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Abstract This work presents an experimental inves-
tigation of the ductile tearing properties for the girth
weld of a typicalC–Mnpipe internally cladwithASTM
UNS N06625 Alloy 625 using measured crack growth
resistance curves (J−�a and CTOD−�a curves).
Here, the material of the external pipe is a typical API
5L Grade X65 pipeline steel whereas the inner clad
layer is made of a nickel–chromium corrosion resistant
alloy steel. Testing of the girth weld employed side-
grooved, clamped SE(T) specimens with a weld cen-
terline notch to determine the crack growth resistance
curves based upon the unloading compliance method
using a single specimen technique. This experimen-
tal characterization provides additional toughness data
which serve to evaluate the effectiveness of current pro-
cedures in determining accurate experimentally mea-
sured R-curves for this class of material, including the
effects of weld strength mismatch.
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1 Introduction

The increasingdemand for energy andnatural resources
has spurred a flurry of exploration and production of oil
and natural gas inmore hostile environments, including
very deep water offshore hydrocarbon reservoirs. One
of the key challenges facing the oil and gas industry is
the assurance of more reliable and fail-safe operations
of the infrastructure for production and transportation.
Currently, structural integrity of submarine risers and
flowlines conducting corrosive and aggressive hydro-
carbons represents a key factor in operational safety
of subsea pipelines. Advances in existing technolo-
gies favor the use of C–Mn steel pipelines either clad
or mechanically lined with corrosion resistant alloys
(CRA), such asASTMUNSN06625Alloy 625 (Amer-
ican Society for Testing and Materials 2009, 2011a),
for the transport of corrosive fluids. Accurate measure-
ments of fracture resistance properties, including crack
growth resistance curves of the girth weld material,
become essential in defect assessment procedures of
the weldment region and the heat affected zone, where
undetected crack-like defects (such as lack of pene-
tration, deep undercuts, root cracks, etc.) may further
extend due to to the high tension stresses and strains.
However, while cost effective, fracture assessments of
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girth welds in lined pipes become more complex due
to the dissimilar nature of these materials.

Fracture mechanics based approaches to describe
ductile fracture behavior in structural components,
including welded structures, rely strongly on crack
growth resistance (J−�a or, equivalently,CTOD−�a)
curves (also termed R-curves), to describe crack exten-
sion followed by crack instability of the material
(Hutchinson 1983; Anderson 2005); here, either the J -
integral or the crack-tip opening displacement (CTOD
or δ) describe the intensity of near-tip deformation
(Hutchinson 1983; Anderson 2005) and �a is the
amount of crack growth. These approaches allow the
specification of critical crack sizes based on the pre-
dicted growth of crack-like defects under service condi-
tions. Current defect assessment methodologies appli-
cable to marine risers and submarine pipelines (see,
e.g., DNV OS-F101 Det Norske Veritas 2013) advo-
cate the use of single edge notch tension specimens
(often termed SE(T) or SENT crack configurations)
to measure experimental R-curves to characterize the
increase in toughness of pipeline girth welds during
ductile crack growth. The primary motivation to use
SE(T) fracture specimens in defect assessment pro-
cedures for this category of structural components
is the strong similarity in crack-tip stress and strain
fields which drive the fracture process for both crack
configurations (Nyhus et al. 2003; Cravero and Rug-
gieri 2005; Silva et al. 2006; Shen et al. 2008). How-
ever, while now utilized effectively in fracture test-
ing of pipeline girth welds with limited overmatch,
strongmismatch between theweldmetal and base plate
strength potentially affects the macroscopic mechan-
ical behavior of the specimen in terms of its load–
displacement response with a potentially strong impact
on the crack growth resistance curve. Moreover, with
the increased use of higher strength pipeline steels,
unintended weld strength undermatching emerges as
a likely possibility which thus raises strong concerns
in integrity assessments of field girth welds produced
in lined pipes having circumferential flaws.

Much recent research has focused on the develop-
ment of standardized procedures for crack growth resis-
tance testing using SE(T) fracture specimens. Essen-
tially all these efforts adopt primarily the unloading
compliancemethod based upon testing of a single spec-
imen. Implementation of the method essentially fol-
lows conventional procedures to determine the instan-
taneous value of the specimen compliance at partial

unloading during the measurement of the load versus
displacement curve thereby enabling accurate estima-
tions of J (or δ) and�a at several locations on the load–
displacement records from which the J−R and δ−R
curves can be developed. While the methodology sim-
ply broadens the current framework for fracture testing
of three-point bend and compact tension specimens,
such as ASTM E1820 (American Society for Testing
and Materials 2011b), there is not much consensus on
specific requirements to obtain J -integral and CTOD
parameters, as well as the amount of crack extension,
including the estimation procedure for toughness val-
ues and compliance equations. Since the evaluation
of all fracture toughness quantities represents a key
step in accurate laboratory measurements of fracture
resistance curves, differences in J and CTOD estima-
tion equations or different compliance equations affect
the experimentally measured crack growth resistance
behavior thereby complicating the definition of mean-
ingful toughness data. This picture is further compli-
cated by the potential effect of the clad layer (which is
an integral part of the SE(T) specimen extracted from
girth weld clad pipes) on the mechanical response of
the fracture specimen thereby affecting the amount of
crack extension with increased macroscopic loading,
as characterized by J or CTOD.

This work presents an exploratory investigation of
the ductile tearing properties for the girth weld of a typ-
ical C–Mnpipe internally cladwith a nickel–chromium
corrosion resistant alloy (CRA) using experimentally
measured crack growth resistance curves (J − �a
curves). Here, the material of the external pipe is a typ-
ical API 5L Grade X65 pipeline steel with a high yield
stress of 620 MPa and relatively low hardening prop-
erties whereas the inner clad layer is made of ASTM
UNS N06625 Alloy 625 with yield stress of 462 MPa
and high hardening. The high mechanical strength and
superior resistance to a wide range of corrosive envi-
ronments of unusual severity for this material derive
from the combination of the nickel–chromium matrix
with other microalloying elements such as molyb-
denum and niobium. Testing of the pipeline girth
weld employed side-grooved, clamped SE(T) speci-
mens with a weld centerline notch to determine the
crack growth resistance curves based upon the unload-
ing compliance (UC) method using a single specimen
technique and load–displacement records. The resis-
tance curves are first determined on the basis of the pro-
cedure developed byCravero andRuggieri (2007a) and
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Mathias et al. (2013) to evaluate crack growth resis-
tance data using estimation equations for J and �a
based on plane-strain conditions. The analyses then
consider evaluation of J -resistance data from newly
developed results to estimate J and �a from 3-D
finite element computations of weld centerline notched
SE(T) specimens incorporating the clad layer and the
experimental stress–strain response of the weldment.
Finally, we compare the crack growth resistance curves
defined in terms of δ−�a data for which the CTOD is
determined on the basis of J–CTOD relationships and
the double clip gage (DCG) technique. These results
are further compared with crack growth resistance data
derived from a digital image correlation (DIC) method
tomeasure the CTODdirectly from the deformed crack
flank for the extending crack. This exploratory experi-
mental characterization provides additional toughness
datawhich serve to evaluate the effectiveness of current
procedures in determining experimentallymeasured R-
curves for this class of material.

