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a b s t r a c t

Structural integrity assessment of pipeline girth welds subjected to high strain levels which arises from
the reel-lay method relies on precise crack driving force estimation procedures. Recent developments in
subsea technology favor the use of high strength carbon steel pipelines with an internal corrosion resis-
tant layer to increase protection against corrosive fluids. In contrast to homogeneous structural compo-
nents, the bimetal configuration may induce the occurrence of weld strength undermatch, with a strong
impact on the relationship between remote applied load and crack tip constraint. This work explores the
development of a crack driving force estimation procedure based on a strain-based version of the EPRI J
estimation scheme coupled with the equivalent stress-strain relationship method (ESSRM) and a weld
geometry simplification procedure. The proposed framework takes advantage of the displacement con-
trolled nature of the reeling process. Extensive 3D analyses provide a large set of fracture parameters
applicable to the strain-based EPRI methodology followed by parametric analyses conducted to assess
the accuracy of the new procedure. Subsequently, a case study is performed to determine the tolerable
crack sizes in an idealized pipe installation. The procedure shows an overall good agreement to the
benchmark analyses and increased accuracy when compared to the recommended approach proposed
by DNV.

� 2017 Published by Elsevier Ltd.
1. Introduction

Offshore pipeline installation by the reel-lay method has
become widely employed by the oil and gas industry in recent
years. This method allows the pipeline fabrication and inspection
to be performed onshore, in contrast to the traditional S-lay and
J-lay pipe laying techniques [1]. After welding, the pipeline is
coiled around a large diameter reel on a vessel and transported
to the sea where the pipe is unreeled, straightened and finally
deployed to the seafloor as illustrated in Fig. 1. While fast and cost
effective, the reeling process may subject the pipeline to global
strain levels above the elastic limit of the material with a poten-
tially strong impact on the structural integrity assessment of the
pipe girth weld.

The increasing demand for energy has motivated the explo-
ration and production of oil and gas in more hostile environments
(including deep water reservoirs), thus motivating the introduction
of new engineering techniques. Among the technologies employed
in recent oil field developments, the bimetal pipes (clad/lined
pipes) represent a case of considerable interest [2]. Here, a C-Mn
steel pipe with a internal layer of corrosion resistant alloy (CRA)
is adopted to guarantee the required resistance against corrosion
[2–4]. Despite being an economically viable option, the use of
clad/lined pipes produces a dissimilar girth weld with different
mechanical properties than those corresponding to the external
pipe material as the consumable employed in the welding process
has the same properties of the CRA metal.

Engineering critical assessment (ECA) methodologies currently
recommended by structural integrity standards (e.g. DNV-OS-
F101 [5], BS7910 [6], API579 [7]) are essentially developed for load
controlled conditions. Although effective for a wide variety of
cases, they do not necessarily provide accurate assessments for
pipes under displacement controlled bending undergoing large
scale plasticity. Tkaczyk et al. [8] have demonstrated that tradi-
tional ECA methodologies may lead to inaccurate fracture assess-
ments for reeled pipelines and, thus, several assumptions and
safety factors should be applied to elevate the crack driving forces
therefore ensuring conservative tolerable defect sizes.

The dissimilar weld configuration is another major concern and
key issue in structural integrity assessment procedures. While cur-
rent standards recommend a weld filler metal that overmatches
the parent metal properties, the girth weld fabricated with a corro-
sion resistant alloy usually has lower yield strength (and, presum-
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Nomenclature

a dimensionless parameter of the Ramberg–Osgood mod-
el

�� logarithmic strain
�r uniaxial true stress
b weld groove angle
�ys yield strain
m Poisson’s ratio
w slenderness parameter
rbmðepÞ stress-plastic strain relationship of the base material
rbw yield stress of the base material
reqðepÞ equivalent stress-plastic strain relationship
rwmðepÞ stress-plastic strain relationship of the weld material
rys yield stress
ryw yield stress of the weld material
h surface crack length
ez global applied strain
u angle of rotation imposed in the reference point
a crack depth
b remaining crack ligament
c circumferential crack half-length
De pipe (cylinder) outer diameter
E0; E Young’s modulus under plane stress (plane strain)

conditions
f 1 functions of the weld joint geometry and mismatch

ratio
f 2 functions of the weld joint geometry and mismatch

ratio
g1 dimensionless proportionality parameter between Jp

and applied strain
heq width of the equivalent square weld bevel
hr root width
J J-integral
KI (Mode I) elastic stress intensity factor

L pipe model length
M applied bending moment
My weld strength mismatch
M0 limit load of the cracked pipe configuration
Mbm

0 limit bending load of the homogeneous structure
Mmism

0 limit bending load of the idealized bi-material welded
joint

n Ramberg-Osgood strain hardening exponent
Nbm

0 limit tension load of the homogeneous structure
Nmism

0 limit tension load of the idealized bi-material welded
joint

Pbm
0 limit load for the homogeneous component made of the

base material
Pmism
0 limit load of the idealized bi-material welded joint

R-squared coefficient of determination
Rb reel drum radius
Rm mean radius of pipe
t pipe wall thickness
CDF crack driving forces
CRA corrosion resistant alloy
CTOD crack tip opening displacement
ECA engineering critical assessment
EPRI electric power research institute
ESSRM equivalent stress-strain relationship method
FEA finite element analysis
FFS fitness-for-service
PFiniteC Finite circumferential part-through surface internal

cracks at the girth weld of pipelines subjected to tension
load

SCR steel catenary riser
SGC small geometry change

Fig. 1. Illustration of the reeling process [1].
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ably, higher strain hardening behavior) than the carbon steel outer
pipe (undermatch) [4]. The strength mismatch among metal prop-
erties alters the deformation pattern at the crack tip with a poten-
tially strong impact on the relationship between remote loading
and crack tip constraint [9,10].

