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ABSTRACT

This work addresses a two-parameter description of crack-tip

fields in bend and tensile fracture specimens incorporating the

evolution of near-tip stresses following stable crack growth with

increased values of the J-integral. The primary objective is to ex-

amine the potential coupled effects of geometry and ductile tear-

ing on crack-tip constraint as characterized by the J-Q theory

which enables more accurate correlations of crack growth resist-

ance behavior in conventional fracture specimens. Plane-strain,

finite element computations including stationary and growth

analyses are described for SE(B) and clamped SE(T) specimens

having different notch depth to specimen width ratio in the range

0.2≤ a�W≤0.5. A computational cell methodology to model

Mode I crack extension in ductile materials is utilized to describe

the evolution of J with �a for the fracture specimens. Laborato-

ry testing of an API 5L X70 steel using deeply cracked C(T) spec-

imens is used to measure the crack growth resistance curve for

the material and to calibrate the cell parameters. The present re-

sults provide additional understanding of the effects of constraint

on crack growth which contributes to further evaluation of crack

growth resistance properties of pipeline steels using SE (T) and

SE(B) specimens.

INTRODUCTION

Standardized techniques for crack growth resistance testing of

structural steels, including ASTM 1820 [1] and ISO 15653 [2],

routinely employ three-point bend SE(B) and compact tension

C(T) specimens containing deep, through cracks

(a�W≥0.45~0.5). The primary motivation to use deeply

cracked specimens is to guarantee conditions leading to crack

growth under high crack-tip constraint with limited-scale plastic-

ity [3,4]. Under such conditions, a single crack growth resistance

curve in terms of J-�a data characterizes the increase in fracture

toughness over the first few mm of stable crack extension; here,

the J-integral describes the intensity of near-tip deformation

[3,4] and �a is the amount of crack growth. However, a variety

of crack-like defects are most often surface cracks formed during

in-service operation and exposure to aggressive environment or

during welding fabrication [5]. Structural components falling

into this category include girth welds made in field conditions for

high pressure piping systems and steel catenary risers. These

crack configurations generally develop low levels of crack-tip

stress triaxiality which contrast sharply to conditions present in

deeply cracked specimens [6].
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Recent defect assessment procedures [7] advocate the use of

single edge notch tension (SE(T)) specimens under clamp condi-

tions to characterize the fracture properties of girth welds in deep

water steel catenary risers installed by the pipe reeling process.

Here, the welded pipe is coiled around a large diameter reel on

a vessel and then unreeled, straightened and finally deployed to

the sea floor after subjecting the pipe to high levels of bending

load and plastic deformation with potential strong impact on un-

stable crack propagation of undetected (circumferential) flaws at

girth welds. The primary motivation to use clamped SE(T) frac-

ture specimens in defect assessment procedures of pipeline girth

welds under bending is the strong similarity in crack-tip stress

and strain fields which drive the fracture process for both crack

configurations [8]. Recent applications of SE(T) fracture speci-

mens to characterize crack growth resistance properties in pipe-

line steels [9] have been effective in providing larger flaw toler-

ances while, at the same time, reducing the otherwise excessive

conservatism which arises when measuring the material’s frac-

ture toughness based on high constraint, deeply-cracked, single

edge notch bend (SE(B)) or compact tension (C(T)) specimens.

However, while now utilized effectively in fracture testing

of pipeline girth welds, some difficulties associated with SE(T)

testing procedures, including fixture and gripping conditions,

raise concerns about the significance and qualification of mea-

sured crack growth resistance curves. Such uncertainties in mea-

sured fracture toughness may potentially affect tolerable defect

sizes obtained from ECA procedures. While slightly more con-

servative, testing of shallow-crack bend specimens may become

more attractive due to its simpler testing protocol, laboratory pro-

cedures and much smaller loads required to propagate the crack.

Although, deeply-cracked SE(B) specimens are the preferred

crack geometry often adopted in conventional defect assessment

methods, recent revisions of ASTM 1820 [1] and ISO 15653 [2]

have included J-estimation equations applicable to shallow-

crack bend specimens. Consequently, use of smaller specimens

which yet guarantee adequate levels of crack-tip constraint to

measure the material’s fracture toughness emerges as a highly ef-

fective alternative.

