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Abstract. Crack is a high-risk engineering disease in civil engineering. It is nec-
essary to master the specific types and causes and strengthen crack control. Pipe-
line welded joint is one of the most prone to crack position. Pipeline structures
are widely used in civil engineering, especially in the field of oil and gas trans-
portation. In the installation of long-distance oil and gas pipelines, there are often
mitred joints to meet different laying requirements. A parametric numerical
model of mitred joints with crack defects was established based on Python-
Abaqus, the Key Hole model was used to accurately simulate the passivation be-
havior of crack tip during crack opening. The results show that for the inclined
joint of high steel grade pipeline, under the same load, the crack surface of the
outer wall of the bottom of the mitred joint is more prone to fracture failure than
the cracks at other positions. The larger mitre angle and the low strength match-
ing of the material will lead to a sharp rise in the crack driving force at the girth
weld, and the mitred joint is more prone to cracking failure. Among them, the
mitre angle and crack position have the most obvious influence on the crack driv-
ing force. It is an effective method to improve the bearing capacity of the inclined
nozzle by limiting the angle of the inclined joint and ensuring the high matching
of the strength.

Keywords: mitred welded joint; mitre angle; crack driving force; Strength
matching coefficient.

1 Introduction

In recent years, the relationship between people 's production, life and civil engineering
has become increasingly close. In civil engineering, what measures should be taken to
make the engineering structure safer and more reliable is one of the most important
research contents at present. However, at present, cracks are very easy to occur in both
the construction and application stages of civil engineering. Cracks are high-risk engi-
neering diseases. It is necessary to master the specific types and causes and strengthen
crack control, which has far-reaching significance [1]. The position of the pipe girth
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weld is one of the most prone to cracks. There are many types of pipeline structures in
civil engineering, the most prominent of which is the oil and gas transportation system.
With the deepening implementation of the national strategy for petroleum and natural
gas energy, the construction scale of oil and gas pipelines in China continues to expand
[2]. During the assembly and installation of underground pipelines, when there is a need
for direction change or errors prevent direct connection, it may be necessary to adjust
the position of the pipeline through mitred connections to achieve smooth connection.
As a geometrically discontinuous structure, the mitred joint is prone to stress concen-
tration under axial load.[3] Additionally, high-grade steel pipelines are prone to crack
defects at the circumferential weld positions during the welding process. Under axial
and bending loads and other additional loads, these crack defects can easily propagate,
thereby reducing the strain capacity of the circumferential welds, leading to frequent
accidents such as the cracking of mitred circumferential welds [4-6]. Studies suggest
that the mitre angle control within 3 ° can ensure the structural integrity and operation
safety of the pipeline, and avoid fatigue fracture due to stress concentration caused by
improper docking. However, when carrying out internal inspection of pipelines, things
that the mitre angle does not meet the requirements often occur [7-10]. In Reference
[11], the finite element software was used to simulate the no-crack mitred joint, and the
stress concentration stress was the largest at the inner angle of mitred joint. Under the
condition of stress concentration, the bearing capacity of defective joints and the bear-
ing capacity under large mitre angle need quantitative research results.The welding
strength matching coefficient has a great influence on the crack driving force and ulti-
mate tensile strain of the pipe girth weld.[12] It is of great significance to determine the
critical strength matching coefficient of the pipe girth weld for the safety design of the
pipeline[13]. Based on the finite element method, this paper analyzes the variation law
of the bearing capacity of the girth weld of the inclined pipe with defects with the in-
fluencing factors, in order to provide reference for the safety assessment of the girth
weld of the inclined pipe of the in-service pipeline.

2 Mitred Pipe and Finite Element Model

2.1 Pipe Geometry Size

The full-scale high-grade steel pipeline mitred joints are the focus of this research,
where the developed finite element model is aimed at X80 line pipes with an outer
diameter (D=1422 mm, wall thickness B=21.4 mm), and a mitred joint length of 2L=6
m; the geometric dimensions of the crack include the crack depth a and the length 2c.
The geometric model of the mitred pipeline with a circumferential direction crack is
illustrated in Fig. 1.
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Fig. 1. Full-size mitred pipe with circumferential surface crack defects

2.2 Grid and Boundary Conditions
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Fig. 2. Finite element model of Full-size mitred pipe with circumferential surface crack defects

A quarter-scale finite element model of the pipeline mitred joint was constructed using
ABAQUS software. The load and boundary conditions of the quarter-scale model are
set as shown in Fig. 2.

Symmetric boundary conditions were applied to the XY plane and the YZ plane
(circumferential weld) of axial symmetry of the pipeline. An axial compressive load in
the negative X-axis direction was applied to the left end face of the straight pipe, and
constraints were imposed on all directions except for the translation along the Y-axis
for the straight pipe section. This section employs a static crack to mimic the crack
configuration at the mitre's circumferential weld. Studies suggest [14] that the canoe-
shaped crack more accurately represents the crack features under real-world operating
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conditions compared to the semi-elliptical shape, and thus it is chosen as the crack
model for investigation. The crack tip is refined into a dense, arachnid-web like mesh
to ensure highly precise computation results in the vicinity of the crack tip.

