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Abstract: (max 100 words)

Curved Wide Plate (CWP) specimens are often considered to evaluate the tensile strain capacity of
girth weld defected pipelines. However, to date no comparison has been made between the constraint
in CWP and (pressurized) pipe specimens. This paper reports on the evaluation of the constraint
through three dimensional finite element simulations. At first, it is observed that the internal pressure
marginally increases the out-of-plane constraint. Second, the CWP specimens appear to closely
represent the constraint in pipe specimens for homogeneous as well as strength mismatched situations.
CWP specimens become increasingly conservative to pipe specimens with increasing defect
dimensions.
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1. Introduction

Transportation pipelines installed in harsh environments might be subjected to displacement controlled
loading during operation (e.g. due to landslides). This might result in large (plastic) deformations. The
girth welds that connect different pipes unavoidably contain defects, not all of which can be repaired
for economical reasons. ‘Accordingly, an assessment procedure is required to determine the allowable
defect sizes and/or tensile strain capacity. The determination of these limits can be performed by
means of full scale testing. Next to axial tension these tests should incorporate internal pressure, as the
resulting biaxial loading condition is known to be strongly detrimental to crack driving force [1, 2].
However, such tests require high test capacities and are time consuming.

Alternatively, sub-scale test specimens can be considered. Since the 1980’s, Curved Wide Plate
(CWP) testing has been widely used to assess defected girth welds [3-5]. However, these tests do not
reflect the actual geometry nor the loading conditions; with the main drawback that internal pressure is
lacking. Nevertheless, application of a so-called pressure correction factor allows estimation of the
tensile strain capacity for full scale pipes using the results of CWP testing [6-8]. Such correction
however implicitly assumes that the apparent toughness is comparable in both CWP and (pressurized)
pipe specimens.

To verify the assumption with respect to the apparent toughness, this study evaluates the stresses
ahead of the crack tip based on an extensive set of three dimensional finite element simulations. These
stresses are known to influence the apparent toughness due to the constraint developing ahead of the
crack tip. Several theoretical frameworks are available to characterize this constraint level [9-11]. In
this study a constraint analysis is carried out based on the two-parameter J-Q framework developed by



Shih and O’Dowd in the early 1990°s [12, 13], which is well accepted for situations with pronounced
plasticity [14]. In addition, the stress triaxiality parameter 4, defined as the ratio between the
hydrostatic stress and Von Mises equivalent stress, is evaluated ahead of the crack tip [15, 16]. The
equivalence between the constraint parameters Q and /4 has been reported in literature [17, 18], though
the stress triaxiality is assumed to have a higher physical relevance in case of ductile failure. These
constraint analyses are first performed for homogeneous specimens. Subsequently, the influence of
weld strength mismatch is considered, as strength overmatching welds are generally required for
plastically deforming pipelines.

The remainder of this paper is structured as follows; first, a description of the test specimen
geometries and finite element models is provided in paragraph 3. Second, in paragraph 4 an evaluation
is made of the constraint evolution in (pressurized) pipes and CWP specimens. Conclusions are given
in paragraph 5.

2. Nomenclature

a defect depth

by initial remaining ligament thickness

c half defect arc length

D pipe diameter

E Young’s modulus

h stress triaxiality

J J-integral

n strain hardening exponent

(0] constraint parameter (uniaxial)
On constraint parameter (triaxial)
A0 variation of Q-parameter

r normalized distance ahead of the crack tip

t pipe wall thickness

Y/T yield-to-tensile ratio

£ true strain

9 angle perpendicular to the crack

. angle parallel to the crack

(o true stress

for! yield strength

O, Von Mises equivalent stress
Coop hoop stress

Cij stress in ij-direction

O, hydrostatic stress

%eMM yield strength mismatch

3. Methodology

This paragraph provides a description of the simulated test specimen geometries. Second, the
developed finite element models and associated assumptions are outlined. The third subsection
elaborates on material properties and simulation of weld strength mismatched configurations. The
final subsection provides a brief description of the constraint calculations presented in this paper.

