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This study examines the applicability of a micromechanics approach based upon the computational cell
methodology incorporating the Gurson-Tvergaard (GT) model and the CTOA criterion to describe ductile
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response and to predict the burst pressure for the tested cracked pipes. A verification study conducted
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ratio (a/t) shows the potential predictive capability of the cell approach even though both the GT model
and the CTOA criterion appear to depend on defect geometry. Overall, the results presented here lend
additional support for further developments in the cell methodology as a valid engineering tool for
integrity assessments of pipelines with axial defects.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Defect assessment procedures for high pressure piping systems
play a key role in fitness-for-service analyses of oil and gas trans-
mission pipelines, including onshore and offshore facilities. Com-
mon causes of failures in oil and gas transmission infrastructure
derive primarily from crack-like surface flaws (either internal or
external) that form during fabrication (slag and nonmetallic inclu-
sions, weld cracks, lack of fusion, etc.) or during in-service opera-
tion (blunt corrosion, fatigue, stress corrosion cracking—SCC, dents
at weld seams, etc.) [1-3]. As the pipeline infrastructure ages, ro-
bust procedures for integrity assessments become central to spec-
ifying critical flaw sizes which enter directly into procedures for
repair decisions and life-extension programs of in-service struc-
tural components. Perhaps more importantly, these procedures
must ensure fail-safe operations which avoid costly leaks and rup-
tures due to material failure to comply with the current stringent
environment-based regulations.

A number of structural integrity procedures focus on axial flaws
as these defects are subjected to high stresses due to internal
pressure. Conventional failure criteria for longitudinal crack-like
defects in pipelines are derived based upon a simple fracture me-
chanics analysis for planar or crack-like flaws. Such procedures are
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calibrated by extensive burst testing of pipes containing machined
cracks conducted on low-to-moderate strength structural steels
(API Grades X52 and X60) [4-6]. 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. More-
over, these integrity assessment procedures assume failure criteria
which do 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 cur-
rently used. For these cases, failure assessments may be overly con-
servative or provide significant scatter in their predictions, which
lead to unnecessary repair or replacement of in-service pipelines
at great operational costs [7].

Pressurized cracked pipelines made of high grade, high
toughness steels often undergo significant stable crack growth
prior to material failure. 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 the pressure values at yielding of the remaining
crack ligament. Simplified engineering approaches for defect
assessments, such as the R6 [8], BS7910 [9], API579 [10] and
SINTAP [11] methodologies, incorporate ductile tearing effects to
evaluate the severity of crack-like flaws in structural components,
including piping systems, in terms of the J-integral fracture
parameter [12,13] to characterize the significant increase in
toughness over the first few millimeters of stable crack extension
(Aa). These methods, also referred to as engineering critical


http://dx.doi.org/10.1016/j.engstruct.2011.01.001
http://www.elsevier.com/locate/engstruct
http://www.elsevier.com/locate/engstruct
mailto:claudio.ruggieri@usp.br
mailto:claudio.ruggieri@gmail.com
http://dx.doi.org/10.1016/j.engstruct.2011.01.001

1424 C. Ruggieri, F. Dotta / Engineering Structures 33 (2011) 1423-1438

assessment (ECA) procedures, rely on the direct application of
crack growthresistance (J- Aa) curves (also often termed R-curves)
measured using small laboratory specimens to the surface defects
in pressure vessels and pipelines. However, laboratory testing
of fracture specimens to measure resistance curves consistently
reveals a marked effect of absolute specimen size, geometry,
relative crack size (a/t) and loading mode (tension vs. bending)
on R-curves (see [14,15] 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.

Current engineering methodologies to describe stable crack
extension in ductile materials have developed essentially along
two related lines of investigations incorporating local criteria:
(1) micromechanics models which couple macroscale features of
crack growth with the dominant microscale damage (material
softening) of common structural steels and aluminum alloys,
such as void nucleation, growth and coalescence [16-27] and
(2) deformation-based approaches to control crack extension
based upon a macroscopic measure of near-tip stresses and
strains, such as the J-integral and the Crack Tip Opening
Displacement (CTOD, §), or, equivalently, the Crack Tip Opening
Angle (CTOA) [28-33]. A widely used approach along with the
first line of investigation utilizes the computational cell model
proposed by Xia and Shih [21,22] to describe the macroscopic
fracture resistance (J- Aa) based upon microstructural features and
the flow properties for the material. In their model, a simplified
form of the Gurson-Tvergaard (GT) constitutive model [23,24]
for dilatant plasticity predicts microscopic void growth within a
layer of elements (cells) of height ~§,. (the value of CTOD at
onset of stable crack growth) defined over the remaining crack
ligament; ductile crack extension occurs through cell extinction
within this thin layer of material ahead of the crack tip. In contrast,
the deformation-based approach employs a macroscopic growth
parameter, most commonly the CTOA; crack extension occurs
when the CTOA reaches a specified, critical value at a prescribed
distance behind the crack tip.

The computational cell methodology has proven effective to
quantify effects of geometry and loading mode on crack growth re-
sistance curves for fracture specimens and structural components
with relatively thick sections. These crack configurations develop
high levels of stress triaxiality at the crack front which are required
to drive the damage process of void growth and coalescence within
the cells. However, the GT constitutive model upon which the cell
methodology is based fails to describe adequately void growth un-
der low constraint conditions which arise in thin section materials
and tension loaded configurations. Engineering structures falling
into this category include pressurized piping systems with surface
flaws that form during fabrication or during in-service operation.
These crack configurations generally develop low levels of crack
tip stress triaxiality (associated with the predominant tensile load-
ing which develops in pressurized piping systems) thereby raising
concerns on the robustness of the GT-based cell model to predict
crack growth followed by burst failure. An alternative approach in-
volves the use of the deformation-based CTOA criterion to describe
crack extension in low constraint structural components. While a
number of researchers [31-33] have advanced the concept of the
CTOA as a viable growth criterion for structurally thin panels and
fracture specimens, application of the CTOA criterion to describe
ductile tearing in thin-walled pipelines with surface flaws remains
untested. The collective evidence at present from a wide range of

studies reveals an uncertain picture of the predictive capability
of the previous micromechanics models to describe ductile crack
growth in cracked pipelines.