The effectiveness of defect assessment procedures depends on
accurate descriptions of crack driving forces (CDF), characterized
in terms of the J-integral or the crack tip opening displacement
(CTOD). The need of more precise CDF solutions for reeled pipeli-
nes has motivated the development of different estimation proce-
dures for this class of structural components. Tkaczyk et al. [8] and
Chiodo and Ruggieri [11] have published a set of CDF solutions fol-
lowing a stress-based methodology for a wide range of cracked
pipe configurations applicable to homogeneous materials. While
these procedures show better accuracy than traditional techniques,
they do not take into account the displacement controlled nature
of the reeling process, where global strain applied in the structure
can be directly calculated from the geometry of the pipe and the
reel drum radius, without being necessary to know the bending
moment vs. strain relationship, as required by previous works.
Another advantage of the strain-based fracture approach for reeled
pipelines is the approximately linear evolution of the CDF vs.
applied strain in the pipe, as reported by Østby et al. [12], and
schematically shown in Fig. 2. While the CDF follows a linear evo-
lution over the strain range, it has a more complex behavior when
it is determined as a function of bending moment: it is almost lin-
ear at low strains and then increases sharply at typical reeling
deformation levels (2–3%). Here, even small changes in the applied
bending moment can lead to larger differences in the correspond-
ing estimate of the CDF thereby adversely impacting the specifica-
tion of tolerable defect sizes.

Nourpanah and Taheri [13] developed CDF estimation equa-
tions based on a displacement controlled approach to assess frac-
ture behavior in reeled pipelines and subsequently Parise et al.
[14] proposed a strain-based version of the EPRI framework [15]
which allows its direct extension to displacement controlled condi-
tions. In spite of the evident advances in these works, such proce-
dures either are only applicable to CDF estimations in structural
components made of homogeneous materials or present limita-
tions that reduce its applicability range. Moreover, fracture assess-
ment of welded joints cannot be performed in a straightforward



Fig. 2. Evolution of J-integral against applied bending moment and axial strain for a typical cracked pipe.
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manner as traditional techniques developed for homogeneous
components.

Inclusion of weld strength mismatch in CDF evaluation has been
investigated by several authors. In the seminal work of Lei and
Ainsworth [16,17], a J-integral evaluation procedure for welded
joints is proposed using the concept of an equivalent stress and
strain curve. In the specific case of reeling, Østby [18] has recently
reported a CTOD estimation scheme based on the linear relation-
ship between CDF and applied strain, where effects of weld
strength mismatch are included by means of an effective defect
depth which includes the influence of material heterogeneity.
Recently, Pepin et al. [4] extended that methodology to analyze
undermatched welds and materials with yield plateau.

Zhang et al. [19] published a CDF estimation scheme for embed-
ded and external surface cracks including the clad layer thickness
for a limited number of weld and clad material properties. Using
an alternative strategy, SINTEF [2] reported a new assessment
approach for clad and lined pipes based on shell and line-spring
finite elements, in which a procedure to estimate the equivalent
stress-strain curve for a three material configuration is adopted.

Bonora et al. [20,21] have investigated a new fracture assess-
ment for inner, outer and embedded flaws in clad pipes with par-
tial overmatch, considering a welded zone with three distinct
material properties (clad, weld and base metal). Crack driving
forces have been evaluated using an equivalent stress-strain curve
derived from the lower bound properties of such materials. Verifi-
cation analyses showed that application of this definition for the
equivalent material response provides good agreement with finite
element solutions considering the multi-material configuration.

More recently, Souza and Ruggieri [3] and Paredes and Ruggieri
[22] developed a J-integral estimation scheme for cracks at the
girth weld based on a modification of the EPRI methodology to
include the effects of weld strength mismatch and a simplified pro-
cedure to consider the weld groove geometry.

The objective of this study is to investigate the application of a
strain-based version of the EPRI methodology (see [14,15]) coupled
with a weld bevel simplification procedure and the equivalent
stress-strain relationship (ESSRM) for the analysis of circumferen-
tial surface part-through cracks in undermatched girth welds of
clad and lined pipes under bending load. The investigation includes
a detailed description of the crack driving force procedure and
extensive 3D numerical analyses of a wide range of cracked pipe
configurations. A parametric study is performed to verify the accu-
racy of crack driving force estimations. Finally, the tolerable crack
sizes are determined for a pipe installation procedure which com-
pares the proposed methodology with approach recommended by
DNV and benchmark analyses.

2. Strain-based EPRI estimation scheme for homogeneous pipes
under bending

The EPRI estimation scheme [15] to estimate the J-integral (the
procedure to estimate the CTOD is analogous but it is not
addressed here in interest of space - readers are referred to the
work of Chiodo and Ruggieri [11] for further details) in compo-
nents containing flaws derives from the fully plastic description
of J based upon the HRR-controlled crack tip fields [23]. The proce-
dure begins by considering the elastic and plastic contributions to
the J-integral as

J ¼ Je þ Jp ð1Þ
where the elastic component, Je, is given by

Je ¼
K2

I

E0 ð2Þ

in which KI is the (Mode I) elastic stress intensity factor and E0 ¼ E
or E0 ¼ E=ð1� m2Þ whether plane stress or plane strain conditions
are assumed with E representing the (longitudinal) elastic modulus.