3.1. Geometry of Curved Wide Plate and pipe specimens



The simulated pipe specimens are characterized by their outer diameter (D) and wall thickness (7)
(Figure 1a). Within the set of simulations performed, the wall thickness was fixed at 15 mm. The
diameter is varied between 762 mm (30”) and 1270 mm (50”). The length of the simulated pipe
specimens equals four times their diameter, which suffices to yield results independent from the
boundary conditions [19].

In practice, CWP specimens are extracted from pipe specimens. Accordingly, these have a curvature
defined by the pipe’s diameter and have the same wall thickness. The total length of the CWP
specimens equals 1200 mm, whereas the prismatic section is 900 mm long and 300 mm wide (Figure
1b). All other geometrical properties are in agreement with the UGent Guidelines for CWP testing [3].

The specimens have constant depth surface breaking defects with an end-radius equal to the defect
depth. The crack geometry is furthermore characterized by the defect depth (a) and defect arc length
(2¢). Unless otherwise specified, these defects are located at the weld metal centre along the pipe’s
inner diameter. The length has been varied between 25 mm and 100 mm. The depth of the crack varied
between 3.0 and 6.0 mm, reflecting relative crack depths a/t between 0.20 and 0.40.

(b)
notch girth weld
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Figure 1: Definition of geometrical parameters: pipe (a)
and CWP specimen (b)

3.2. Finite element models

Python™ scripts have been used to facilitate the parametric analysis of the above geometries through
finite element simulations in Abaqus® v6.11. These scripts automatically generate, mesh, analyze and
post-process the different geometries. For a detailed description of this scripting approach, the reader
is referred to [20]. A main advantage hereof is the consistent mesh design, in particular around the
crack tip. Regardless the dimensions of the crack and/or specimen, a gradually coarsening spider web
mesh-is created around the crack. This crack is initially blunted with an initial root radius of 2.5 pm.
This radius is small enough to accurately represent an infinitely sharp crack [21]. A typical mesh
design is shown in Figure 2. Note that only half of the specimens are modeled, symmetry boundary
conditions being applied along the length of the specimens. Based on linear brick elements with
reduced integration (Abaqus” type C3D8R), the resulting models consist of typically 80 000 and
35 000 nodes for pipe and CWP specimens respectively.



Figure 2: Characteristic mesh design for pipe specimens and CWP specimens

Next to the symmetry boundary conditions, displacement boundary conditions are applied representing
the axial straining for both pipe'and CWP specimens. Clamped boundary conditions are simulated,
since a uniaxial, longitudinal displacement is imposed not allowing for any rotation. These
displacements are transferred to the specimen through rigid bodies attached to the end of the specimen.
In addition to the resulting axial load, the pipe specimens can be subjected to internal pressure. This
pressure is applied at the inner diameter surface prior to the axial straining. For the simulated defects
that are located at the inner diameter side, the internal pressure is also applied on the crack faces and
tip. Simulations with-and without additional pressure have been performed for comparison. In case of
outer diameter defects, the internal pressure only acts on the pipe’s inner diameter. Unless specifically
mentioned, the pressure level (p) considered in this paper corresponds to a hoop stress (Gjo.p) €qual to
80% of the pipe’s actual yield strength.

The reference stress fields, required for the J-Q analyses (§3.5), are obtained from a Modified
Boundary Layer (MBL) model with similar mesh design around the crack tip. These stress fields are
evaluated at a fixed load level of J= 50 N/mm, defined by the load applied on the boundaries of the
MBL model. This load level assures that the stress data are independent of the initial blunting [22].