This study explores the capability of a micromechanics ap-
proach based upon the computational cell methodology incorpo-
rating the GT model and a deformation-based approach using the
CTOA criterion to describe ductile crack response of longitudi-
nal crack-like defects in high pressure pipeline steels. The present
work builds upon previous analyses conducted by Dotta and Rug-
gieri [34] to predict the burst of a high pressure pipeline using a
micromechanics model. A central focus is to gain additional in-
sight into the effectiveness and limitations of both approaches to
describe crack growth response while, at the same time, extend-
ing the methodology to a full 3-D framework. Laboratory testing
of an API 5L X60 steel at room temperature using standard, deeply
cracked fracture specimens provides the data needed to measure
the crack growth resistance curve and to calibrate the GT and the
CTOA parameters for this material. By interpreting these parame-
ters in a phenomenological manner, they are assumed fixed in the
analyses and then employed to predict experimentally measured
burst pressures for thin-walled gas pipeline containing longitudi-
nal cracks. The experimental program includes precracked pipe
specimens with 508 mm (20 in) 0.D. and varying crack depth to
thickness ratios (a/t). Plane-strain and 3-D computations are con-
ducted on detailed finite element models for the pipe specimens to
describe crack extension with increased pressure. The article con-
cludes by examining the significance of some numerical details and
key parameters on the ductile tearing response which have a direct
bearing on the predicted pressure values for the tested pipe speci-
mens.

2. Overview of numerical modeling for ductile crack growth

2.1. Computational cell model for ductile tearing

This section presents a brief synopsis of the cell-based frame-
work to model stable crack growth in ductile materials. Early
experimental studies demonstrated the key role played by mi-
crovoid mechanisms on ductile fracture in metals (see, e.g., the
review of Garrison and Moody [35]). Microvoids nucleate at in-
clusions 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 mi-
crovoids (coalescence of microvoids) create a continuous fracture
path (most often assisted by the rapid growth and coalescence
of secondary microvoids). 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 in-
clude at least a void or microcrack nucleus, identifies a process
zone for the ductile fracture which conveniently gives the neces-
sary 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) thereby creat-
ing new fracture surfaces.

Motivated by the above observations, Xia and Shih (X&S)
[21,22] 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 on each side; each cell contains a
cavity of initial volume fraction (the initial void volume divided
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Fig. 1. Model for ductile crack growth using computational cells [21,26].

by cell volume). As a further simplification, the void nucleates
from an inclusion of relative size 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 [23,24] given by

2 3
g(oevamv6af) = (%) +ZQ1f COSh( q257m>
o 20

—(1+qf*) =0 (1)

where o, denotes the effective Mises stress, oy, is the mean stress,
o is the current flow stress of the cell matrix material and f
defines the current void fraction. Under multiaxial stress states,
0. = (35;S;/2)"/? where S; denotes the deviatoric components
of Cauchy stress. Factors g1, q; and g3 = q% introduced by Tver-
gaard [24] improve the model predictions for periodic arrays of
cylindrical and spherical voids. Values of g; = 1.5,¢q; = 1.0in
accord with [24] are often adopted. However, Faleskog et al. [25]
have recently conducted a series of numerical analyses to deter-
mine values of q; and g, for varying material flow properties which
improve cell model predictions of material softening behavior.

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 = fg, where f; typically has a
value of 0.15-0.25; such a range of fz-values does not alter the
extinction process nor does the crack advance in the numerical
model for large volume fractions (f > 0.15) as evident from the
results shown in Section 7. Here, we adopt f = 0.2. The final stage
of void linkup with the macroscopic crack front then occurs by
reducing the remaining stresses to zero in a prescribed manner.
Tvergaard [24] refers to this process as the element extinction
or vanish technique. When f in the cell incident on the current
crack tip reaches a critical value, fz, the computational procedure
removes the cell thereby advancing the crack tip in discrete
increments of the cell size. The equivalent nodal forces associated
with the remaining stresses are released over a specified number
of subsequent load steps, denoted as N,s; the number of release
steps is usually assigned a value of 10 in typical numerical analyses.
Zhang et al. [36] provide further discussion on the void coalescence
mechanism and associated effects on ductile fracture response
described by the Gurson constitutive model.

Fig. 1(c) shows the typical, plane strain finite element
representation of the computational cell model where symmetry
about the crack plane requires elements of size D/2 to maintain
an arrangement of cubical cell elements (because of symmetry,
each cell of size D is divided into four squared sub-elements of
size D/2—see Fig. 1(b)). Material outside the computational cells,
the “background” material, follows a conventional flow theory of
plasticity and remains undamaged by void growth in the cells.
Material properties required for this methodology include: for
the background material, Young’s modulus (E), Poisson’s ratio
(v), yield stress (oys) and hardening exponent (n) or the actual
measured stress—strain curve; and for the computational cells: D
and fp (and of much less significance f¢). The background material
and the matrix material of the cells generally have identical
flow properties. Using an experimental R-curve obtained from
conventional fracture specimens, a series of finite element analyses
of the specimen are conducted to calibrate values for the cell
parameters D and fy which bring the predicted crack growth
resistance curve into agreement with the experiment. Experience
with plane-strain finite element analyses of fracture specimens to
estimate D and f, for common structural and pressure vessel steels
suggests values of 50-200 wm for D [26].

2.2. Crack extension using the CTOA criterion

Crack growth modeling approaches based upon macroscopic
levels of deformation, such as J, CTOD or CTOA, retain contact with
traditional fracture mechanics and provide a suitable framework
to describe crack extension and instability during the fracture
process. In particular, models based on the CTOA concept attain
particular relevance here as it provides a viable and convenient
growth criterion for low constraint crack configurations such
as fracture specimens and structural components made of thin
materials [31-33]. CTOA-controlled crack growth operates by
advancing the crack front a prescribed distance when the CTOA
reaches a critical value, 6. A key assumption of the methodology
lies in the adoption of a constant value of CTOA during stable crack
growth. A number of experimental observations (see review by
Newman et al. [33]) support the use of a constant CTOA from the
onset of ductile tearing in numerical analyses of crack extension
for ductile materials.

Fig. 2 provides the essential features of the CTOA approach
to describe ductile crack growth in a 2-D finite element setting.
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Fig. 2. Model for ductile crack growth using the CTOA criterion [31].

Fig. 2(a) shows the deformed mesh of the upper-half plane before
crack advancement by node release. Symmetry conditions are
enforced along the crack plane. Nodes unconstrained on the crack
plane define the crack front whereas constrained nodes define
the remaining ligament. The crack tip node and the nearest
unconstrained node to the crack tip define the two points required
to calculate the local CTOA value. Crack extension occurs when the
local opening angle computed at a crack front node reaches the
critical CTOA value. However, two critical CTOA values for growth
need to be specified: (1) the initiation angle which controls crack
extension over the near-tip blunting region defined by the node
on the initial crack tip, and (2) the release angle which controls
stable crack growth over the remaining nodes defining the crack
ligament. Previous experimental and numerical studies [28-33]
support the adoption of a higher value for the critical CTOA at crack
initiation (see also Section 5.1 next).