For an elastic-plastic material obeying a Ramberg-Osgood
model [24,25] to describe the uniaxial true stress ð�rÞ vs. logarith-
mic strain ð��Þ response given by

�e
eys

¼ �r
rys

þ a
�r
rys

� �n

ð3Þ



384 R.F. Souza, C. Ruggieri / Theoretical and Applied Fracture Mechanics 92 (2017) 381–393
where a is a dimensionless constant, n defines the strain hardening
exponent, rys and eys ¼ rys=E define the yield stress and strain, the
plastic component, Jp, is expressed as

Jp ¼ aeysrysb h1
a
t
;
De

t
; h; n

� �� �
M
M0

� �nþ1

ð4Þ

where De is the pipe (cylinder) outer diameter, t is the wall thick-
ness, b ¼ t � a defines the uncracked ligament, M0 is the limit load
of the cracked pipe configuration, M denotes the applied bending
moment and the surface crack length is described by the angle h
(see Fig. 3) as

h ¼ c
Re

ð5Þ

where c is the circumferential crack half-length and Re ¼ De=2. In
the above expression, h1 is a dimensionless factor dependent upon
crack size, component geometry and strain hardening properties of
the material. The previous solution for Jp became widely known as
the EPRI methodology [15].

Parise et al. [14] have further modified this methodology by
writing Jp as a function of applied strain in the structure. Under
fully plastic conditions, the first term in the right-hand side of
Eq. (3) vanishes, so the Ramberg-Osgood can be reduced to the
form

�e
eys

¼ a
�r
rys

� �n

: ð6Þ

By noting in the above expression that r / ae1
n, it is possible to

rewrite Eq. (4) to express Jp as a function of the applied plastic strain
in the component, ep, as

Jp ¼ aeysrysb g1
a
t
;
De

t
; h; n

� �� �
ep
eys

� �nþ1
n

ð7Þ

where g1 is now the dimensionless factor that relates the plastic
component of the J-integral with the applied global plastic strain.
This fracture parameter can be determined from an extensive set
of 3-D numerical analyses conducted on circumferential surface
part-through cracks in the girth weld of pipes or cylinders under
bending load with varying crack configuration and material proper-
ties, as described in Section 5.1. The plastic strain, ep, required by Eq.
(7) to the J-integral calculation is determined by subtracting the
elastic portion from the total applied strain:

ep ¼ e� ee ð8Þ
Fig. 3. Schematic illustration of the pipe configuration: (a) pipe and crack g
in which the total strain can be computed by the pipe outer diam-
eter and the reel drum radius, Rb, by

e ¼ De=2
Rb þ De=2

: ð9Þ

The elastic component of the applied strain is simply obtained
by dividing the total stress acting on the structure by the elastic
modulus, E. This stress quantity can be found by conversion of
the remote strain using the stress-strain curve and the
Ramberg-Osgood model [14]. Finally, the elastic component of
the J-integral is calculated by using Eq. (2) with a convenient
solution of KI for a circumferential surface crack in a pipe subjected
to a (pure) bending moment [26].

3. The equivalent stress and strain relationship method (ESSRM)

Lei and Ainsworth [16,17] proposed a simplified J estimation
procedure based on an equivalent stress and strain relationship
method (ESSRM) in which the effects of weld strength mismatch
and weld geometry can be represented by an equivalent stress-
strain curve. The J-integral estimation can then be performed by
traditional methods for homogeneous materials, such as the EPRI
methodology [15]. The weld strength mismatch is defined as the
ratio between the yield stress of the weld and the base material as

My ¼ ryw=ryb ð10Þ
where ryw and ryb are the yield stress of the weld and base material
respectively. The equivalent stress-strain relationship, req, is
defined as:

reqðepÞ ¼ f 1rwmðepÞ þ f 2rbmðepÞ ð11Þ
where reqðepÞ denotes the equivalent stress-plastic strain relation-
ship, f 1 and f 2 define functions of the weld joint geometry and mis-
match ratio, which can be determined from convenient limit load
analyses of the structure. The stress-plastic strain relationship of
the weld metal is defined by

ep
eyw

¼ aw
r
ryw

� �nw

; ð12Þ

and for the base metal

ep
eyb

¼ ab
r
ryb

� �nb

: ð13Þ
eometry, (b) detail of the crack region and (c) weld groove geometry.
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When both materials have the same strain hardening coefficient
(nb ¼ nw), the equivalent stress-strain curve obtained by the ESSRM
is simply described by an equivalent strain hardening exponent
neq ¼ nb ¼ nw [9,16,27].

Now, following Lei and Ainsworth [16], the equivalent yield
stress for the welded structure is given by

rye ¼ Pmism
0

Pbm
0

ryb ð14Þ

where Pmism
0 denotes the limit load of the idealized bi-material

welded joint and Pbm
0 represents the limit load for the homogeneous

component with the base material properties. Limit load solutions
for mismatched cracked structures can be determined either by
analytical methodologies (slip-line theory) [28] or by finite ele-
ments analyses [29].

In summary, the estimation of CDF in mismatched structures
consisted by materials with the same strain hardening is simplified
into the following steps:

1. Calculate an equivalent material yield strength by applying ade-
quate limit load solutions for the welded structure containing a
defect.