2 Fracture resistance test procedure

Conventional testingprograms tomeasure crackgrowth
resistance curves in ductile materials routinely employ
an unloading compliance (hereafter denoted UC) tech-
nique using a single specimen. Implementation of
the method essentially follows from determining the
instantaneous value of the specimen compliance at par-
tial unloading during the measurement of load versus
displacement data in which the experimental value of J
derives from the plastic contribution to the strain energy
for the cracked specimen (Anderson 2005; Kanninen
and Popelar 1985; Ruggieri 2012). This section briefly
describes the analytical relationships to determine frac-
ture resistance curves for SE(T) specimens using the
unloading compliance technique and the η-method.
Only salient features of the estimation procedure for
J (or CTOD) and �a are discussed here. Readers are
referred to the works of Joyce et al. (1993), Cravero
andRuggieri (2007a, b), Ruggieri (2012),Mathias et al.
(2013) and Zhu and McGaughy (2014) for details.

2.1 Experimental evaluation of the J -integral

A widely used approach (which forms the basis of cur-
rent standards such as ASTME1820 American Society
for Testing and Materials 2011b) to evaluate J with

crack extension follows from an incremental proce-
durewhich updates J e and J p at each partial unloading
point, denoted k, during the measurement of the load
versus displacement curve and described in the form

J k = J ke + J kp (1)

where the current elastic term is simply given by

J ke =
(
K 2

I

E ′

)
k

. (2)

Here, K I is the elastic stress intensity factor for
the cracked configuration with plane-strain conditions
adopted such that E ′ = E/(1− ν2) where E and ν are
the (longitudinal) elastic modulus and Poisson’s ratio,
respectively

The plastic term, J kp , can be evaluated by an incre-
mental formulation in terms of crack mouth opening
displacement (CMOD) proposed by Cravero and Rug-
gieri (2007b) and Zhu et al. (2008) in the form

J kp =
[
J k−1
p + ηk−1

J−CMOD

bk−1BN

(
Ak
p − Ak−1

p

)]
· Γk (3)

with Γk defined by

Γk =
[
1 − γ k−1

LLD

bk−1
(ak − ak−1)

]
(4)

where factor γLLD is evaluated from

γLLD

=
[
−1+ηk−1

J−LLD−
(

bk−1

Wηk−1
J−LLD

dηk−1
J−LLD

d(a/W )

)]
. (5)

In the above, Ap is the plastic area under the load–
displacement curve, BN is the net specimen thickness
at the side groove roots, b is the uncracked ligament
(b = W − a whereW is the width of the specimen and
a is the crack length) and factor η represents a nondi-
mensional parameter which relates the plastic contri-
bution to the strain energy for the cracked body and J .
See Cravero and Ruggieri (2007b) and Mathias et al.
(2013) for further details.

The incremental expressions for Jp defined by Eqs.
(3)–(5) contain two contributions: one is from the plas-
tic work in terms of CMOD and, hence, ηJ−CMOD
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and the other is due to crack growth correction in terms
of LLD by means of ηJ−LLD . While the resulting J -
estimation procedure based on CMOD may appear a
little more complex, evaluation of the above expres-
sions is also relatively straightforward provided the
two geometric factors, ηJ−CMOD and ηJ−LLD , are
known.Here, we followMathias et al. (2013) and adopt
plane-strain expressions for the η-factors applicable to
clamped SE(T) specimens with clamped distance, H ,
over specimen with ratio, H/W = 10, as

ηJ−CMOD = 1.067 − 1.767
a

W
+ 7.808

( a

W

)2
− 18.269

( a

W

)3+15.295
( a

W

)4 − 3.083
( a

W

)5
(6)

ηJ−LLD = −0.623 + 9.336
a

W
− 4.584

( a

W

)2
− 47.963

( a

W

)3+87.697
( a

W

)4 − 44.875
( a

W

)5
(7)

2.2 Estimation of crack extension

The estimation of crack length based on the unloading
compliance (UC) technique is a key step in the test-
ing protocol to measure the crack growth resistance
response using a single-specimen test. The slope of
the load–displacement curve during the kth unloading
defines the current specimen compliance, denoted Ck

(C = V/P , where V is the CMOD and P represents
the applied load), which depends on specimen geom-
etry and crack length. For SE(T) crack configurations,
the normalized specimen compliance based on CMOD
is defined as

μ =
[
1 + √

E ′BeCCMOD

]−1
(8)

and Be is the effective thickness defined by

Be = B − (B − BN )2

B
. (9)

In the above expression defining the normalized com-
pliance, E ′ = E/(1 − ν2) or E ′ = E whether
plane-strain or plane-stress conditions are assumed. In
the remaining of this article, we follow Cravero and
Ruggieri (2007a) and adopt plane-strain conditions to
define μ in previous Eq. (8)—note that ASTM E1820

(American Society for Testing and Materials 2015)
adopts plane-stress rather than plane-strain to define
μ for conventional fracture specimens.

The current crack length follows directly from mea-
suring the instantaneous compliance during unload-
ing of the specimen once the functional dependence
of crack length and specimen compliance is available.
For the clamped SE(T) specimenwith H/W = 10 ana-
lyzed here, Cravero and Ruggieri (2007a) provide the
relationship between a/W and μ as

a/W = 1.6485 − 9.1005μ + 33.025μ2 − 78.467μ3

+ 97.344μ4 − 47.227μ5 (10)

which is valid in the range 0.1 ≤ a/W ≤ 0.7.

2.3 CTOD evaluation procedure

The previous framework also applies when the CTOD
is adopted to characterize the crack-tip driving force. 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 well the crack growth resistance
behavior for the tested material (Hutchinson 1983;
Anderson 2005). Here, we follow the work of Sar-
zosa et al. (2015) and adopt an evaluation procedure
for the crack tip opening displacement (CTOD) derived
directly from experimentally measured records of load
versus crack mouth opening displacement (CMOD).
The methodology essentially determines the CTOD
value from first evaluating the plastic component of J
using the plasticwork defined by the area under the load
versus CMOD curve and then converting it into the cor-
responding 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
release rate definition of J for a cracked body yielding
the expression (Anderson 2005; Sarzosa et al. 2015;
Kirk and Dodds 1993; Kirk and Wang 1995; Zhu and
Joyce 2012)

δ = J

mσ0
(11)

in which m represents a proportionality coefficient
strongly dependent on thematerial strain hardening but
weakly sensitive to crack size as characterized by the
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(a) (b)

Fig. 1 Double clip-gage method to estimate the CTOD using measurements of crack opening displacements (COD) at two different
points

a/W -ratio. In the above, σ0 defines a reference stress
value, usually taken as the material yield stress, σys , or
the flow stress, σ f , defined by σ f = (σuts + σys)/2 in
which σuts denotes the tensile strength. The choice of
σ0 has little effect on the absolute value of the CTOD
provided a consistent m-value is used in the evaluation
procedure. A number of studies utilize σys (Shih 1981;
Kudari and Kodancha 2008; Huang and Zhou 2014)
whereas other works (Kirk and Dodds 1993; Kirk and
Wang 1995), including ASTME1820 (American Soci-
ety for Testing andMaterials 2011b), adopt σ f to make
the results less sensitive to the actual strain hardening
behavior of the material.