Motivated by these observations, this investigation address-

es a two-parameter description of crack-tip fields in bend and

tensile fracture specimens incorporating the evolution of near-tip

stresses following stable crack growth with increased values of

the crack driving force as characterized by J. The primary objec-

tive is to examine the potential coupled effects of geometry and

ductile tearing on crack-tip constraint as characterized by the J-Q

theory which enables more accurate correlations of crack growth

resistance behavior in conventional fracture specimens. Plane-

strain, finite element computations including stationary and

growth analyses are conducted for 3P SE(B) and clamped SE(T)

specimens having different notch depth to specimen width ratio

in the range 0.2≤ a�W≤0.5. For the growth analyses, the mod-

els are loaded to levels of J consistent to a crack growth resistance

curve, J-�a , representative of a typical pipeline steel. A com-

putational cell methodology to model Mode I crack extension in

ductile materials is utilized to describe the evolution of J with

�a and the accompanying evolving near-tip opening stresses.

Laboratory testing of an API 5L X70 steel at room temperature

using standard, deeply cracked C(T) specimens is used to mea-

sure the crack growth resistance curve for the material and to cal-

ibrate the key cell parameter defined by the initial void fraction,

f0 . The present results provide additional understanding of the

effects of constraint on crack growth which contributes to further

evaluation of crack growth resistance properties of pipeline

steels using SE (T) and SE(B) specimens while, at the same time,

eliminating some restrictions against the use of shallow cracked

bend specimens in defect assessment procedures.

OVERVIEW OF THE COMPUTATIONAL CELL MODEL

FOR DUCTILE TEARING

This section presents a summary of the cell-based

framework to model stable crack growth in ductile

materials. Further details of the cell model are found in

[10-12]. Ductile fracture in metals is a process of material

failure which incorporates various and simultaneous

mechanisms at the microscale level [13]. The commonly

observed stages of this process are: a) formation of a free

surface at an inclusion or second phase particle by either

decohesion or particle cracking; b) growth of a void around

the particle by means of plastic strain and hydrostatic stress;

and c) coalescence of the growing void with adjacent voids.

Experimental observations and computational studies show

that the plastic strains for nucleation are small thereby causing

only little damage in the material ahead of the crack tip. This

feature enables simplification of the ductile failure process by

assuming the growth of microvoids as the critical event

controlling ductile extension. Figure 1(a) pictures the

schematic path of a growing crack in a ductile material. The

material layer enveloping the growing crack, which must be

thick enough to include at least a void or microcrack nuclei,

identifies a process zone for the ductile fracture which

conveniently gives the necessary length dimension for the

model. Void growth and coalescence in the layer will cause
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material softening ahead of crack tip thereby reducing its

macroscopic stress capacity. Computational approaches to

model such progressive damage of material ahead of the

extending crack have developed along essentially two lines

of investigation: (1) cohesive-law fracture models defined

on the crack plane and a specific strength for the material

(peak stress ahead of the crack) coupled with an explicit

length-scale over which damage occurs, and (2) continuum

damage plasticity models that predict the softening of

material in a continuum context due to the idealized growth

of a spherical void or a periodic array of voids.

Motivated by the above observations, Xia and Shih [10]

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 f0 (the initial void volume divided by cell

volume). As a further simplification, the void nucleates from

an inclusion of relative size f0 immediately upon loading.

Progressive void growth and subsequent macroscopic material

softening in each cell are described with the Gurson-Tvergaard

(GT) constitutive model for dilatant plasticity [14,15] given by

�σe
σ
�2 + 2q1f cosh�3q2σm2σ

�− �1+ q3 f
2� = 0 (1)

where σe denotes the effective Mises (macroscopic) stress, σm is

the mean (macroscopic) stress, σ is the current flow stress of the

cell matrix material and f defines the current void fraction. Fac-

tors q1, q2 and q3 introduced by Tvergaard [15] improve themod-

el predictions for periodic arrays of cylindrical and spherical

voids. The present analyses use q1=1.43, q2 =0.97 and q3=q21.

These q-values are obtained from the work of Faleskog [16]

which provides the micromechanics parameters q1 and q2 for a

wide range of material flow properties (strain hardening proper-

ties and yield stress) for common pressure vessel and structural

steels. Using an experimental J-�a curve obtained from a con-

ventional, deeply cracked SE(B) or C(T) specimen, a series of fi-

nite element analyses of the specimen are conducted to calibrate

values for the cell parameters D and f0which bring the predicted

J-�a curve into agreement with experiments as described later

in the article.

Crack Computational Cells

D

x1

f= f0

Figure 1. Modeling of ductile tearing using computational cells.