2. Calculate the equivalent strain hardening coefficient.
3. Apply an appropriate CDF estimation procedure available to

homogeneous structures in the new equivalent material.

In this study, the strain-based version of the EPRI approach will
be employed to estimate the CDF in homogeneous pipes, as previ-
ously described in Section 2. Substituting the equivalent material
properties (rye and neq) in Eq. (7), the modified EPRI equation can
be written as

Jp ¼ aeeyeryeb g1
a
t
;
De

t
; h; neq

� �� �
ep
eye

� �neqþ1
neq

ð15Þ

where eye ¼ rye=E.
Actual flow properties of welded structures depend on a num-

ber of variables, such as heat input, welding process, consumable
materials, among others. These factors have an strong impact on
both yield stress and strain hardening of the weld metal. This work
addresses only cases where materials have the same strain harden-
ing coefficient and mismatch in the yield stress. The objective of
this simplification is to reduce the numbers of variables involved
in the analysis, in order to allow a better understanding of the
problem and the controlling factors that influence the procedure
accuracy.

4. Numerical procedures and material models

4.1. Finite element models for pipeline girth welds with weld centerline
cracks

The finite element models are constructed through a mesh gen-
erator developed with Python and the finite element software Aba-
qus 6.12 [30]. It allows the creation of pipe models with different
crack geometries, weld groove and clad layer configurations.
Fig. 4 shows a typical finite element model constructed for the pipe
with De=t ¼ 10; h=p ¼ 0:12; a=t ¼ 0:3.

The crack is modeled with a rectangular shape and constant
depth through the entire crack length, as represented in Fig. 3(b)
[12,13]. A conventional mesh configuration having a focal mesh
with ten concentric rings of elements surrounding the crack tip
is used with the smallest element dimension being on the order
of 10�2 mm. The crack tip is modeled with collapsed wedge ele-
ments which makes the crack ideally sharp initially, but allows it
to blunt as deformation advances [14]. To adequately capture the
discontinuity effect of the crack, the pipe models were designed
with a total length L ¼ 3De. Due to symmetry, only one quarter
of the pipe is modeled with appropriate constraints imposed on
the nodes defining the symmetry planes. Typical models have
between 15,000 to 30,000 elements and between 30,000 and
45,000 nodes, depending on the crack configuration and pipe
geometry.

Pipeline girth weld is explicitly modeled in the finite element
analyses by considering a weld root width hr ¼ 5 mm and a V-
weld groove angle, as showed in Fig. 4(c). Because the effects of
the heat affected zone are not addressed in the present study,
the weld strength mismatch is introduced by simply defining dif-
ferent material properties for the weld and base metals.

Hexaedrical eight node isoparametrical elements with reduced
integration and hourglass control (C3D8R) were employed in this
work. The J-integral is evaluated from the average of the values
extracted from each of the ten rings of elements at the deepest
point of the crack (X ¼ 0), excluding the highly deformed elements
of the first ring. Confidence in the mesh refinement was gained
through evaluation of the path independence of the numerical val-
ues of the J-integral extracted from each ring. The difference
between each value and the average is less than 5% and, therefore,
the J values are considered accurate. Pure bending moment is
applied in the pipe configuration through a rotational displace-
ment at a reference point located at the end of the pipe, as depicted
in Fig. 4(a). The nodes at the end of the pipe are connected to the
reference point using a multipoint constraint which distributes lin-
early the displacement originated from the applied rotation. The
global strain, e, applied in the pipe can be directly related to the
imposed rotation by the following equation [14]:

u ¼ 2Le
De

ð16Þ

where u is the angle of rotation imposed in the reference point and
L is the pipe length. The total bending moment in each step of the
simulation is calculated from the sum of the contributions of each
node located in the crack plane.
4.2. Computation of g1-factors for J estimation

This section describes the analysis matrix employed in the
calculation of the g1-factors applicable to the calculation of the
J-integral from Eq. (7). Parise et al. [14] have developed similar
analysis to semi-elliptical cracks. However, the present pipe
models consider a crack with a constant depth through the entire
length, which changes the CDF at the crack tip [13]. Nonlinear
3-D finite element analyses are conducted on circumferentially
cracked pipeline girth welds with external surface flaws at the
weld centerline subjected to bending. The analyzed pipe models
have wall thickness t ¼ 20:6 mm with different outside diameters:
De ¼ 206 mm (De=t ¼ 10Þ and De ¼ 412 mm (De=t ¼ 20Þ.

Three normalized crack lengths are considered in the analyses:
h=p ¼ 0:04;0:12 and 0:20, which correspond to a=c ratios in the
range 0:0125 6 a=c � 0:625. The crack depth varies from
a=t ¼ 0:1 to 0:5 with increments of 0.1. These geometries typify
current trends in high pressure, high strength pipelines, including
submarine pipelines and risers.