For plane-strain conditions and using a simple
power-hardening model to characterize the uniaxial
true stress (σ̄ ) versus logarithmic strain (ε̄) in the form

ε̄

εys
= σ̄

σys
, ε ≤ εys ; ε̄

εys
=

(
σ̄

σys

)n

, ε > εys (12)

where σys and εys are the yield stress and strain, and n
is the strain hardening exponent, Sarzosa and Ruggieri
(2014) arrived at a functional dependence of parameter
m with crack size, a/W , and hardening exponent, n, in
the form

m = 1.147 − 0.420(a/W ) + 0.672(a/W )2

+ 2.859n−1 − 0.002n (13)

which is valid in the range 0.2 ≤ a/W ≤ 0.7,
5 ≤ n ≤ 20. Here, we note that the above expression
derives from taking σ f as σ0 in previous Eq. (11) and
rearranging the formula given in Sarzosa and Ruggieri
(2014).

To provide a simpler extension of the plastic hinge
concept applicable to broader crack configurations, a
double clip-gage arrangement can also be used as an
alternative method to estimate the CTOD from ade-
quate measurements of crack opening displacements
(COD) at two different points. Figure 1a, b schemati-
cally illustrates the essential features of the procedure
in which a pair of knife edges is attached on each side
of the notch close to the notch mouth to allow the use
of two clip-gages to measure the displacement at these
knife edge positions—such double clip-gage (DCG)
fixture is currently recommended by recent test proce-
dures to evaluate resistance curves using SE(T) speci-
mens (Upstream ExxonMobil 2010; British Institution
2014; Pussegoda et al. 2014). With the method illus-
trated in Fig. 1, a simple geometrical approach then
enables defining theCTOD (δ) in terms of the twomea-
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sured COD-values. Here, the double clip-gage arrange-
ment shown in Fig. 1 deserves attention since the DCG
mounting fixture is typically installed at a distance x0
from the notch flank as shown in Fig. 1b; only when
x0 = 0 can the DCG fixture be considered aligned
with the specimen machined notch and the fatigue pre-
crack. This practice results in an apparent offset of the
crack flank thereby potentially increasing themeasured
CTOD,here denoted as δ̃ in thefigure. The specification
of x0 in the test protocol introduces an explicit dimen-
sion in the test procedure and opens the possibility to
correct themeasured CTOD−R curve for different val-
ues of x0. However, this option was not examined in
the present study so that hereafter we refer to δ̃ as δ

for simplicity while, at the same time, enabling direct
comparisons with CTOD−R curves derived from cur-
rent procedures (Upstream ExxonMobil 2010; British
Institution 2014; Pussegoda et al. 2014).

Now, by measuring two COD-values, V1 and V2,
at two locations on a straight line passing through the
crack flank of the specimen and assuming rigid body
rotation, the specimen rotation angle yields

sin θ = V1 − δ

2(z1 + a0)
= V2 − V1

2(z2 − z1)
(14)

from which a geometrical relationship between the
CTOD (δ) and both measured COD-values is obtained
in the form

δ = V1 − z1 + a0
z2 − z1

(V2 − V1) (15)

where z1 and z2 represent the distance of the measur-
ing points for V1 and V2 from the specimen surface as
depicted inFig. 1b.Here,wenote that the crack size,a0,
entering into Eq. (15) represents the initial crack length
not the current crack size measured at the extending tip
as discussed by Sarzosa et al. (2015). Moreover, also
observe that the CTOD is defined here as the crack
opening at the position of the original crack tip such
that, with crack-tip blunting, the position of the origi-
nal crack tip falls slightly behind the current crack tip.

2.4 Rotation correction

The specimen compliance, C , needed to determine the
crack lengthmaynot reflect changes in specimengeom-
etry due to specimen rotation as the test progresses.

Specimen rotation shifts themeasurement points for the
applied load and CMOD with reference to the original
(undeformed) configuration upon which the specimen
compliance, C , is based on. Here, we adopt the fol-
lowing expression to correct the specimen compliance
developed by Shen and Tyson (2009) given by

C̃k = Ck

1 − [0.165(a0/W )(Pk/PY )]
(16)

where C̃k is the specimen compliance at the kth unload-
ing corrected for specimen rotation, a0 is the orig-
inal crack size, W denotes the specimen width and
PY = σ f BN (W − a) defines the limit load of the
clamped SE(T) specimenwith σ f representing the flow
stress as already defined above.

3 Experimental details

3.1 Material description and welding procedure

The material utilized in this study was a girth weld of a
typical API 5L Grade X65 pipe internally clad with
a nickel–chromium corrosion resistant alloy (CRA)
made of ASTM UNS N06625 Alloy 625 (Ameri-
can Society for Testing and Materials 2009, 2011a).
The tested weld joint was made from an 8-inch pipe
(203 mm outer diameter) having overall thickness,
tw = 19 mm, which includes a clad layer thickness,
tc = 3 mm. Girth welding of the pipe was performed
using 100%CO2 gas-shielded FCAWprocess in the 5G
(horizontal) position with a single V-groove configura-
tion in which the root pass was made by TIG welding
in the 2G (vertical) position. Themainweld parameters
used for preparation of the test weld using the FCAW
process are: (1) welding current 200−250A; (2) weld-
ing voltage 27−29 V; (3) average wire feed speed of
11−12m/min. A nickel–chromium filler metal match-
ing the ASTM UNS N06625 Alloy 625 (American
Society for Testing and Materials 2009, 2011a), was
employed to produce the girth weld so that the clad
internal layer and the weld metal have very similar
mechanical properties. Since the girth weld was specif-
ically produced to extract weld centerline notched
SE(T) specimens for evaluation of crack growth resis-
tance properties in nickel–chromium girth welds made
in clad line pipes, no layers of buttering material were
applied at the inside surface and root pass of the weld
joint.
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Table 1 Tensile properties of tested girth weld at room temperature (20 ◦C)measured from subsize specimens with 6mm as per ASTM
E8M (American Society for Testing and Materials 2011c)

Material σys (MPa) σuts (MPa) E (MPa) σys/σuts n

Base plate 620 700 200,150 0.89 18.9

Weld metal 462 627 157,500 0.74 9.7

σys and σuts denote the yield stress and tensile strength

Table 1 provides the mechanical properties of the
base plate material and the weld metal at room tem-
perature (20 ◦C) in which the measured values are
based on standard tensile testing using subsize spec-
imens with 6 mm diameter. The material of the exter-
nal pipe has a high yield stress of 620 MPa and rela-
tively low hardening properties whereas the inner clad
layer has yield stress of 462 MPa and high harden-
ing. Here, we note that the measured yield stress for
the external pipe is slightly higher than the maximum
value of 600 MPa specified by API 5L PSL-2 (Amer-
ican Petroleum Institute 2007b) for grade X65 steel -
observe, however, that the yield stress to tensile strength
ratio is σys/σuts = 0.89, which is below the maxi-
mum specified value of 0.93 for this steel. Based on
Annex F of API 579 (American Petroleum Institute
2007a), the Ramberg–Osgood strain hardening expo-
nents describing the stress–strain response for the base
plate and weld metal are estimated as nBM = 18.9
and nWM = 9.7. The measured tensile properties indi-
cate that the weldment undermatches the base plate
material by ≈25% at room temperature—also observe
a relatively strong mismatch in hardening behavior as
characterized by the large differences in the harden-
ing exponents. Moreover, because of the mismatch in
strain hardening behavior, it can be easily anticipated
that, after some amount of plastic deformation in the
range of ≈2%, the weld metal overmatches the base
plate material.