(b)

(GT material)

(a)

Voids
Inclusions

Carbides

Active Layer
(Ductile Tearing)

Further improvement in the cell methodology introduced by

Ruggieri and Dodds (R&D) [11] enables the model to create new

traction free surfaces to represent physical crack extension.

When f in the cell incident on the current crack tip reaches a criti-

cal value, fE , the computational procedures remove the cell

thereby advancing the crack tip in discrete increments of the cell

size (Tvergaard [15] refers to this process as the element extinc-

tion or vanish technique). R&D [11] implements a cell extinction

process using a linear-traction separation model with fE typically

assigned a value of ≈0.15~0.20. The final stage of void linkup
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with the macroscopic crack front then occurs by reducing the re-

maining stresses to zero in a prescribed linear manner.

THE J-Q APPROACH

Constraint in Stationary Cracks: The Q-Parameter

Much research in the the last 10~20 years has convincingly

demonstrated the strong effects of specimen geometry and

loading mode (bending vs. tension) on fracture behavior for

ferritic structural steels in the ductile-to-brittle (DBT)

transition region as well as in the upper shelf region. At

increased loads in a finite body, such as a cracked specimen

or structure, the initially strong small scale yielding (SSY)

fields gradually change to fields under large scale yielding

(LSY) as crack-tip plastic zones increasingly merge with the

global bending plasticity on the nearby traction free

boundaries. This phenomenon, often termed loss of

constraint, contributes to the apparent increased toughness

of shallow cracked and tension loaded geometries observed

in fracture testing [17-20].

The above arguments motivated O’Dowd and Shih (OS)

[21,22] to propose an approximate two-parameter

description for the elastic-plastic crack tip fields based upon

a triaxiality parameter more applicable under large scale

yielding (LSY) conditions for materials with elastic-plastic

response described by a power hardening law given by

Á�Á0 ∝ (σ�σ0)
n. Here, n denotes the strain hardening

exponent, σ0 and Á0 are the reference (yield) stress and

strain, respectively. Guided by detailed numerical analyses

employing a modified boundary layer (MBL) model, OS

described the crack-tip fields in the form

�σ ij �FB = (σij)SSY + Qσ0δij (2)

where δij denotes the Kronecker delta and the dimensionless sec-

ond parameterQ defines the amount by which σij in fracture spec-

imens, �σyy �FB, differ from the adopted high triaxiality reference

SSY solution, �σyy �SSY. Consequently, Q is often defined as

Q ≡
�σyy �FB− (σyy)SSY

σ0
(3)

where the difference field described is conventionally evaluated

at the normalized crack-tip distance r = 2J�σ0 which represents

a microstructurally significant distance ahead of crack tip related

to the operative fracture mechanism. OS and Cravero and Rug-

gieri [8] have also shown that Q is relatively independent of r in

the range 1 ≤ r = 2J�σ0 ≤ 5. Construction of J-Q trajectories

for structural components and fracture specimens then follows

by evaluation of Eq. (3) at each stage of loading in the finite body.

Figure 2(a) depicts the procedure to determine parameter Q for

a moderate hardening material simply as the difference field at

a given near-tip location; here, the computed difference between

the SSY reference field and the finite body near-tip (opening)

stress gradually increases with increasing remote loading as

characterized by J. At similar values of the continuum, scalar pa-

rameters (J, Q), the crack-tip strain-stress fields which drive the

local process have similar values as well.

Extension of the J-Q Approach for Growing Cracks

While the above framework was essentially developed for sta-

tionary cracks, the two-parameter description of near-tip stress

states based on the Q constraint parameter can be extended to a

steadily growing crack in a straightforward manner. Based upon

the interpretation of Q as a measure of the level of stress triaxial-

ity that quantifies the difference field relative to a high triaxiality

reference stress state for a stationary crack, an alternative form

applicable to growing cracks, denoted as Q* in the present work,

can be defined as

Q* ≡
�σyy �

�a

FB
− (σyy)SSY ;�a = 0

σ0
(4)

where the difference field described is now evaluated at the cur-

rent normalized crack-tip distance, r* = 2J�σ0 which represents

the location of a material point ahead of the advancing crack tip.

Figure 2(b) shows the evolving near-tip (opening) stresses

with increased amounts of ductile tearing, �a , represented as a

multiple of the cell size, D, for a moderate hardening material.

