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The existing failure assessment diagram relies on the leading term characterizing the near-tip
stress solutions, and ignores the geometry or plasticity-induced constraint variations. This paper
aims to integrate the crack interaction effect between two coplanar cracks, measured by a
constraint-based crack interaction factor, into the option 3 failure assessment curve in the
engineering standard. This study examines circumferential coplanar embedded crack interacting
with a surface crack in a pipe. This paper proposes a modified J solution based on the crack
interaction factor to quantify the plasticity driven increase in the near-tip stress field for coplanar
cracks. The stress field estimated based on this modified J solution agrees closely with the
numerically computed stress field near the coplanar crack tips at different load levels. This work
subsequently integrates the modified J solution into the failure assessment diagram.
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1 Introduction

Fracture failure for the fatigue or otherwise induced cracks has emerged as a primary failure
mechanics in welded connection and pipes (Parool et al. 2017; 2018). Engineering assessment of
the fracture resistance and fracture failure for pipes has become a critical challenge (Liu et al.
2019; 2019a). Non-destructive testing (Zhou et al 2018) often reveals multiple closely spaced
cracks near the circumferential welds of the in-service pipelines. The possible interaction
between these multiple cracks creates additional challenges in the integrity assessments of the
welded pipelines, since the existing failure assessment procedure (BS7910 2015), which
addresses the competing failure between plastic collapse and unstable fracture, relies on
solutions derived from a single, stand-alone crack.

Previous efforts (Zhang et al 2015) in quantifying the interaction between closely located
cracks have tried to examine the changes in the crack driving force, measured by either the stress
intensity factor (K;) or the energy release rate (J-integral), due to the presence of a nearby crack.
Such efforts lead to the equivalent crack rule in engineering standard (BS7910 2015), which
prescribes unnaturally a larger equivalent crack size for an increasing crack spacing. In addition,
a previous study (Seah and Qian 2018) demonstrates a significant over-constraining effect in the
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near-tip stress field, which are not characterized by the K; or J solutions. This implies that the
exiting failure assessment diagram becomes un-conservative in assessing the coplanar cracks.

This study, hence, aims to integrate the previously reported over-constraining effect in the
failure assessment framework for pipes with coplanar cracks near the circumferential welds. The
pipes considered in this study experiences both the internal pressure and axial tension.

2 Modified J-Integral for Coplanar Cracks
2.1 Crack interaction factor

Seah and Qian (2018) has proposed a crack interaction factor to quantify the over-constraining
effect in closely spaced co-planar cracks in plates. As the adjacent crack tip approaches the
current crack tip, the J values computed from the coplanar cracks under-estimates this stress
elevation near the crack tip (Seah and Qian 2018). The proposed crack interaction factor, v,
characterizes the over-constraining effect caused by an adjacent crack tip based on the J-Q
framework (O’Dowd and Shih, 1991; 1992),

J‘Xz 996, mc,0-0 d(ﬂ}
yow \J 1)
% Ogp,ref 0-0 o,r
I ref 0=0 41 Gol
J

X o,

where o, refers to the opening stress near a crack tip influenced by an adjacent crack and

O g0 rer denotes the opening stress for a single crack in the same geometric configuration. i is

an equivalent, normalized Q stress from x, =o,/J=2 to x, along =0, where x, takes the
minimum value of ¢/J=10 and the normalized distance at the smallest opening stress
between the two crack tips.

2.2 Modified J-Integral

The above interaction factor quantifies the increase in the near-tip opening stress, which drives
the extension of the crack and hence imposes a direct effect on the failure assessment procedure.
To reflect this increase in the crack opening stress, the failure assessment curve requires an
equivalent J-value based on the interaction factor for co-planar cracks. Assuming that the
equivalent J-integral for a co-planar crack, J , follows,
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Substituting J, , into the HRR solution (Hutchinson, 1968; Rice and Rosengren, 1968) leads to,
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where O e refers to the near-tip stress field in a multiple crack configuration, while O

denotes that near a single crack. Substituting Eq. (3) into Eq. (1), we have,
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3 Pipes with Coplanar Cracks

This section details the numerical model used to compute the crack interaction of the two
coplanar circumferential cracks (embedded crack interacting with a surface crack) in a pipe. As
illustrated in Figure 1a, the pipe has an outer diameter of 508 mm, and a wall thickness of 25.4
mm. The half length of the pipe is 2000 mm.

Figure 1b illustrates the crack front mesh simulated in ABAQUS (2014). The finite element
model utilizes 8-node iso-parametric elements (C3D8 in the ABAQUS element library). The
crack tip has a 1 pm keyhole radius and 40 rings of elements around the crack-tip. The J-integral
is computed from the domain formed by the 40" ring of elements, over which J-integral
converges among adjacent rings. The smallest element size near the crack tip equals 0.4 pm.
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Figure 1. Coplanar crack in a pipe and the near-tip meshes.

The numerical analysis implements a non-proportional loading to simulate the combined
action of the internal pressure and axial tension in two separate steps. The first loading step
applies an internal pressure in the pipe with the end of the pipe restrained in the longitudinal
direction. The second step applies a displacement-controlled axial tension to the end of the pipe.

The material true stress-true strain curve follows the Ramberg-Osgood relationship,
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where the yield strength of material, o, equals 300 MPa with a Young’s modulus of 207 GPa,
and the strain-hardening exponent n equals 13 in this study.

