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Abstract: In pipelines for transporting oil and gas, multiple cracks often exist in weld joints. The
interaction among the cracks should be considered as it directly affects the life span of the pipeline
structures. In the current investigation, based on the fluid–solid magnetic coupling model, the
virtual crack-closure technique (VCCT) is applied to systematically study the multi-crack dynamic
interaction effect on pipeline welds during the crack propagation process. The results show that the
existence of an auxiliary crack accelerates the main crack’s propagation. When the auxiliary crack is
nearer to the main crack tip, the enhancement effect of the auxiliary crack on the main crack increases.
Further, when the initial length of the auxiliary crack increases, the main crack becomes easier to
propagate. Two important parameters, the distance between the two interacting crack tips and the
initial size of the auxiliary crack, are studied in detail. Their interference effect on the main crack
has been quantified, which is very user-friendly for engineers to conduct failure assessment and
prevention for oil and gas pipes with multiple cracks at weld joints.

Keywords: crack propagation; virtual crack-closure technique; magnetic flux leakage method;
dynamic interference effect

1. Introduction

In the long-distance transportation of oil and gas by pipelines, welded joints are the
weak link of the pipeline system. If there are defects, such as cracks in the joints, it creates
a huge safety hazard during operation. Under the action of the thermal welding cycle,
due to the change of structure and properties of the weld and heat-affected zone, coupled
with the influence of stress and diffusible hydrogen, cracks may occur. Especially with
the increase in pipeline strength level (such as ×80 grade pipeline steel), wall thickness
and pipe diameter, cold cracks are prone to occur when the welded joint is subjected to
a large stress state [1–7]. When the pipelines are under low-temperature environments
(such as the China–Kazakhstan pipeline, the western pipeline and the oil and gas pipeline
network in the Northeast), the crack initiation and propagation are even more prominent,
and, therefore, results in fracture.

Fracture research has become a hot issue, which has attracted the attention of many
scholars. Jovanovi’c et al. investigated the effect of material inhomogeneity and tempera-
ture on impact toughness and fracture resistance of SA-387 Gr. 91 welded joints. SA-387 Gr.
91 has a more heavily expressed influence of material heterogeneity on impact toughness
than A-387 Gr. B. The influence of temperature on impact toughness is similar but more
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prominent. The influence of material inhomogeneity and the influence of temperature
on fracture toughness are also similar to their influence on impact toughness [8]. Macek
et al. systematically investigated the relationship between fracture surface topography and
fatigue loading scenarios using the fractal dimension concept and the total fracture surface
area method. The mean value of the fractal dimension shows a fixed behavior regardless
of the material type. Extremal-based fractal dimensions use linear functions to efficiently
correlate data [9]. Begara et al. presented the numerical simulation and validation of the
fatigue growth test of a semi-elliptical crack located on one side of a rectangular section
of a four-point bending beam. Crack propagation was controlled by optical microscopy
and progressive crack surface thermal staining. The correlation between crack shape and
the number of failure cycles is very good [10]. Ren and Ru simulated the standard and
modified drop weight tear test of ×80 pipeline steel by finite element analysis based on the
cohesive zone model. The results display that both cohesive zone model fracture energy
and steady-state CTOA (crack tip opening angle) reduce with the steady-state fracture
velocity [11]. Cheng and Zhang completed the experimental study of the application of
fracture propagation in energy mining, investigating hydraulic fracturing characteristics by
changing the injection flow rate. Based on the pressure data, the fracture permeabilities
are calculated and linearly increase with the rise of injection flow rates [12]. Yang et al.
performed drop weight tear tests to obtain material toughness of ×80 pipeline steel. Differ-
ent factors influencing dynamic crack growth are also discussed. CTOA increases as the
volume percentage of heavy hydrocarbons in natural gas increases. With the decrease of
the standard dimension ratio, the values of CTOA increase [13]. Given that multiple fatigue
cracks are universal in welded structures, Pang et al. investigated fatigue crack propagation
analysis for multiple weld toe cracks in cut-out fatigue test specimens from a girth-welded
pipe [14]. Zhang et al. carried out the fatigue simulations on offshore pipelines with more
than one 3-D interacting cracks for cyclic tensile loadings [15]. Dong et al. performed
the experimental study of unsteady crack propagation velocity for ×80 pipeline steel [16].
Shoheib et al. invented a new procedure, based on an extended isogeometric analysis to
study the influence of welding residual stress and cyclic internal pressure on the crack
propagation speed and fatigue life [17]. In practical engineering, cracks often exist in groups
(multi-cracks). The cracks interfere and influence each other, which accelerates the crack
propagation and pipeline fracture, and reduces the service life of the pipeline. Therefore,
the effective calculation of the dynamic interference effect among multiple cracks and its
influencing factors is of great significance for the assessment of pipeline structural integrity.