3.3. Material properties and analysis approach

The analyses are completed using small strain assumptions. Although this is known to be an
approximation, this approach has proven to yield a sufficiently accurate description of the crack tip
stress fields [23]. In addition, this approach allows simulating weld metal strength overmatched
configurations at high load levels in terms of J-integral, without observing a necking phenomenon in



the lower strength base material. Both for homogeneous and weld strength mismatched configurations,
a non-linear elastic Ramberg-Osgood material model (i.e. deformation plasticity) is considered [24].
This model describes the true stress — true strain behavior based on the strain hardening exponent #,
Young’s modulus £ and 0.2% proof stress op, which serves as the yield strength. Within the
framework of this study, a yield strength of 420 MPa and Young’s modulus of 206980 MPa are
considered. The strain hardening exponent is varied between n=35 and n =20, representing
yield-to-tensile (¥/7) ratios between 0.46 and 0.90 respectively. It is noted that a ¥/7T-ratio of 0.46'1s
not realistic, however this case is considered to cover a wide area of applicability.

€= g+0.ooz[£] (1)
E o,

It should be noted that a non-linear elastic material definition was selected to enhance the convergence
of the J-integral calculations, which are based on the domain integral method implemented in
Abaqus®. A total of twelve contours are considered. In case of welded specimens, it is noted that all
contours are contained within the weld metal region.

3.4. Simulated weld properties

For the analysis of weld strength mismatched situations, the mismatch level (%MM) is defined as the
relative difference between the yield strength of the weld and base metal.

O oy — 0.
%MM:M.]OO )

O-O;BM

Within this paper, the difference between weld and base material solely originates from a difference in
yield strength; the strain hardening exponents of weld and base material are identical. Yield strength
mismatch levels are varied between -20% (strength undermatching weld) and +50% (strength
overmatching weld) in steps of 10%. Two types of welds are analyzed based on the CSA
recommendations for pipeline girth welding [25]. The first type aims to represent a manual weld with
a wide V-shaped bevel preparation. Its opening angle equals 30° (Figure 3a). The second type reflects
a narrow gap automated weld with weld bevel opening angle equal to 10° (Figure 3b). Both have a
root opening of 5.0 mm. A weld cap reinforcement is modeled. This semi circular geometrical
reinforcement has-a height of 1.0 mm for both weld types. The weld bevel profile and weld cap
reinforcement are modeled through application of nodal coordinate transformations [20]. It should be
noted that only cracks located at the weld metal centre line are considered.

(a) (b)

1 | |
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Figure 3: Investigated weld bevel geometries: wide V-shaped bevel (a) and narrow gap bevel (b)
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3.5. Constraint calculations

First, the considered two-parameter J-Q framework is summarized [12, 13]. Within this framework,
the J-integral is assumed to set the size of the plastic zone. Therefore, the distances ahead of the crack
tip (r, Figure 4) are normalized by J/oy, with oy the yield strength of the material where the crack is
located (i.e. the weld metal’s yield strength). Within this paper, the stress fields are examined at

normalized distances 1< r = r/(J/o,)<5; this zone is believed to be significant for both ductile and

brittle type fractures [26]. The second parameter, O, determines a hydrostatic shift relative to a
reference field (0j..p). This reference field is obtained from a Modified Boundary Layer (MBL)
analysis. Both plane strain and plane stress MBL analyses have been carried out to select the most
appropriate reference field. The material properties considered for this MBL model match those of the
zone containing the crack (i.e. the weld metal for welded specimens). The Q-parameter is evaluated at
a normalized distance of two ahead of the crack tip (8 = 90°, Figure 4), in the forward region.

0

Furthermore, both the middle of the crack (¢ = 0) and the surface ends of the crack (approx. « = 90°)
are considered. The middle of the crack is known to exhibit the highest crack driving force for long
and shallow defects and is therefore believed to govern fracture [27]..

(a) (b)

Crack tip

Figure 4: Definition of location relative to crack tip (a) and along crack front (b)

As the aim isto describe situations of ductile fracture behavior, the out-of-plane stress is well known
to impact failure. Therefore, a second constraint parameter is evaluated that accounts for out-of-plane
stresses, namely the O,,-parameter. This parameter is based on the hydrostatic stress ahead of the crack
tip and therefore more consistent with the interpretation as a triaxiality parameter [28].

c,—O

0, ="l r=r/(J/o,)=2 6=r/2 )
o

The hydrostatic stress is defined as:

o = O-ii (5)



In general both Q and Q,, yield similar values [28, 29], although Q,, is known to capture out-of-plane
constraint effects more sensitively. The validity of the Q calculations is checked by evaluating the
parallelism between the reference stress field obtained from a MBL model and the actual crack tip
stress field. This is commonly performed through a comparison of the Q-parameters calculated at
normalized distances ahead of the crack tip 7 =1 and at 7=5 [30, 31].