2.3 Material

CSA Z662 [15] introduces a stress-strain curve format that defines the stress-strain re-
lationship for high-grade steel pipes, as shown in equation 1-2. The constitutive curve
is described using the R-O equation:

O
e=Z+]0.005-—= |(Zy (1)
E E o,
14
poo1d @
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In the formula: A represents the yield-to-tensile ratio; n is the hardening exponent.

Typically, the circumferential weld region of oil and gas pipeline welded joints in-
cludes the base material, heat-affected zone, and weld metal [16-17]. To differentiate
the variations in the heat-affected zone, weld zone, and base material zone, the concepts
of softening rate and strength matching coefficient are introduced respectively.

2.4 Finite Element Model

The accuracy of the finite element model can be verified by the finite element model
inversion mitred pipe test. Jiang et al. [18] inverted the blasting test of small diameter
inclined elbow, and compared the test results with the equivalent plastic strain of the
finite element model, as shown in Fig. 3. The experimental results show that there is a
good correlation between the results of the finite element model and the experimental
data when the internal pressure is less than 9.2 MPa, and the maximum relative error is
12.3 %.
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Fig. 3. Comparison of numerical inversion results with full-scale experiment data [18]

Because the model in this study is static crack model, it cannot accurately simulate
the burst leakage phenomenon of the inclined elbow under high pressure. However,
from the model results before the burst of the inclined pipe, the calculation results of
the finite element model do not show significant deviation from the full-scale experi-
mental data, and the simulation results are reliable. The model in this paper is the same
as Jiang et al. [18], which can be simulated in the following.

3 Numerical Simulation

3.1 Crack Location
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Fig. 4. The crack driving force of mitred joints with different crack positions
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Fig. 5. The crack driving force of mitred joints with different crack angle

To elucidate the magnitude and variation of the crack driving force under loading when
a crack defect is present at different locations in high-grade steel pipeline mitred welded
joints, numerical modeling analysis of the mitred welded joints was conducted is shown
in Fig. 4. The comparative results indicate that when a crack defect is present on the
outer bottom surface of the mitred joint, opposite the symmetrical plane of the pipe
body, the variation in the J-integral value is the most significant, whereas the other three
locations exhibit relatively smaller changes. Under the same loading conditions, the
crack plane on the outer bottom surface of the mitred joint is under tension, whereas
the crack planes at the other locations are under compression. Tensile loading is rela-
tively more dangerous and prone to fracture failure, thus meriting particular attention.
Subsequent full-scale analyses of the fracture behavior of the slanted pipeline only con-
sidered cracks located on the outer bottom surface of the mitred joint.

3.2  Mitre Angle

The mitre angle is the key parameter affecting the crack driving force of the mitred
pipe. The mitre angle is set to 0°,2°,4°,6°, and the influence of the same load on the
crack driving force of the full-size mitred joint is shown in Fig. 5. It can be seen that
the larger the mitre angle, the crack driving force at the girth weld will increase, making
the mitred joint more prone to cracking failure. The increase of the mitre angle aggra-
vates the structural inhomogeneity of the welded joint, so it is more likely to fail and
fracture. Under the same angle increment, the increase of the angle after the mitre an-
gle > 2 ° has a more significant effect on the crack driving force. Therefore, in the
design stage of the mitred pipe, the mitre angle is limited to 2 ° as far as possible. In the
pipeline maintenance stage, it is required to do regular maintenance or thickening en-
hancement for the mitred joint with a large mitre angle.
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3.3  Strength Matching Coefficient

A notable feature of material discontinuity is the mismatch in strength between the weld
region and the parent material region, which severely affects the bearing capacity of
full-size pipeline circumferential welds. Based on finite element model, a full-size mi-
tred pipeline was simulated to analyze the influence of internal pressure and axial load
on the J-integral, a measure of the crack driving force as depicted in the Fig. 6. The
greater the strength matching coefficient, the smaller the J-integral value under the
same loading conditions. The fracture toughness is set to 100 KJ/m2, and the change of
the stress bearing capacity of the full-scale pipeline girth weld with the strength match-
ing coefficient is shown in Fig. 7. The calculation results of Fig. 6 and Fig. 7 can pro-
vide suggestions for pipeline design and maintenance. In the pipeline design stage, the
critical strength matching coefficient of the mitred joint can be determined. In the op-
eration and maintenance stage of the pipeline, the critical stress bearing capacity of the
mitred joint can be determined.
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Fig. 6. The crack driving force of mitred joints with different strength matching coefficient
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4 Conclusions

1. A full-scale finite element model of a mitred pipeline with a crack defect was estab-
lished. Numerical inversion of the experimental results related to the mitred pipeline
was carried out, with a maximum relative error of 12.3%, verifying the accuracy of the
finite element model.

2. Research on the crack driving force for different crack locations at welded joints
was conducted. It was found that when the crack appears on the lower outer surface of
the mitred joint, its J-integral value is the largest, identifying this location as more crit-
ical compared to the other three positions.

3. The influence of mitre angle and strength matching coefficient on the crack driv-
ing force was analyzed. The results show that under the same loading conditions, the
greater the mitre angle, the higher the numerical value of the crack driving force; the
greater the strength matching coefficient, the lower the numerical value of the crack
driving force. These patterns are significant for understanding and predicting the frac-
ture behavior of mitred pipelines under actual working conditions, and are crucial for
the design and safety assessment of such structures.
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