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ABSTRACT

Current defect assessment procedures of large engineering struc-
tures, including pipeline systems and their welded components
such as field girth welds, employ crack growth resistance curves
in terms of J-resistance or CTOD-resistance curves. Standard-
ized techniques for crack growth resistance testing of struc-
tural steels are based upon laboratory measurements of load-
displacement records and adopt two related estimation formu-
las for fracture toughness values: 1) estimating J from plastic
work based on crack mouth opening displacement (CMOD), and
2) determining the CTOD value from first evaluating the plastic
component of J using the plastic work defined by the area under
the load vs. CMOD curve and then converting it into the corre-
sponding value of plastic CTOD. This work addresses an inves-
tigation on the relationship between J and CTOD for three-point
SE(B) and clamped SE(T) fracture specimens based upon exten-
sive numerical analyses conducted for crack configurations with
varying crack sizes. These analyses include stationary and crack
growth plane-strain results to determine J and CTOD for the
cracked configurations based on load-displacement records. The
numerical computations show strong similarities between the J-
CTOD relationship for stationary and growth analysis with im-
portant implications for experimental measurements of CTOD-
resistance curves. The study provides a body of results which
enables establishing accurate relationships between J and CTOD
for use in testing protocols for toughness measurements.

INTRODUCTION

Fracture assessments in the upper-shelf of ferritic steels remain
a key issue for the safety and fitness-for-service (FFS) analyses
of critical structures, including piping systems and marine fa-
cilities. Structural steels generally exhibit significant increases
in fracture toughness over the first few mm of stable crack ex-
tension as conventionally characterized by crack growth resis-
tance (J−∆a or, equivalently, CTOD−∆a) curves (also termed
R-curves); here, the J-integral or the crack-tip opening displace-
ment (CTOD) describes the intensity of near-tip deformation
[1, 2] and ∆a is the amount of crack growth. Fracture mechanics
based approaches to analyze ductile fracture in structural com-
ponents rely upon the notion that a single R-curve, independent
of specimen geometry, characterizes the fracture resistance of
the material [1, 2]. In particular, Engineering Critical Assess-
ment (ECA) procedures applicable to reeled pipes [3] rely on
direct applications of J-resistance data measured using small,
laboratory fracture specimens to specify acceptable flaw sizes.
These approaches allow the specification of critical crack sizes
based on the predicted growth of crack-like defects under ser-
vice conditions. Current efforts now underway [4, 5, 6, 7, 8, 9]
advocate the use of single edge notch tension specimens (often
termed SE(T) crack configurations) to measure experimental R-
curves more applicable to high pressure piping systems and girth
welds of marine steel risers. Here, the SE(T) geometry gener-
ally develops low levels of crack-tip stress triaxiality (associated
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with the predominant tensile loading which develops during the
fracture test) thereby contrasting sharply to conditions present
in deeply cracked SE(B) and C(T) specimens. Recent applica-
tions of SE(T) fracture specimens to characterize crack growth
resistance properties in pipeline steels [10] have been effective
in providing larger flaw tolerances while, at the same time, re-
ducing the otherwise excessive conservatism which arises when
measuring the material’s fracture toughness based on high con-
straint, deeply-cracked, SE(B) specimens.

To the extent that J describes the crack-tip conditions with
increased crack extension and, further, that a unique J−CTOD
relationship holds true for stationary and growing cracks, both
J − ∆a and CTOD− ∆a curves equally characterize the crack
growth resistance behavior for the tested material. However, be-
cause of the widespread use of the CTOD parameter since its
introduction in the 70s, when early development conducted at
the Welding Institute introduced the concept of a CTOD design
curve [11, 12], current defect assessment procedures adopted by
the oil and gas industry favor the utilization of CTOD−R curves
rather than J-resistance measurements. A widely employed stan-
dardized technique in experimental measurements of CTOD for
structural steels derives from BS7448 [13] which essentially de-
termines the crack tip opening displacement for a deeply cracked
bend specimen based upon a simple plastic hinge model to
correlate the crack mouth opening displacement (CMOD) with
CTOD. While this approach has proven highly effective, albeit
with questionable accuracy, in fracture testing of structural steels
and their weldments, it is not necessarily applicable nor very
practical for experimental measurements of CTOD using SE(T)
specimens.

