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Abstract

This study extends a micromechanics approach based upon the computational cell methodology to model ductile crack extension of
longitudinal crack-like defects in a high strength pipeline steel. Laboratory testing of an API 5L X60 steel at room temperature using
standard, deep crack C(T') specimens provides the data needed to measure the crack growth resistance curve for the material. A simple
scheme to calibrate material-specific parameters for the cells employs this measured R-curve. A central focus of the paper is the application
of the cell methodology to predict experimentally measured burst pressures for longitudinally pre-cracked pipe specimens. The experimental
program includes large-diameter pipe specimens with different crack depth (a) and crack size (2c¢). Plane-strain computations are conducted
on detailed finite element models for the pipe specimens to describe crack extension with increased pressure. The cell model predictions of
crack growth response and burst pressure predictions are in good agreement with experimental measurements for the tested pipes. The present
methodology holds significant promise as an engineering tool to simulate ductile crack growth and to predict the burst pressure of high

pressure pipelines containing crack-like defects.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Axial flaws; Burst pressure; Pipeline steel; Ductile failure; Computational cell; Finite element analysis; Bulging effect

1. Introduction

The accurate prediction of the failure pressure in
damaged pipelines remains a key issue for the safety
assessment of high pressure piping systems, including
onshore and offshore facilities. Conventional failure criteria
for longitudinal crack-like defects in pipelines (e.g. blunt
corrosion, inclusions, weld flaws, etc.) are derived based
upon a simple fracture mechanics analysis for planar or
crack-like flaws. Such procedures are calibrated by
extensive burst testing of pipes containing machined cracks
conducted on low-to-moderate strength structural steels
(API Grades X52 and X60) [1-3]. While these acceptance
criteria for linepipe defects clearly simplify integrity
analyses of in-service piping components, they essentially
reflect a limit-load solution for a blunted axial crack in a
pressurized vessel or pipe. Moreover, these integrity
assessment procedures assume failure criteria which do
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not necessarily reflect the actual failure mechanism (such as,
for example, stable crack growth prior to final failure) nor
do they address specific requirements for high grade pipe
steels currently used. For these cases, failure assessments
may be overly conservative or provide significant scatter in
their predictions, which lead to unnecessary repair or
replacement of in-service pipelines [4].

For high toughness pipeline steels, the material failure
(leakage or sudden rupture) is most often preceded by large
amounts of slow, stable crack growth. Under sustained
ductile tearing of a macroscopic crack, large increases in the
load-carrying (pressure) capacity for the flawed piping
component are possible beyond the limits given by
conventional elastic and elastic—plastic (stationary crack)
analysis. Analytical methods for defect assessment in
ductile materials generally employ the J-integral fracture
parameter [5,6] to characterize the significant increase in
toughness over the first few millimetres of stable crack
extension (Aa). These methods rely on the direct application
of crack growth resistance (J—Aa) curves (also often termed
R-curves) measured using small, laboratory specimens to
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the surface defects in pressure vessels and pipelines [7—9].
However, laboratory testing of fracture specimens to
measure resistance curves consistently reveals a marked
effect of absolute specimen size, geometry, relative crack
size (a/W) and loading mode (tension vs. bending) on
R-curves. For the same material, deep-notch bend, SE(B),
and compact tension, C(T), specimens yield low R-curves
while shallow-notch SE(B), single-edge notch tension,
SE(T), and middle-crack tension, M(T), specimens yield
larger toughness values at similar amounts of crack
extension (see Refs. [10,11] for illustrative examples).
These effects observed in R-curves arise from the strong
interaction between microstructural features of the material
which govern the actual separation process and the loss of
stress triaxiality in the crack front region due to large-scale
yielding. Consequently, advanced methodologies for
fracture assessments of pipelines must include robust
procedures to transfer fracture resistance data measured
using small laboratory specimens to structural piping
components in engineering applications.