Three different materials are utilized in the analyses: n ¼ 5 and
E=rys ¼ 800 (high hardening material), n ¼ 10 and E=rys ¼ 500
(moderate hardening material), n ¼ 20 and E=rys ¼ 300 (low hard-
ening material). All materials have the same elastic properties:
E ¼ 206 GPa and t ¼ 0:3. The constitutive model follows a flow
theory with conventional Mises plasticity in small geometry
change (SGC) setting [11]. Above, it is readily understood that



Fig. 4. Typical finite element model employed in the numerical analyses: (a) representation of the pipe mesh and the location of the reference node, (b) detail of the crack
region and (c) detail of the weld region and focused mesh configuration around the crack tip.
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the a coefficient of the Ramberg-Osgood model is set equal to unity
for all materials. The elastic-plastic analyses utilize a simple
power-hardening model to characterize the uniaxial true stress
(�r) vs. logarithmic strain (��) in the form

��
�ys

¼ �r
rys

; � 6 �ys;
��
�ys

¼ �r
rys

� �n

; � > �ys ð17Þ

where rys and �ys are the reference (yield) stress and strain, and n is
the strain hardening exponent.
4.3. Parametric validation analyses

Verification analyses were conducted on circumferentially
cracked pipes with constant wall thickness t ¼ 20:6 mm and outer
diameters De ¼ 206 mm and De ¼ 412 mm (De=t ¼ 10 and
De=t ¼ 20). The crack geometry considers two crack lengths (2c)
and crack depths (a). The normalized crack length is taken as
h=p ¼ 0:04 and h=p ¼ 0:2, whereas the crack depth is varied from
a=t ¼ 0:1 to a=t ¼ 0:3.
Fig. 5. Illustration of the weld bevel geometries adopted in this work: (a)
This investigation considers weld geometries with the same
root width hr ¼ 5 mm and two groove angles: b ¼ 30� and
b ¼ 10�. They are representative of typical manual and automatic
welding procedures (see Fig. 5 for more details about the weld
groove configuration).

The verification considers elastic-plastic materials with moder-
ate (n ¼ 10 and E=rys ¼ 500) and low hardening properties (n ¼ 20
and E=rys ¼ 300). A typical level of undermatch My ¼ 0:9 is
employed in all analyses and the same strain hardening coefficient
is adopted for base and weld metal, as already discussed in
Section 3.
5. Results and discussion

5.1. Factors g1 for circumferential surface cracks in pipes under
bending

Factor g1 is the key parameter for the J-integral estimation pro-
cedure outlined in Section 2. Calculation of g1 follows from rear-
ranging Eq. (7) as
wide gap weld with b ¼ 30� and (b) narrow gap weld with b ¼ 10� .



Fig. 6. Variation of factor g1 with increased a=t-ratio for the pipe configuration with De=t ¼ 10 and varying circumferential crack length and hardening properties.
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g1 ¼ Jp

aeysrysb
ep
eys

� �nþ1
n

ð18Þ

where Jp is obtained by subtracting the elastic component from the
total J determined through the finite element analysis. Then, the
g1-factor can be interpreted as the slope of the best fit straight line
passing through the axis origin. The fitting procedure excludes
points corresponding to strain levels e < eys and e > 0:04 which
corresponds to unrealistic high strain levels [14]. The linear regres-
sion procedure for all cases presented a coefficient of determination
(R-squared) greater than 0:98.

Figs. 6 and 7 provide the g1-factors for circumferential surface
cracks in pipes under bending, for the analysis matrix described
in Section 4.2. For all set of analysis, the results reveal that factor
g1 displays a strong sensitivity to the strain hardening level
(observe that the scales in the y-axis are different depending on
the strain hardening exponent). It can be noted that g1-factors
exhibit a relatively strong dependence on the De=t-ratio and crack
length (as characterized by h=p) for moderate to deep crack sizes
(0:25 6 a=t � 0:4) and are almost insensitive to the De=t-ratio in
the shallow crack size range (0:1 6 a=t � 0:2). Similar conclusion
were drawn by Parise et al. [14]. To provide a simpler manipulation
of the results depicted in Figs. 6 and 7, a functional dependence of
factor g1 on crack depth for a given De=t and h=p-ratio and strain
hardening, n, is constructed in the form
g1 ¼ n0 þ n1ða=tÞ þ n2ða=tÞ2 þ n3ða=tÞ3: ð19Þ
Tables 1 and 2 provide the polynomial coefficients resulting

from a standard least square fitting to the g1 data obtained through
finite element analyses.
5.2. Crack driving force estimations

The accuracy of crack driving forces estimation in cracked
pipeline girth welds plays a key role in integrity assessment of
reeled pipes. This section examines the effectiveness of a
strain-based version of the EPRI methodology coupled with the
ESSRM (see Sections 2 and 3) to adequately describe the evolution
of J-integral with applied strain.

The precise determination of limit loads for the mismatched
structure are also necessary to the application of the ESSRM [27].
This work adopts the limit load solution for pipes with finite cir-
cumferential part-through surface internal cracks at the girth weld
subjected to tension load [29], presented in the Appendix. Souza
et al. [31] have demonstrated that application of this solution in
connection with a weld geometry simplification procedure is ade-
quate to describe the actual component limit load for mismatch
levels within ±20%.

The weld groove simplification is constructed based upon the
slip-line theory and the similarity between the crack tip constraint
of single edge notched tension, SE(T), specimens and pipes with



Fig. 7. Variation of factor g1 with increased a=t-ratio for the pipe configuration with De=t ¼ 20 and varying circumferential crack length and hardening properties.