Recent revisions of ASTM E1820 [14] and ISO 15653 [15]
evaluate the crack tip opening displacement (CTOD) from exper-
imentally measured records of load vs. crack mouth opening dis-
placement (CMOD) applicable to only C(T) and SE(B) fracture
specimens. These procedures now determine the CTOD value
from first evaluating the plastic component of J using the plastic
work defined by the area under the load vs. CMOD curve and
then converting it into the corresponding value of plastic CTOD.
The approach has the potential to simplify evaluation of CTOD-
values while, at the same time, relying on a rigorous energy re-
lease rate definition of J for a cracked body. In particular, the
methodology can be extended in straightforward manner to eval-
uate the CTOD in SE(T) specimens from experimentally mea-
sured load vs. CMOD records provided accurate relationships
between J and CTOD for this crack configuration are known.

This work addresses an investigation on the relationship be-
tween J and CTOD for three-point SE(B) and clamped SE(T)
fracture specimens based upon extensive numerical analyses
conducted for crack configurations with varying crack sizes.
These analyses include stationary and crack growth plane-strain
results to determine J and CTOD for these cracked configura-
tions based on load-displacement records. Laboratory testing
of an API 5L X70 steel at room temperature using standard,
deeply cracked C(T) specimens is used to measure the crack
growth resistance curve for the material and to calibrate the key
microstructural parameter utilized in the growth analysis. The
numerical computations show strong similarities between the J-

CTOD relationship for stationary and growth analysis with im-
portant implications for experimental measurements of CTOD-
resistance curves. The study provides a body of results which
enables establishing accurate relationships between J and CTOD
for use in testing protocols for toughness measurements.

J AND CTOD EVALUATION PROCEDURE

J Estimation Procedure Based on Plastic Work
Evaluation of the J-integral from laboratory measurements of
load-displacement records is most often accomplished by con-
sidering the elastic and plastic contributions to the strain energy
for a cracked body under Mode I deformation [2] as follows

J = Je + Jp (1)

where the elastic component, Je, is given by the standard form

Je =
K2

I
E ′

(2)

in which KI is the (Mode I) elastic stress intensity factor and
E ′ = E or E ′ = E/(1− ν2) whether plane stress or plane strain
conditions are assumed with E representing the (longitudinal)
elastic modulus. Here, solutions for the elastic stress inten-
sity factor, KI , for a SE(B) specimen are given by Tada et al.
[16] whereas Cravero and Ruggieri [17] provide wide range KI-
solutions for pin-loaded and clamped SE(T) specimens.

The plastic component, Jp, is conveniently evaluated from
the plastic area under the load-CMOD curve as

Jp =
ηJAp

bB
(3)

where Ap is the plastic area under the load-CMOD curve and fac-
tor ηJ represents a nondimensional parameter which describes
the effect of plastic strain energy on the applied J. The previous
definition for Jp derives from the assumption of nonlinear elas-
tic material response thereby providing a deformation plasticity
quantity. Figure 1 schematically illustrates the procedure to de-
termine the plastic area to calculate J from typical load-CMOD
records in which the crack mouth opening displacement is often
also denoted as V .

CTOD Evaluation Procedure
The previous framework also applies when the CTOD is adopted
to characterize the crack-tip driving force. Following the earlier
analysis for the J-integral and using the connection between J
and the crack-tip opening displacement (δ ) [18, 19] given by

δ =
J

mσys
(4)

in which m is a dimensionless constant, a formally similar ex-
pression to Eq. (1) is employed to yield

δ = δe +δp (5)

where the elastic component, δe, is given by

δe =
K2

I
mSSY σysE ′

(6)
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and the plastic component, δp, is expressed as

δp =
ηδ Ap

bBσys
(7)

where factor ηδ now represents a nondimensional parameter
which describes the effect of plastic strain energy on the applied
CTOD. In the above expressions, mSSY is a plastic constraint fac-
tor relating J and CTOD under small scale yielding [2], σys de-
notes the material’s yield stress and parameter m represents a
proportionality coefficient often used to relate the total value of
J to the total value of CTOD which strongly depends on the ma-
terial strain hardening [18, 19].