The above arguments underly the key role played by
ductile tearing predictions in structural integrity
assessments of pipelines using crack growth resistance
data. Current engineering approaches to describe stable
crack extension in ductile materials employ micromecha-
nics models which couple macroscale features of crack
growth with the dominant microscale damage of common
pressure vessel and pipeline steels, such as void nucleation,
growth and coalescence. In particular, the cell methodology
proposed by Xia and Shih [12] and extended in a 3D context
by Ruggieri et al. [13] and Gullerud et al. [14] provides a
computational model which links the macroscopic fracture
resistance (J—Aa) to these microstructural features and the
flow properties for the material. Computational cell
elements defined over a thin layer of material ahead of the
crack tip provide the physical model to describe ductile
crack extension under Mode I loading. Within each cell,
void growth and material softening are modeled by the
Gurson—Tvergaard (GT) dilatant plasticity theory [15,16];
ductile crack extension occurs through cell extinction within
this thin layer of material ahead of the crack tip. The cell
size represents roughly the mean spacing of the larger, void
initiating inclusions such as MnS particles typically found in
common pressure vessel and pipeline steels. Numerical
analyses of fracture specimens using the cell model have
predicted the effects of geometry on R-curves and measured
crack front profiles with surprising accuracy [13].

This study extends a micromechanics approach based
upon the computational cell methodology to model ductile
crack extension of longitudinal crack-like defects in a high
strength pipeline steel. The first section outlines the main
features of the cell modeling strategy to describe Mode I
crack growth in ductile materials. Laboratory testing of an
API 5L X60 steel at room temperature using standard, deep
crack C(T) specimens provides the data needed to measure
the crack growth resistance curve for the material. A simple

scheme to calibrate material-specific parameters for the
cells employs this measured R-curve. A central focus of the
paper is the application of the cell methodology to predict
experimentally measured burst pressures for pipe specimens
with axial crack-like flaws. The experimental program
includes large-diameter pipe specimens with different crack
depth (a) and crack size (2¢). Plane-strain computations are
conducted on detailed finite element models for the pipe
specimens to describe crack extension with increased
pressure. The cell model predictions of crack growth
response and burst pressure predictions are in good
agreement with experimental measurements for the tested
pipes. The present methodology holds significant promise as
an engineering tool to simulate ductile crack growth and to
predict the burst pressure of pipes and pressure vessels
containing crack-like defects.

2. Overview of micromechanics modeling
for ductile tearing

Ductile fracture in metals is a multistep mode of material
failure incorporating the combination of microvoid
nucleation, growth and coalescence at the microscale level
(see, e.g. the review of Garrison and Moody [17]).
Microvoids nucleate at inclusions or second-phase particles,
either by decohesion of the particle—matrix interface or by
fracture of the particles. Under increased deformation, these
microvoids grow until localized plastic flow and necking of
the ligament between adjacent microvoids (coalescence of
microvoids) create a continuous fracture path (most often
assisted by the rapid growth and coalescence of secondary
microvoids). Experimental observations and computational
studies enable simplification of the detailed microregime of
failure described above by assuming the growth of
microvoids as the critical event controlling ductile
extension. Fig. 1(a) pictures the schematic path of a Mode
I 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 nucleus, identifies
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Fig. 1. Model for ductile crack growth using computational cells [13].
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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 to drop to zero thereby advancing the
physical crack.