Table 1
g1-factors for a pipe with De=t ¼ 10 and distinct crack geometries and material strain hardening levels.

n h/p n3 n2 n1 n0

5 0.04 �12.450 9.792 5.205 �0.067
0.12 �19.217 79.695 �10.751 0.955
0.20 154.980 �5.330 3.170 0.215

10 0.04 �15.125 14.707 5.654 �0.083
0.12 �86.575 159.430 �25.567 1.851
0.20 183.110 59.745 �13.555 1.368

20 0.04 �24.042 26.676 4.758 �0.004
0.12 �59.467 183.650 �27.122 1.851
0.20 440.780 16.976 �8.017 1.120

Table 2
g1-factors for a pipe with De=t ¼ 20 and distinct crack geometries and material strain hardening levels.

n h/p n3 n2 n1 n0

5 0.04 �50.433 75.674 �7.870 0.728
0.12 94.675 85.885 �17.469 1.536
0.20 423.540 �105.490 17.268 �0.386

10 0.04 �96.925 123.950 �14.894 1.143
0.12 �176.460 380.900 �78.211 5.167
0.20 557.670 9.878 �17.988 2.065

20 0.04 �140.550 172.620 �19.132 1.318
0.12 �257.610 533.670 �95.077 5.542
0.20 486.740 413.600 �113.630 7.874
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external surface cracks at the girth weld under bending [32,33].
Assuming that a straight slip-line emanates from the crack tip at
an angle of 45� and taking into account that the limit load of a
structure is directly related to the length of the slip-line in each
material zone, the V-groove can be simplified to a square weld
bevel whose width (heq) is calculated from the intersection
between the weld fusion line and the slip-line trajectory as illus-
trated in Fig. 8 (see Souza et al. [31] and Hertelé et al. [9] for further
details).

The verification study is performed by comparing the J-integral
predictions obtained from the estimation scheme developed in this
work and benchmark solutions using three-dimensional numerical
analyses of pipes containing the exact V-weld groove, pipe and
crack geometries. It is worth mentioning that the comparisons per-
formed in this study provide useful information only to asses the
accuracy of the equivalent stress and strain relationship method
and the weld groove simplification.

Prediction of crack driving forces follows from applying the
strain-based version of EPRI with the material properties obtained
through the equivalent stress-strain curve in Eq. (14) and the limit
load results presented in the Appendix. Calculation of the J-integral
for a pipe with a V-groove weld was performed by the following
steps:

1. Determine the equivalent square groove weld width, heq, based
on the weld groove simplification procedure detailed above and
discussed in detail by Souza et al. [31];

2. Calculate the limit load ratio Pmism
0 =Pbm

0 using the limit load solu-
tion for pipes with finite circumferential part-through surface
internal cracks at the girth weld subjected to tension load [29];

3. Calculate the equivalent yield stress, rye, from Eq. (14);
4. Calculate the suitable g1-factor according to the pipe configura-

tion, crack geometry and the equivalent strain hardening coef-
ficient (neq ¼ nb ¼ nw) using Eq. (19) and the coefficients from
Tables 1 and 2.

5. Calculate the plastic J-integral using Eq. (15) and the equivalent
metal properties.
Base material
(σ , n )yb b

Weld material
(σ , n )yw w

a

t

heq

o45

Base material
(σ , n )yb b

Weld material
(σ , n )yw w

a

t

heq

o45

a)

b)

Fig. 8. Weld bevel simplification scheme for a pipeline girth weld without a clad
layer.
Fig. 9(a) shows the equivalent stress-strain curve obtained for a
pipe with De=t ¼ 20; h=p ¼ 0:04; a=t ¼ 0:1 and a V-groove weld
angle, b ¼ 10�. The analysis considers a base metal with yield
stress, rys ¼ 412 MPa and a mismatch level My ¼ 0:9. Weld and
parent metal have the same strain hardening coefficient
nw ¼ nb ¼ 10. The evolution of Jp with applied plastic strain, ep, is
depicted in Fig. 9(b). For this specific case study, the Jp estimation
using the strain-based EPRI coupled with the ESSRM agrees very
well with the finite element solutions.

To provide systematic overview of the procedure accuracy,
Figs. 10 and 11 depict the ratio between CDF predictions obtained
by the method developed in this work and finite element analysis
(JEq: ð15Þ

p =JFEAp ) with increased applied strain.
Consider first the results shown in Fig. 10(a) for pipe configura-

tions with De=t ¼ 10; h=p ¼ 0:04; a=t ¼ 0:1; 0:3 and girth weld
geometries with b ¼ 10� and b ¼ 30�. The predicted crack driving
forces (strain-based EPRI) are within 10% of the finite element
results for the entire range of applied plastic strain for the weld
with a narrow gap geometry and within approximately 15% for
the wide gap weld. Note, however, that the estimation accuracy
increases with the evolution of applied load. Consider, for example,
the shallow crack pipe (a=t ¼ 0:1) with b ¼ 10�. The error in Jp pre-
diction varies from 10% at a plastic strain level of ep ¼ 0:015 to 4%
for ep ¼ 0:035. The same behavior is observed for the other cases.

The weld groove geometry plays an important role in Jp estima-
tions. For all cases covered in this study, application of the proce-
dure in narrow gap welds b ¼ 10� results in better agreement to
the finite element analyses than the wide gap configuration. The
weld fusion line angle in narrow gap welds is small, and thus the
weld geometry approaches very closely the rectangular shape
required by the limit load solution [29]. Therefore, there is little
influence of the weld geometry simplification procedure in con-
verting a V-groove weld to a square shape in the case of a narrow
gap weld [31].