Many famous scholars have conducted research on crack interactions. Rao et al.
proposed the interaction mechanism and initiation prediction of multi-cracks. The results
show that the multiple cracks are always initiated in Mode I, and the vertical spacing
is preferably not a multiple of the half crack length for crack arrest, which is entirely
consistent with the test results of the red-sandstone cube samples with three parallel cracks
under uniaxial compression. This can demonstrate the validity of the multi-crack initiation
criterion [18]. For various positions, lengths, and approach angles, crack propagation
experiments in cracked concrete beams were conducted by Wang and Hu. An optimized
criterion of restart cracking after the interaction was submitted, and the restart points of
these tested beams were predicted [19]. Xiao and Xiao established an intersection criterion
and an onset angle model that comprehensively considered the long-distance stress, the
stress intensity near the fracture tip, and the stress disturbance of the multiplied fractures.
The fracture initiation angle does not change much with the increase of the net pressure
fractures in the case of large approach angles. Under the condition of low approach angles,
the starting angle varies with the net pressure, and the higher the net pressure, the smaller
the starting angle [20]. Petrova and Schmauder took into account different aspects of
thermomechanical fracture of functionally graded materials. These include the problem
of the crack interaction in a functionally graded coating on a homogeneous substrate [21].
The recently developed boundary cracklet method was used by Ahmed et al. to model
the fatigue crack propagation in complex geometries in the two-dimensional domain. The
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effectiveness of the boundary cracklet method is proven by analyzing a few benchmark
examples of fatigue crack propagation [22]. Gope et al. have studied the effect of crack
offset distance on the interaction of multiple collinear and offset edge cracks in a rectangular
plate [23].

In fracture mechanics, there are many fracture criteria, such as stress intensity factor,
J-integral, and energy release rate [24–29]. In the early stage of this research group, for
the ×80 oil and gas pipeline welds, the research on the circumferentially symmetrical
crack propagation algorithm based on VCCT (virtual crack closure technique) was carried
out [30]. Cui et al. [31] developed a fluid–solid magnetic coupling model. As one of the
important tools to study the crack propagation problem based on the fracture mechanics
method, VCCT that employs the energy release rate criterion: Gi < Gic (i = I, II, III), has
the advantages of insensitivity to the finite element mesh size and no special treatment
for the crack tip, and, therefore, has attracted extensive research and applications [32–38].
In the current study, based on the fluid–solid magnetic coupling model, the multi-crack
dynamic interference effect on a pipeline weld based on VCCT technology has been carried
out. Cracks can be distributed in the weld bead, fusion zone, or heat-affected zone. Many
scholars have analyzed the fracture surface. For example, microstructure observations,
including scanning electron microscope observation of fractured surfaces and mechanical
behavior in different zones of ×80 pipeline steel weldments, were analyzed by Singh et al.
In×80 weldments, the fusion line of high heat-input was found to be the weakest in fracture
resistance, which subsequently increased the risk of fracture [39]. Yang et al. studied the
microstructure, mechanical properties, and fracture toughness of ×80 pipeline steel welded
joints at different positions at room temperature. The fusion zone was observed to be a
fracture risk zone for ×80 steel welds [40]. Therefore, the crack model established in this
paper mainly focuses on the fusion region. Based on the two major influence factors, the
auxiliary crack size and its tip distance to the main crack, the crack interaction parameters
γl and γs are defined and studied in detail. Engineers can use these two parameters
conveniently for failure assessment of weld joints with multi-cracks.

2. Numerical Simulation Model of Multi-Cracks
2.1. Geometric Model and Parameter Setting

Based on the VCCT technology, the multi-crack interference analysis of the ×80
pipeline weld has been carried out. The VCCT technology was described in detail in the
previous studies [30,31]. In order to study the multi-crack dynamic interference effect,
the pipeline weld model, as shown in Figure 1a, is established. The ×80 pipeline weld
parameters are shown in Table 1 [41–43]. The material model library of the finite element
software provides a variety of elastic–plastic material models. BKIN (Bilinear kinematic) is
adopted in this paper. The BKIN material model of ×80 steel welded joint is shown in [31].
The multi-cracks prefabricated in this paper are located in the weld zone of ×80 pipeline.
The mechanical properties of this material are shown in Table 2 [36,41,44–46].
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Figure 1. Schematic diagram of the pipeline weld model with prefabricated cracks. (a) Location of
main crack and auxiliary crack, (b) crack tip and path.



Energies 2022, 15, 2812 4 of 24

Table 1. Pipeline weld parameters.

Material
Parameters Geometric Dimensioning Loading

×80

pipeline diameter (mm) 1219 initial internal
pressure Ps (MPa) 1

pipeline wall thickness (mm) 18.4

weld width (mm) 22 maximum internal
pressure Pe (MPa) 30

weld reinforcement (mm) 2

Table 2. Mechanical properties of ×80 steel.

Parameter Value

Elastic Moduli E (GPa) 180.30

Poisson ratio µ 0.3

Fracture toughness KIC
(
MPa
√

m
)

115

itical strain energy release rate of plane strain model

GIC =
(
1− µ2) K2

IC
E (N/mm)

66.75

The double-crack model on the right side of Figure 1a consists of a main crack and
an auxiliary crack. For comparative analysis, the left main crack model of the pipeline
weld is established at the same position on the left side, which is symmetric with the
right-hand side main crack. The blue line represents the main crack with the initial crack
length lm = 3 mm. The yellow line represents the auxiliary crack whose initial length is
la = 3 mm. The initial distance between the right main crack tip and the right auxiliary
crack tip (referring to the distance between the nodes near the two cracks) is denoted by
s. We set the number of crack tips of the main and auxiliary cracks on the right as shown
in Figure 1b: T1, T2, and T3 represent crack tip 1, crack tip 2, and crack tip 3, L1, L2, and
L3 represent crack propagation path 1, path 2, and path 3, respectively. The crack tip of
the left main crack used for comparison is represented by T1’, and the propagation path is
represented by L1’.