‘Q;:l _Q?:s‘
AQ=——

4 (6)

In accordance with results published in literature, this difference should be smaller than 0:1 to obtain a
description of the crack tip stress fields whose accuracy is independent of the radial distance from the
crack tip [14, 32]. High AQ values originate for instance from local bending stresses:

The third constraint parameter considered in this paper is the stress triaxiality parameter 4. This
parameter is defined as the ratio between the hydrostatic stress and the Von Mises equivalent stress. It
is evaluated at the same locations as the Q-parameter.

h=m r=r/(Jjo,)=2 O=r/2 (7)

O,

Within this paper, only Q-values will be reported unless significant differences between different
constraint parameters have been observed. Eventually, a comparison between the different constraint
parameters is also presented.

4. Results and discussion

Within the following subsections the influence of different parameters (e.g. crack depth) on the
evolution of the constraint ahead of the crack tip is discussed. These analyses are carried out on
pressurized and unpressurized pipes and on CWP specimens. Representative results are shown for the
sake of clarity, exceptions are explicitly highlighted. In all cases, the constraint is evaluated up to
J / *y-values equal to two. For these values, remote plastic straining is clearly obtained. By means of
example, the evolution of J / ¢ is shown as function of the strain remote from the cracked ligament for
a CWP and a pipe specimen (Figure 5).

2.0 .
pipe - no
pressure
--------- CWP
)
=
§1.0 1
~
n=10
a/t=0.2
2¢=25mm
D=762 mm
0.0 .

0.00 0.02 0.04 0.06 0.08
remote strain [-]
Figure 5: Example crack driving force curves for CWP and pipe specimens



4.1. Selection of reference stress field

The crack tip constraint is studied at both the middle of the crack and at the surface end of the crack.
For these locations, the validity of the J-Q theory is checked based on the magnitude of the AQ values.
Two types of reference fields have been considered in this paper, namely the plane strain and plane
stress fields obtained from MBL analyses. These fields differ both in magnitude and in shape
(Figure 6). The plane stress reference field has a lower magnitude and appears flatter as function of the
normalized distance ahead of the crack tip. Consequently, the plane strain solution represents a higher
constraint condition.

5
0,=420 MPa
plane strain n=10
4 -
T3
NI
o ] plane stress
>
3, |
B2 9 e
1 4
MBL analysis J=50N/mm
0 T T T T
0 1 2 3 4 5

r/(J/oy) IH

Figure 6: Plane stress and plane strain crack tip stress fields obtained from MBL analysis

First, the AQ values are calculated for the crack tip stress fields at the middle of the crack for pipe
specimens (¢ =0°). Considering the plane stress crack tip stress field as a reference field, the AQ
values clearly exceed the critical value of 0.1 (Figure 7a). This implies that the actual crack tip stress
fields are not parallel to the reference crack tip stress field. In contrast, when considering the plane
strain solution for the reference stress field, the AQ values remain limited for almost all loading levels.
Only at very low load levels, the AQ values exceed the critical value of 0.1, attributed to the initial
crack tip blunting. Second, the crack tip stress fields at the surface end of the crack are studied
(* * 90%). In_this case, only the plane stress reference stress field results in AQ values below 0.1
(Figure 7b)./As a result, the O, values reported in the remainder of this paper are, unless explicitly
specified otherwise, defined relative to the plane strain solution for the middle of the crack and the
plane stress solution for the surface ends of the crack.
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Figure 7: Calculated AQ values for plane strain and plane stress reference stress field
at middle of the crack (a) and at surface ends of the crack (b)