Motivated by the above observations, Xia and Shih [12]
proposed 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 remains confined to a layer of
material symmetrically located about the crack plane, as
illustrated in Fig. 1(b), and having thickness D, where D is
associated with the mean spacing of the larger, void
initiating inclusions. This layer consists of cubical cell
elements with dimension D; each cell contains a cavity of
initial volume fraction f; (the initial void volume divided by
cell volume). Fig. 1(c) displays the finite element
implementation of the cell model thereby defining the
computational cells. Material outside these computational
cells, the ‘background’ material, follows a conventional J,
flow theory of plasticity and remains undamaged by void
growth in the cells. As a further simplification, the void
nucleates from an inclusion of relative size f, immediately
upon loading. Progressive void growth and subsequent
macroscopic material softening in each cell are described
with the Gurson—Tvergaard (GT) constitutive model for
dilatant plasticity [15,16] given by

g(o-e» Om» J-,f)
2
= (%) +2af com(222) — 14 qh =0 )
(o2 20

where o, denotes the effective Mises (macroscopic) stress,
Oy, 1s the mean (macroscopic) stress, & is the current flow
stress of the cell matrix material and f defines the current
void fraction. Under multiaxial stress states,
g, = (3SijSij/2)”2 where S;; denotes the deviatoric
components of Cauchy stress. Factors, ¢, ¢, and g3 = ¢}
introduced by Tvergaard improve the model predictions for
periodic arrays of cylindrical and spherical voids. Faleskog
et al. [18] conducted a series of numerical analyses to
determine values of g; and ¢, for varying material flow
properties. Following their work, we use g, = 1.43 and
g, = 0.83.

The GT yield function in Eq. (1) does not model
realistically the rapid loss of stress capacity for larger void
fractions nearing coalescence levels, nor does the model
create new traction free surfaces to represent physical crack
extension. In the present work, the evolution of stress within
cells follows the original constitutive model of GT in Eq. (1)
until f = fz. The final stage of void link-up with the
macroscopic crack front then occurs by reducing the
remaining stresses to zero in a prescribed manner.
Tvergaard [16] refers to this process as the element
extinction or vanish technique. The cell extinction process

implements a linear-traction separation model
(see additional details in Ref. [13]). When f in the cell
incident on the current crack tip reaches a critical value, fg,
the computational procedures remove the cell thereby
advancing the crack tip in discrete increments of the cell
size. Previous analyses [12,13] and experimental
observations indicate a value of f; between 0.15 and 0.25;
such a range of fg-values does not alter the extinction
process nor the crack advance in the numerical model for
large volume fractions (f > 0.15). Here, we adopt fz = 0.2.

3. Experimental measurements

To investigate the failure behaviour of axially flawed
pipelines, a series of full scale burst tests were performed on
end-capped pipe specimens with external diameter,
D, = 508 mm, wall thickness, t = 15.8 mm and length,
L = 3 m[19]. These experimental tests are part of a pipeline
integrity program conducted by the Brazilian State Oil
Company (Petrobras) and included both internal and
external longitudinal surface cracks with different sizes
measured by crack depth and crack length, a X 2¢, with a
fixed a/2c-ratio of 0.05. The present work considers pipe
specimens with 7X 140 mm and 10 X200 mm
longitudinal flaws; hereafter, these pipe configurations are
simply denoted as 7 and 10 mm cracked pipes. Fig. 2(a)
provides a schematic illustration of the pipe specimen with
an external longitudinal flaw. These specimens were
notched along their length using an electrical discharge
machine (EDM) to create the required notch shape.
The initial semi-elliptical defects were not subjected to a
pressure cycle to propagate a fatigue crack from the original
notch. However, the high accurate machining process
allows considering them as initially blunted cracks. During
the loading of the pipes, ductile crack extension was
monitored by using an ultrasonic pulse technique to
measure the crack growth at the deepest point of the surface
defect [20].