2.2. The Finite Element Model

VCCT is used to cyclically calculate the energy release rate (GI) of the type I crack tip
at each load step. When GI ≥ GIC, the crack expands. The model established in this section
has a discrete size of 0.5 mm on the crack propagation path. The expansion model of the
certain load step in crack propagation is shown in Figure 2. The extension amount of the
right main crack propagation path L1 is represented by LT1, and the extension amount of the
left main crack propagation path L1

′ is represented by LT1′ . The CTOA of the main crack on
the right is represented by CTOAT1, the CTOA of the main crack on the left is represented
by CTOAT1′, and so on. Von-Mises stress patterns of the crack propagation process are
shown in Figure 3. In Figure 3a, tip 1 of the main crack starts expanding; in Figure 3b,
the main crack contacts the auxiliary crack, and in Figure 3c, the main crack merges with
the auxiliary crack. It can be seen from Figure 3 that the peak value of Von-Mises stress is
always at the crack tip and the driving force of the crack tip is the largest.
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the auxiliary crack.

The computational domain around the multi-crack propagation is reconstructed, as
shown in Figure 4. Each load step of crack propagation is accompanied by mesh re-division.
The diagram of the pipeline weld and excitation structure is shown in Figure 5, and the sizes
and material properties of the magnetized structure are shown in Table 3. The excitation
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structure model is shown in Figure 6. The MFL detection mechanism of pipeline welds can
be found in previous studies [30,31] and the related literature [47–49].
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Crack propagation calculation and magnetic field analysis are carried out cycli-
cally, and the magnetic induction intensity nephogram and magnetic induction intensity
component curve under the certain load step are extracted, respectively, as shown in
Figures 7 and 8. Since there is no crack in the weld, a magnetic flux leakage signal will also
be generated [30]; the model described has a single crack on the left and a double crack
on the right. Therefore, the difference between the peak values of the magnetic induction
intensity component of the single crack on the left side and the magnetic induction intensity
component of the weld without cracks is set as ∆Bxp

s . The difference between the peak
values of the magnetic induction intensity component for the double crack (on the right
side) and the magnetic induction intensity component of the weld without cracks is set
as ∆Bxp

d . The following characteristic quantities are extracted during the tip propagation
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process of the right main crack and the left main crack: the extended finite element number
(EN), CTOAT1 and CTOAT1′ , GI

T1 and GI
T1′ (GI of the crack tip energy release rate of tip 1

of the right main crack is represented by GI
T1, GI of the crack tip energy release rate of tip 1

of the left main crack is represented by GI
T1′ ), and ∆Bxp

d and ∆Bxp
s . Several groups of the

characteristic quantities in the crack propagation process are listed in Table 4.
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Figure 7. Magnetic induction intensity cloud diagram under 18.8186 MPa load step.
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Figure 8. Component curve of the magnetic induction intensity component under 18.8186 MPa load step.

Table 4. Relevant feature quantities in the crack propagation process.

P
(MPa)

GI
T1

(N/mm)
GI

T1′

(N/mm)

EN
(Right Main

Crack)

EN
(Left Main

Crack)

CTOAT1

(◦)
CTOAT1′

(◦) ∆Bxp
d (T) ∆Bxp

s (T)

18.6534 68.2124 60.0168 1 — 11.228 — 0.0231 0.0017
18.8034 189.6473 65.5480 2 — 23.778 — 0.0343 0.0047
18.8186 811.1834 80.5873 3 1 55.256 13.930 0.0681 0.0068

P—fluid pressure load, GI
T1—crack tip energy release rate of tip 1 of the right main crack, GI

T1′—crack tip energy
release rate of tip 1 of the left main crack, EN—extended finite element number, and the discrete size of the
element on the crack propagation path is 0.5 mm, CTOAT1—crack tip opening angle of tip 1 of the right main
crack, CTOAT1′—crack tip opening angle of tip 1 of the left main crack, ∆Bxp

d —difference between the peak values
of the magnetic induction intensity component for the double crack (on the right side) and the magnetic induction
intensity component of the weld without cracks, ∆Bxp

s —difference between the peak values of the magnetic
induction intensity component of the single crack on the left side and the magnetic induction intensity component
of the weld without cracks.

It can be seen from Table 4 that when the fluid pressure load P = 18.6534 MPa, the main
crack on the right side starts to propagate, and the main crack on the left side does not propagate
until P = 18.8186 MPa. At this moment, the main crack on the right side has expanded by
3 EN. Under the loads of 18.6534 and 18.8034 MPa, the left main crack does not propagate, and
CTOAT1′ is not extracted. The crack initiation pressure of the right main crack is smaller than
that of the left main crack. Under the same pressure load, the crack tip energy release rate of
the right main crack is larger, and the driving force for the propagate is stronger, which results
in a larger CTOAT1. During the crack propagation, the severe deformation of the pipeline weld
structure affects the distribution of the pipeline weld magnetic field, resulting in an increase of
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the magnetic induction intensity component, which, in turn, results in ∆Bxp
d being larger than

∆Bxp
s . For example, when P = 18.8186 MPa, ∆Bxp

d : ∆Bxp
s = 0.0681 : 0.0068 ∼= 10.01 : 1. The

obtained results indicate the interference effect of the auxiliary crack on the right main crack
accelerates the propagation of the right main crack.