The elastic properties for the tested materials dis-
played in Table 1 also deserves attention. Specifically,
we note the relatively low elastic modulus defined
by E ≈ 158 GPa for the weld metal compared to
E ≈ 200GPa corresponding to the API 5L Grade X65
pipe material. While still comparable, the weld metal
value is undoubtedly lower than might be expected for
typical elastic properties of an ASTM UNS N06625
Alloy 625. Since the tensile properties, including the
elastic modulus, given in Table 1 actually refer to
the nickel–chromium filler metal matching the ASTM

UNS N06625 Alloy 625 to produce the girth weld,
we argue that dilution of two different materials (i.e.,
ASTM UNS N06625 Alloy 625 and API 5L Grade
X65) may have caused a certain amount of degradation
in the properties of the weldment—as noted before,
no layers of buttering material were used to produce
the girth weld. Unfortunately, the precise source of
this behavior remains unclear at present. However, this
measured value of the elastic modulus for the weld
metal fits adequately into the present crack growth anal-
ysis since the predicted and measured amounts of duc-
tile tearing for the tested specimens fall within a very
acceptable margin as described later.

3.2 Specimen geometry

Unloading compliance (UC) tests at room tempera-
ture were performed on weld centerline notched SE(T)
specimens with fixed-grip loading extracted from the
girth weld of the pipe specimen in the longitudinal
direction as illustrated in Fig. 2a to measure tear-
ing resistance curves in terms of J−�a and CTOD–
�a. The tested SE(T) specimens have a/W = 0.3
and H/W = 10 with thickness B = 16 mm, width
W = 16 mm and clamp distance H = 160 mm as
illustrated in Fig. 2b. Here, a is the crack depth and
W is the specimen width which is slightly smaller than
the pipe thickness, tw . Conducted as part of a collabora-
tive program between the University of São Paulo and
Petrobras, testing of these specimens focused on the
evaluation of crack growth resistance data for nickel–
chromium girth welds made in clad line pipes.

The specimens were pre-cracked in bending using
a three-point bend apparatus very similar to a conven-
tional three-point bend test. After fatigue pre-cracking,
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 Rug-
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(b)

(a)

Fig. 2 Geometry of tested weld centerline notched SE(T) specimens with fixed-grip loading extracted from the girth weld of the pipe
specimen in the longitudinal direction

gieri and Hippert (2015). Records of load versus crack
mouth opening displacements (CMOD) were obtained
for the specimens using a clip gage mounted on knife
edges attached to the specimen surface. The test pro-
gram covered four specimens, one of them instru-
mented with a double clip gage fixture as required for
CMOD measurements at two different points [refer to
Fig. (1) and Ruggieri and Hippert (2015)] for evalua-
tion of the CTOD using the DCG method as described
later in Sect. 5.5.

4 Numerical analysis of 3-D models for weld
centerline notched specimens

The resistance curves reported in the present investiga-
tion derive from plane-strain results for η-factors and
compliance solutions obtained byMathias et al. (2013)
and Cravero and Ruggieri (2007a). These results are
cast in terms of Eqs. (6), (7) and (10), which are essen-
tially applicable to homogeneousmaterials. Recent test
procedures to evaluate resistance curves using SE(T)
specimens (Upstream ExxonMobil 2010; British Insti-
tution 2014; Pussegoda et al. 2014) also adopt 2-D
formulations to describe the key quantities entering
into the fracture resistance evaluationmethod. Because
the tested fracture specimens incorporate a clad layer

having a relatively strong mismatch in flow properties
(refer to Fig. 8; Table 1) within the bulk of the speci-
men, application of the framework outlined previously
may be questioned as it may not accurately describe
the specimen response in terms of the evolution of
load with CMOD. This section provides details of the
numerical analyses for the weld centerline notched
SE(T) specimens having a clad layer.

Nonlinear finite element analyses are described for
3-D models of SE(T) fracture specimens with fixed
clamp distance over specimenwidth ratio, H/W = 10,
and cross section dimensions defined by specimen
width,W = B = 16mm. The analysis matrix includes
15% side-grooved crack configurations (7.5% side-
groove on each side) having varying crack sizes in the
range a/W = 0.1–0.7 with increments of 0.1 Theweld
bevel geometry is represented by a V-shaped groove
with an included angle of 50◦ and a root gap of 3mm—
these values characterize well the actual weldment
obtained to produce the test specimens. The weld frac-
ture specimen is modeled as a bimaterial component
with no transition region such that themechanical prop-
erties for the heat affected zone (HAZ) are not consid-
ered. Moreover, a uniform clad layer of thickness, tc =
3mm, is placed at the bottom of the specimen as shown
in Fig. 2b. As already mentioned in Sect. 3.1, the clad
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(a) (b)

Fig. 3 Typical finite element model for the weld centerline notched SE(T) specimens having a clad layer with a/W = 0.3: a In-plane
mesh and detail of the blunt notch model; b Quarter-symmetric 3-D finite element model

internal layer and theweldmetal are considered to have
the samemechanical properties as described in Table 1.

