(a) and 23(a). The resistance curves are essentially the
same in the blunting line region (Da ( 0.2 mm) and then rise
steadily with increased applied J. It can bee seen that the J�Da
curves for the SE(B) specimen displayed in Fig. 22(a) depend
rather strongly on crack size for a/W < 0.4. Note that the crack
growth behavior for the deeply-cracked configuration (a/W ¼ 0.5)
follows closely the measured R-curve for the tested high constraint
C(T) specimen with a/W ¼ 0.6 which thus provides strong justi-
fication for the adopted earlier calibration procedure of parameter
f0 based on a plane-strain growth analysis. Observe also in this
plot the prominent influence of crack size (as characterized by the
a/W-ratio) on the computed resistance curves for this crack
configuration in the range 0.2 � a/W � 0.3. A slightly different
picture emerges for the computed fracture behavior of the clam-
ped SE(T) specimen shown in Fig. 23(a). Here, the crack growth
resistance curves exhibit relatively little sensitivity on the a/W-
ratio. This plot shows that, for a fixed value of Da, the fracture
resistance in this specimen steadily increases by a moderate
amount with decreased crack size. Very similar trends were also
observed in the work of Nyhus et al. [50] who performed crack
growth resistance tests using SE(T) specimens with varying a/W-
ratios and found a weak dependence of measured R-curves on
crack size.

Consider next the descriptions of crack-tip constraint in terms
of J � bQ trajectories for the analyzed fracture specimens provided



Fig. 22. 3-D growth analyses for the SE(B) fracture specimens with varying a/W-ratios: a) Computed J�Da curves for f0 ¼ 0.0005; b) J � bQ trajectories for the extending crack.
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in Figs. 22(b) and 23(b). Similar to the previous analyses, here bQ is
defined by Eq. (5) at the normalized distance br ¼ 2 whereas J is
normalized by b0s0 with b0 denoting the remaining initial crack
ligament defined by W�a0 (again J/(b0s0) is plotted against �bQ to
maintain positive scales) e here, we note that s0 h sys in the
present context. After a transitional stage at the early part of the
curves for the SE(B) specimens with a/W � 0.3, in which there is a
small increase in crack-tip constraint with parameter bQ varying
from approximately �0.3 to �0.1, the evolution of bQ is essentially
unchanged with increased values of J, particularly at higher
deformation levels which correspond to larger amounts of ductile
tearing. Observe, however, that the J � bQ trajectory for the shallow
crack SE(B) specimen with a/W ¼ 0.2 is shifted to the right
compared to the other curves which clearly indicates lower levels
of crack-tip constraint with increased applied J (and corresponding
increased amounts of stable crack growth) for this crack configu-
ration. This behavior is entirely consistent with the trends
observed in the computed crack growth resistance curves shown
in Fig. 22(a). Similar results are found for the J � bQ trajectories for
the clamped SE(T) specimens displayed in Fig. 23(b). Here, all
curves virtually merge onto one single curve which shows that the
constraint levels with increased crack growth for this specimen
are almost independent of crack size (as measured by the a/W-
ratio).

6.3. Circumferentially cracked pipes

We now draw attention to the effects of crack growth on the
fracture behavior for the 309 mm diameter (De/t ¼ 15), circum-
ferentially cracked pipe with varying crack depth (a/t ¼ 0.2, 0.3,
0.4). Fig. 24 shows the crack growth resistance curves and J � bQ
Fig. 23. 3-D growth analyses for the SE(T) fracture specimens with varying a/W-ratios: a)
trajectories (including ductile tearing) derived from the growth
analyses based upon the previous calibrated value of f0 ¼ 0.0005
for the X70 pipeline steel. For these analyses, the computed
resistance curves with crack extension and evolution of parameterbQ with crack-tip loading are defined at the deepest point of the
surface crack ((Z ¼ 0) e see Fig. 6). To facilitate comparisons with
the computed fracture behavior derived from the previous ana-
lyses, these plots also include the corresponding results for key
specimen geometries represented by the shallow crack SE(B)
specimen with a/W ¼ 0.2 and the deeply cracked SE(T) configu-
ration with a/W ¼ 0.4; this latter specimen is currently widely
adopted in fracture tests to measure tearing resistance curves in
terms of J�Da for pipeline steels employed in advanced defect
assessment procedures for submarine pipelines installed by the
reeling process.