3. Crack Tip Distance and Size Effect
3.1. Crack Tip Distance Effect

To analyze the influence of the crack tip distance between the auxiliary crack and the
main crack, lm is set to 3 mm, la is set to 3 mm, s is set to 3, 4, and 5 mm, respectively. The
crack propagation at a certain load step is extracted, as shown in Figure 9. The model
established in this section has a discrete size of 0.5 mm on the crack propagation path.
By extracting the crack propagation results of each load step, the node coordinates are
updated according to the deformation, and the computation grid around the crack position
is reconstructed. Fatigue crack propagation calculation and magnetic field analysis are
performed cyclically, and the characteristic quantities of the right main crack are extracted,
including EN, CTOAT1, GI

T1, and ∆Bxp
d . They are all listed in Table 5. When the EN of

the main crack on the right side is 1, 2, or 3, the variation law P-s of the fluid pressure
load inside the pipeline with the distance from the crack tip is shown in Figure 10a; the
variation law GI

T1-s of the energy release rate of T1 of the main crack on the right side with
the distance from the crack tip is shown in Figure 10b; the variation law CTOAT1-s of the
crack tip opening angle of the main crack on the right side with the distance from the crack
tip is shown in Figure 10c; the variation law of ∆Bxp

d with the distance from the crack tip is
shown in Figure 10d.
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Figure 9. Crack propagation model under the certain load step. (a) P = 18.8186 MPa s = 3 mm,
(b) P = 19.14 MPa s = 4 mm, (c) P = 19.2381 MPa s = 5 mm.

Table 5. Interference effect of crack tip distance on main crack.

EN (Right Main
Crack)

s
(mm) P (MPa) GI

T1 (N/mm) CTOAT1 (◦) ∆Bxp
d (T)

1
3 18.6534 68.2124 11.228 0.0231

4 18.8034 67.4471 10.84 0.0230

5 18.8877 67.2119 10.804 0.0227

2
3 18.8034 189.6473 23.778 0.0343

4 19.068 104.3703 15.566 0.0339

5 19.1994 87.5952 15.233 0.0335

3
3 18.8186 811.1834 55.256 0.0681

4 19.14 300.4616 33.346 0.0489

5 19.2381 194.8184 24.812 0.0436
EN—extended finite element number, and the discrete size of the element on the crack propagation path is 0.5 mm,
s—initial distance between the right main crack tip and the right auxiliary crack tip, P—fluid pressure load,
GI

T1—crack tip energy release rate of tip 1 of the right main crack, CTOAT1—crack tip opening angle of tip 1 of the
right main crack, ∆Bxp

d —difference between the peak values of the magnetic induction intensity component for
the double crack (on the right side) and the magnetic induction intensity component of the weld without cracks.
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Figure 10. Influence of crack tip distance on main crack propagation. (a) EN = 1, 2, 3, P-s, (b) EN =1,
2, 3, GI

T1-s, (c) EN =1, 2, 3, CTOAT1-s, (d) EN = 1, 2, 3, ∆Bxp
d -s.

It can be seen from Table 5 and Figure 10 that when the distance s from the crack tip changes,
the characteristic quantities of the crack propagation process can be obtained as follows:

(1) s = 3 mm, crack propagation pressure P = 18.6534 MPa; s = 4 mm, crack propagation
pressure P = 18.8034 MPa; s = 5 mm, crack propagation pressure P = 18.8877 MPa. From
s = 3 mm to s = 4 mm to s = 5 mm, the crack propagation pressure is getting bigger
and bigger.

(2) From s = 3 mm to s = 4 mm to s = 5 mm, when expanding the same number of finite
elements (EN = 1 or EN = 2 or EN = 3), GI

T1, CTOAT1, and ∆Bxp
d are getting smaller and
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smaller. Taking EN = 3 as an example, the ratio of the peak value ∆Bxp
d of the three cases is

0.0681 : 0.0489 : 0.0436 ∼= 1.56 : 1.12 : 1.
From the above characteristics, it can be found that as the distance s between the

auxiliary crack and the main crack tips increases, the crack propagation pressure becomes
larger and larger, indicating that the main crack is not likely to propagate. The calculated
value of GI

T1 decreases and the driving force for crack propagation decreases, resulting in
CTOAT1 becoming smaller and smaller, and the deformation of the pipeline weld structure
decreases, which affects the pipeline weld magnetic field distribution during the crack
propagation process, the detected ∆Bxp

d . shows a decreasing trend with an increasing crack
tip distance s. Therefore, it will become more and more dangerous when the crack tip
distance s is getting shorter.