A node release technique illustrated in Fig. 2(b) removes the
constraint in the direction normal to the crack plane for the current
crack tip node. Similarly to the cell extinction procedure adopted
in the previous methodology, the corresponding node reaction
is reduced gradually to zero in subsequent load increments, N,
to avoid numerical difficulties. Further details on the numerical
implementation of the CTOA approach are provided by Gullerud
etal. [31].

3. Finite element procedures

3.1. Numerical models for C(T) fracture specimens

Nonlinear finite element analyses are conducted on a deeply
cracked (a/W = 0.5) compact C(T) fracture specimen with
thickness B = 13 mm (0.5-T). Here, a denotes the crack length and
W is the specimen width. Silva [37] measured tearing resistance
curves in terms of J vs. Aa for an API X60 pipeline steel on this
fracture specimen as described in Section 4. Fig. 3(a) shows the
finite element model constructed for the plane-strain analyses
of the tested deeply cracked 0.5-T C(T) specimen. 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 8-node,
3-D elements with plane-strain constraints imposed (w = 0)
on each node. Displacement controlled loading applied at the pin
hole indicated in Fig. 3(a) enables continuation of the analyses
once the load decreases during crack growth. To simulate ductile
crack extension using the GT model, 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)-(c). The initially blunted crack tip accommodates the
intense plastic deformation and initiation of stable crack growth in
the early part of ductile tearing. To simulate ductile crack extension
using the CTOA approach, initially squared-shaped elements are

defined along the crack plane over which crack extension takes
place. The use of square elements at the crack tip (with no initial
crack tip blunting) simplifies computation of the initiation angle
which precedes stable crack growth.

3-D finite element analyses are also conducted on a numerical
model for the tested compact fracture specimen described
previously. These analyses are employed to calibrate the cell
parameter in a 3-D framework needed to predict the failure
pressure for the axially cracked pipes described next. The 3-D
numerical model is obtained by simply extruding the 2-D mesh
along the z-axis; the in-plane (x-y) finite element mesh has
therefore identical mesh refinement as the plane-strain model.
Fig. 3(b) displays the 3-D finite element model for the C(T) fracture
specimen. Symmetry conditions enable analyses using one-quarter
of the specimen with appropriate constraints imposed on the
symmetry planes. The numerical model has 10 variable thickness
layers defined over the half-thickness (B/2) with the thickest layer
defined at z = 0. The first 8 layers lie along the crack front and
the outermost 2 layers define the side groove region. The quarter-
symmetric, 3-D model for this specimen has 13026 nodes and
10630 elements.

3.2. Finite element models for axially cracked specimens

Plane-strain finite element analyses are also conducted on
longitudinally cracked pipes with varying crack configurations
made of API X60 steel. The geometry and crack size match those for
the pipe specimens tested in the experimental program described
in Section 4 (see also Fig. 5) which included both internal and
external longitudinal notches with different sizes measured by
notch depth and notch length, ax2c: (1) 3x60 mm, (2)7 x 140 mm
and (3) 10 x 200 mm. Fig. 4(a) shows the finite element model
constructed for the 7 mm cracked pipe specimen with internal
flaw. The half-symmetric model has one thickness layer of 3497 8-
node, 3-D 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). Similarly to the numerical model for the C(T) specimens,
initially squared-shaped elements are defined along the remaining
crack ligament for computation of the CTOA in the pipe models.
Very similar finite element models and mesh configurations are
employed for other precracked pipe configurations. The numerical
analyses for the pipes with internal cracks also considered crack
face loading due to internal pressure.

To verify the influence of flaw length on the predicted crack
growth response for the analyzed pipe specimens using the GT
model, detailed 3-D finite element analyses are conducted on
numerical models for the cracked pipes with both internal and
external longitudinal notches. Fig. 4(b) shows the finite element
model constructed for the 7 mm cracked pipe specimen with
internal flaw. Very similar numerical models and mesh details
are employed for the 3-D analyses of other pipe configurations.
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Fig. 4. Finite element models used in crack growth analyses for the pipe specimen
(= eD508 mm) with 7 x 140 mm internal crack: (a) Half-symmetric plane-strain
model; (b) Quarter-symmetric 3-D model.

Symmetry conditions permit modeling of only one-quarter of the
specimen with appropriate constraints imposed on the symmetry
planes. The quarter-symmetric model has 240000 8-node, 3-D
elements (=45 000 nodes) arranged into several variable thickness
layers over the half-length (L/2) of the specimen, as illustrated in
Fig. 4(b). The crack front is described by 30 layers defined over
the half-length of the crack (c); the 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. For each crack front layer, a row
of 50 computational cells is arranged over the remaining crack
ligament (t — a) thereby enabling description of ductile crack
extension along the crack front.

3.3. Constitutive models and solution procedures

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 f = 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 described next in Section 4.

The numerical computations for the crack growth analyses
reported here are generated using the research code WARP3D [38]
which implements the cell model and the CTOA criterion
previously described. Key features of the code also include:
(1) a very efficient, sparse matrix solver highly tuned for Unix and
PC based architectures to solve the equilibrium equations at each
iteration, (2) the GT and Mises constitutive models implemented
in a finite-strain setting, (3) automatic load step sizing based on
the rate of damage accumulation, and (4) evaluation of the J-
integral using a domain integral procedure [39]. 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 plane-strain and 3-D analyses employ displacement control
loading (C(T) fracture specimen) and pressure control loading
(pipe specimens) with sufficiently small load increments and a
constant number of force release steps to relax forces following the
cell deletion procedure.

4. Experimental program

To investigate the failure behavior of axially flawed pipelines, a
series of full scale burst tests were performed on end-capped, seam
welded pipe specimens with external diameter, D, = 508 mm
(20 in), wall thickness, t = 15.8 mm and length, L = 3 m at room
temperature [41]. These experimental tests are part of a pipeline
integrity program conducted by the Brazilian State Oil Company
(Petrobras). Testing of the pipe specimens included both internal
and external longitudinal notches with different sizes measured by
notch depth and notch length, ax2c: (1) 3x 60 mm, (2) 7 x 140 mm
and (3) 10 x 200 mm. To avoid any effect of the seam welding,
the notches were machined at a 180° position with respect to the
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0.5-TC(T) specimens [37].

Table 1

Comparison of measured and predicted burst pressures for the pipe specimens based upon the cell model and the CTOA criterion using plane-strain analyses.

Pipe specimen a x 2¢ (mm) Pg_exp (MPa)

Cell Model Pg_preq (MPa)

CTOA Model Pg_preq (MPa)

Internal crack External crack

Internal crack

External crack Internal crack External crack

3 x 60 33.0 315
7 x 140 27.5 25.0
10 x 200 22.0 21.0

383 37.6 332 33.1
27.3 26.5 20.5 20.6
18.8 17.6 134 13.9

weld. Fig. 5 schematically illustrates the tested pipes with external
cracks. The pipe specimens were notched along their length using
an Electrical Discharge Machine (EDM) to create the required notch
shape. While the initial semi-elliptical defects were not subjected
to a pressure cycle to propagate a fatigue crack from the original
notch, the highly accurate machining process allows them to be
considered as initially blunted cracks.