Figure 3 shows the finite element model constructed
for the 3-D analyses of the clamped SE(T) specimen
having a/W = 0.3. All other crack models have very
similar features. A conventional mesh configuration
having a focused ringof elements surrounding the crack
front is used with a small key-hole at the crack tip;
the radius of the key-hole, ρ0, is 3µm (0.003mm)
to enhance computation of J -values at low defor-
mation levels. Previous numerical analyses (Cravero
and Ruggieri 2005) reveal that such mesh design pro-
vides detailed resolution of the near-tip stress–strain
fields which is needed for accurate numerical evalua-
tion of J -values. Symmetry conditions permit model-
ing of only one-quarter of the specimen with appro-
priate constraints imposed on the symmetry planes.
A typical quarter-symmetric, 3-D model has 20 vari-
able thickness layers with ∼42, 000 8-node, 3D ele-
ments (∼48, 000 nodes) definedover the half-thickness

(B/2); the thickest layer is defined at Z = 0 with
thinner layers defined near the side groove root region
(Z = 0.425B) to accommodate strong Z variations
in the stress distribution. Here, the side-grooves are
introduced in the numerical model as follows: (1) the
Y -constraints on crack-plane nodes for which X = 0
and Z > 0.425B (these nodes correspond to the 4 out-
ermost layers) are first released; (2) these nodes are
translated in the Y direction according to a linear map-
ping corresponding to a side-groove half-angle of 30◦.
Since the primary interest here lies in the effect of side-
grooves on the load–displacement response, the notch
radius of the side-groove is notmodeled. These numeri-
cal models are loaded by displacement increments act-
ing in the Y -direction imposed on the loading points
to enhance numerical convergence with increased lev-
els of deformation. Moreover, the rigid grip conditions
associated with the clamped ends of the specimen are
modeled by imposing X -direction constraints (in case
of 2-D plane-strain models), and X -direction and Z -
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direction (in case of 3-D models) on nodes defined at
Z = H/2 (see Fig. 3).

The evolution of load with increased displacement
required for computations of specific solutions for the
η-factor and compliance function is generated by the
finite element code WARP3D (Healy et al. 2014). To
construct the relationship between a/W and speci-
men compliance, μ, a series of linear elastic analy-
ses provides the load–displacement ratios for all frac-
ture models. These analyses adopt the elastic con-
stants values for the base plate and weld metal given
in Table 1 with ν = 0.3. Evaluation of the geomet-
ric factors, ηJ−CMOD and ηJ−LLD , follows from per-
forming numerical analyses on the fracture models
using an elastic-plastic constitutive law incorporating
a flow theory with conventional Mises plasticity in
small geometry change (SGC) setting. The mechan-
ical and flow properties for the weldment and clad
layer described previously were utilized to generate the
required numerical solutions reported here.

5 Results and discussion

5.1 Compliance and η-factor solutions for the clad
SE(T) specimen

Before launching into the evaluation of crack growth
resistance curves addressed next, we first provide the
compliance and η-factor solutions for the tested weld
centerline notched SE(T) specimens having a clad layer
obtained from the 3-D analyses described previously.
These 3-D results have a direct bearing on the frac-
ture resistance data if a connection is made between
improved values of J (CTOD) and �a with new solu-
tions for η, μ and parameter m.

Here, evaluation of the geometric factors,ηJ−CMOD

and ηJ−LLD , as well as the relationship between a/W
andμ is performed following the procedures described
in Cravero and Ruggieri (2007a) and Ruggieri (2012).
By using the evolution of load with increased displace-
ment for the numerical models of the clad SE(T) speci-
mens, we arrive at more specific solutions for η-factors
given as

ηJ−CMOD = 1.437 − 3.112
a

W
+ 15.628

( a

W

)2
− 45.767

( a

W

)3+58.667
( a

W

)4 − 27.667
( a

W

)5
(17)

ηJ−LLD = −0.684 + 15.626
a

W
− 35.142

( a

W

)2
+ 2.625

( a

W

)3+69.208
( a

W

)4 − 59.001
( a

W

)5
(18)

whereas an improved relationship between crack length
and normalized compliance, as defined previously by
Eq. (8) in terms of plane-strain conditions, is given by

a/W =1.9215−13.2195μ+58.7080μ2−155.2823μ3

+ 207.3987μ4 − 107.9176μ5 (19)

which are valid in the range 0.1 ≤ a/W ≤ 0.7. As
shown in the next sections, the resulting fracture resis-
tance curves on the basis of the above formulations are
in slightly better agreement with DIC measurements
since they account for 3-D effects as well as reflecting
the mismatch behavior in flow properties between the
weld metal, including the clad layer, and the base plate
material not captured in the plane-strain formulation
described by Eqs. (6), (7) and (10).

An improved J−CTOD relationship is also of inter-
est. Evaluation of parameter m entering into Eq. (11)
follows from the evolution of J with CTOD for the
3-D numerical models of the weld centerline notched
specimens described in Sect. 4 leading to

m = 1.932 − 1.845(a/W ) + 1.654(a/W )2 (20)

which is also valid in the range 0.1 ≤ a/W ≤ 0.7.
Figure 4a–d compares the above expressions needed

to evaluate the fracture resistance curves in terms of J
and CTOD with the plane strain solutions provided in
Sect. 2, which derive from numerical analyses for a
homogeneous material. In these plots, the solid lines
represent the plane-strain results in which the varia-
tion of ηJ−CMOD , ηJ−LLD and m with a/W is deter-
mined by using Eqs. (6), (7) and (13) in conjunction
with a strain hardening exponent of 9.7 (which cor-
responds to the n-value for the weld metal), whereas
the dashed lines describe the 3-D results for the weld
centerline notched SE(T) specimen having a clad layer.
The significant features include: (1) the 3-D η-factors
for the weld centerline notched SE(T) specimen hav-
ing a clad layer are higher than the corresponding
plane-strain values for a homogeneous material; here,
differences range from ≈30% for the shallow crack
specimen to ≈20−25% for the deeply cracked spec-
imen; (2) apart from the shallow crack range (0.1 ≤
a/W ≤ 0.2−0.3), the J−CTOD relationships in terms
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Fig. 4 Comparison of
plane-strain strain results
for a homogeneous material
with n = 9.7 (solid lines)
and 3-D results for the
tested weld centerline
notched SE(T) specimens
having a clad layer (dashed
lines): a Geometric factor
ηJ−CMOD . b Geometric
factor ηJ−LLD . c J−CTOD
relationship in terms of
parameter m. d Elastic
compliance relationship

(a) (b)

(c) (d)

of parameter m for both the plane-strain and 3-D mod-
els are similar and (3) the 3-D elastic compliance for
the weld centerline notched SE(T) specimen having a
clad layer is similar to the plane-strain compliance.

The response displayed in Fig. 4 deserves further
comments. Consider first the behavior of the η-factors
shown in the plots of Fig. 4a, b, which can be under-
stood in terms of the effect of the dissimilar material
(undermatch weld metal and clad layer) on the plastic
work and, consequently, on J . Recall Eq. (3) which
can be manipulated to yield the η-factor as a function
of Jp/Ap so that changing the plastic work in terms of
the plastic area under the P−CMOD curve due to the
effect of the dissimilar material also affects the corre-
sponding η-value [see also Kirk and Dodds (1992), and
Paredes and Ruggieri (2012)]. Observe that this effect
appears to play a lesser role on the J−CTOD relation-
ship given in Fig. 4c as the variation of parameter m
with a/W is relatively insensitive to the influence of
dissimilar material in the present analysis, particularly
for moderate to deep cracks (a/W � 0.3). Consider
now the dependence of normalized specimen compli-
ance on a/W shown in Fig. 4d. Because the variation
of specimen compliancewith crack length derives from
an elastic analysis, the functional relationship between
a/W and normalized compliance, μ, is little affected
by whether plane-strain or full 3-D conditions are uti-

lized in the numerical computations. Observe that the
comparisons are made in terms of the normalized com-
pliance not the absolute relationship between crack size
and applied load. Indeed, these results exhibit trends
similar to those given in recent work of Souza and Rug-
gieri who showed that the normalized compliance for
common fracture specimens derived from 3-D analy-
ses, including the normalized compliance values for
the side-grooved models, are virtually indistinguish-
able from the compliance relationships derived from
plane-strain analyses. Further observe that both plane-
strain and 3-D analyses are performed on weld center-
line notched specimens in which the weldment under-
matches the base plate material so that the elastic prop-
erties of theweldmetal (rather than the base platemate-
rial) are likely to dominate the (global) elastic response.
This is exactly the result found in Fig. 4d in which
the plane strain solution derived from elastic analyses
for a homogeneous material with its elastic modulus
assigned the value for the weld metal given in Table 1
is similar to the 3-D solution.