Figure 1: Plastic area under the load-displacement (CMOD)
curve for a fracture specimen.

NUMERICAL PROCEDURES

Finite Element Models for Stationary Crack Analyses
Nonlinear finite element analyses are described for plane-strain
models of bend and tension loaded crack configurations covering
1-T plane-sided SE(B) and SE(T) fracture specimens with fixed
overall geometry having thickness B =25.4 mm and varying
crack sizes. The analysis matrix includes standard SE(B) spec-
imens (S/W = 4) and clamped SE(T) specimens (H/W = 10)
with W/B= 2 having a/W = 0.10 to 0.7 with increments of 0.05.
Here, a is the crack size, W is the specimen width, S defines
the specimen span for the bend configuration and H represents
the distance between clamps for the tension specimen. Figure 2
shows the geometry and specimen dimensions for the analyzed
crack configurations. Since the J-CTOD relationship developed
later in the article is strongly dependent on the a/W -ratio (rather
than other absolute specimen dimensions, such as W or B), the
results described in this investigation suffice to characterize the
J-CTOD relationships for SE(B) and clamped SE(T) specimens
having different W or B.

Figure 3 shows the finite element models constructed for
the plane-strain analyses of the clamped SE(T) specimen having
a/W = 0.5 for stationary crack analysis. All other crack models
have very similar features. 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 µm (0.0025 mm) to enhance computation

of J-values at low deformation levels. Previous numerical anal-
yses [17] reveal that such mesh design provides detailed reso-
lution of the near-tip stress-strain fields which is needed for ac-
curate numerical evaluation of J-values. Symmetry conditions
permit modeling of only one-half of the specimen with appro-
priate constraints imposed on the remaining ligament. A typical
half-symmetric model has one thickness layer of 1300 8-node,
3D elements (∼2800 nodes) with plane-strain constraints (w= 0)
imposed on each node. These finite element models are loaded
by displacement increments imposed on the loading points to en-
hance numerical convergence.

Figure 2: Specimen geometries and dimensions for analyzed
crack configurations.

Figure 3: Plane-strain finite element model for the clamped
SE(T) specimen with a/W = 0.5.
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Numerical Models Including Ductile Tearing
Xia and Shih (X&S) [20] proposed an engineering approach
based upon damage mechanics to predict R-curves for cracked
configurations under ductile regime. Material separation occurs
through a local fracture mechanism described by the microme-
chanics parameters D, which defines the thickness of the com-
putational cell layer on which Mode I growth evolves and the
initial cell porosity, f0, which roughly represents the actual met-
allurgical features of the material. Progressive void growth and
subsequent macroscopic material softening in each cell are de-
scribed by a constitutive model for dilatant plasticity given by
Progressive void growth and subsequent macroscopic material
softening in each cell are described with the Gurson-Tvergaard
(GT) constitutive model for dilatant plasticity [21, 22] given by(

σe

σ̄

)2
+2q1 f cosh

(
3q2σm

2σ̄

)
−
(
1−q3 f 2)= 0 (8)

where σe denotes the effective Mises (macroscopic) stress, σm
is the mean (macroscopic) stress, σ̄ is the current flow stress
of the cell matrix material and f defines the current void frac-
tion. Here, factors q1, q2 and q3 = q2

1 are material constants. Us-
ing an experimental J−∆a curve obtained from a conventional,
deeply cracked SE(B) or C(T) specimen, a series of finite el-
ement analyses of the specimen is conducted to calibrate values
for the cell parameters D and f0 which bring the predicted J−∆a
curve into agreement with experiments as described later in the
article. Readers are referred to the works of Xia and Shih [20],
Ruggieri and Dodds (R&D) [23] and Gullerud et al. [24] for
further details.

Figure 4: Computational cell model for ductile tearing.