3.2. Influence of the Auxiliary Crack Size on Main Crack

To analyze the effect of the auxiliary crack size on the main crack, lm is set to 3 mm,
s is set to 3 mm, la is set to 2, 3, and 4 mm, respectively. The crack propagation process
at certain load steps is shown in Figure 11. At each load step, the node coordinates are
updated according to the deformation, and the calculation grid around the crack position
is reconstructed. Crack propagation calculation and magnetic field analysis are performed
cyclically, and the main characteristic quantities are extracted, including EN, CTOAT1, GI

T1,
and ∆Bxp

d . They are all listed in Table 6. When the value of EN of the main crack on the
right side is 1, 2, or 3, the variation law P-la of the fluid pressure load inside the pipeline
with the initial length of the auxiliary crack is shown in Figure 12a. The variation law
GI

T1-la of the energy release rate of T1 of the main crack on the right side with the initial
length of the auxiliary crack is shown in Figure 12b. The variation law CTOAT1-la of the
opening angle of the main crack on the right side with the initial length of the auxiliary
crack is shown in Figure 12c; the variation law ∆Bxp

d -la of the peak value difference varying
with the initial length of the auxiliary crack is shown in Figure 12d.
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Figure 11. Crack propagation model under certain load steps. (a) P = 19.1265 MPa la = 2 mm,
(b) P = 18.8186 MPa la = 3 mm, (c) P = 18.1998 MPa la = 4 mm.

Table 6. Influence of the auxiliary crack size.

EN (Right Main Crack) la (mm) P (MPa) GI
T1 (N/mm) CTOAT1 (◦) ∆Bxp

d (T)

1

2 18.9609 66.9295 10.224 0.0211

3 18.6534 68.2124 11.228 0.0231

4 18.0534 70.9167 11.506 0.0264

2

2 19.0863 95.1277 13.293 0.0268

3 18.8034 189.6473 23.778 0.0343

4 18.1512 207.1846 25.114 0.0411

3

2 19.1265 155.6665 20.381 0.0350

3 18.8186 811.1834 55.256 0.0681

4 18.1998 937.8363 59.589 0.0833
EN—extended finite element number, and the discrete size of the element on the crack propagation path is 0.5 mm,
la—initial length of the auxiliary crack, P—fluid pressure load, GI

T1—crack tip energy release rate of tip 1 of the
right main crack, CTOAT1—crack tip opening angle of tip 1 of the right main crack, ∆Bxp

d —difference between
the peak values of the magnetic induction intensity component for the double crack (on the right side) and the
magnetic induction intensity component of the weld without cracks.
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From Table 6 and Figure 12, when the auxiliary crack size la changes, the characteristics
of the crack propagation process are given as follows:

(1) When la = 2 mm, the crack propagation pressure P = 18.9609 MPa; la = 3 mm, the
crack propagation pressure P = 18.6534 MPa; la = 4 mm, the crack propagation pressure P =
18.0534 MPa. From la = 2 mm to la = 3 mm to la = 4 mm, the crack propagation pressure
needed decreases.

(2) From la = 2 mm to la = 3 mm to la = 4 mm, when the same number of finite
elements is expanded (EN =1 or EN =2 or EN =3), GI

T1, CTOAT1, and ∆Bxp
d all keep

increasing. Taking EN = 3 as an example, the ratio of the peak value ∆Bxp
d of the three cases

is 0.0350 : 0.0681 : 0.0833 ∼= 1 : 1.95 : 2.38.
From the above characteristics, it can be found that with the increasing auxiliary crack

size la, the crack propagation pressure becomes smaller and smaller, indicating that the
main crack becomes easier to expand. When expanding the same number of finite elements,
GI

T1 becomes larger and larger, and the driving force of crack propagation increases, which
leads to the increase of CTOAT1. The deformation increase of the pipeline weld affects
the distribution of the pipeline weld’s magnetic field during the crack propagation. The
detected ∆Bxp

d shows an increasing trend with the increase of the auxiliary crack size la.
Therefore, with the increasing auxiliary crack size, the interference effect is more intensified.
The crack interaction makes the failure easier to occur.

4. Comparative Analysis

Through the analysis in the second subsection, it is seen that the existence of auxiliary
cracks enhances the propagation danger of the main crack. Through the analysis in the
third subsection, it is seen that the enhancement effect of the auxiliary crack on the main
crack increases with the increasing auxiliary crack size and decreases with the distance
between the auxiliary the main crack tips. In order to measure the strength of the dynamic
interference effect caused by these two factors, we comprehensively analyze the change
law of the characteristic quantities in the crack propagation process under the combined
action of these two factors. For statement convenience, two parameters, γl and γs, are
introduced, here γl is the ratio of the initial length of the main crack lm to the initial length
of the auxiliary crack la, and γs is the ratio of the crack tip distance s to the initial length of
the main crack lm:

γl =
lm
la

(1)

γs =
s

lm
(2)