The material is an API 5L Grade X60 [22] pipeline steel
with 483 MPa yield stress (ay) at room temperature (20 °C)
and relatively low hardening properties (o,/oy, = 1.24),
where o, is the ultimate tensile strength. Table 1 lists
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Fig. 2. (a) Pipe specimen with external crack employed in the burst tests.
(b) Standard deep notch C(T) specimen utilized to determine the crack
growth resistance curve for the tested pipeline steel.
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Table 1

Chemical composition of tested API SL X60 steel (mass%) [21]

C Si Mn P S Cu Ni
0.12 0.29 1.42 0.021 0.009 0.01 0.02
Cr Mo Nb \Y% Al Ti B
0.02 0.01 0.026 0.04 0.023 0.01 0.007

the chemical composition of this material. Rectangular
tensile specimens (ASTM A370) [23] with 13 mm thickness
were extracted from the circumferential orientation of the
pipe (which is also the transverse direction of the steel plate)
to provide the mechanical properties at room temperature
[21]. Table 2 summarizes the mechanical properties
obtained from these tests. Fig. 3 displays the engineering
stress—strain data for this pipeline steel obtained using the
rectangular specimens (average of three tensile tests). Other
mechanical properties for the material include Young’s
modulus, £ = 210 GPa and Poisson’s ratio, v = 0.3.

Laboratory testing of standard compact tension C(T)
specimens (side-grooved) extracted from the pipe in the TL
position provided the tearing resistance curves (J vs. Aa) at
room temperature (20 °C) to calibrate the cell parameters for
the tested pipeline steel [24]. These fracture specimens have
thickness B = 13 mm (0.5-7) and width W = 26 mm with
crack length, a, to width ratio, a/W = 0.5 (refer to Fig. 2(b)).
After fatigue pre-cracking, the specimens were side-
grooved to a depth of 1 mm on each side to promote
uniform crack growth over the thickness. The 0.5-7 C(T)
specimens were tested at room temperature using a direct
current potential (DCP) method to measure the crack growth
resistance for the material. The fracture tests followed the
procedures of ASTM Standard Test Method for
Measurement of Fracture Toughness and R Curves
(E1820). Experimental J-values are determined using the
measured load—load line displacement records. Fig. 4
presents the experimentally measured J vs. Aa curves;
a simple extrapolation procedure indicates a value of J at
initiation of ductile tearing, J;. = 207 kJ/m? [24]. While the
experimental data for high values of ductile tearing
(Aa = 2.5 mm) are somewhat beyond the limits given by
ASTM E1820, these measured R-curves are used in a
phenomenological manner (see Section 5) in that they are
essentially employed to calibrate the micromechanics
parameters D and f;, and not the toughness capacity of the
fracture specimen.

Table 2

Mechanical properties of tested API 5L X60 steel at room temperature [21]
ays (MPa) a, (MPa) g (%) 0/ Oy
483 597 29 1.24

Oy, 0.2% proof stress; o, ultimate tensile strength; & uniform
elongation (gauge length = 50 mm).
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Fig. 3. Uniaxial stress—strain response of API 5L X60 steel employed in the
analyses.

4. Finite element procedures

Nonlinear finite element analyses are performed on
plane-strain models for the side-grooved C(T") specimen and
the longitudinally pre-cracked pipe specimens. The
numerical computations for the crack growth analyses
reported here are generated using the research code
WARP3D [25]. Key features of the code employed in this
work include: (1) the GT and Mises constitutive models
implemented in a finite-strain setting, (2) cell extinction
using a linear traction-separation model, (3) automatic load
step sizing based on the rate of damage accumulation, and
(4) evaluation of the J-integral using a domain integral
procedure [26]. WARP3D analyzes fracture models
constructed with 3D, eight-node trilinear hexahedral
elements. To achieve plane-strain conditions for the current
study, a single thickness layer of the 3D elements is defined
with out-of-plane displacements constrained to vanish.

A piecewise-linear approximation of the measured
engineering stress—strain curve for the API X60 steel
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Fig. 4. Experimental J-resistance curves of the tested API 5L X60 steel for
the 0.5-T C(T) specimens [24].
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Fig. 5. Plane-strain finite element models used in crack growth analyses: (a) 0.5-7 C(T') specimen, (b) Pipe specimen (D, = 508 mm) with 7 X 140 mm internal

crack.

shown in Fig. 3 is adopted to generate numerical solutions
for the fracture and pipe specimens described in Section 5.
The material has a Young’s modulus E = 210 GPa,
Poisson’s ration v = 0.3 and yield stress oy, = 433 MPa
at room temperature (20 °C). The matrix material of the
computational cell elements and the void-free background
material are assigned these properties.