To accommodate a comparison between these locations, the constraint at both locations is calculated
relative to the same reference field, i.e. the plane strain reference stress field. As a result, the J Q
trajectory for the surface end point of the crack is shifted compared to the situation using a plane stress
reference stress field (Figure 8a). Relative to the constraint at the surface end of the crack, the
constraint at the middle of the crack is higher. This observation is additionally supported by the
evolution of the triaxiality parameter (Figure 8b). Similar observations have been made for all studied
defects. Given the lower crack driving force at this location along the crack front, the occurrence of
ductile crack extension in the circumferential direction is thus unlikely to occur for these defects. This
corresponds well with the experimental observations of uniaxially loaded part-through defects [33].
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Figure 8: Constraint at surface ends of the crack and center of the crack based on O-parameter and

plane strain reference stress field (a) and triaxiality parameter /4 (b)
4.2. Influence of internal pressure



The internal pressure effect was studied both at the middle of the crack and at the end of the crack
front near the free surface. First, the focus is at the middle of the crack. Looking at the resulting J-Q
trajectories, no significant differences are observed between the various internal pressure levels
(Figure 9a); all show a similar loss of constraint upon the development of plasticity. Therefore, it is
concluded that, regarding the in-plane constraint, the degree of biaxiality in the loading situation has
no influence.

(a) (b)
2.0 2.0
................. O}erp / O}} = O{] @ = 00
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Figure 9: Resulting J-Q (a) and J-Q,, (b) trajectories for varying internal pressure levels

In contrast, when the out-of-plane constraint is more explicitly accounted for, e.g. by using the
constraint parameter ,,, a clear increase of the constraint is observed as the pressure level increases
(Figure 9b). In Figure 10 the different constraint parameters are evaluated at a fixed crack driving
force level (i.c. J/ oy = 1), for varying internal pressure levels. Regardless the considered material, the
constraint increase appears approximately linearly proportional to the internal pressure level when
taking into account the out-of-plane constraint. This finding somewhat contrasts with results published
by Cravero et al. [34]. They have evaluated the triaxiality ahead of the crack tip for various pressure
levels and concluded that no significant differences were observed. To the authors’ experience only
relatively low load levels were considered in their study, resulting in remarkable scatter due to initial
blunting. On the other hand, these observations are in agreement with the results of Bass et al. [35],
who also reported that the out-of-plane constraint is influenced by the biaxial loading level in contrast
to the in-plane constraint.

Elaborating on the influence of the hoop stress, the influence of the flaw location is examined. Inner
diameter defects differ from outer diameter defects as for the latter the pressure is not acting on the
crack faces. No significant difference is observed between the (out-of-plane) constraint evolution for
both defect locations (Figure 11a). This suggests that pressure acting on the crack faces does not
influence the constraint. This is confirmed by comparing simulations for internal diameter cracks with
and without pressure being applied on the crack faces (Figure 11b). Accordingly, the influence of
internal pressure relates to the hoop stress rather than additional longitudinal or radial stress
components.



2.0

constraint [-]
p— —
o n

<
W

a=3.0mm;2¢=25mm;D=762 mm
0.0 ———— T T
0.0 0.5 1.0

o.haop / (o] [']

Figure 10: Influence of internal pressure on constraint parameters at middle of the crack
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Figure 11: Influence of internal pressure on out-of-plane constraint:
comparison of defect location (a) and influence of pressure applied to the crack faces (b)

Second, the constraint is studied at the surface ends of the crack. Here, the O-parameter again shows a
limited dependency on the internal pressure level. In contrast, the parameters that explicitly account
for the out-of-plane constraint, O,, and 4, indicate an increase of the constraint with increase of the
internal pressure level (Figure 12). The magnitude of this constraint increase is comparable to the one
observed at the middle of the crack, hence no additional crack extension in the circumferential
direction is expected based on these constraint considerations.