5.2 J -Resistance curves

The framework to determine J -resistance curves based
on load–CMODdata described previously provides the
basis for characterizing the ductile fracture response of
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the tested CRA girth weld. All the results presented in
this section consider the effects of crack growth on J
and, further, the influence of specimen rotation on spec-
imen compliance with increased applied loading. In
particular,Mathias et al. (2013) show that themeasured
fracture resistance curves derived from considering the
effect of crack growth correction on J are reduced by
10−15%when comparedwith the corresponding resis-
tance data with no crack growth correction. While this
effect appears to be less important in characterizing
the crack growth response of the material for small
amounts of ductile tearing, �a � 1−1.5 mm, it may
affect proper evaluation of the CTOD-resistance curve
directly from J . This aspect will be taken up later in
Sect. 5.4.

Figure 5 shows the measured crack growth resis-
tance curves for the tested SE(T) specimens in which
J and �a are evaluated using plane-strain solutions
for η and μ applicable to a homogeneous material hav-
ing flow properties corresponding to those for the weld
metal. This is equivalent to assuming that the entire bulk
of the specimenhas the sameflowproperties as theweld
metal—a condition usually referred to as all weldmetal
(AWM).As the figure indicates, the solid symbol corre-
sponds to one of the specimenswhichwas instrumented
with a double clip gage fixture as required for CMOD
measurements at two different points. The overall trend
of increased J -values with increased amounts of duc-
tile tearing is evident in this plot. Overall, the crack
growth response derived from the present test proce-
dure appears to be highly describable by the tested
SE(T) specimens to serve as a basis for ductile tear-
ing assessments in ECA procedures applicable to clad
pipeline girth welds and similar structural components.
Another evident feature in Fig. 5a is the “crack backup”
(or apparent negative crack growth) observed in the
initial part of the J−R curves for both tested speci-
mens. Despite the rotation correction adopted to eval-
uate the specimen compliance as briefly described pre-
viously, the early compliance measurements display
an increase in specimen stiffness with increased load-
ing for 0 ≤ �a ≤ 0.5 mm. However, such behavior
appears to be a recurring feature with this specimen
geometry as reported in early works of Joyce et al.
(1993) and Joyce and Link (1995), and more recently
by Drexler et al. (2010). While the precise causes of
this phenomenon are not yet fully understood, it may be
associatedwith non-straightness of the crack front after
fatigue pre-cracking and large localized deformation at

Fig. 5 J -resistance curves including crack growth correction
for the tested clamped SE(T) specimens based on plane-strain
η-factors for a homogeneous material (AWM). The solid symbol
corresponds to one of the specimens which was instrumented
with a double clip gage fixture as required for CMOD measure-
ments at two different points

Fig. 6 J -resistance curves including crack growth correction
for the tested clamped SE(T) specimens based on 3-D η-factors
including the effect of the undermatch weld and clad layer

the clamp region early in the test thereby increasing the
loading without any measurable increase in CMOD.

Figure 6 displays the fracture resistance curves
based on3-Dη-factors including the effect of the under-
matched weld and clad layer developed in the previ-
ous section (refer to Fig. 4). The trend is clear. The J -
resistance curves derived from more accurate η-factor
solutions (recall that the elastic compliance solutions
are essentially unaffected by the weld and clad layer)
are∼15% higher than the corresponding fracture resis-
tance data obtained from plane-strain η-factors. This
behavior can be understood by considering the under-
match condition of the weldment; here, for a given
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Table 2 Predicted and measured crack extension for all tested fracture specimens using a 9-point averaging procedure

Specimen Measured post test Compliance estimation
a0 (mm) a f (mm) �a (mm) a0 (mm) a f (mm) �a (mm) Deviation (%)

CP4 5.0 10.6 5.6 5.0 9.7 4.7 16.3

CP5 4.7 10.6 5.8 4.8 11.0 6.2 6.3

CP6 4.8 9.6 4.8 5.0 8.9 3.8 19.7

CP7 4.4 8.1 3.7 4.7 8.0 3.3 9.9

applied (remote) displacement at the specimen ends,
the crack driving forces, such as J , should be higher
when compared to the crack driving forces in the same
specimen made of a homogeneous material. Perhaps
more importantly, it becomes clear that this behavior
(coupled with inclusion of crack growth correction)
adds up to obtaining higher CTOD resistance curves
when converted from J−�a data. This issue will be
taken up again in Sect. 5.4.

5.3 Crack extension measurements

After the crack growth tests, all specimens were sub-
jected to fatigue cycling (similar to the standard pre-
crack fatigue cycling) before being broken apart to
mark the new crack front and the amount of ductile
tearing. A typical crack surface obtained from one of
the SE(T) specimens is illustrated in Fig. 7a, which
also includes the optical crack front profile display-
ing the crack length measured at nine or five equally
spaced points centered about the specimen centerline
- the use of a 5-point average procedure to measure
crack extension will be addressed later. It can be seen
that the specimen exhibited a somewhat non-uniform
fatigue pre-crack most likely caused by microstruc-
tural heterogeneities at the crack front promoted by the
welding process. Following standardmethods based on
the 9-point average technique, such as the procedure
given by ASTM E1820 (American Society for Test-
ing and Materials 2011b), the initial and final crack
length measured by means of an optical method are
compared with crack length estimates derived from
the UC method. Figure 7b shows a typical fracture
surface morphology to identify the primary fracture
micromechanism operating during the ductile fracture
process observed by a scanning electron microscope
(SEM). Here, small inclusions are observed within a
dimple structure thereby characterizing well a ductile

fracture mode associated with substantial plastic defor-
mation. Similar features are also observed for the crack
surface of other test specimens.