Clearly, the tensile stress ahead of crack tip increases steadily

with crack growth (compare the stress distributions for

�a�D= 1 and �a�D= 10) thereby altering the corresponding

levels of constraint (as measured by Q*) with increased crack ex-

tension. These observations are entirely consistent with the pre-

vious investigation of Varias and Shih [23] and Dodds et al. [24]

in which they have shown that crack growth under well-con-

tained yielding elevates near-tip constraint. This issue is ad-

dressed in more details later in the article.

4 Copyright © 2013 by ASME

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/ on 08/10/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



θ

ry

x

r�(J�σ0)

θ

ry

x

(a)

2

3

4

1

0

x�D
0 10 20 30 40 50

σyy�σ0

�a�D = 1

�a�D = 10

�a�D = 20

(b)

Figure 2. (a)Procedure to determine parameter Q based
on the difference field at a given near-tip location; (b)
Schematic representation of the evolving near-tip (open-
ing) stresses with increased amounts of ductile tearing.
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NUMERICAL PROCEDURES AND MATERIALS

Finite Element Models

Detailed finite element analyses are performed on plane-strain

models for clamped SE(T) and 3P bend specimens having con-

ventional 1-T geometry (B=25.4 mm) withW=2B made of ho-

mogeneous material; these specimens are denoted as SE(T)C and

SE(B). The analysis matrix includes specimens with a�W=0.2,

0.3, 0.4, 0.5, H�W=10 for the clamped SE(T) specimens and

S�W=4 for the SE(B) specimens. Here, a is the crack size, W is

the specimen width, H defines the clamp distance and S repre-

sents the specimen span. Figure 3 shows the geometry and speci-

men dimensions for the analyzed crack configurations.

Figure 3. Geometry for fracture specimens: a) SE(T)
specimen with clamp conditions; b) 3P bend specimen.

(b)

(a)

H

a
W

a
W

S

Figure 4 shows the finite element model constructed for the

plane-strain analyses of the deeply-cracked SE(T) specimen with

a�W=0.5. All other crack models have very similar features.

For stationary crack analyses, a conventional mesh configuration

having a focused ring of elements surrounding the crack front is

used with a small key-hole at the crack tip; the radius of the key-

hole, ρ0, is 2.5�m (0.0025 mm). Symmetry conditions permit

modeling of only one-half of the specimen with appropriate

constraints imposed on the remaining ligament. A typical half-

symmetric model has one thickness layer of 2717 8-node, 3-D
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elements (2874 nodes) with plane-strain constraints imposed

(w=0) on each node. To achieve plane-strain conditions for the

current study, a single thickness layer of the 3-D elements is de-

fined with out-of-plane displacements constrained to vanish. The

finite element models for the clamped and bend specimens are

loaded by displacement increments imposed on the loading

points. To simulate ductile crack extension in the fracture speci-

mens, the finite element mesh for the growth analysis contains

a row of ~120 computational cells along the remaining crack

ligament (W−a) with fixed size of D�2×D�2 (see Fig. 1(b)

and 4(c)). The initially blunted crack tip accommodates the in-

tense plastic deformation and initiation of stable crack growth in

the early part of ductile tearing.

Computational Procedures and Material Properties

The finite element code WARP3D [25] provides the numerical

solutions for the plane-strain simulations reported here including

stationary and crack growth analyses implementing the cell mod-

el. Evaluation of the J-integral derives from a domain integral

procedure which yields J-values in excellent agreement with es-

timation schemes based upon η -factors for deformation plastic-

ity [4] while, at the same time, retaining strong path indepen-

dence for domains defined outside the highly strained material

near the crack. WARP3D analyzes fracture models constructed

with three-dimensional, 8-node tri-linear hexahedral elements.

To achieve plane-strain conditions for the current study, a single

a

W

H�2 Near Tip Model for Stationary Analysys

Near Tip Model for Growth Analysis

Figure 4. Finite element model used in plane-strain analyses of the clamped SE(T) specimen with a⁄W=0.5.
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thickness layer of the 3-D elements is defined with out-of-plane

displacements constrained to vanish.

The elastic-plastic constitutive model employed in the sta-

tionary crack analyses utilizes a J2 flow theory with conventional

Mises plasticity in small geometry change (SGC) setting. The

uniaxial true stress-logarithmic strain response for the material

follows a piecewise linear approximation to the measured tensile

response at room temperature described in Hippert and Ruggieri

[26]. The material is an API 5L Grade X70 pipeline steel with 484

MPa yield stress (σys) at room temperature (20°C) and relatively

moderate-to-low hardening properties (σuts�σys≈1.22), where

σuts is the ultimate tensile strength. Figure 5 provides the engi-

neering stress-strain curve for the tested pipeline steel (average

of two tensile tests). Other mechanical properties include

Young’s modulus E=205 GPa and Poisson’s ratio ν=0.3. Hip-

pert and Ruggieri [26] provide further details on the mechanical

tensile test data and crack growth resistance testing using deeply

cracked C(T) specimens for this material.