Table 1 provides the burst pressures experimentally measured
in the tests, denoted Pp_.p; these values represent the pressure
records observed immediately before the sudden drop in pressure
that arises during the tests. Moreover, all tested pipe specimens
exhibited abrupt collapse following intense plastic deformation
of the flaw region associated with severe pipe bulging. During
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 [40]. These measurements
revealed small amounts of ductile tearing (1.0 mm) prior to pipe
failure. Such behavior indicates intense plastic straining directly
ahead of the crack tip thereby resulting in final failure of the pipe
controlled by plastic collapse rather than unstable fracture; yet, a
ductile tearing analysis just prior to pipe failure is warranted.

The material is an API 5L Grade X60 pipeline steel with 483 MPa
yield stress at room temperature and moderate hardening proper-
ties (0, /0ys ~ 1.24). Rectangular tensile specimens (ASTM A370)
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 [37]. Table 2 summarizes the mechanical proper-
ties obtained from these tests. Fig. 6(a) displays the engineer-
ing stress-strain data for this pipeline steel obtained using the
rectangular specimens (average of three tensile tests). Here, a
conventional fitting of the true stress-true strain data to the Ram-
berg-0Osgood model [13] provides the strain hardening exponent
n = 12 with « = 1. Other mechanical properties for the mate-
rial include Young’s modulus, E = 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 [37].
These fracture specimens have thickness B = 13 mm (0.5-T) and
width W = 26 mm with crack length, g, to width ratio,a/W = 0.5
(refer to Fig. 3(a)). After fatigue pre-cracking, the specimens were
side-grooved to a depth of 1 mm on each side to promote uni-
form crack growth over the thickness. The 0.5-T C(T) specimens
were tested at room temperature using a direct current potential
(DCP) method to measure the crack growth resistance for the ma-
terial. The fracture tests followed the procedures of ASTM Standard
Test Method for Measurement of Fracture Toughness and R Curves
(ASTM E1820). Experimental J-values are determined using the
measured load-load line displacement records. Fig. 6(b) presents
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Table 2

Mechanical properties of tested API 5L X60 steel at room temperature [37].
oys (MPa) o, (MPa) € (%) ou/0ys
483 597 29 1.24

oys: 0.2% proof stress; oy: ultimate tensile strength; e;: uniform elongation (gauge
lenth = 50 mm).

the experimentally measured J vs. Aa curves; a simple extrapola-
tion procedure indicates a value of ] at initiation of ductile tearing,
Jie & 207 kJ/m? [37]. While the experimental data for high values
of ductile tearing (Aa > 2.5 mm) are somewhat beyond the lim-
its given by ASTM E1820, these measured R-curves are used in a
phenomenological manner (see Sections 5 and 6) in that they are
essentially employed to calibrate the micromechanics parameters
D and fy and not the toughness capacity of the fracture specimen.

5. Plane-strain analyses of ductile crack extension

The following sections provide key results of the extensive
plane-strain analyses conducted on models of the C(T) fracture
specimen and the pipe specimens with axial flaws. The primary
objective is to calibrate the micromechanics parameters using the
compact tension specimen based upon the measured resistance
curve and then predict the burst pressure for the pipe specimens
utilizing similar analyses. While these plane-strain analyses do not
fully capture the potential effects of crack front length on ductile
tearing response (and, consequently, on the pipe failure pressure),
they are considered sufficiently representative of the analyzed
crack configurations. Subsequent sections provide further analyses
on 3-D models of the C(T) and pipe specimens that include effects
of crack front length on the cell response.

5.1. Calibration of the GT and CTOA parameters

A key step in the procedure to predict the burst pressure in
the precracked pipe specimens described next lies in the choice
of the GT and CTOA parameters which govern the ductile response
for the tested materials. The procedure adopted here to calibrate
these parameters follows from comparison between predicted
and experimentally measured fracture behavior for conventional
fracture specimens such as the experimental - Aa curve obtained
from the tested deeply notched C(T) specimen. Within the present
context, a series of finite element analyses is conducted to calibrate
the GT and CTOA parameters which establish agreement between
the predicted J- Aa curve and experiments.

Consider first calibration of the cell size D and initial poros-
ity fo for the GT material. While these parameters control cell
response they should not be viewed as metallurgical parameters
representing the microscopic observations of void spacing and ini-
tial void volume fraction but rather as computational parameters
phenomenologically calibrated. Further, the calibrated values for D
and f; clearly do not constitute a unique pair of parameters; for ex-
ample, the numerical crack growth response of the fracture spec-
imen scales almost proportionally with D for fixed fy (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 fj.

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 pwm range [21,22,26,27]. Such a range of
values should also be applicable to the modeling of ductile failure
behavior in a pipeline steel using the computational cells while, at

J (kJ/m?)

800 T
| 0.5-T C(T) Specimen

%
B,

600

400

200

0 0.5 10 15 20 25 3.0

3.5 4.0
Aa (mm)

Fig.7. Plane-strain predictions of J-resistance curves for the tested API 5L X60 steel
using the computational cell model with D/2 = 100 pm.

the same time, providing adequate resolution of the stress-strain
fields in the active layer and in the adjacent background material.
Guided by previous plane-strain analyses [22,26] and experimental
observations, we specify the cell size D/2 = 100 wm for the API
X60 material employed in this study.

With the length scale, D/2, fixed for the numerical analyses, the
calibration process then focuses on determining a suitable value for
the initial volume fraction, fy, that produces the best fit to the mea-
sured crack growth data for the deeply cracked specimens. Dotta
and Ruggieri [34] conducted a calibration procedure for this ma-
terial using g1 = 1.43 and g = 0.83 taken from [25] to yield
fo = 0.008 in their work. A better estimate for factors q; and
g, based upon a polynomial fitting to the g-values reported by
Faleskog et al. [25] provides q; = 1.47 and q; = 0.94; these val-
ues are adopted in the present analyses. Fig. 7 shows the measured
(open symbols) and predicted J-Aa curves for the 0.5-TC(T) spec-
imen. Predicted R-curves are shown for three values of the initial
volume fraction, fop = 0.020, 0.022 and 0.025. For consistency, the
location of the growing crack tip in the analysis is taken at the cell
with f = 0.1. As demonstrated in previous work [22,26], this cor-
responds to a position between the cell currently undergoing ex-
tinction and the peak stress location; at this position stresses are
decreasing rapidly and the void fraction is increasing sharply. Con-
sequently, the use of slightly different f values, other than 0.1, to
define the crack tip location for plotting purposes does not appre-
ciably alter the R-curves (at a fixed J, the amount of crack exten-
sion would vary only by a fraction of the cell size). For fo = 0.020,
the predicted R-curve agrees well with the measured values for al-
most the entire crack extension range; for Aa > 2 mm the pre-
dicted curve lies a little above the measured data. In contrast, the
use of fo = 0.022 and 0.025 produces a lower resistance curve rela-
tive to the measured data. Consequently, the initial volume fraction
fo = 0.020 is taken as the calibrated value for the API 5L-X60 steel
used in the present study.