Since multiple cracks can be distributed on the outer wall of the weld, the inside of
the weld, and the inner wall of the weld, models of multiple cracks in different radial
directions of the pipeline weld were established. In order to verify the universality of this
method, in addition to considering the cracks in the fusion zone, a multi-crack model was
also established at the position of half the arc length from the fusion zone to the center of
the weld bead. (This section has only one main crack and one subsidiary crack established
on the right-hand side). As shown in Figure 13, points A and C are, respectively, set at
the left and right ends of the weld zone, and point B is set at the center of the weld bead.
Setting the double crack at the circumferential position X of the pipe weld is represented
as follows: X = 0 represents the distribution of cracks at the position of the fusion zone;
X = 1/2 represents the distribution of cracks at the position of 1/2 arc length (arc length of
AB) from the fusion zone to the center of the weld bead; X = 1 represents the distribution
of cracks at the center of the weld bead. Setting the double crack at the radial position of
the pipeline weld is represented as follows: Y = 0 denotes that the main crack is the inner
wall crack, and the auxiliary crack is the internal crack of the pipeline weld; Y = 1 denotes
that the main crack is the outer wall crack, and the auxiliary crack is the internal crack of
the pipeline weld. Figure 13 is a schematic diagram of the X = 1/2, Y = 0 model.
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Figure 13. Schematic diagram of the X = 1/2, Y = 0 model.

Three sets of numerical examples are established. Each example analyzes the multi-
crack interaction by keeping the initial size of lm, circumferential position (X), and radial
position (Y) unchanged.

The first set of calculation examples follows:
lm = 3 mm

X = 0, Y = 1
γs = 1, γl =

1
2

and


lm = 3 mm

X = 0, Y = 1
γl = 1, γs =

1
2

, P = 15.9717 MPa, the crack propagation

process is shown in Figure 14.

Energies 2022, 15, x FOR PEER REVIEW 14 of 25 
 

 

Three sets of numerical examples are established. Each example analyzes the multi-
crack interaction by keeping the initial size of lm, circumferential position (X), and radial 
position (Y) unchanged.  

The first set of calculation examples follows: 

൞ 𝑙௠ = 3 mm𝑋 = 0，𝑌 = 1𝛾௦ = 1，𝛾௟ = ଵଶ  and ൞ 𝑙௠ = 3 mm𝑋 = 0，𝑌 = 1𝛾௟ = 1，𝛾௦ = ଵଶ , P = 15.9717 MPa, the crack propagation 

process is shown in Figure 14.  
The second set of calculation examples follows:  

൞ 𝑙௠ = 4 mm𝑋 = 0，𝑌 = 0𝛾௦ = 1，𝛾௟ = ଵଶ and ൞ 𝑙௠ = 4 mm𝑋 = 0，𝑌 = 0𝛾௟ = 1，𝛾௦ = ଵଶ, P = 13.602 MPa, the crack propagation process 

is shown in Figure 15. 
The third set of calculation examples follows: 

൞ 𝑙௠ = 3.5 mm𝑋 = ଵଶ，𝑌 = 0𝛾௦ = 1，𝛾௟ = ଵଶ
and൞ 𝑙௠ = 3.5 mm𝑋 = ଵଶ ，𝑌 = 0𝛾௟ = 1，𝛾௦ = ଵଶ

, P = 14.2107 MPa, the crack propagation process 

is shown in Figure 16. In this section, the discrete size of the element on the crack propa-
gation path is 0.25 mm. The main crack tip (T1) and the auxiliary crack tips (T2 and T3) of 
three sets of numerical examples are shown in Figures 14–16, respectively. 

 

 
Figure 14. First set of simulation models: lm = 3 mm, X = 0, Y = 1. (a) 𝛾௦ = 1，𝛾௟ = ଵଶ, (b) 𝛾௟ = 1，𝛾௦ =ଵଶ. 

(a) 1

lm=3mm 

la=6mm 

s=3mm T1 

T3 

T2 

1

la=3mm 

lm=3mm 
s=1.5mm T1 

T3 

T2 

(b) 

Figure 14. First set of simulation models: lm = 3 mm, X = 0, Y = 1. (a) γs = 1, γl =
1
2 , (b) γl = 1, γs =

1
2 .

The second set of calculation examples follows:
lm = 4 mm
X = 0, Y = 0
γs = 1, γl =

1
2

and


lm = 4 mm
X = 0, Y = 0
γl = 1, γs =

1
2

, P = 13.602 MPa, the crack propagation

process is shown in Figure 15.
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Figure 15. Second set of simulation models: lm = 4 mm, X = 0, Y = 0. (a) γs = 1, γl = 1
2 ,

(b) γl = 1, γs =
1
2 .

The third set of calculation examples follows:
lm = 3.5 mm
X = 1

2 , Y = 0
γs = 1, γl =

1
2

and


lm = 3.5 mm
X = 1

2 , Y = 0
γl = 1, γs =

1
2

, P = 14.2107 MPa, the crack propagation

process is shown in Figure 16. In this section, the discrete size of the element on the crack
propagation path is 0.25 mm. The main crack tip (T1) and the auxiliary crack tips (T2 and
T3) of three sets of numerical examples are shown in Figures 14–16, respectively.