To simulate ductile crack extension using the GT model, the
planar meshes (2-D) for the SE(T) and SE(B) fracture speci-
mens are similar to the plane-strain finite element models for sta-
tionary crack analyses described previously but contains a row
of 60 computational cells along the remaining crack ligament
(W − a) as depicted in Fig. 4. Experience with past finite ele-
ment analyses of fracture specimens to estimate the cell size for
common structural and pressure vessel steels suggests values of
50∼ 200 µm for D [23, 24, 25]. Here, the cell size is adopted as
D/2 = 100 µm. This size provides an approximate correlation of
spacing between the large inclusions and the crack tip opening
displacement (CTOD) at the onset of macroscopic crack growth
in conventional fracture specimens for common pressure vessel
steels while, at the same time, providing adequate resolution of
the stress-strain fields in the active layer and in the adjacent back-
ground material.

Calibration of the initial material porosity (void fraction), f0,
for the GT material requires a crack growth analysis to match R-
curves obtained from testing of high constraint, deeply cracked
specimens. Hippert [26] tested 1-T compact tension C(T) spec-
imens (B = 25.4 mm) with a/W = 0.65 and 20% side-grooves
(10% each side) to measure ductile tearing properties for the
API X70 pipeline steel utilized in this study. The finite element
mesh for the growth analysis of the deeply-cracked C(T) speci-
men contains a row of 120 computational cells along the remain-
ing crack ligament (W − a) with fixed size of D/2×D/2 (see
Fig. 4). The initially blunted crack tip accommodates the in-
tense plastic deformation and initiation of stable crack growth
in the early part of ductile tearing. Symmetry conditions per-
mit modeling of only one-half of the specimen with appropri-
ate constraints imposed on the remaining ligament. This half-
symmetric, plane-strain model has one thickness layer of 1611
8-node, 3D elements (3522 nodes) with plane-strain constraints
(w = 0) imposed on each node and displacement increments im-
posed on the loading point which permits continuation of the
analyses once the load decreases during crack growth.

Material Models and Finite Element Procedures
The elastic-plastic constitutive model employed in the station-
ary crack analyses reported here follows a flow theory with con-
ventional Mises plasticity in small geometry change (SGC) set-
ting. The numerical solutions for fracture specimens and cracked
pipes utilize a simple power-hardening model to characterize the
uniaxial true stress (σ̄ ) vs. logarithmic strain (ε̄) in the form

ε̄

ε0
=

σ̄

σ0
, ε ≤ ε0 ;

ε̄

ε0
=

(
σ̄

σ0

)n

, ε > ε0 (9)

where σ0 and ε0 are the reference (yield) stress and strain, and
n is the strain hardening exponent. The finite element analy-
ses consider material flow properties covering typical structural,
pressure vessel and pipeline grade steels with E =206 GPa and
ν =0.3: n= 5 and E/σys =800 (high hardening material), n= 10
and E/σys =500 (moderate hardening material) and n = 20 and
E/σys =300 (low hardening material).

For the crack growth analyses, the mechanical and flow prop-
erties for the API 5L X70 pipeline grade steel tested by Hippert
[26] are employed to generate the required numerical solutions in
large geometry change (LGC) setting. The material has 484 MPa
yield stress (σys) and 590 MPa tensile strength (σuts) at room
temperature (20◦C) with relatively moderate-to-low hardening
properties (σuts/σys ≈ 1.22). Additional material properties in-
clude Young’s modulus E =205 GPa and Poisson’s ratio ν =0.3.
Based on Annex F of API 579 [27], the Ramberg-Osgood strain
hardening exponents describing the stress-strain response for the
tested API 5L X70 pipeline grade steel is estimated as n = 13.3
Further, to describe the evolution of void growth and associ-
ated macroscopic material softening in the computational cells,
the GT constitutive model given by Eq. (8) is adopted. The
background material outside of the computational cells follows
a flow theory with the Mises plastic potential obtained by set-
ting f ≡ 0 in Eq. (8). The uniaxial true stress-logarithmic strain
response for both the background and cell matrix materials fol-
lows a piecewise linear approximation to the measured tensile
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response for the material at room temperature given in Hippert
[26]. Here, we note that, because the cell parameters are cali-
brated against experimentally measured crack growth resistance
curves for the API X70 pipeline steel as described next, use of
the piecewise linear approximation to the measured tensile re-
sponse for the tested material provides more accurate computed
R-curves. Further, the two adjustment factors in the Gurson yield
condition given by Eq. (8) are taken from the work of Faleskog
and Shih [28] as q1 = 1.43 and q2 = 0.97.