Focusing on the current results, the observed effect can be explained by noting that, with increasing
internal pressure, the hoop stresses increase. Hence, the out-of-plane stresses gain importance,
resulting in higher Q,, and /% values. Remark that this effect is not necessarily captured by Q, as this
parameter only accounts for hoop stresses via the Poisson effect. This effect is of a secondary nature
and may be within the accuracy range of the finite element calculations. Focusing on ductile fracture,
the O,, and & parameters are however believed to be more relevant, in contrast to cleavage where the
in-plane constraint is of major importance [36]. Accordingly, the resistance curves of pressurized pipes



are expected to be lower than those obtained from unpressurized pipes. However, based on available
literature reportings on both experimental and numerical work, only a minor decrease is observed in
the J-R curve [37, 38]. This difference is most likely attributed to the limitations of the considered
modeling approach. The constraint level in this paper was not studied inside the large deformation
zone just in front of the crack tip. The small strain assumption made does not allow for investigations
of this feature. In addition, a potential minor decrease can be neglected as scatter in the material
properties is likely to influence the resistance curves more significantly [39]. Hence, it is concluded
that the internal pressure increases the constraint, but to an extent that can be questioned to be relevant
as scatter from material testing is likely to influence the obtained tearing resistance approximately to
the same extent.
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Figure 12: Influence of internal pressure on constraint parameter
at surface end of crack (a) with detailed evolution at fixed loading level of J/ ¢y = 1.0 (b)

4.3. Influence of curved wide plate geometry

Comparing the constraint evolutions in CWP specimens and unpressurized pipes at the middle of the
crack, it is clear that both show a similar loss of constraint upon loading (Figure 13). This statement
holds particularly for small defects (a x 2¢ = 3.0 x 25 mm?). With increasing defect dimensions, the
difference between CWP and pipe specimens increases, regardless the considered constraint definition.
Shown in Figure 13a and b is the influence of the relative crack depth on the J-Q and J-A trajectory
respectively. For shallow cracks (a/t=0.2) the difference between pipe and CWP specimens is
limited. In contrast, deep cracks (a/t = 0.4) indicate a higher constraint in the CWP specimens, in
particular at lower load levels. Given the similarity between the trends described by the different
constraint parameters, solely the (Q-parameter will be considered in the remaining comparisons
between pipe and CWP specimens. It is furthermore observed that the constraint increases for CWP
specimens with increasing crack lengths (Figure 13c). This contrasts with the unpressurized pipe
specimens, which show no dependence of the constraint trajectories on crack length.

Another factor potentially influencing the constraint in the CWP specimen is the pipe diameter. It is
observed that CWP specimens extracted from larger diameter pipes show an increased raise of the
constraint during the early loading stages (Figure 13d). In contrast, the constraint evolution in pipe
specimens appears to be independent of diameter.



@ (b)

2.0 - 2.0 |
pIpe - No pressure | pipe -no pressure
I CWP
E P
=10 4 a/t=04 E.,
S S
N ~
> ] = l a/t=0.2
0.2
n=10 n=10
1 2¢=25mm . 4 2¢=25mm S
D=762 mm +=0 D=762mm e =0°
00 T 0.0 T
0 1 2 0 1 2
-0 -] h-
(c) (d)
2.0 - 2.0
pipe - no pressure /
g ] < CWP i
=10 4 S0 D=30" 40" 50" 7
bQ . H . \.&,,””0
< i i pipe
D=30"; 40" 50"
n=10
1 1 a/t=0.3
*=0° 2¢=75mm
0.0 T 0.0 T
0 1 2 0 1 2
01 -0

Figure 13: Influence of geometrical parameters on constraint in unpressurized pipe and CWP
specimen: influence of relative crack depth on J-Q trajectory (a) and J-A trajectory (b) and
influence of crack length (c) and pipe diameter (d) on J-Q trajectory

In an- attempt to clarify the above observations, two effects are distinguished. First, local bending
originates from a difference between the centre of the applied force and the centre of the resulting
force in the cracked ligament [40]. Second, the presence of axial symmetry in pipe specimens
increases the stiffness of the specimens and hence prevents bending.