The crack propagation calculation and magnetic field analysis are performed cyclically
for each group of examples, and the characteristic quantities in the crack tip propagation
process of the main crack are extracted: the extended finite element number EN’ (in this
section, it is denoted as EN’ to distinguish it from the previous two sections), CTOAT1,
GI

T1, and the peak values difference ∆Bxp′ are shown in Tables 7–9. Since the model in
this section establishes only one main crack and one auxiliary crack on the right-hand side,
and it can be seen from Figure 8 that the magnetic induction intensity curve is symmetrical
when the pipeline weld has no cracks, a new characteristic quantity ∆Bxp′ (the difference
between the peak value of the magnetic induction intensity component at the crack and
the magnetic induction intensity component of its symmetrical position) is defined, where
Figures 17–19 show the schematic diagram of ∆Bxp′ extracted for each group of examples.
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Figure 16. Third set of simulation models: lm = 3.5 mm, X = 1/2, Y = 0. (a) γs = 1, γl = 1
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2 .

Table 7. Changes of the interference parameters γl and γs for the first set of the simulation examples.

P (MPa) EN’ GI
T1 (N/mm) CTOAT1 (◦) ∆Bxp′ (T)

15.3534
γs = 1, γl =

1
2 : 1EN′ γs = 1, γl =

1
2 : 73.9779 γs = 1, γl =

1
2 : 11.942 γs = 1, γl =

1
2 : 0.0270

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 42.7185 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0048

15.8286
γs = 1, γl =

1
2 : 2 EN′ γs = 1, γl =

1
2 : 78.8624 γs = 1, γl =

1
2 : 18.305 γs = 1, γl =

1
2 : 0.0672

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 46.2675 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0067

15.9717
γs = 1, γl =

1
2 : 3 EN′ γs = 1, γl =

1
2 : 206.6219 γs = 1, γl =

1
2 : 36.955 γs = 1, γl =

1
2 : 0.1374

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 50.5059 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0098

P—fluid pressure load, EN′—extended finite element number, and the discrete size of the element on the crack
propagation path is 0.25 mm, GI

T1—crack tip energy release rate of tip 1 of the right main crack, CTOAT1—crack tip
opening angle of tip 1 of the right main crack, ∆Bxp′—difference between the peak value of the magnetic induction
intensity component at the crack and the magnetic induction intensity component of its symmetrical position.
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Table 8. Changes of the interference parameters γl and γs for the second set of the simulation examples.

P (MPa) EN’ GI
T1 (N/mm) CTOAT1 (◦) ∆Bxp′ (T)

13.4034
γs = 1, γl =

1
2 : 1EN′ γs = 1, γl =

1
2 : 70.8757 γs = 1, γl =

1
2 : 12.279 γs = 1, γl =

1
2 : 0.0302

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 50.0006 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0062

13.5129
γs = 1, γl =

1
2 : 2 EN′ γs = 1, γl =

1
2 : 76.0098 γs = 1, γl =

1
2 : 15.372 γs = 1, γl =

1
2 : 0.0441

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 54.7923 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0064

13.602
γs = 1, γl =

1
2 : 3 EN′ γs = 1, γl =

1
2 : 102.5225 γs = 1, γl =

1
2 : 23.79 γs = 1, γl =

1
2 : 0.0671

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 60.0751 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0081

P—fluid pressure load, EN′—extended finite element number, and the discrete size of the element on the crack
propagation path is 0.25 mm, GI

T1—crack tip energy release rate of tip 1 of the right main crack, CTOAT1—crack tip
opening angle of tip 1 of the right main crack, ∆Bxp′—difference between the peak value of the magnetic induction
intensity component at the crack and the magnetic induction intensity component of its symmetrical position.

Table 9. Changes of the interference parameters γl and γs for the third set of the simulation examples.

P (MPa) EN’ GI
T1 (N/mm) CTOAT1 (◦) ∆Bxp′ (T)

13.5534
γs = 1, γl =

1
2 : 1 EN′ γs = 1, γl =

1
2 : 73.7291 γs = 1, γl =

1
2 : 12.328 γs = 1, γl =

1
2 : 0.0189

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 47.3621 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0011

14.0316
γs = 1, γl =

1
2 : 2 EN′ γs = 1, γl =

1
2 : 76.3494 γs = 1, γl =

1
2 : 16.694 γs = 1, γl =

1
2 : 0.0318

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 51.5082 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0032

14.2107
γs = 1, γl =

1
2 : 3 EN′ γs = 1, γl =

1
2 : 143.3118 γs = 1, γl =

1
2 : 28.697 γs = 1, γl =

1
2 : 0.0472

γl = 1, γs =
1
2 : 0 γl = 1, γs =

1
2 : 56.1062 γl = 1, γs =

1
2 : — γl = 1, γs =

1
2 : 0.0141

P—fluid pressure load, EN′—extended finite element number, and the discrete size of the element on the crack
propagation path is 0.25 mm, GI

T1—crack tip energy release rate of tip 1 of the right main crack, CTOAT1—crack tip
opening angle of tip 1 of the right main crack, ∆Bxp′—difference between the peak value of the magnetic induction
intensity component at the crack and the magnetic induction intensity component of its symmetrical position.
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(a) 

(b) 

Figure 19. Schematic diagram of ∆Bxp′ in the third set of the examples. (a) γs = 1, γl = 1
2 ,

(b) γl = 1, γs =
1
2 .