Fig. 5(a) shows the finite element model constructed for
the plane-strain analyses of the 0.5-T C(T) specimen
(B = 13 mm) with a/W = 0.5. Symmetry conditions permit
modeling of only one-half of the specimen with
appropriate constraints imposed on the remaining ligament.
The half-symmetric model has one thickness layer of 1078
eight-node, 3D elements with plane-strain constraints
imposed (w = 0) on each node. Displacement controlled
loading applied at the pin hole indicated in Fig. 5(a) enables
continuation of the analyses once the load decreases during
crack growth. To simulate ductile crack extension, the finite
element mesh contains a row of 130 computational cells
along the remaining crack ligament (W — a) in a similar
arrangement as shown in Fig. 1(b) and (c). The initially
blunted crack tip accommodates the intense plastic
deformation and initiation of stable crack growth in the
early part of ductile tearing.

Plane-strain finite element analyses are also conducted
on the longitudinally cracked pipes with 7 and 10 mm
cracks (both internal and external). Fig. 5(b) shows the finite
element model constructed for the 7 mm cracked pipe
specimen with an internal flaw. The half-symmetric model
has one thickness layer of 3497 eight-node, 3D elements
with plane-strain constraints (w = 0) imposed on each
node. Here, the finite element mesh contains a row of
88 computational cells along the remaining crack ligament
(t —a). Very similar finite element models and mesh
configurations are employed for other pre-cracked pipe

configurations. The numerical analyses for the pipes with
internal cracks also considered crack face loading due to
internal pressure.

5. Numerical simulation of ductile tearing
5.1. Micromechanics calibration of cell parameters

The cell size D and initial porosity f;, define the key
micromechanics parameters coupling the physical and
computational models for ductile tearing. To apply the
cell model to a specific material, these two parameters must
be calibrated to bring the numerical predictions into
agreement with experimental measurements. These
parameters should not be viewed as metallurgical par-
ameters representing the microscopic observations of void
spacing and initial void volume fraction but rather as
computational parameters phenomenologically calibrated.
Here, we choose the cell parameters D and f, which
provide the best fit to the experimentally measured R-curves
(see Fig. 4) for the material. The calibrated values for these
parameters are then applied in numerical analyses with
similar mesh details to predict ductile extension in the
pre-cracked pipe specimens.

The 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 specimens for common pressure
vessel steels provides values for D in the 50-200 pm
range [12,13,27]. Such a range of values should also be
applicable to the modeling of ductile failure behaviour in a
pipeline steel using the computational cells. While the
mapping of one finite element per cell must provide
adequate resolution of the stress—strain fields in the active
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layer and in the adjacent background material, the numerical
crack growth response of the C(T) specimen scales almost
proportionally with D for fixed f; (a thicker layer requires
more total work to reach critical conditions). Consequently,
the calibrated values for D and f; clearly do not constitute a
unique pair of parameters; for example, a slightly larger D
value may be compensated for by a larger fy-value.
Nevertheless, there exists a reasonably narrow range of D
and f;, pairs which yield the numerical R-curve in
agreement with the experimental results. Guided by
previous plane-strain analyses [13] and experimental
observations, we specified the cell size D/2 = 100 pm for
the API X60 material employed in this study. With the
length scale, D, fixed for the numerical analyses,
the calibration process then focuses on determining a
suitable value for the initial volume fraction, f;, that
produces the best fit to the measured crack growth data
for the deeply cracked specimens. Because each change in D
requires construction of a new mesh, it is obviously much
less effort to fix D early on and then calibrate f;.