The finite element code WARP3D [29] provides the numer-
ical solutions for the plane-strain and 3-D simulations reported
here including stationary and crack growth analyses implement-
ing the cell model. The research code FRACTUS2D [30] is em-
ployed to compute factor ηδ for the SE(B) and clamped SE(T)
specimens, and the J−CTOD relationships derived from station-
ary and growing analyses for the analyzed fracture specimens.

Evaluation of the numerical value of CTOD follows the 90o

procedure [2] to the deformed crack flanks. To avoid potential
problems with the CTOD computation related to the severe mesh
deformation at the crack tip, the approach adopted here defines
the value of half the crack tip opening displacement as the in-
tercept between a straight line at 45o from the crack tip and a
straight line passing through selected nodes at the crack flank as
illustrated in Fig. 5(a-b). The straight line defined by the de-
formed crack flank nodes is obtained by a linear regression of
the corresponding nodal displacements. A similar procedure is
also used to measure δ during ductile crack growth. While the
crack tip remains sharp for a growing crack, the present approach
enables measuring the CTOD based on a similar intercept proce-
dure as illustrated in Fig. 5(c) in which the intercept between
a straight line at 45o from the original crack tip and a straight
line passing through selected nodes at the crack flank defines the
current value of CTOD. A similar procedure to measure CTOD
during ductile crack growth has also been previously adopted by
Verstraete [31] and Hellmann and Schwalbe [32]. Others def-
initions of CTOD during ductile crack growth can be found in
Andrews [33].

The present definition for the CTOD makes strong contact
with commonly utilized procedures in stationary crack analyses
and it is thus highly effective in describing the macroscopic level
of crack-tip deformation in terms of crack opening. A some-
what different picture emerges for the growing crack analysis as
the CTOD-value is now more dependent on the methodology to
define the crack opening with the extending crack. For small
crack extensions, the adopted procedure appears adequate to de-
fine a growing CTOD whereas it cannot model properly the crack
opening for large amounts of ductile tearing. Currently, we con-
sider the correct definition of CTOD for a growing crack an open
issue. An investigation along this line is in progress to provide
improved J-CTOD relationships based on more accurate and re-
alistic definitions for the CTOD.

Calibration of Cell Parameters
Numerical simulation of ductile tearing in the fracture specimens
described here begins with calibration of the cell parameters, f0
and D, for the pipeline steel employed in this study. The cell

size D and initial porosity f0 define the key parameters cou-
pling the physical and computational models for ductile tearing.
The measured resistance curve for a deeply cracked C(T) speci-
men (a/W = 0.65) tested by Hippert [26] (see also Hippert and
Ruggieri [34]) using the unloading compliance technique is em-
ployed to calibrate these parameters. Within the present context,
a series of finite element analyses is conducted to calibrate the
cell parameters which establish agreement between the predicted
J−∆a curve and experiments for a high constraint fracture spec-
imen.

Figure 6 displays the measured crack growth resistance curve
(average of two tests) in the TL orientation (described by the
solid symbols in the plot) for the tested pipeline steel at room
temperature. This fracture data was obtained using conventional
1-T C(T) specimens having the following dimensions: gross
thickness, B = 25 mm, net thickness, Bn = 20 mm (20% side
groove), width, W = 50 mm, a = 32.5 mm (a/W = 0.65). Hip-
pert and Ruggieri [34] provide additional details of the material
properties, including metallurgical characterization, and the frac-
tures tests.

Figure 5: a) Definition of CTOD based on the 90o intercept pro-
cedure; b) Adopted numerical strategy to evaluate the CTOD for
the stationary crack; c) Adopted numerical strategy to evaluate
the CTOD for the growing crack.

As described earlier, we specify the cell size D/2 = 100 µm
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for the API X70 material employed in this study. Hence, with
parameter D fixed, the calibration process then focuses on de-
termining 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 also shows
the 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 f0 = 0.0005, the predicted
R-curve agrees well with the measured values for almost the en-
tire range of growth, albeit lying a little above the measured data
for ∆a ≤ 1 mm in the blunting line region. In contrast, the use
of f0 = 0.001 produces a much lower resistance curve relative
to the measured data. Consequently, the initial volume fraction
f0 = 0.0005 is thus taken as the calibrated value for the API 5L-
X70 steel used subsequently in this study.