The first effect is illustrated by examining the stress distribution in the remaining ligament (b, = £ - ay).
Figure 14a indicates that CWP specimens are more susceptible to bending than unpressurized pipe
specimens with identical defect dimensions. This bending creates higher stresses near the crack tip and
lower stresses at the back side of the crack (near #/by = 1). Since the constraint calculations are based
on the stress fields’ magnitude in the vicinity of the crack tip, the increased constraint in CWP
specimens is attributed to an increased bending. This is confirmed by Figure 14b for CWP specimens.
Remark a minor discontinuity in the stress field around #/b, = 0.7. This discontinuity is attributed to
the transition between plastic and elastic deformation. On the other hand, the mesh was selected to



obtain an accurate description of the stresses near the crack tip rather than the back side of the crack,
resulting in a relatively coarse mesh in this region.

The second effect mainly explains the observed influence of the pipe diameter. Regarding the
unpressurized pipe specimens, the centre of the resulting force will, within the investigated range of
defect sizes, never shift significantly from the pipe axis. Hence, the constraint trajectories remain
relatively independent of the pipes’ diameter. In contrast, the CWP specimens lack axial symmetry
and are therefore likely to bend more. This bending effect is most pronounced for large diameter pipes,

as the absence of curvature decreases the bending stiffness. Consequently, the bending stresses
increase and subsequently the constraint.
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Figure 14: Stress profile in remaining ligament: comparison between CWP and unpressurized pipe (a)
and influence of defect length in CWP specimens (b)

In addition to the midpoint of the crack, the constraint is evaluated at the surface ends of the crack.
Given the symmetry along the length axis of the specimens, both for the CWP and the pipe specimens,
no difference in bending is present that potentially shifts the constraint at the surface end of the crack
between both specimen types. Accordingly, it should not surprise that the constraint evolution at these
points is very similar for pipe and CWP specimens. By means of example, the J-Q trajectories are
plotted for'specimens with varying initial defect depths (Figure 15a) and defect lengths (Figure 15b).

Based on the above observations and explanations, the apparent fracture toughness obtained through
CWP testing is expected to be slightly lower than the toughness obtained from full scale testing. This
is in-agreement with experimental data published by Cheng et al. [41]. Accordingly, it is concluded
that CWP testing slightly underestimates the fracture toughness as compared to the full scale
behaviour, especially for large defect sizes and/or large diameter pipes.
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Figure 15: Influence of defect depth (a) and length (b) on constraint evolution at surface end of defect
for pipe and CWP specimens

4.4. Influence of weld metal mismatch

The J-Q calculations for the weld metal strength mismatched configurations are based on a
comparison with the MBL solutions of materials with similar yield strength as the material where the
crack is located, i.e. the weld. A similar dependency of the constraint evolution on the mismatch level
is observed for all constraint parameters, though only the J-Q trajectories are shown in this section. A
higher mismatch level (overmatch) results in a decrease of the constraint, whereas a lower mismatch
level (undermatch) increases the constraint (Figure 16a). This is understood as, for higher strength
weld metals, the plastic zone originating from the crack tip develops more easily in the adjacent softer
base material. This plastic deformation results in a relaxation of the stresses near the crack tip, hence
the constraint lowers. In contrast, for undermatching welds limited plastic deformation takes place in
the adjacent (high strength) base material. Accordingly, the deformation is confined to the weld metal
surrounding the crack tip and therefore the hydrostatic stresses increase relative to the evenmatching
(homogeneous) situation. The above trend is in agreement with literature [42-44].

The above dependency is most pronounced at higher crack driving force levels. Although valid
(-calculations have not always been obtained at low crack driving force levels (AQ values exceeding
0.1), the J-Q curves are likely to merge at lower crack driving force levels. This observation is
understood as the influence of weld metal mismatch only becomes relevant once the plastic zone,
developing from the crack tip, reaches the fusion line and interacts with the adjacent base material
[44].