Fig. 6 shows the measured (open symbols) and predicted
J—Aa curves for the 0.5-T C(T) specimen. Predicted
R-curves are shown for three values of the initial volume
fraction, f; = 0.006, 0.007 and 0.008. For consistency,
the location of the growing crack tip in the analysis is taken
at the cell with f = 0.1. As demonstrated by Ruggieri and
Dodds [13], 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 increasing sharply. 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). For
fo =0.008, the predicted R-curve agrees well with the
measured values for almost the entire crack extension range;
for Aa = 2 mm the predicted curve lies a little above the
measured data. In contrast, the use of f, = 0.007 and 0.006
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Fig. 6. Predicted J-resistance curves of the tested API 5L X60 steel using
the 0.5-T C(T) specimens.

produces a much higher resistance curve relative to the
measured data. Consequently, the initial volume fraction
fo = 0.008 is taken as the calibrated value for the API
5L-X60 steel used in the present study.

5.2. Numerical analyses of pipe specimens

The numerical analyses for the pipe specimens based
upon the cell model employ plane-strain finite element
computations as previously described. Figs. 7 and 8 present
key results obtained from numerical simulations of the
ductile behaviour for the pipe specimens using the cell
model with fy = 0.008 and D = 200 wm. These parameters
were calibrated for the 0.5-7 C(T) specimens and are
adopted as the material-specific parameters in the present
analyses. The results provide valuable insight into the
relation between the dominant failure mode of the pipes
and the local conditions near the crack tip based upon the
cell analyses.

Fig. 7 displays the predicted evolution of crack growth
with increased internal pressure for the analyzed pipe
specimens. To provide a simple comparison with the
experimental data, this plot also includes the measured
crack extension with increasing pressure for the pipe
specimen with a 7 mm internal crack which was obtained
using an ultrasonic pulse technique [20]. The general trend
of crack growth evolution with increased pressure is
correctly predicted for this pipe specimen. Unfortunately,
the comparisons of numerical predictions with experimental
data for other pipe specimens cannot be made here as the
amount of ductile tearing was monitored only for one pipe
specimen. Here, we note that the numerical predictions
provide slightly lower pressure values for a fixed amount of
crack growth. Such behaviour is most likely associated with
discrepancies between the (numerical) elastic—plastic hard-
ening model and the actual hardening behaviour for the
material at higher strains. Moreover, the plane-strain

Aa (mm)
- L —
+ M Internal Crack 10x200 mm B
r O External Crack 10x200 mm .
[ @ Internal Crack 7 %140 mm T
1.0 __ O External Crack 7 x140 mm __
|, Experimental Data 1
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é_—- -
0 PR TN S SN T S TN AN S S T T AN N TN TN S [N T SO S
5 10 15 20 25 30
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Fig. 7. Predicted evolution of crack growth with increased pressure for the
pipe specimens using f = 0.008 and comparison with experimental data
for the pipe specimen with 7 X 140 mm internal crack.
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Fig. 8. Predicted evolution of bulging and crack opening for the pipe specimen with 7 X 140 mm internal crack at varying load (pressure) levels: (a) P = 8 MPa;

(b) P = 16 MPa; (c) P = 24 MPa and (d) P = 27 MPa.

analyses of the pre-cracked pipe specimens represent an
idealization of the actual pipe geometry; here, the surface
cracks are viewed as infinite longitudinal (planar) cracks
which cannot capture the (surface) crack front profile.
Since only little crack extension occurs near the free surface
of the crack, where plastic constraint remains low over the
deformation history, the amount of ductile crack extension
at the deepest point of the surface crack is clearly different
from the corresponding crack extension for the plane strain
crack. Nevertheless, the analyses clearly show increased
pressure values with very little crack growth up to ~90% of
the maximum pressure attained in the numerical simu-
lations. After this pressure level, the region of damaged
material ahead of the crack tip increases very rapidly
thereby causing a significant crack extension just before
final failure. When an instability point is eventually reached
(points marked by arrows in Fig. 7), the remaining
material in the crack ligament (defined by ¢ — a see Fig. 2)
cannot keep pace with the increased pressure so that pipe
collapse occurs.