The effect of strain hardening is also illustrated in Figs. 10 and
11, which cover the n ¼ 10 and n ¼ 20 materials respectively.
The Jp estimations display a good agreement to the finite element
analyses for pipes with narrow gap welds and neq ¼ 10, as the error
in predictions are lower than 10% for plastic strain levels ep > 0:02
(Fig. 10). However, application of the procedure for materials with
high hardening exponents (n ¼ 20) results in estimations errors
within 15% for narrow gap weld joints and plastic strain levels
ep > 0:02, as showed in Fig. 11. A somewhat larger difference in
CDF predictions occurs for pipes with low hardening materials
(n ¼ 20) and wide gap weld geometries. For these cases the estima-
tions are within 30%.
5.3. Tolerable crack size estimates for pipes with undermatched girth
welds

To verify the effectiveness of the methodology previously devel-
oped, this section presents additional analyses with predictions of
tolerable flaw sizes for a typical pipeline with a narrow V-groove
girth weld and dissimilar material properties [3]. The analyzed
pipe has outside diameter De ¼ 203:2 and steel pipe thickness
t ¼ 20 mm. The liner/clad thickness is not addressed in the present
case study. The material of the pipe is an API 5L Grade X70 pipeline
steel with yield stress, ryb ¼ 551 MPa, tensile strength,
ruts ¼ 660 MPa and relatively low hardening properties
(ruts=ryb ¼ 1:20). According to Annex F of API579 [7], the
Ramberg-Osgood strain hardening coefficient describing the
stress-strain response of the base metal is nb ¼ 14:2. The weld
metal has yield stress, ryb ¼ 495 MPa, which is representative of
corrosion resistant alloys, such as nickel-chromium alloy 625



Fig. 9. (a) Illustration of (a) the equivalent stress-strain curve and (b) the evolution of Jp with applied plastic strain, ep , for a pipe with a V-groove weld (b ¼ 10�) and mismatch
level My ¼ 0:9.

Fig. 10. Comparison between the evolution of Jp vs. applied plastic strain obtained through the Strain-based EPRI and finite element analyses for a pipe with weld strength
mismatch My ¼ 0:9 and strain hardening coefficient n ¼ 10.
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[34]. As described in previous sections, this study considers only
idealized situations where both weld and parent metal have the
same strain hardening behavior. Thus, the strain hardening coeffi-
cient for the weld metal is nw ¼ nb ¼ 14:2 and the weld strength
mismatch level is My ¼ 0:89. A narrow gap weld is adopted in this
case study, as it represents typical automatic welding processes.
Evaluation of tolerable crack sizes in pipe girth welds
requires fracture toughness data, usually obtained through test-
ing of small-scale specimens, such as SE(T) (single edge notched
tensile) [35,36]. This work adopts the J-value at onset of crack

growth defined by J ¼ 400 kJ=m2 as the material’s elastic-
plastic toughness, Jmat . This toughness value is typical for Alloy



Fig. 11. Comparison between the evolution of Jp vs. applied plastic strain obtained through the Strain-based EPRI and finite element analyses for a pipe with weld strength
mismatch My ¼ 0:9 and strain hardening coefficient n ¼ 20.
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625 materials, including weld metal and heat affected zone
region [3].

The maximum applied strain level can be directly evaluated
from the geometry of reel drum and the pipeline, as described in
Eq. (9). This work adopts a strain level e ¼ 0:02 for the analyses
and prediction of critical flaws.

Results obtained through the methodology developed in this
work are compared with two related procedures: (a) 3D finite ele-
ment analysis of the actual pipeline and girth weld configuration
and (b) the DNV approach, which is based on the BS7910 [6] and
the reference stress [37] with limit load solutions taken from Kast-
ner et al. [38] and stress intensity factors from Raju and Newman
[39]. Because 3D finite element models represent very closely the
pipeline and girth weld geometry, the numerical results are con-
sidered here as benchmark solutions and provide a basis of com-
parison to the other procedures.

The framework to calculate the critical crack sizes at dissimilar
girth weld follows the structure presented in Section 5.2 with
minor changes. For a fixed crack length, 2c and varying crack depth
a, the calculation of critical flaw sizes is performed by the following
steps:

1. Determine the weld strength mismatch level My, using Eq. (10);
2. Determine the equivalent square groove weld width, heq for the

correspondent crack depth a value [31];
3. Calculate the limit load ratio Pmism
0 =Pbm

0 using the limit load solu-
tion for pipes with finite circumferential part-through surface
internal cracks at the girth weld subjected to tension load
[29] and presented in Appendix A;

4. Calculate the equivalent yield stress, rye, from Eq. (14);
5. Calculate the suitable g1-factor according to the pipe configura-

tion, crack geometry and the equivalent strain hardening coef-
ficient (neq ¼ nb ¼ nw) using Eq. (19) and the coefficients from
Tables 1 and 2.

6. Calculate the plastic J-integral using Eq. (15) and the equivalent
metal properties.

7. Calculate the elastic component of the J-integral using Eq. (2).
8. Calculate the total J-integral (J ¼ Je þ Jp) and compare the

obtained crack driving force with the critical toughness value
(Jmat).

9. Repeat the procedure until the J > Jmat is satisfied and determine
the critical crack depth

Fig. 12 shows the tolerable crack sizes obtained for a pipe reel-
ing procedure in which the maximum strain applied in the pipe is

e ¼ 0:02 and the material toughness is J ¼ 400 kJ=m2. Critical flaws
are presented in terms of the critical crack depth, a, and fixed crack
lengths, 2c ¼ 50;75 and 100 mm.