To describe the evolution of void growth and associated

macroscopic material softening in the computational cells, the

GT constitutive model given by Eq. (1) is adopted. The back-

ground material outside of the computational cells follows a J2

flow theory in large geometry change (LGC) setting with the

Mises plastic potential obtained by setting f≡0 in Eq. (1). The

uniaxial true stress-logarithmic strain response for both the back-

ground and cell matrix materials also follows a piecewise linear

approximation to the measured tensile response for the API X70

pipeline steel described in [26] and shown in Fig. 5. Other me-

chanical properties for these analyses also include Young’s mo-

dulus E=205 GPa and Poisson’s ratio ν=0.3.

Calibration of Cell Parameters

The cell model calibration scheme outlined previously has been

applied to the pipeline steel employed in this study. The cell size

D and initial porosity f0 define the key parameters coupling the

physical and computational models for ductile tearing. These pa-

rameters are calibrated using high constraint, deeply-cracked

notch specimens to establish agreement between predicted and

measured R-curves . The calibrated values for these parameters

are then applied in similar analyses to predict the shallow notch

R-curves. We note that other high constraint crack configura-

tions, such as the deeply-cracked SE(B) specimen could be uti-

lized to produce a specific set of cell parameters D and f0. Here,

the measured resistance curve for a deeply cracked C(T) speci-

0 0.1 0.15 0.20.05

400

600

800

0

σ (MPa)

200

API 5L − X70 ( 20oC )

σys = 484 MPa

Figure 5. Engineering stress-strain curve for the pipeline
X70 steel employed in the analyses [26].

ÁEngineering Strain

men (a�W=0.65) tested by Hippert and Ruggieri [26] is

employed to calibrate these parameters.

Following their work, the cell size D employed in the numerical

analyses is adopted as D=200 �m.

Competing demands dictate the choice of cell size: (1) D

must be representative of the large inclusion spacing to support

arguments that it couples the physical and computational model,

(2) predicted R-curves scale almost proportionally with D for

fixed f0 (a thicker layer requires more total work to reach critical

conditions), (3) the mapping of one finite element per cell must

provide adequate resolution of the stress-strain fields in the ac-

tive layer and in the adjacent background material, (4) details of

the continuum damage model, and (5) the type of finite element

used (linear vs. quadratic). For the ferritic steels studied thus far

with this model, calibrated cell sizes range from 50-200 �mwith

f0 in the 0.0001-0.004 range. This range of values for D satisfies

issue (1) while providing satisfactory resolution of the near-tip

fields required in issue (3) after some tearing (calibrated values

for D are comparable to the experimentally measured value for

CTOD at initiation of ductile tearing). Very early in the loading

history prior to ductile growth, theseD values (with one-element-

per-cell) may not provide sufficient resolution of the near-tip

stress fields, for example, to quantify conditions for cleavage

fracture. Moreover, because each change in D requires construc-

tion of a new mesh, it is obviously much less effort to fix D early

on and then calibrate f0. The calibrated values for D and f0 clear-

ly do not constitute a unique pair of parameters; for example, a

slightly largerD value may be compensated for by a larger f0 val-
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ue. Nevertheless, there exists a reasonably narrow range of D

and f0 pairs which yield R-curves in agreement with the exper-

imental results.

With parameter D fixed, the calibration process then focuses

on determining a suitable value for the initial volume fraction, f0,

that produces the best fit to the measured crack growth data for

the deeply cracked C(T) specimen. Figure 6 shows the measured

and predicted J-�a curves for this specimen. Predicted R-curves

are shown for three values of the initial volume fraction,

f0=0.0005, 0.00075 and 0.001. For consistency, the location of

the growing crack tip in the plane-strain analyses is taken at the

cell with f=0.1. 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 plot-

ting 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); Xia and Shih [10] and Ruggieri and Dodds [11]

discuss this issue in detail. For f0=0.0005, the predicted R-curve

agrees well with the measured values for almost the entire range

of growth, albeit lying a little above the measured data for

�a�1.0 mm in the “blunting line” region. In contrast, the use

of f0=0.001 produces a lower resistance curve relative to the

measured data. Consequently, the initial volume fraction

f0=0.0005 is thus taken as the calibrated (plane-strain) value for

the API 5L-X70 steel used subsequently in this study.