Consider now calibration of the CTOA parameters. The key
parameters characterizing the growth process which need to be
specified are the initiation angle, 6;, and the release angle, 6.
The initiation angle controls the near-tip blunting deformation of
an initially sharp crack; specification of different 6;-values affects
rather strongly the extent of the blunting region at the crack tip
but has little or no influence on subsequent (stable) crack growth.
The calibration procedure thus determines a suitable value for 6,
which reproduces the early stages of growth (when the crack has
advanced only 4-5 cells) and then focuses on setting a release
angle, 6, which brings the predicted J-Aa curve into agreement
with the experiments over the range 1-4 mm of crack growth.
Fig. 8 shows the measured (open symbols) and predicted J-Aa
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Fig. 8. Plane-strain predictions of J-resistance curves for the tested API 5L X60 steel using the CTOA model with 6; = 40°.

curves for the 0.5-T C(T) specimen using the CTOA model with
the initiation angle adopted as 6; = 40°. Predicted R-curves are
shown for three values of the release angle, 6 = 12.5°, 13° and
13.1°. For 6 = 12.5°, the predicted R-curve agrees well with the
measured values for the entire crack extension range. This value is
then taken as the calibrated release angle for the API 5L-X60 steel
used in the present study. In contrast, the use of 6 = 13° and
13.1° produces a higher resistance curve relative to the measured
data. Here, we note the rather strong dependence of the predicted
R-curve upon the value of release angle; even minor changes in the
Or-value cause larger changes in the predicted J-value for a given
amount of ductile tearing extension.

5.2. Predictions of macroscopic fracture behavior for precracked pipes

To further verify the predictive capability of the methodology
adopted in the present work, this section describes a validation
study to predict the measured burst pressure for the longitudinally
cracked pipes based upon the cell model and the CTOA criterion.
The numerical models employ plane-strain finite element analyses
of these specimens using the key parameters previously calibrated:
D/2 = 100 wm and fy = 0.020 for the cell model; 6, = 40° and
Or = 12.5° for the CTOA model. These parameters were calibrated
using the 0.5-T C(T) specimens and are adopted as the material-
specific values in the present analyses. Moreover, 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). The next section
addresses 3-D effects on pipe burst predictions.

The validation procedure of the predictive methodology
presented here begins by describing ductile tearing in the
precracked pipes. Fig. 9 displays the predicted evolution of crack
growth with increased internal pressure for the analyzed pipe
specimens using the cell model. To provide a simple comparison
with the experimental data, this plot also includes the measured
crack extension with increasing pressure for the pipe specimens
with a 7 mm (deep crack) and 3 mm (shallow crack) internal
crack which was obtained using an ultrasonic pulse technique [40].
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 these
pipe specimens. Consider first the deep crack results shown in
Fig. 9. The general trend of crack growth evolution with increased
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Fig. 9. Predicted evolution of crack growth for the pipe specimens using the GT
model with fy = 0.020 and comparison with experimental data reported in [40]
for the pipe specimens. Solid symbols represent internal cracks and open symbols
represent external cracks.

pressure is correctly predicted for this pipe specimen. While the
numerical predictions provide slightly higher pressure values for a
fixed amount of crack growth, the analyses clearly show increased
pressure values with very little crack growth just before the
attainment of maximum pressure in the numerical simulations.
Now consider the shallow crack results. While the overall trend of
very little crack growth with increased pressure remains similar,
the predicted results showed relatively poor agreement with the
experimental data.

Fig. 10(a)-(d) shows the deformed profile for different load
(pressure) levels, P = 8, 16, 24 and 27 MPa for the pipe specimen
with 7 mm internal crack. The pressure value P = 27 MPa marks
the load almost immediately prior to pipe collapse (see Fig. 9). The
predicted ductile behavior 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 behavior displayed in the previous Fig. 9
where there is a rapid increase in crack growth, Ag, for small
changes in the internal pressure near the attainment of the max-
imum pressure in the experiments. Note the substantial change
in the crack opening profiles for P = 24 and 27 MPa in compar-
ison with the lower pressure levels. Following a transient period
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(b) P=16MPa

(€) P =24 MPa

(d) P=27MPa

Fig. 10. 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.
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Fig. 11. Predicted evolution of crack growth for the pipe specimens using the CTOA model with 8 = 12.5° and comparison with experimental data reported in [40] for the
pipe specimens. Solid symbols represent internal cracks and open symbols represent external cracks.

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 exten-
sion. The numerical results reported here for the pipe specimen
with the 7 mm internal crack are essentially similar to correspond-
ing results for other pipe specimens (to conserve space, they are
not shown here).

The behavior displayed by the previous results can be explained
in terms of constraint effects and the (ductile fracture) process
zone length, ¢, ahead of the crack tip. Here, the fracture process
zone is defined as the near-tip region encompassing the damaged
cells; these cells carry only little stresses caused by material
softening due to void growth. Silva et al. [42] conducted plane-
strain and 3-D finite element analyses on surface cracked pipes
with varying crack depth. Their analyses demonstrated that
axially cracked pipelines resemble tension loaded geometries and,
consequently, exhibit very low levels of crack tip constraint for all
crack depths. In particular, shallow crack pipe geometries display
significant loss of crack tip constraint very early in the loading.
Moreover, because of the nature of the loading due to internal
pressure, the membrane stress fields act over a large region of

the crack ligament favoring the formation of an extended process
zone £/D > 1 but which is nevertheless subjected to low levels
of constraint and high plastic strains. Since development of
the GT constitutive model (upon which the cell methodology
is based) relies on high levels of stress triaxiality to drive the
void growth process, crack initiation and growth behavior for
the pipe specimens are strongly affected by the constraint levels
ahead of the crack tip for the pipe geometries. While the cell
model reproduces relatively well the evolution of crack growth
with increased pressure for the deeply cracked pipe specimen,
predictions for the shallow crack pipe specimen clearly show
suppressed growth relative to experimental data; here, larger
pressure values are necessary to activate void growth up to the
levels which trigger ductile tearing in the crack ligament.