Fig. 8(a)—(d) show the deformed profile for different load
(pressure) levels, P =8, 16, 24 and 27 MPa for the pipe
specimen with a 7 mm internal crack. The pressure value
P = 27 MPa marks the load almost immediately prior to
pipe collapse (see Fig. 7). The predicted ductile behaviour
reproduces the essential features of the inward deflection
(bulging) mechanism in the damaged (cracked) region of the
pipe as the pressure increases. Moreover, these plots aid in
understanding the behaviour displayed in the previous Fig. 7
where there is a rapid increase in crack growth, Aa, for small
changes in the internal pressure near the attainment of the
maximum pressure in the experiments. Note the substantial
change in the crack opening profiles for P = 24 and 27 MPa

in comparison with the lower pressure levels. Following a
transient period when the crack mouth opening remains
relatively contained, the rapid development of the inward
deflection (bulging) affects rather strongly the crack mouth
opening and the amount of crack extension. The numerical
results reported here for the pipe specimen with the 7 mm
internal crack are essentially similar to corresponding
results for other pipe specimens (to conserve space,
they are not shown here).

6. Prediction of failure pressure for the pre-cracked
pipes

6.1. Conventional failure criterion for axial blunt flaws

This section provides a simple comparison of the present
methodology with a widely used acceptance criterion for
axial blunt flaws in pipes and piping components.
The approach is essentially derived from a limit-load
solution for an elastic—plastic fracture mechanics analysis
of a planar flaw [2]. A well-known expression for the failure
(burst) pressure, Py, for axially surface flawed pipes (see,
for example, ASME Code Section XI [3]) is given by

t 1 —alt
Pp=—| ——— 2
B Rm[l—a/(tMs)]Uf @
with
2\ 2
Mi=1|1+1.61— 3
S ( + Rmt) 3)

where oy is the flow stress; a, the flaw depth; c, the half flaw
length; ¢, the pipe wall thickness; R,,, is the pipe mean radius.
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Eq. (3) defines the bulging factor, Mg, for axial surface
cracks developed by Kiefner et al. [2] which equates the
crack driving force in a plate and the crack driving force for
a pipe, both with the same crack size and at the same load
level. The flow stress is most often evaluated as the
simple average between the yield and tensile stress given by
(oys + au)/2.

6.2. Burst pressure predictions using the micromechanics
model

To verify the predictive capability of the microme-
chanics methodology adopted in the present work, this
section describes a simple procedure to predict the
measured burst pressure for the longitudinally cracked
pipes based upon the cell model. The numerical
predictions based upon the cell model employ plane-
strain finite element analyses of these specimens using
the cell parameters previously calibrated (D = 200 mm
and fy = 0.008) for the 0.5-T C(T) specimens. As already
hinted before, the plane-strain idealization of the pipe
specimen should provide a credible numerical model
since the surface crack for all analyzed cases is relatively
shallow and long (a/2c = 0.05).

Fig. 9 recasts the predicted ductile crack extension
with internal pressure, P, presented previously (see Fig. 7)
in terms of crack growth rate, here defined as the
instantaneous variation of crack extension with pressure,
da/dP, vs. increased applied pressure (P). Under
increased internal pressure, the rate of crack growth
increases very slowly up to P = 18 MPa for the pipe
specimen with a 10 mm crack and P = 26 MPa for the
pipe specimen with a 7 mm crack. These pressure values
mark the beginning of very rapid ductile tearing with
little increase in the applied pressure. After these
pressure values (which are near the attainment of

da/dP
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Fig. 9. Evolution of crack growth rate with increased pressure for the pipe
specimens using f, = 0.008.
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Fig. 10. Comparison between predicted and experimental burst pressures
for the tested pipes.

the maximum pressure observed in the tests), the load-
carrying capacity of the remaining ligament cannot keep
pace with the damage accumulation in the near-tip
process zone (as characterized by the large number of
damaged cell elements in the numerical model) so that
an instability point is reached.