For short cracks, 2c ¼ 50 mm, the strain-based version of EPRI
methodology coupled with the ESSRM overestimate the critical



Fig. 12. Tolerable crack size comparison.
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crack depth with a deviation of 15% in relation to the benchmark
3D analyses. However, the overestimation is even more pro-
nounced for the BS7910 procedure, as the tolerable crack depth
is about 30% greater than the corresponding value predicted by
the strain-based methodology proposed in the present work. A
similar trend is observed for the crack length 2c ¼ 75 mm. While
application of the procedure developed in this work results in dif-
ferences of 4% with respect to the 3D analyses, BS7910 overesti-
mates the tolerable crack sizes by 15%. For long cracks, there is
little difference in critical crack size estimations and differences
are within 2%. While predictions with the newmethodology shows
a slight deviation from the benchmark, it is possible to conclude
that there will be a gain in accuracy when compared to the DNV
approach, which recommends BS7910.

Similar error levels were reported by Pepin et al. [4] for pipes
with undermatched girth welds. Hertelé et al. [9] have verified that
the fracture response of simplified welds are slightly nonconserva-
tive and proposed a safety factor to correct the estimations in order
to apply the method to structural integrity assessments.

Safety factors can be calculated directly from the crack driving
force estimations performed in Section 5.2, so the predictions
obtained from Eq. 15 match the Jp extracted from finite element

analysis (JEq: ð15Þ
p ¼ JFEAp ). Consider, for instance, the analyses for a

material with yield stress rys ¼ 412 MPa, strain hardening coeffi-
cient nb ¼ 10 and mismatch level My ¼ 0:9, as presented in Fig. 10.
For a plastic strain ep ¼ 0:02, the maximum deviation in the case
of narrow gap welds occurs for a pipe with De=t ¼ 10; h=p ¼ 0:20;
a=t ¼ 0:3; b ¼ 10�, as the ratio JEq: ð15Þ

p =JFEAp ¼ 0:89 (Fig. 10(b)). The
safety factor for this case must be 1:12.

Following the procedure above mentioned, the overall safety
factor for a plastic strain level ep ¼ 0:02 must be 1.17 for pipes with
narrow gap welds (b ¼ 10�), as this value ensures that the
prediction will be conservative for the material properties and pipe
configurations adopted in this work.
6. Concluding remarks

This work describes a J-integral estimation procedure for frac-
ture assessments of circumferential surface cracks in under-
matched pipe girth welds subjected to high levels of bending
load. The proposed method derives from a strain-based version
of the EPRI J-estimation scheme [14] coupled with the equivalent
stress-strain relationship method [16] and a weld bevel simplifica-
tion scheme [9,31]. The proposed formulation takes advantage of
the displacement controlled conditions of the reeling process, so
the CDF can be determined without requiring previous knowledge
of the applied load on the pipe. Moreover, it takes into account the
approximately linear relationship between the plastic strain level
and the J-integral which mitigates the impact of any errors in load
calculation for cases where load controlled methodologies are
applied to estimate the J-integral.

The extensive set of nonlinear, 3D finite element analyses pro-
vides the fracture parameters required by the strain-based version
of the EPRI methodology, which enters directly into the J-integral
estimation of cracked pipes and cylinders subjected to bending
load. The application of the equivalent stress-strain relationship
method and an appropriate limit load solution allows the represen-
tation of the complex coupled effects of weld strength mismatch
and weld geometry in a single equivalent stress-strain curve which
has approximately the same mechanical response of the welded
joint. The J-integral estimation can then be performed by tradi-
tional methods for homogeneous materials, such as the strain-
based version of the EPRI methodology.

Verification analyses were conducted to assess the procedure
accuracy in precisely describing the CDF in surface cracks at the
girth weld of reeled pipelines. The parametric analyses reveal that
the methodology predicts the CDF with good accuracy for the
entire set of pipe configurations and material properties for narrow
gap welds. However, when the methodology is applied to wide gap
joints and low hardening materials the differences in J-estimation
are within 30% which raises concern about the direct application of
the method for such cases without considering a proper safety
factor.

Additional analyses were performed to compare the tolerable
crack sizes in pipe girth welds subjected to the reeling procedure.
The results obtained through the procedure developed in this work
were compared with those from the approach recommended by
DNV and 3D benchmark analyses. The critical crack sizes obtained
by the new method are in close agreement to the benchmark anal-
yses and present a better accuracy when compared to the DNV
procedure.
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Appendix A

Kim et al. [29] describe a limit load expression applicable to
pipes with a finite circumferential part-through surface internal
cracks at the girth weld subjected to tension, where the slender-
ness parameter, w, is defined as

w ¼ t � a
h

þ 5 cos
h
2

� �
� sin h

2

� �
ðA:1Þ

in which t is the pipe wall thickness and h denotes the square weld
strip width. The crack is defined by its depth, a, and circumferential

angle 2h. The limit load ratio (Nmism
0 =Nbm

0 ) for overmatched girth
welds is determined by

Nmism
0

Nbm
0

¼
min My;

1
nLB

� �
0 6 w 6 w1

min 24ðMy�1Þ
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w1
w

� �
þ ðMyþ24Þ
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� �
w1 6 w

8><
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w1 ¼ exp �2ðMy � 1Þ
5

� �
ðA:3Þ

where Nbm
0 is defined as the limit tension load of the structure. For

undermatched pipes, the limit load ratio is defined by:

Nmism
0

Nbm
0

¼
My 0 6 w 6 1:5

1� 1:5ð1�MyÞ
w 1:5 6 w

(
ðA:4Þ
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