Very similar behavior is observed for the predicted evolution
of crack growth with increased internal pressure using the CTOA
model shown in Fig. 11. Here, the analyses also show increased
pressure values with very little crack growth up to high levels of
pressure followed by rapid crack extension just before final failure.
However, while the agreement between numerical predictions
and experiments is improved for the shallow cracked pipe (albeit
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Fig. 12. Predicted burst pressures for the tested pipe specimens: (a) GT model; (b) CTOA model. Solid symbols represent internal cracks and open symbols represent external

cracks.

still providing differences of ~20%), larger deviations now arise
between predictions and experiments for the deeply cracked pipe.
These features are consistent with observations about the very low
levels of crack tip constraint coupled with the strong membrane
loading acting on the crack ligament made previously.

The results displayed in Figs. 9 and 11 serve to introduce a
simple criterion which defines the failure pressure for the analyzed
pipe specimens. Under increased internal pressure, the amount
of crack growth increases slowly up to pressure values which are
close to the attainment of the maximum pressure in the analyzes.
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 Figs. 9 and 11),
the remaining material in the crack ligament defined by t — a (see
Fig. 5) cannot keep pace with the increased pressure so that pipe
collapse occurs.

Fig. 12 provides the predicted burst pressure for the tested
pipes using both crack growth models. The symbols in the plots
represent the predicted values whereas the solid line defines
equality between the experiments and predictions, i.e., Pgexp =
Pg pred; here, the solid symbols define predicted values for the
internal cracks and the open symbols correspond to the external
cracks. Table 1 compares the predicted burst pressures with
the experimentally measured values. Consistent with the results
already displayed in Figs. 9 and 11, the cell model provides good
agreement between predicted values and experiments for the
deeply cracked pipes and largely overestimates the experimental
pressure values for the shallow crack pipes. These results contrast
sharply with the predictions derived from the CTOA model; much
lower pressure values are predicted for the deep crack pipes
whereas the predictions slightly overestimate the experimental
pressure values for the shallow cracked pipes.

6. 3-D effects on the cell model response for cracked pipelines

The previous plane-strain analyses of the pipe specimens
provided a means to describe the thickness average features of
macroscopic fracture behavior in cracked pipelines while, at the
same time, giving valuable insight into the overall response of
the cell methodology. In this section, we address 3-D effects on
the cell model response for the analyzed crack configurations to
include the influence of crack front length on the predicted failure
pressure. Because of the rather overall poor agreement between
experiments and predictions derived from the CTOA criterion,
the present analyses focus on 3-D computations describing crack
extension in the pipe specimen based upon the GT model.

6.1. Calibration of the GT parameters

Calibration of the cell parameters, D and fy, based upon 3-
D analyses of the 0.5-T C(T) specimens follows essentially the
same procedures outlined previously. The cell size is assigned the
same value corresponding to the plane-strain analyses, D/2 =
100 pwm, while the initial volume fraction, fy, is calibrated to
establish agreement between predicted and measured R-curves.
In the analyses described here, factors q; and g, for the tested
pipeline steel are also adopted as qg; = 1.47 and q; = 0.74 as
given previously in Section 5.1.

Fig. 13 shows the predicted, 3-D J-resistance curves for the
C(T) fracture specimen computed using three values for the initial
volume fraction, fy = 0.011, 0.015 and 0.020. The lines in the
plot represent a mean resistance curve obtained by a weighted
average taken over the half-thickness for the various fy-values
whereas the open symbols indicate each of the four measured
R-curves with crack extensions estimated using DCP data. While
the general behavior displayed by this plot is similar to the
plane-strain analyses, the fp-value which brings the predicted R-
curve in agreement with the measured data is lower. This can be
understood in terms of differences in crack tip constraint between
the plane-strain and 3-D models. Previous work by Silva et al. [42]
using detailed 3-D models of fracture specimens reveals that
constraint over the crack front differs significantly from the levels
given by plane-strain analyses of deep notch C(T) specimens. As
a consequence of load redistribution over the 3-D crack front, a
high level of stress triaxiality at the centerplane persists to larger
J-values than indicated in plane-strain models. This maintenance
of high stress triaxiality in the 3-D model coupled with the plane-
strain initial porosity, fo = 0.020, would lead to a larger amount
of crack growth at the centerplane of the specimen. Consequently,
the lower volume fraction, fo = 0.011, taken here as the calibrated
3-D value, offsets the increase in crack tip constraint.

6.2. 3-D effects on failure pressure predictions of axially cracked pipes

To verify the effectiveness of the current cell model in failure
pressure predictions for the tested pipe specimens, the 3-D pipe
models are analyzed with the cell parameters set to the previous
calibrated values of D/2 = 100 wm and fy = 0.011. The analyses
proceed in a similar manner as outlined before for the plane-
strain models. Under increased internal pressure, the amount of
crack growth increases slowly up to pressure values close to the
attainment of the maximum pressure in the analyzes. After this
pressure level, the region of damaged material ahead of the crack
tip increases very rapidly thereby reaching an instability point
which marks the failure pressure for the pipe.
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Table 3

Comparison of measured and predicted burst pressures for the pipe specimens based upon the cell model using 3-D analyses. Predictions from BS7910 procedure are also

included.

Pipe specimen a x 2¢ (mm) Pg_exp (MPa)

Cell model Pp_preq (MPa) BS7910 L2A Py preq (MPa)

Internal crack External crack

Internal crack External crack Internal/external crack

3 x 60 33.0 315 35.3 36.6 214
7 x 140 275 25.0 28.0 25.8 19.3
10 x 200 22.0 21.0 20.3 19.3 14.2
J (kd/m?) J (kJ/m?2)
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Fig. 13. Predicted J-resistance curves of the tested API 5L X60 steel for the
0.5-T C(T) specimens in 3-D using the computational cell model with D/2 =
100 pm.
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Fig. 14. Predicted burst pressures for the tested pipe specimens in 3-D using the
GT model.

Fig. 14 provides the predicted burst pressure for the tested pipes
derived from the cell methodology incorporating the GT model
using the 3-D analyses. The symbols in the plots represent the
predicted values whereas the solid line defines equality between
the experiments and predictions, i.e., Ppexp = Pp_pred; here, the
solid symbols define predicted values for the internal cracks and
the open symbols correspond to the external cracks. To facilitate
comparisons, the predicted values from the plane-strain analyses
are also provided in the plot. Additional analyses using a simplified
engineering approach for defect assessments based upon the
BS 7910 procedure [9] were also conducted and enable further
comparisons with the experimental values for the tested pipes;
these predicted burst pressures are also included in the plot. The
Annex provides an overview of the two-criteria failure assessment
diagram methodology upon which BS 7910 is derived.