Figure 6: Comparison of measured and predicted R-curve with
different f0-values for side-grooved 1-T C(T) specimen of API
5L-X70 at room temperature.

RESULTS

Plane-Strain η-Factors to Evaluate CTOD

Figures 7 and 8 provide the ηδ -factors to determine the CTOD
for the SE(B) and clamped SE(T) specimens with varying a/W -
ratios and strain hardening exponents derived from the plane-
strain analyses previously described. Here, the ηδ -values depend
rather strongly on the hardening exponent, n. This feature can
be simply explained in terms of the relationship between J and
CTOD given by previous Eq. (4) coupled with definition of fac-
tor ηδ described by Eq. (7). Because the material’s yield stress,
which enters directly into Eq. (4), is dependent on the adopted
strain hardening exponent (as previously defined), the ηδ -values
are also sensitive to the hardening properties.

Figure 7: Variation of factor ηδ with a/W -ratio and strain hard-
ening exponent, n, for the analyzed SE(B) specimens.

To provide a simpler manipulation of the previous results
aiming at developing testing practices and using the plots dis-
played in Figs. 7 and 8 for guidance, a functional dependence
of factor ηδ with crack size, a/W , and hardening exponent, n, is
constructed in the form

ηδ = g1(a/W )+g2(n) (10)

where

gSEB
1 = 0.833−0.544(a/W )−3.095(a/W )2 +2.647(a/W )3

(11)

gSEB
2 = 0.162n−0.004n2 (12)

and

gSET
1 =−0.046+1.04(a/W )−3.15(a/W )2 +2.009(a/W )3

(13)

gSET
2 = 0.072n−0.002n2 (14)

where it is understood that a multivariate polynomial fitting is
adopted to describe the coupled dependence of factor ηδ on the
a/W -ratio and hardening exponent. The above expressions are
valid in the range 0.2≤ a/W ≤ 0.7 and 5≤ n≤ 20.
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Figure 8: Variation of factor ηδ with a/W -ratio and strain hard-
ening exponent, n, for the analyzed clamped SE(T) specimens.

J-CTOD Relationship in Stationary Cracks

Figures 9-10 provide the variation of the J-integral with CTOD
for the SE(B) and clamped SE(T) fracture specimens with dif-
ferent a/W -ratios and the moderate strain hardening material
(n = 10). The trends and results described here are essentially
similar for other strain hardening materials; to conserve space,
these results are not shown here.

Consider first the J-CTOD relationship for the SE(B) geom-
etry displayed in Fig. 9(a). It can be seen that the J -CTOD
relationship is relatively sensitive to a/W -ratio with increased
levels of loading as measured by increased values of J. Figure
9(b) shows the evolution of parameter m with increased J for the
analyzed SE(B) specimens. Here, the m-values display a strong
variation at small levels of loading (as characterized by small
J-values); such behavior derives directly from a strong nonlin-
ear relationship between J and CTOD early in the loading of the
specimen. After this transitional behavior, the m-values increase
slowly with increased J and attain a constant value, albeit slightly
dependent on the a/W -ratio, for larger levels of loading. Con-
sider next the J-CTOD relationship for the clamped SE(T) spec-
imen displayed in Fig. 10(a). In contrast to the previous results,
observe that the J-CTOD relationship for the clamped SE(T) ge-
ometry is essentially independent of the a/W -ratio. As a conse-
quence, after a transitional behavior at early stages of loading,
parameter m for this crack configuration attains a constant value
of ∼ 1.65 for the entire range of a/W -ratio.

Figure 9: J-CTOD relationship for the SE(B) specimen with
varying a/W -ratio and n = 10 material derived from stationary
crack analysis.

Figures 11 and 12 provide the m-values to determine the
CTOD for the SE(B) and clamped SE(T) specimens with vary-
ing a/W -ratios and strain hardening exponents derived from the
plane-strain analyses previously described. To provide a sim-
pler manipulation of the results displayed in Figs. 11 and 12, a
functional dependence of parameter m with crack size, a/W , and
hardening exponent, n, is obtained in the form

m = h1(a/W )+h2(n) (15)

where

hSEB
1 =−0.194+1.077(a/W )−0.238(a/W )2 (16)

hSEB
2 = 14.391n−1 +0.036n (17)
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Figure 10: J-CTOD relationship for the clamped SE(T) speci-
men with varying a/W -ratio and n = 10 material derived from
stationary crack analysis.