As clearly revealed in Fig. 24, the resistance curves and the J � bQ
trajectories depend weakly on the a/t-ratio with a slightly more
prominent effect in the range 0.2 � a/t � 0.3. Observe the very high
resistance curve associated with strongly negative bQ -values for the
circumferentially cracked pipe with a/t ¼ 0.2. Now consider the
J�Da curves and J � bQ trajectories for the SE(B) specimen with a/
W ¼ 0.2 and the clamped SE(T) configuration with a/W ¼ 0.4 dis-
played in these plots for the purpose of comparison. Remarkably, it
is the shallow crack SE(B) specimen that behaves more similarly to
the circumferentially cracked pipe than the clamped SE(T) config-
uration. The results in Fig. 24, taken together with the observed
fracture response from the previous stationary crack analyses,
provide compelling evidence that the shallow crack SE(B) specimen
can accurately reproduce fracture resistance curves, albeit still
slightly more conservative, in circumferentially cracked pipe under
remote bend loading.
Computed J�Da curves for f0 ¼ 0.0005; b) J � bQ trajectories for the extending crack.



Fig. 24. 3-D growth analyses for the circumferentially cracked pipe with varying a/t-ratios: a) Computed J�Da curves for f0 ¼ 0.0005; b) J � bQ trajectories for the extending crack.
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7. Summary and conclusions

This study describes a numerical investigation on the effects of
crack front constraint in circumferentially surface cracked pipes
subjected to bending load and conventional fracture specimens
represented by clamped SE(T) and SE(B) geometries commonly
employed to measure ductile tearing properties in pipeline grade
steels. In the present work, attention is directed to cracked con-
figurations, including the circumferentially cracked pipe with an
external surface flaw, having varying crack sizes for different strain
hardening materials. The methodology derives from a two-
parameter description of crack-tip constraint in terms of J�Q tra-
jectories for stationary and growth analyses, supplemented by a
micromechanics approach to model ductile tearing using compu-
tational cells, which are capable of including the potentially strong
effects of ductile tearing on the evolving near-tip stress fields.

The extensive set of nonlinear finite element analyses for
detailed plane-strain and 3-D models of fracture specimens and
circumferentially cracked pipes conducted in this study show a
rather complex interacting effect of specimen geometry, crack size
and loading mode on the variation of crack front constraint with
applied J. In particular, the growing analyses reveal features asso-
ciated with the evolving near-tip stresses due to steady crack
growth that would otherwise be neglected in conventional, sta-
tionary crack analyses. Overall, our numerical studies in connection
with the adopted framework provide further insight and additional
understanding in the correlation of fracture behavior for fracture
specimens and cracked pipes based on a stress triaxiality parameter
with important implications for current defect assessment pro-
cedures and specification of tolerable flaw sizes in girth welds of
reeled pipelines.

The work described here supports the following conclusions
and observations:

� Shallow crack bend specimens with crack sizes in the range
0.1 � a/W � 0.2 exhibit levels of crack-tip constraint which are
very similar to clamped SE(T) specimens having crack sizes in
the range 0.2 � a/W � 0.4. Hence, the measuring toughness
capacity of the shallow crack bend configurations in terms of
J�Da curves is comparable to the measuring capacity for frac-
ture toughness of the clamped SE(T) specimens.

� The fracture behavior for the clamped SE(T) configuration dis-
plays little sensitivity on specimen thickness. The levels of crack-
tip constraint for theW/B ¼ 1 andW/B ¼ 0.5 are similar thereby
implying similar levels of measuring toughness capacity in
terms of crack growth resistance curves.

� Crack growth resistance curves for the SE(B) specimens depend
rather strongly on crack size, particularly for a/W � 0.3w0.4. In
contrast, J�Da curves for clamped SE(T) specimens display little
sensitivity on a/W-ratio.

� Shallow crack SE(B) specimens with crack sizes in the range
0.1 � a/W � 0.2 provide fracture response described by J�Da
curves in good agreement with the corresponding fracture
behavior of circumferentially cracked pipes.

Since we have not explored other loading conditions, the trends
and results obtained in this study are limited to the analyses of
circumferentially surface cracked pipes subjected to remote
bending. However, the new insights and understanding gained
from this work encourages further investigations in direct corre-
lations between laboratory fracture specimens and circum-
ferentially cracked pipes for other loading scenarios such as, for
example, subsea mechanically lined pipe installation by the reeling
method with the application of internal pressure to prevent wrin-
kling and local buckling of the internal liner (see, e.g., Focke [51]).
Additional work is in progress to further validate the use of
shallow-crack SE(B) specimens as an alternative fracture specimen
to measure crack growth properties for pipeline steels and girth
welds. Ongoing investigation also focuses on establishing robust
correlations between J and CTOD for stationary and growing cracks
in SE(T) and SE(B) fracture specimens.
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