Table 2 provides the predicted and measured crack
extension for all tested fracture specimens in which the
deviation between the predicted crack growth, �ap,
and measured crack extension, �am , is defined as
� = |�ap − �am |/�am . These results reveal that
crack extension prediction for two of the tested speci-
mens (CP4 and CP6) derived from the UC procedure
is not in good agreement with the measured amount of
ductile tearing; here, the unloading compliancemethod
underestimates the 9-point average crack extension
by 15−20% thereby plausibly producing an apparent
higher J -resistance curve. In contrast, the predicted
amount of crack extension for specimens CP5 and CP7
is in relatively good accord with the measured crack
growth and shows a deviation of 5−10% between the
predicted and measured data. It is worth noting that
several recent procedures to measure ductile tearing
properties of pipeline girth welds using SE(T) speci-
mens (Upstream ExxonMobil 2010; Ruggieri and Hip-
pert 2015; Pussegoda et al. 2014) advocate a maximum
deviation, �max = 15%, as a validity criterion. While
we have not investigated further the cause of the larger
deviation between the predicted and measured amount
of crack growth for specimens CP4 and CP6, we argue
that the relatively strong, irregular crack front profile
could be a plausible reason for the relatively poor agree-
ment between the measured and predicted amount of
ductile tearing. Indeed, further examination of the frac-
ture surface displayed in Fig. 7b reveals a highly non-
uniform fatigue pre-crack profile, particularly near the
specimen side-groove region, coupled with a relatively
severe reverse tunneling of thefinal crack front.Clearly,
inclusion ofmeasurement points closer to the specimen
free surface into the averaging procedure does affect the
average value of the measured amount of crack exten-
sion.
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Fig. 7 a Typical crack surface and the optical crack size measurement profile. b Typical fracture surface morphology observed by a
scanning electron microscope (SEM) showing small inclusions within a dimple structure

Table 3 Predicted and measured crack extension for all tested fracture specimens using a 5-point averaging procedure

Specimen Measured post test Compliance estimation
a0 (mm) a f (mm) �a (mm) a0 (mm) a f (mm) �a (mm) Deviation (%)

CP4 5.1 10.3 5.2 5.0 9.7 4.7 10.4

CP5 4.8 10.3 5.5 4.8 11.0 6.2 12.5

CP6 4.9 9.2 4.3 5.0 8.9 3.8 10.5

CP7 4.5 8.1 3.6 4.7 8.0 3.3 7.8

To illustrate this issue, Table 3 gives again the pre-
dicted and measured crack extension for the tested
fracture specimens but with �am derived from a 5-
point average procedure. Figure 7b shows the method
in which the two outermost measurement points (at
each specimen side) were removed from the averag-
ing process. This approach can be justified by the fol-
lowing argument. In routine defect assessment proce-
dures applicable to surface cracks, such as those typ-
ically found in pipeline girth welds with circumferen-
tial, semi-elliptical surface flaws, the primary interest
usually lies in determining the crack driving forces at
the deepest point of the semi-elliptical shaped crack.
Consequently, the adoption of an averaging procedure

which assigns more weight to crack growth measure-
ments at the specimen center plane seems more con-
sistent. Using this method, the results shown in the
table now reveal a rather more uniform deviation in the
range 8−13% which nevertheless satisfies the validity
criterion of �max = 15% as discussed before. More-
over, Fig. 8 compares the predicted andmeasured crack
sizes (both the initial, a0, and final, a f , crack lengths
are included in the plots) based on different averaging
techniques. A reference line indicating a0,m = a0,p
and a f,m = a f,p is provided on the figures to aid in
assessing the relative deviation. The measured initial
crack sizes are in remarkably close agreement with
the corresponding predicted values for both averag-
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(a) (b)

Fig. 8 Comparison of predicted and measured crack sizes (initial and final crack lengths) based on different averaging procedures:
a 9-point averaging method. b 5-point averaring method

ing methods. The predicted values for the final crack
sizes display somewhat larger deviations compared to
the corresponding measured values, particularly when
the 9-point averaging method is utilized. Overall, how-
ever, these measurements compare well indicating the
effectiveness of the unloading compliance procedure to
evaluate crack growth resistance curves for the tested
CRA girth weld.

5.4 CTOD resistance curves

Current defect assessment procedures applicable to
piping components, includingmarine steel catenary ris-
ers (SCRs), often adopted by the oil and gas industry
favor the use of CTOD−R curves (rather than J−�a
data) to define useful toughness values to character-
ize the material fracture resistance. These method-
ologies have evolved over the past few years to rely
almost entirely on CTOD measurements derived from
the double clip gage (DCG) technique outlined previ-
ously.While the merits and drawbacks of this approach
remain debatable (see discussion in Sarzosa et al.
(2015), it undoubtedly simplifies the procedure to eval-
uate the CTOD but at an extra cost of measuring two
crack opening displacements. To facilitate interpre-
tation of the ductile tearing response for the tested
nickel–chromium CRA girth weld, we also provide
crack growth resistance data in terms of CTOD−�a
curves in which the crack tip opening displacement
derives from the experimentally measured plastic area

under the load versus crack mouth opening displace-
ment (CMOD) curve and from direct measurements
using the DCG technique. This study also explores fur-
ther direct measurements of CTOD by comparing the
fracture resistance curve obtained from using a dig-
ital image correlation (DIC) method with the corre-
spondingCTOD−R curve based on theDCG technique
addressed in the next section.

Consider first the CTOD−�a curves for the tested
girth weld shown in Fig. 9 in which the crack tip open-
ing displacement is determined from the J−CTOD
relationship defined by Eq. (11) with parameterm eval-
uated bymeans of Eq. (20)—thesem-values thus corre-
spond to the 3-Danalysis of theweld centerline notched
SE(T) specimens having a clad layer. Because of the
essentially linear relationship between J and CTOD
defined by Eq. (11), it is clear that Fig. 9 reproduces
the same features already discussed before for the frac-
ture resistance curves displayed in Fig. 5. For amounts
of stable crack growth of ≈1mm, the CTOD-value is
in the range of 0.40−0.45 mm.

Evaluation of fracture resistance in terms of CTOD
based on the DCG method is considered next. Here,
only the load–displacement data measured from test-
ing the specimen equipped with a double-clip gage
fixture is used to generate the CTOD−R curve dis-
played in Fig. 10. To facilitate comparisons with the
previous results, the CTOD resistance curves obtained
by using the J−CTOD relationship shown in Fig. 9
are also included in the plot. The DCG-based resis-
tance curve is consistently higher than the CTOD−�a
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Fig. 9 CTOD-resistance curves including crack growth correc-
tion for the tested clamped SE(T) specimens derived from the
J−CTOD relationship defined by Eq. (11) in which parameter
m is evaluated by means of Eq. (20)

Fig. 10 CTOD-resistance curve derived from the double clip-
gage (DCG) method for the tested SE(T) specimen instrumented
with a double clip gage fixture

data based on J , particularly for larger amounts of
stable crack growth, say �a � 1.5 mm. Here, dif-
ferences between both methods range from ∼25%
for �a = 1.5 mm to ∼45% for �a = 3 mm.
Observe, however, that the CTOD resistance data
based on DCG measurements increase steadily with
crack growth for �a > 1.0 mm such that the cor-
responding tearing modulus, which can be simply
defined as dδ/da (Anderson 2005), remains essen-
tially constant. In contrast, the J -based CTOD resis-
tance curves also increase with increased �a but at
a much lower rate as characterized by much smaller
values of dδ/da , particularly at larger amounts of
ductile tearing. Allowing for some uncertainties and
difficulties associated with double clip-gage measure-

ments, these results seem generally consistent with
our previous contention that, because our developed
J−CTOD relationship includes effects of crack growth
on J , the associated CTOD resistance curve should
be lower than the DCG-based resistance curve. More-
over, at large deformation levels (which correspond
to larger amounts of stable crack growth), much of
the total work done by the applied (remote) loading
is likely dissipated into background plasticity thereby
reducing the plastic contribution to the strain energy
for the cracked body in terms of J . In contrast,
because the CTOD based on DCG derives from a
rather simple measurement of the relative displace-
ments of the crack profile [refer again to Fig. (1)],
it keeps increasing with increased loading. Thus, it
becomes clear that the DCG-based resistance curve
results in non-conservative toughness values at fixed
amounts of stable crack growth thereby potentially
impacting adversely ECA assessments. Currently, we
consider these differences in CTOD measurements an
open issue. An investigation along this line of investi-
gation is in progress and will be presented in a forth-
coming publication.