Figure 11: Variation of parameter m with a/W -ratio and strain
hardening exponent, n, for the analyzed SE(B) specimens.

and

hSET
1 = 0.243−0.519(a/W )+0.742(a/W )2 (18)

hSET
2 = 11.545n−1 +0.029n (19)

where it is understood that a multivariate polynomial fitting is
adopted to describe the coupled dependence of factor ηδ on the
a/W -ratio and hardening exponent. The above expressions are
valid in the range 0.2≤ a/W ≤ 0.7 and 5≤ n≤ 20.

Figure 12: Variation of parameter m with a/W -ratio and strain
hardening exponent, n, for the analyzed SE(T) specimens.

To facilitate comparisons with previous reported results for
J-CTOD relationships in clamped SE(T) specimens, Fig. 10 also
includes the m-values derived from previous Eq. (15) for this
crack configuration with a/W = 0.2 and 0.5 using the strain hard-
ening exponent of n = 13.3 for the API X70 material employed
in the numerical analyses. Figure 10 displays m-values derived
from 3-D analyses of clamped SE(T) specimens performed by
Shen and Tyson (S&T) [35]. It can be seen an overall good agree-
ment between the presents results and the reported m-values from
Shen and Tyson (S&T) [35].

J-CTOD Relationship in Growing Cracks

We now direct attention to the evolution of CTOD with J with
increased amounts of ductile tearing, ∆a, for the analyzed crack
configurations. The extensive finite element analyses of SE(B)
and SE(T) fracture specimens that include the effects of crack
growth provide a basis to compare the J-CTOD relationship in
growing cracks with the variation of J with CTOD for station-
ary cracks. Here, we adopt the API 5L X70 pipeline grade steel
tested by Hippert [26] and described previously to compute crack
growth resistance curves for these specimens which in turn serve
to determine the CTOD for the advancing crack.

8 Copyright © 2014 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



Figure 13: J-CTOD relationship for the SE(B) specimen with
varying a/W -ratio and API X70 material derived from the crack
growth analysis.

Figures 13-14 provide the variation of the J-integral with
CTOD for the SE(B) and clamped SE(T) fracture specimens with
different a/W -ratios derived from the crack growth analyses. To
facilitate comparisons with the stationary crack results, Fig. 14
also includes the m-values derived from previous Eq. (15) for
the SE(T) crack configuration with a/W = 0.2 and 0.5 using the
strain hardening exponent of n = 13.3 for the API X70 material
employed in the numerical analyses. The crack growth results
clearly reveal a rather weak effect of ductile tearing on the J-
CTOD relationships and, consequently, on the evolution of pa-
rameter m with increased J for the analyzed fracture specimens.
In particular, the m-values derived from a stationary crack analy-
sis for the clamped SE(T) specimen are in very close agreement
with the corresponding values derived from the growth analysis.

Figure 14: J-CTOD relationship for the clamped SE(T) speci-
men with varying a/W -ratio and API X70 material derived from
the crack growth analysis.

CONCLUDING REMARKS

The extensive set of nonlinear finite element analyses for de-
tailed plane-strain models of SE(B) and clamped SE(T) fracture
specimens with varying crack sizes and straing hardening prop-
erties described here provide the basis to determine accurate re-
lationships between J and CTOD for use in testing protocols for
toughness measurements. These analyses include stationary and
crack growth plane-strain results to determine J and CTOD for
SE(B) and clamped SE(T) cracked configurations based on load-
displacement records. The results described here clearly reveal
a rather weak effect of ductile tearing on the J-CTOD relation-
ships and, consequently, on the evolution of parameter m with
increased J for the analyzed fracture specimens. Current proce-
dures to determine CTOD-values from first evaluating the plastic
component of J using the plastic work defined by the area under
the load vs. CMOD curve and then converting it into the corre-
sponding value of plastic CTOD provide accurate measurements
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of crack growth response in terms of CTOD−R curves.
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