Another relevant observation relates to the similarity between the constraint evolution in unpressurized
pipe and CWP specimens (Figure 16b). This allows concluding that, for a wide variety of strength
mismatch conditions, the CWP specimens remain a slightly conservative alternative to full scale
testing.
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Figure 16: Influence of weld strength mismatch on constraint: influence of mismatch level (a) and
comparison between CWP and pipe specimens (b)
with mismatch levels varying in steps of 10% on the materials’ yield strength

The weld width is expected to influence the constraint evolution. Focusing on strength overmatch
situations, an increasing weld width will shield the crack tip stress fields from the adjacent softer
material and it takes longer before the plastic zone reaches the fusion line. Accordingly, the beneficial
effect going with strength overmatch is expected to decrease and to be postponed to higher crack
driving force levels. Figure 17a shows a comparison between a narrow and wide weld as defined in
§3.3. As expected, the wide weld shows less loss of constraint for increasing mismatch levels. This
difference is highlighted by comparing the Q-values at a constant load level (Figure 17b). The
dependency between strength mismatch and Q is stronger for smaller welds.
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Figure 17: Influence of weld bevel geometry on J-Q trajectories: global overview (a)
and detail at fixed load level J/ oy m= 1 (b)

Bearing in mind that the constraint level relates to the tearing resistance, the following is concluded.
Assuming a constant microstructure of the tested specimens an increase of the mismatch level yields a
higher tearing resistance. In contrast, undermatching causes a decrease of the tearing resistance.

4.5. Comparison of constraint parameters

In the preceding sections, different parameters have been considered for the evaluation of the
constraint ahead of the crack tip. In most cases, these parameters predict similar effects. It is therefore
not surprising that these parameters can be uniquely, linearly, related to each other. For the stress
triaxiality parameter 4 and the parameter Q,, this relationship is approximately independent of the
considered specimen type (i.e. pipe.or CWP specimen) and loading mode (i.e. with or without internal
pressure). The relationship-between both parameters however depends on the strain hardening
properties of the materials (Figure 18a). More specifically, the strain hardening coefficient n results in
a shift of the correlation function. The slope of the correlation remains constant, implying that the
constraint loss predicted by both parameters is similar. Moreover, the out-of-plane constraint is
captured similarly by both the stress triaxiality # and the Q,-parameter. Therefore, it is concluded that
the observed dependency does not limit the application of either of both parameters in the framework
of the presented comparisons as the main aim was to compare different specimen configurations and
loading conditions, assuming identical material properties for the different specimens. Hence, the
presented results in terms of /4 or O,, can be extrapolated to materials with a different strain hardening
behavior.

On the contrary, the relationship between the Q-parameter and the stress triaxiality depends on the
loading condition, namely the internal pressure (Figure 18b). This is not surprising as the Q-parameter
was hardly influenced by the internal pressure level. In contrast to the stress triaxiality, which showed
a close to linear dependency on the internal pressure level (§4.2). This difference is attributed to the
out-of-plane constraint effects, which are not well captured in case of the Q-parameter. For some
applications, this is of minor interest (e.g. cleavage fracture). However, within the current study ductile
failure is of primary interest. As it is well known that the out-of-plane constraint influences the
material’s behavior in this case, preference should therefore be given to a parameter that does account
of the out-of-plane effects.
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5. Conclusions

Based on an extensive set of finite element simulations, the crack tip stress fields and resulting J-Q,
J-Q,, and J-h trajectories have been analyzed in (pressurized) pipe and CWP specimens. From these
simulations it is concluded that:

- Internal pressure does not affect the in-plane constraint O, only the out-of-plane constraint is
slightly increased with increasing pressure level.

- CWP specimens can be considered to determine the apparent toughness of defected pipes. The
constraint evolution in both homogeneous and weld strength mismatched configurations are
comparable for pipe and CWP specimens. Although the CWP specimens remain slightly
conservative.

- Weld strength mismatch influences the constraint evolution in pipe specimens. Overmatching
welds show a higher loss of constraint than evenmatching (homogeneous) and undermatching
welds:

- To characterize the constraint in case ductile failure is studied, the Q,, and A parameter
appeared equivalent. Contrary, the O-parameter underestimated the impact of the multi-axial
loading conditions.
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