Predictions for the tested pipes based upon the 3-D analyses
show slightly better agreement with the experimental values.
Table 3 provides the predicted burst pressures in 3-D with
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Fig. 15. Effect of critical porosity, fg, on predicted J-resistance curves of the tested
API 5L X60 steel using the cell model with f, = 0.02.

the experimentally measured values; predictions from the BS
7910 procedure [9] are also included. However, the trends
displayed by these 3-D results are essentially similar to the
plane-strain analyses (see also Section 5.2). As already observed,
the cell model provides good agreement between predicted
values and experiments for the deeply cracked pipes and largely
overestimates the experimental pressure values for the shallow
crack pipes. Even using the refined and detailed 3-D models of
these crack configurations, the failure to predict the experimental
burst pressure more accurately for the shallow crack pipes still
persists. In contrast, the analyses using BS 7910 predict much lower
failure pressures for all cracked pipe configurations indicating a
large overconservatism in failure pressure estimations based upon
this methodology.

7. Further numerical aspects

Previous work [27,31] and our own numerical experience have
shown that computational issues often affect analyses employing
the cell model and the CTOA criterion to predict crack growth
resistance curves for common fracture specimens. These issues
raise concerns about the applicability and robustness of these
methodologies in defect assessments of thin-walled pipelines.
Valuable insight into the relation between macroscopic fracture
behavior and the predicted pressure values for the tested pipe
specimens can be gained by examining the significance of some
numerical details. Here, attention is directed to effects of key
parameters on the ductile tearing response which have a direct
bearing on the predicted pressure values for the tested pipe
specimens. Specifically, the following sections address the effects
of the number of force release steps on macroscopic fracture
response for the analyzed specimens using both methodologies.
Further, the effect of critical porosity, f¢, on predictions of crack
growth response derived from the cell model is also examined.

7.1. Effects of fr and force release on cell model response

Specification of the critical porosity, fz, required in applications
of the cell methodology controls the activation of the element
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Fig. 16. Effect of critical porosity, f¢, on predicted evolution of crack growth for the
pipe specimens with internal cracks using the cell model with fo = 0.02.
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Fig. 17. Effect of number of force release steps on predicted J-resistance curves of
the tested API 5L X60 steel using the cell model with fo = 0.02.

extinction procedure outlined previously. Following the attain-
ment of a peak macroscopic stress, the cell (macroscopic) stresses
drop sharply at f = fr with further cell deformation produc-
ing an approximately linear decay of stress to zero. While the
use of different fz-values affects the cell deletion procedure (and,

consequently, the predicted macroscopic growth behavior), there
should be an adequate range of fg-values over which the predicted
pressure values for the pipe specimens display minor sensitivity.

Fig. 15 displays the predicted R-curve for the 0.5-T C(T)
specimen using the cell model with fy = 0.020 for varying values
of critical porosity, ff = 0.10, 0.15 and 0.20; these values are
within the range of critical void fractions commonly employed in
numerical analyses. The numerical resistance curves derived from
the analyses with the adopted fg-values provide similar response,
particularly for ff = 0.15 and 0.20. Here, we note that using
fe = 0.10 yields a lower resistance curve since deletion of the
cells occurs at lower levels of loading (as measured by J). Fig. 16
shows the macroscopic crack growth behavior for the analyzed
pipe specimens with f; = 0.020 and fr = 0.10, 0.15 and 0.20.
For each cracked pipe geometry, the P-Aa curves are essentially
similar and display a very minor sensitivity to the critical porosity
value.

Similar behavior arises from examining the effect of the number
of force release steps, N;s, on macroscopic fracture response for the
analyzed crack configurations. Figs. 17 and 18 show the predicted
R-curve for the 0.5-T C(T) specimen and the cracked pipes using
fo = 0.020 with N;s = 10, 15 and 20 steps. The trends are clear
and consistent with the role played by fz in relation to the cell
deletion procedure displayed previously. For all analyzed crack
configurations, the results shown in those plots clearly reveal that
ductile tearing response is essentially independent of Ni.

The very low sensitivity of macroscopic crack growth on the
force release process and the critical porosity resulting from the
previous analyses is potentially connected to the effect of the
load step size on the computed resistance curves. For fixed values
of N;; (and to a lesser extent, fg), larger load increments alter
the cell deletion procedure and the relaxing of nodal forces after
an element has been extinguished. Gullerud et al. [27] discuss
this issue in detail and provide further results which support the
significance of the load step size in numerical predictions of ductile
tearing within the present methodology. However, as emphasized
previously, the analyses conducted here utilize sufficiently small
load increment sizes over the entire prescribed loading coupled
with an adaptive load control algorithm [38]; such a strategy
enables rapid convergence of the iterative procedure in the finite
element solutions. While these computational issues may play a
central role in large-scale 3D analyses where the computational
demands are much higher, we consider the present results (which
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Fig. 18. Effect of number of release steps on predicted evolution of crack growth for the pipe specimens with internal cracks using the cell model with fo = 0.02.
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Fig. 19. Effect of number of force release steps on predicted J-resistance curves of
the tested API 5L X60 steel using the CTOA model with 6 = 12.5°.
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Fig. 20. Effect of number of force release steps on predicted evolution of crack
growth for the pipe specimens with internal cracks using the CTOA model with
O = 12.5°

are based upon plane-strain analyses) suffice to demonstrate the
effectiveness of the cell methodology in describing the crack
growth response for thin-walled pipelines with planar cracks.

7.2. Effects of force release on CTOA predictions

Fig. 19 displays the predicted R-curve for the 0.5-T C(T)
specimen using the CTOA model with 6 = 12.5° for different
force release steps, N;; = 10, 15 and 20. In contrast to the previous
analyses using the cell model, the adopted N, displays greater
effect on macroscopic growth response for this fracture specimen,
particularly within the range of 10-15 release steps. Similar
observations follow from analyzing the effect of N,; upon the
tearing resistance for the cracked pipes shown in Fig. 20. However,
the evolution of P with Aa is much less sensitive for the shallow
cracked pipe than for the other cracked geometries.

The more prominent role played by the number of force
release steps in defining the macroscopic fracture response for
the analyzed cracked configurations using the CTOA model can be
explained in terms of the nodal release procedure coupled with
the growth controlling mechanism. Consider first the resistance
curve for the fracture specimen derived from using N,; = 10 steps
displayed in Fig. 19. This curve provides an adequate description
of the evolution of J versus Aa for the entire range of ductile
crack growth; here, the release process has plausibly a minor effect
on subsequent crack tip deformation thereby not affecting the
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Fig. 21. Evolution of CTOA with crack extension for the deeply cracked 0.5-T C(T)
specimen and the 7 x 140 mm precracked pipe specimen derived from the cell
model.

(constant) CTOA for crack growth. In contrast, when N, = 20
steps, the remaining forces in released nodes resist further opening
of the crack caused by increased deformation with a potential for
“artificially” holding the crack closed. Consequently, the release
process has a great effect on the CTOA for crack growth; here, for
a given amount of ductile tearing, larger values of ] and pressure P
are required to reach the specified CTOA for crack advancement.