5.5 Digital image correlation measurements of CTOD

Concurrent with measurements of the CTOD for the
growing crack based on the double clip-gage technique
described in Sect. 2.3, an improved optical measure-
ment method was also utilized to measure the CTOD
with increased amounts of ductile tearing for the tested
specimens. Using a digital image correlation (DIC)
method to determine the relative displacement fields
for different digital images of the cracked specimen
with increased deformation, the deformed crack flank
and, thus, the CTOD can be evaluated in straightfor-
ward manner. By recording a series of images during
the test, each one divided into a grid of subsets, the
DIC displacement measurements follow from correlat-
ing the displacement fields for the subsets at different
deformation states thereby estimating the displacement
field fromone image to the following one. In the present
study, an 8-megapixel, monochromatic digital camera
was used for image acquisition. Correlated Solutions
VIC-2D V6.0 software was used for all data acquisi-
tion, calibration and DIC data analysis. Readers are
referred to Sutton et al. (2009) and references therein
for full details on the DIC method.
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(a) (b)

Fig. 11 DICmeasurement scheme based on placing the measurement points on the fatigue pre-crack flank slightly behind the extending
crack flank

CTOD-values during crack growth in the SE(T)
specimen are evaluated from DIC measurements using
the scheme displayed in Fig. 11, which is based on
placing the measurement points on the fatigue pre-
crack flank slightly behind the extending crack flank.
As already outlined in previous Sect. 2.3, since the
DCG mounting fixture is typically installed at a dis-
tance x0 from the notch flank indicated in Fig. 1b,
placing themeasurement points on the deformed flanks
of the fatigue pre-crack presumably provides a better
characterization of the local displacement fields than
the DCG method (which may result in an apparent
increase of the measured CTOD value as also indi-
cated in Fig. 1). Consequently, we can anticipate amore
accurate evaluation of the CTOD for the growing crack
even though the CTOD (δ) is still defined at the origi-
nal crack tip position—see Fig. 11b inwhich theCTOD
is defined as the crack opening at the crack length a0.
Here, bymeasuring twoCOD-values, V1 and V2, at two
locations on the fatigue pre-crack flank, the CTOD is
determined in straightforward manner by simple trian-
gulation.

Figure 12 displays the CTOD resistance curve based
on DIC measurements of crack opening displacements
for the fatigue pre-crack flank. To facilitate compar-
isons, the DIC measurements are performed on the
same tested SE(T) specimen instrumented with a dou-
ble clip gage fixture. The previous results for the
CTOD−R curves are also included to aid in assessing
the relative change in fracture resistance data. This fig-
ure shows clearly the effect of different measurement
points (upon which the triangulation defining param-
eter δ is based) on the CTOD-value. The DIC-based
CTOD resistance curve is now closer to the fracture
resistance curves obtained by using the J−CTOD rela-
tionship. In particular, the DIC-based data agrees well
with the CTOD−R curves derived from J for amounts
of ductile tearing in the range �a ≤ 2 mm. Observe,
however, that the CTOD resistance data based on DIC
measurements also increase steadily with crack growth
for �a > 2 mm such that the corresponding tearing
modulus remains essentially constant—this behavior
is similar to the DCG-based CTOD−R curve shown in
previous section.
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Fig. 12 CTOD-resistance curve derived from measurements of
crack opening displacements for the fatigue pre-crack flank using
a digital image correlation (DIC) technique

6 Summary and conclusions

This study presents an exploratory experimental inves-
tigation of the crack growth resistance properties for the
girth weld of an API 5LGrade X65 internally clad with
a nickel–chromium corrosion resistant alloy (CRA) of
ASTMUNSN06625Alloy 625. Testing of the pipeline
girth welds employed side-grooved, clamped SE(T)
specimenswith aweld centerline notch to determine the
crack growth resistance curves based upon the unload-
ing compliance (UC) method using a single specimen
technique. The experiments and fracture resistance data
described in this paper show the effectiveness of the
UC procedure to characterize ductile tearing proper-
ties for dissimilar girth weld materials which serve as
a basis for ductile tearing assessments in ECA proce-
dures applicable to clad pipeline girthwelds and similar
structural components.

A central observation emerging from our work is
the rather strong dependence of the CTOD−R curves
on the evaluation method of the crack tip opening
displacement for the extending crack. In previous
study of Sarzosa et al. (2015), it has been found
that the CTOD-values derived from the double clip-
gage (DCG) method agree well with the correspond-
ing CTOD-values computed for the growing crack
based on J−CTOD relationships. However, we should
point out that those comparisons for both definitions of
CTODderive fromfinite element analyses inwhich two
COD-values at two locations on a straight line passing
through the crack flank of the numerical model are con-
tinuously computed with increased load levels as char-

acterized by J . In the fracture tests, the DCG-based
CTOD appears to be sensitive to a certain degree to the
(correct) setup of the double clip gage fixture which
equips the SE(T) specimen. Perhaps more importantly,
though, our results show rather convincingly that the
CTOD evaluation procedure based on the DCG tech-
nique shows a clear tendency to provide higher fracture
resistance curves and, consequently, non-conservative
fracture assessments. In contrast,DICmeasurements of
CTOD based on crack flank measurement points pro-
vide good agreement with the CTOD−R curve eval-
uation procedure based on the developed J−CTOD
relationship for the clad SE(T) specimen. The analyses
and test results described here thus suggest that the use
of CTOD−R curves to measure crack growth proper-
ties for pipeline girth welds and similar structural com-
ponents based on J−CTOD relationships may elimi-
nate the potential non-conservatism that would other-
wise arise when using DCG-based CTOD−R curves.
Clearly, more experimental and analytical studies are
needed to clarify the significance of CTOD measure-
ments for growing cracks—this issue appears cen-
tral to develop a more robust and meaningful CTOD-
resistance evaluation procedure. Additional work is in
progress along this line of investigation covering crack
growth resistance testing based on the UC procedure
of two widely different hardening steels using clamped
SE(T) fracture specimens.
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