Fig. 10 provides the predicted burst pressure for the
tested pipes using the cell model. The symbols in the
plots represent the predicted values whereas the solid line
defines equality between the experiments and predictions,
i.6. Pg.cxp = Pp.pred- The plot also includes the predicted
pressure values for the pipes using Eq. (2); here, the
marks represent the predicted values. Table 3 compares
the predicted burst pressures with the experimentally
measured values. While the analyses yield failure (burst)
pressure values which overall differ by less than 10% of
the experimental values, predictions for the cell model
show better agreement with experiments. In particular,
analyses for the pipe specimens with an internal crack
(solid symbols) provide good agreement with exper-
iments. More importantly, however, the cell model has
the capability to better capture the differences in
measured failure pressures for the internal and external
longitudinal cracks.

Table 3
Comparisons of measured and predicted burst pressures for the pipe
specimens

aX?2c alt Internal crack External crack Eq. (2)
(mm)
PB—exp PB—pred PB—exp PB—pred PB—pred
(MPa) (MPa) (MPa) (MPa) (MPa)
7 X 140 0.44 7.5 27.8 25.0 26.9 26.0
10 x 200 0.63 22.0 18.8 21.0 17.9 17.8




F. Dotta, C. Ruggieri / International Journal of Pressure Vessels and Piping 81 (2004) 761-770 769

7. Concluding remarks

This study reports an exploratory application of the
computational cell model to analyze the ductile fracture
behaviour of a high strength, pipeline steel (API Grade 5L
X60). Laboratory testing of a deep crack, compact tension
specimen provides the tearing resistance characteristics of
the material which is used to calibrate the material-specific
parameter f;. The model accurately reproduces the
evolution of crack growth (Aa) with increasing loading, as
measured by the J-integral, for this specimen. The cell
model incorporating the calibrated cell parameters is then
applied to predict the burst pressure of a thin-walled
pipeline containing surface crack-like flaws with different
crack depth and crack length. The plane-strain analyses
reported here demonstrate the capability of the
computational cell approach to simulate ductile crack
growth and to correctly predict the burst pressure for the
pre-cracked pipe specimens containing relatively shallow
and long cracks (a/2c-ratio of 0.05).

While the present study has not explored other ranges
of crack configurations, pipe diameters/wall thickness and
other material properties, the results presented here
represent a compelling support to the predictive
capability of the cell model. Moreover, application
of the cell methodology within the framework of
plane-strain models provides a relatively simple
procedure to include ductile tearing effects in burst
pressure  predictions of cracked pipelines—the
1000-1500 element models with extensive ductile
crack growth consume at most 1-2h of time on a
desktop PC.

Ongoing work with the computational cell framework
focuses on modeling of ductile tearing in a full 3D
setting for cracked pipelines. Specifically, differences in
crack-tip constraint for the plane-strain model and the 3D
model are currently being investigated. These studies can
clarify whether the behaviour of the cell model and void
growth response under conditions of varying stress
triaxiality influences the amount of crack growth at
fixed levels of remote loading (as measured by the
internal pressure in the present analyses). Preliminary
efforts along these lines reveal that very long and
shallow axial flaws (such as, for example, blunt corrosion
flaws along longitudinal welds in pipes) display crack
growth behaviour which contrasts sharply with the
corresponding behaviour of shorter and deeper axial
flaws at the same load (pressure) level. Nevertheless,
while the preliminary results reported here underlie the
need for additional work to fully validate the cell model,
the overall agreement between these less costly plane-
strain analyses and experiments encourages further
development of the present methodology as an engineer-
ing tool for failure assessments of damaged pipelines.
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