EVOLUTION OF CRACK-TIP CONSTRAINT IN SE(B)

AND CLAMPED SE(T) FRACTURE SPECIMENS

J-Q Trajectories for Stationary Cracks

The extensive finite element analyses of SE(B) and SE(T) speci-

mens for stationary cracks provide the basis to compare differ-

ences in constraint for these crack configurations in terms of the

Q-solutions. Figure 7 displays the general effects of specimen ge-

ometry and loading mode on the J-Q trajectories for the analyzed

fracture specimens. In all plots, Q is defined by Eq. (3) at the

normalized distance ahead of crack tip given by r = 2J�σ0

whereas J is normalized by b0σ0 with b0 denoting the remaining

initial crack ligament W−a (notice that J�bσ0 is plotted against

−Q to maintain positive scales). The material properties for all

crack configurations were described previously and correspond

to the tested API X70 pipeline steel. The research code FRAC-

0 2 3 4 51

�a (mm)

(kJ�m2)

500

1000

1500

0

Figure 6. Comparison of measured and predicted R-
curve (plane-strain) for side-grooved 1(T) C(T) speci-
men of API 5L-X70 at room temperature [26].

f0 = 0.0005

f0 = 0.00075

f0 = 0.001

J

Experimental Data

TUS2D [27] is employed to compute J-Q curves for each fracture

specimen.

Consider first the evolution of Q with normalized J for the

SE(B) specimen with varying a�W-ratio displayed in Fig. 7(a).

Here, the Q-values depend markedly on crack size. For the deep-

ly cracked SE(B) specimen with a�W=0.5, the Q-parameter is

positive at low load levels (note that the corresponding curve

crosses the vertical axis of the plot at J�bσ0≈0.01 ) and gradual-

ly changes to negative values with increased levels of J. In con-

trast, the shallow crack SE(B) specimen reveals large negativeQ-

values almost immediately upon loading. Here, values for

parameterQ ranging from−0.4 to−0.8 are associated with sub-

stantial reduction in the opening near-tip stresses for this speci-

men early in the loading.

Consider now the J-Q trajectories for the clamped SE(T)

specimen with H�W=10 and varying a�W-ratio shown in Fig.

7(b). A different picture now emerges as the corresponding Q-

values become highly negative at relatively small load levels,

particularly for the shallow cracked configurations

(a�W≈0.2~0.3). An interesting development provided by

these results is that all curves converge to a fixed Q-value of

about 0.8. Further, note in Fig. 7(a) that the shallow cracked

SE(B) specimen with a�W=0.2 displays Q-values in the range

−0.6 to −0.8 values, albeit displaying increased negative val-

ues with increased J-values, which is precisely the range of val-

ues for parameter Q in all analyzed clamped SE(T) specimens for

8 Copyright © 2013 by ASME

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/ on 08/10/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



larger load levels (J�bσ0�0.03). Such behavior provides a par-

ticularly interesting result in that the shallow cracked SE(B)

specimen and all analyzed SE(T) crack configurations have simi-

lar levels of constraint at larger values of J.
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0
0.80.60.40.20

−Q

0.04
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1.0 1.2
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Figure 7. Comparison of J-Q trajectories for 3P SE(B)
and clamped SE(T) specimens with H⁄W=10 for the API
X70 steel and varying crack sizes.
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J-Q Trajectories for Growing Cracks

The J-Q trajectories for the SE(B) and SE(T) specimens based on

a stationary crack analysis may not reflect changes in the near-tip

stresses due to increased crack growth. In particular, since

constraint loss with increased plastic deformation is potentially

offset by the elevation in near-tip stresses due to steady growth

of the crack, correlation of fracture behavior based on a stress

triaxiality parameter defined for a stationary crack can be some-

what elusive. These features clearly justify addressing effects of

crack growth on constraint variation for the fracture specimens

considered here as reported below.

Figure 8(a) displays the computed crack growth resistance

curves for the clamped SE(T) configuration with varying a�W-

ratio. The analyses were conducted using the elastic-plastic prop-

erties for API X70 pipeline steel described earlier with the cali-

brated cell parameter, f0=0.0005. The resistance curves are

essentially the same in the “blunting line” region (�a�0.2 mm)

and then rise steadily with increased J-values. It can be seen that

the resistance curves depend rather weakly on the a�W-ratio. In

particular, note that the fracture resistance behavior for the deep-

ly cracked SE(T) specimens with a�W=0.4 and 0.5 are almost

indistinct from each other.