7.3. Dependence of CTOA on component geometry

Application of the CTOA concept as a growth criterion in
cracked structural components assumes independence of the
CTOA during stable crack growth, on specimen geometry. A
number of previous studies [28-33] consistently reveal a weak
dependence of the critical CTOA on specimen size for thin panels
and fracture specimens while others show a relatively more
pronounced dependence of 0z on thicker specimen geometries.
The relatively limited analyses available to describe crack growth
resistance behavior for axially cracked pipelines based upon the
CTOA underscores the need for further investigation.

Fig. 21 shows the computed CTOA derived from plane-strain
analyses conducted for the deeply cracked, 0.5-T C(T) fracture
specimen and the pipe specimen with an external crack of 7 x
140 mm. The CTOA is directly computed from the deformation
of the nodes at the crack tip derived from analyses using the cell
model. After a transient stage of ductile tearing, Aa =~ 0.5 mm
(where crack growth is driven by a nonconstant CTOA value),
crack extension for both configurations continues under a nearly
constant CTOA value. However, the strong dependence of CTOA
during stable crack growth on specimen geometry is evident.
Clearly, such behavior is associated with the dominant loading
conditions in both crack configurations. The C(T) specimen is
primarily a bend configuration whereas the cracked pipe under
internal pressure is primarily subjected to strong membrane
loading. Consequently, the assumption of a constant CTOA value
calibrated from using the C(T) fracture specimen accentuates the
relatively poor agreement between measured and predicted burst
pressures which is precisely the result shown in Figs. 11 and 12.

8. Concluding remarks

This study described a micromechanics approach based upon
the computational cell methodology incorporating the Gur-
son-Tvergaard model and a deformation-based approach using the
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Fig. A.1. Schematic illustration of the FAD methodology.

CTOA criterion to predict experimentally measured burst pressures
for thin-walled gas pipeline containing longitudinal cracks. The
numerical simulations demonstrate the effectiveness and limita-
tions of both approaches to describe crack growth response and
to predict the burst pressure for the tested pipes. The verification
study shows the potential predictive capability of the cell approach
incorporating the GT model, particularly for moderate to deep
crack size to pipe thickness ratios (a/t); however, burst pressure
predictions for the shallow crack pipe specimen displayed poor
agreement with experiments and largely overestimated the mea-
sured failure pressures. In contrast, the CTOA criterion provided
rather overall poor agreement between experiments and predic-
tions. Further, the plane-strain analyses demonstrated a strong
dependence of CTOA during stable crack growth on crack configu-
ration thereby imposing additional difficulties in adopting this pa-
rameter as a viable criterion for burst pressure predictions in high
pressure pipes. Nevertheless, the results presented here lend ad-
ditional support for further developments in the cell methodology
as an engineering tool for integrity assessments of pipelines with
axial defects. Further experimental and computational studies are
in progress to assess the failure behavior of axially cracked pipes
made of an X70 grade steel. This work also involves testing of sin-
gle edge notch tension specimens (SE(T) geometry) to measure the
ductile tearing properties for calibration of the cell parameters.
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Appendix. Overview of the FAD methodology

It is widely recognized that brittle fracture and plastic
collapse caused by overloading are competing failure modes in
cracked structural components made of materials with sufficient
toughness. Early work by Dowling and Townley [43] and Harrison
et al. [44] to address the potential interaction between fracture
and plastic collapse introduced the concept of a two-criteria failure
assessment diagram (most often referred to as FAD) to describe

the mechanical integrity of flawed components as schematically
illustrated in Fig. A.1.

In the FAD methodology, a roughly geometry and material
independent failure line is constructed based upon a relationship
between the normalized crack tip loading, K;, and the normalized
applied (remote) loading, L, in the form

K. = f(L), (A1)
where
K (P, a)
K = ——=, (A.2)
"7 Kmat
and
P
(A.3)

" Pi(a, Uys) .

Here P is the applied (remote) load, K; is the elastic stress intensity
factor, Kmae is the material’s fracture toughness, oy, is the yield
stress and P; is the value of P corresponding to plastic collapse of
the cracked component. Alternatively, parameter L, can be defined
in terms of a reference stress, oyf, defining the plastic collapse load
solution of the remaining crack ligament as

Oref
Oys

L = (A.4)
Current defect assessment procedures based on Eq. (A.1) include
the BS7910[9] and AP1579[10]. Both methodologies have emerged
as engineering codes widely used for defect assessments which
incorporate a three-tiered (or three-level) FAD criterion with
increasing analytical sophistication and data requirements and
decreasing conservatism. The normal crack-flaw assessment in
BS7910 is Level 2A and in API 579 is Level 2 which utilize the
following FAD expression

K- = [1—0.14(L,)?]{0.3 + 0.7 exp| —0.65(L,)® |},

L < [,
(A5)

where the cut-off parameter, L®, is most often defined in terms
of the flow stress, oy = (oy + 0y5)/2, in the form

-5 (%)

oy + Oys

Oys

max
Lr

(A.6)
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where o, denotes the material’s tensile strength. The cut-off
parameter defined by Eq. (A.6) reflects a simplified criterion to
prevent localized plastic collapse while, at the same time, taking
account of the hardening effect above yielding observed in ferritic
carbon steels and austenitic stainless steels.

Structural integrity assessments of a cracked component are
based on the relative location of the assessment point with respect
to the FAD curve defined by Eq. (A.5) (see Fig. A.1). The component
is simply considered safe if the assessment point lies below the FAD
line whereas it is considered potentially unsafe if the assessment
point lies on or above the FAD curve. An increased load or larger
crack will move the assessment point along the loading path
towards the failure line.

Key steps to determine (K, L) at failure based upon BS 7910 [9]
include evaluation of the stress intensity factor and reference stress
based upon the primary load. Following Annex M of BS 7910, the
stress intensity factor solution employed in the present study is
given by

Ki =Yoo/ma,

where a is the crack depth, oy is the applied primary stress (due to
membrane loading on the crack faces) and factor Y is defined as

Y = Mf,Mn, (A.8)

(A7)

where M is the bulging correction factor (which is also known as
the Folias factor for thin-walled cylinders [45]), M), is the stress
magnification factor and f,,, is the finite width correction. Annex M
of BS7910 provides analytical expressions for parameters M, M,
and f,, as a function of a/t and c/a.

Now, following Annex P of BS7910, the reference stress, orf, for
a surface flaw oriented axially in a cylinder is given by

Oref = 1.2M;09, (A.9)
where M; is again the Folias bulging factor defined as
1—[a/(tM
= [ /( T)]’ (A]O)
1—(a/t)
with parameter My expressed by
(A.11)

where R; is the internal radius of the pipe.
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