Figure 2a and Figure 2b compare the near-tip stress for the embedded crack (at g=7/2) in
Figure 1, the stress field estimated from the J-values for the coplanar cracks and that estimated
using the J,.« value in Eq. (4). The estimation of the near-tip stress field utilizes the HRR
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framework by substituting the different J values into the near-tip stress solution. The presence of
a nearby surface crack elevates the near-tip stress of an embedded crack, compared to that of a
single embedded crack. This elevation in the near-tip stress field increases with the increasing
load, and stress field estimated from the domain integral value for the coplanar cracks (i.e., the
J,. value) under-estimates the opening stresses as shown in Figure 2b. The modified J value,

Jmoa, on the other hand, provides a reasonably accurate estimation of the near-tip opening stress
at both nominal strain of 0.05% and 0.4%.
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Figure 2. Near-tip stress field for an embedded crack interacting with a surface crack.

Figure 3 presents the y value calculated for the embedded crack (at ¢ = w/2) in Figure 1 at
increasing internal pressures cH/c0. The y value increases with the nominal axial strain, en,
implying the plasticity dependent constraint variation for the coplanar cracks. The presence of
the internal pressure creates a hoop stress, oH, in the pipe wall and hence a biaxial stress
condition. Since the crack interaction factor v quantifies the plasticity-driven stress elevation
near the tip of coplanar cracks, the presence of biaxial stresses impinges on the near tip stress
field and increases the crack interaction factor, .

1
1 .E ] o ﬁ_d_l_,-"'g _g‘
[ e —
ﬁ/.-"/{ : = 3
A
117 / 4 A .
ﬁ f'" c-a og'm=10
axs ¥ + 4 owio=05
| ‘=10
1.0F  Embedded Crack in Figure 1 7 el
fo=1mm, a/c=0.1 alr=>002
id-‘r 20 5/a = 1.0
0.9 . . LA )
0 0.2 0.4 0.6

Figure 3. Crack interaction factor for an embedded crack interacting with a surface crack.
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4  Implementation in Failure Assessment Diagram
4.1 Definition of FAD

This section details the procedure in applying the crack interaction factor, , for engineering
application via the failure assessment diagram. The failure assessment diagram (FAD) remains a
common approach to assess the safety of a flaw, and has found wide applications for welded
tubular joints (Qian et al. 2013; Qian 2013). This method considers two competing failure
mechanisms: the brittle fracture and the plastic collapse. The x-axis of the FAD defines the non-
dimensional load ratio,

Oref

% (6)

L =

g

The y-axis quantifies the non-dimensional fracture ratio,

mat (7)
where O refers to the reference stress at the flawed cross section, X, =~ denotes the fracture
toughness of the material, and K, indicates the crack driving force. BS7910 (2015) has
implemented three types of failure assessment curves (FACs), depending on the availability of

the material and geometry information. The Option 1 and 2 FACs derive from the fitting
solutions of the numerical database on a wide range of materials and plate type crack geometries.
The Option 3 FAC is the material and geometry specific curve, derived from elastic plastic
fracture mechanics,
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where J. refers to linear-elastic J-integral and J denotes the total elastic-plastic J-value. The
plastic collapse ratio, L, is limited to,
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where o, and o, denote the material yield strength and ultimate strength, respectively.

4.2 Modified FAC

The modified J value, Ji04, described in Section 1, which considers the crack interaction factor,
allows the redevelopment of the Option 3 failure assessment curves for coplanar cracks in a pipe
to incorporate the over-constraining effect in coplanar cracks. Figure 2b confirms that the stress
field estimated based on the J,.,¢ value in Eq. (4) resembles closely the stress field near the tip of
a coplanar crack. Substituting Eq. (4) into Eq. (8) leads to,
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where J., refers to the J-integral calculated in the linear-elastic analysis for a single crack
model, and . denotes the linear-elastic crack interaction factor. In Eq. (10), the approximate .J-
solution (J,,, =wJ, ) based on Eq. (4) has replaced the elastic-plastic crack driving force for
the coplanar crack model.

Figure 4 presents the FAC for the embedded crack interacting with a surface crack (as
illustrates in Figure 1) under combined internal pressure and axial tension. The FAC derives
from the J and i solutions at the deepest crack-front location ( = 7/2) in the embedded crack.
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Figure 4. FAC for an embedded crack interacting with a surface crack

Due to the increasing constraint caused by the nearby surface crack, the modified FAC of the
embedded crack based on Ju.q value in Eq. (10), remains much lower than the FAC based on the
Jmoa solutions for the embedded coplanar cracks, using Eq. (8), at a large load ratio. At a small
load ratio, the linear-elastic J,,. value does not quantify the increase in geometry constraint. On
the other hand, the J..« value incorporates this effect through the linear-elastic . value.
Consequently, the FAC based on Jyues value in Eq. (10) locates above the FAC based on J
solutions, using Eq. (16), at a small load ratio.

5  Summary and Conclusions

This paper examines the interaction between coplanar circumferential embedded crack with
surface crack in pipes under the combined internal pressure and axial tension. As the leading
term in the near-tip stress field solution fails to quantify the crack-front constraint effect, the
current study proposes an equivalent J value (Jn0z) based on the crack interaction factor to
facilitate its implementation in the failure assessment diagram. Based on this equivalent J-value,
this study redevelops the option 3 FAC for circumferential coplanar cracks in pipes, and
compares the newly developed FACs with the existing approach using J value (Jy).
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The failure assessment curve for embedded crack interacting with surface crack computed
from the J,. values is marginally than the proposed FAC based on the crack interaction factor,
w, for small to intermediate load ratios, but becomes un-conservative at a large load ratio.
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