Figure 8(b) provides J-Q* trajectories (which now incorpo-

rate effects of crack growth on the evolving near-tip stresses) for

the clamped SE(T) specimens with different crack sizes. Similar

to the previous analyses, here Q* is defined by Eq. (4) at the

normalized distance r* = 2J�σ0 whereas J is normalized by b0σ0

with b0 denoting the remaining initial crack ligament W−a

(again J�b0σ0 is plotted against −Q
* to maintain positive scales).

The research code FRACTUS2D [27] is employed to compute

J-Q* curves for each fracture specimen. At early stages of load-

ing (J�b0σ0�0.02), there is clearly an increase in crack-tip

constraint relative to the stationary crack analysis as the Q*-val-

ues vary from −0.8 to −0.4. Thereafter, all curves virtually

merge into one single curve which shows that the constraint lev-

els with increased crack growth for this specimen are almost in-

dependent of crack size (as measured by the a�W-ratio).

Attention is now directed to the effects of crack growth on

fracture behavior for the SE(B) specimen. Figure 9(a) shows the

computed crack growth resistance curves for the shallow

(a�W=0.2) and deeply-cracked (a�W=0.5) SE(B) configura-

tion. Figure 9(b) displays J-Q* trajectories for these SE(B) speci-

mens including effects of crack growth. The significant features

include: (1) effects of crack size (a�W-ratio) on the resistance

curves are more prominent for this specimen geometry; (2) there

is also no effect in the “blunting line” region of the resistance

curves for both the shallow and deeply cracked configurations

and 3) after an increase in crack-tip constraint at early stages of

loading, the rising J-Q* trajectories for both specimen geome-

tries differ significantly; here the Q*-values for the SE(B) speci-
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Figure 8. Computed fracture behavior for clamped SE(T)
specimens with H⁄W=10 for the API X70 steel and vary-
ing crack sizes: (a) crack growth resistance curves; (b)
J-Q* trajectories

0.4

0.3

0.5

0.02

0.04

0.06

0

0.10

J�b0σ0

(a)

(b)

0.80.60.40.20

−Q*

1.0 1.2 1.4

H�W= 10

a/W

0.2

0 2.0 3.01.0

�a (mm)

(kJ�m2)

500

1000

1500

0

a�W= 0.2

a�W= 0.3

a�W= 0.5

J

0.08

1.5 2.50.5

f0 = 0.0005

f0 = 0.0005

H�W= 10

a�W= 0.4

men with a�W=0.2 vary from−0.3 to−0.8 over almost the en-

tire range of loading (characterized by J) considered. This last

feature provides a particularly interesting result in that the

constraint levels with increased crack growth for the shallow

cracked SE(B) specimen compare well with the corresponding

constraint levels for the clamped SE(T) specimens displayed in

previous Fig. 8(b).

Figure 9. Computed fracture behavior for SE(B) speci-
mens for the API X70 steel and varying crack sizes: (a)
crack growth resistance curves; (b) J-Q* trajectories
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DISCUSSION AND CONCLUDING REMARKS

This brief study addresses an extension of the J-Q approach, sup-

plemented by a micromechanics approach to model ductile tear-

ing using computational cells, to describe constraint effects on

ductile crack growth in SE(B) and SE(T) fracture specimens. The

methodology enables evaluation of J-Q trajectories (and associ-

ated measures of crack-tip constraint) which incorporate changes
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in th evolving near-tip stresses due to steady crack growth that

would otherwise be neglected in conventional, stationary crack

analyses. The framework thus provides further insight and addi-

tional understanding in the correlation of fracture behavior for

fracture specimens (and possibly to cracked structural compo-

nents as well) based on a stress triaxiality parameter.

In using the results presented in this article to discuss a prop-

er characterization of ductile fracture behavior depending on

specimen geometry, it is well to keep in mind the difficulties in

comparing (and accurately defining) constraint levels for station-

ary and growing cracks. Varias and Shih [23] and Dodds et al [24]

address this issue in detail. In particular, Dodds et al [24] points

out the complex interacting effects of specimen geometry, crack

size, tearing modulus and strain hardening behavior on the evolv-

ing near-tip stress states which drive the ductile fracture process.

To illustrate this point, it is instructive to make use of the

fracture resistance test data obtained by Mathias et al. [28] for a

girth weld made of an API 5L X80 pipeline steel using shallow

crack SE(B) specimens and deeply-cracked SE(T) specimens

with clamp conditions. Annex A provides a brief overview of the

fracture testing details and crack growth resistance curves

(J-�a ) at room temperature derived from the unloading com-

pliance procedure. The shallow-crack SE(B) specimen provides

a resistance curve which, albeit slightly more conservative, ex-

hibits levels of J-values comparable to the levels of J correspond-

ing to the deeply-cracked SE(T) specimen at a fixed amount of

crack growth, ∆a. However, differences between the J-�a

curves for the tested crack configurations are perhaps some-

what larger than would be expected from the analyses con-

ducted previously but which can be nevertheless considered

acceptable given the advantages of testing smaller specimens.

Additional work is in progress to further validate the use of shal-

low-crack SE(B) specimens as an alternative fracture specimen

to measure crack growth properties for pipeline steels and girth

welds. Ongoing investigation also focuses on establishing robust

correlations between J and CTOD for stationary and growing

cracks in SE(T) and SE(B) fracture specimens.
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APPENDIX

Mathias et al. [28] reported on a series of fracture tests conducted

on weld specimens made of a pipeline steel. The tested weld joint

was made from an API X80 UOE pipe having thickness, tw=19

mm. Girth welding of the pipe was performed using the FCAW

process in the 1G (flat) position with a single V-groove configu-

ration in which the root pass was made by GMAW welding.

Unloading compliance (UC) tests at room temperature were

performed on center notch weld, clamped SE(T) specimens with

a fixed overall geometry and crack length to width ratios, a�W ,

to measure tearing resistance curves in terms of J-�a. The

clamped SE(T) specimens have a�W=0.4 and H�W=10 with

thickness B=14.8 mm, width W=14.8 mm and clamp distance

H=148 mm (refer to Fig. 10(a)). Here, a is the crack depth and

W is the specimen width which is slightly smaller that the pipe

thickness, tw. UC tests at room temperature were also conducted

on center notched welded SE(B) specimens with a�W=0.25

with thickness B=14.8 mm, width W=14.8 mm and span

S=4W (refer to Fig. 10(b)). Conducted as part of a collaborative

program, testing of these specimens focused on the development

of accurate procedures to evaluate crack growth resistance data

for pipeline girth welds.

All specimens, including the SE(T) configuration, were pre-

cracked in bending using a three-point bend apparatus. After fa-

tigue precracking, the specimens were side-grooved to a net

thickness of ~85% the overall thickness (7.5% side-groove on

each side) to promote uniform crack growth and tested following

some general guidelines described in ASTM E1820 standard [1].

Records of load vs. crack mouth opening displacements (CMOD)

were obtained for the specimens using a clip gauge mounted on

knife edges attached to the specimen surface. Figure 11 shows the

measured load-displacement curve (as described by CMOD) for

both test specimens.

Evaluation of the crack growth resistance curve follows

from determining J and �a at each unloading point of the mea-

sured load-displacement data. Mathias et al. [28] provide further

details of the procedure to determine J and �a based upon

η-factors and compliance functions previously derived by

Ruggieri [27]. Figure 12 presents the measured crack growth

resistance curves for the tested pipelines girth weld using

clamped SE(T) and 3P SE(B) specimens. The shallow-crack

SE(B) specimen exhibits a resistance curve which, albeit slightly

more conservative, exhibits levels of J-values comparable to the

levels of J corresponding to the deeply-cracked SE(T) specimen

at a fixed amount of crack growth, ∆a.
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(a) (b)

Figure 10. Geometry of tested fracture specimens with weld centerline notch. (a) Clamped SE(T) specimen with
a⁄W=0.4 and H⁄W=10; (b) 3P SE(B) specimens with a⁄W=0.25 and S⁄W=4 (BxB configuration).
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Figure 11.Measured load-CMOD curve for the tested X80 pipeline girth weld using clamped SE(T) spec-
imens with a⁄W=0.4 and 3P SE(B) specimens with a⁄W=0.25 [28].

0

20

40

60

80

P (kN)

3.02.01.00

V (mm)

2.51.50.5

API X80 Girth Weld

13 Copyright © 2013 by ASME

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/ on 08/10/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



0 2.0 3.0 4.01.0

�a (mm)

J (kJ�m2)

400

1000

1200

0

API X80 Girth Weld

Figure 12. Experimental R−curves for tested clamped SE(T) and 3P SE(B) specimens based upon the UC procedure [28]
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