The variation of the energy release rate at the crack T1 of the main crack with the
mutual interference factor in the first set of examples, GT1

I − γl , GT1
I − γs is shown in

Figure 20a; the variation of peak value difference ∆Bxp′ with γl or γs is shown in Figure 20b.
The variation of the energy release rate at the crack T1 of the main crack with the mutual
interference factor in the second set of examples, GT1

I − γl , GT1
I − γs is shown in Figure 21a,

and ∆Bxp′ − γl , ∆Bxp′ − γs is shown in Figure 21b. The variation of the energy release
rate at the crack T1 of the main crack with the mutual interference factor in the third set of
examples, GT1

I − γl , GT1
I − γs is shown in Figure 22a, and ∆Bxp′ − γl , ∆Bxp′ − γs is shown

in Figure 22b. It can be seen from Table 6 that when P = 15.9717 MPa, γs = 1, γl =
1
2 , the

crack propagates three finite element numbers. While when γl = 1, γs =
1
2 , the crack does

not propagate. Therefore, the CTOA of case γl = 1, γs =
1
2 is not listed in Table 6. The same

applies to Tables 7 and 8.
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I − γs,
(b) ∆Bxp′ − γl , ∆Bxp′ − γs.
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Figure 21. Variations of γl and γs in the second set of the example. (a) GT1
I − γl , GT1

I − γs,
(b) ∆Bxp′ − γl , ∆Bxp′ − γs.
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Figure 22. Variations of γl and γs in the third set of the example. (a) GT1
I − γl , GT1

I − γs,
(b) ∆Bxp′ − γl , ∆Bxp′ − γs.

From Tables 6–8 and Figures 20–22, when γl and γs change, the characteristics of the
crack propagation process can be obtained as follows:

(1) For all the three sets of simulation examples, the fracture propagation pressure of
the γs = 1, γl =

1
2 model is lower than that of γl = 1, γs =

1
2 ;

(2) For all the three sets of simulation examples, under the same pressure load, the
value EN′ of the γs = 1, γl =

1
2 case is more than that of the γl = 1, γs =

1
2 case.

(3) For all the three sets of simulation examples, under the same pressure load, the energy
release rate of T1 of the main crack at γs = 1, γl =

1
2 is greater than that at γl = 1, γs =

1
2 .

For example, in the first set of simulations, when P = 15.3534 MPa, the energy release rate
ratio of T1 of the main crack of the two models is 73.9779:42.7185 ∼= 1.73:1; in the second set
of examples, when P = 13.5129 MPa, this ratio is 76.0098:54.7923 ∼= 1.39:1; in the third set of
examples, when P = 14.2107 MPa, this ratio is 143.3118:56.1062 ∼= 2.55:1.

(4) For all three sets of calculation examples, under the same pressure load, the ∆Bxp′

of the γs = 1, γl =
1
2 model is greater than that of the γl = 1, γs =

1
2 model. For example,

in the first set of simulations, when P = 15.3534 MPa, the ratio of ∆Bxp′ of the two models
is 0.0270 : 0.0048 ∼= 5.63 : 1; in the second set of examples, when P = 13.5129 MPa, the ratio
of ∆Bxp′ is 0.0441 : 0.0064 ∼= 6.89 : 1; in the third set of examples, when P = 14.2107 MPa,
the ratio of ∆Bxp′ is 0.0472 : 0.0141 ∼= 3.35 : 1.

From the above characteristics, it can be found that the fracture propagation pressure
needed for the γs = 1, γl =

1
2 model is smaller, indicating that this is the most dangerous

case. Under the same pressure load, the energy release rate of T1 of the main crack is
larger, and the crack propagation driving force is stronger, resulting in severe deformation
of the pipeline weld structure and affecting the pipeline weld magnetic field distribution
during the crack propagation process, which, in turn, leads to a large component of the
magnetic induction intensity. Therefore, for the γs = 1, γl =

1
2 model, the initial length
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of the auxiliary crack doubles, i.e., twice the initial length of the main crack. For the
γl = 1, γs = 1

2 model, the distance between the auxiliary crack and the main crack tip
decreases by half, i.e., half of the initial length of the main crack. Comparing the two
models, the former has a stronger interference effect on the main crack.

However, it must be kept in mind that the current work only considers collinear crack
interference and a limited range of crack sizes. Hence multi-crack interference in other
cases will be considered in future work.

5. Conclusions

(1) A multi-crack interaction model has been established to study how the combined
effects of all the cracks influence the failure assessment of the pipe weld joint. The model is
built in such a way that on the left-hand side of the model, there is purely the main crack
(so there is no other crack’s influence on the main crack), while on the right-hand side, we
have built a main crack and an auxiliary crack (so the interaction effect could be simulated).
By such a comparative model, we can figure out exactly how seriously the crack interaction
affects crack propagation. For example, when P = 18.8186 MPa, ∆Bxp

d is approximately 10
times ∆Bxp

s .
(2) As the distance between the auxiliary crack and the main crack tip decreases, when

the same number of finite elements is expanded, the required fluid pressure load to cause
crack propagation decreases, and GI

T1, CTOAT1, ∆Bxp
d all increase accordingly. Taking

EN = 3 as an example, in the third set of examples, ∆Bxp
d at s = 3 mm is 1.56 times as large

as at s = 5 mm. In other words, the main crack becomes easier to propagate and cause
failures as s decreases.

(3) When the auxiliary crack size increases, the required fluid pressure load to cause
crack propagation also decreases, and GI

T1, CTOAT1, ∆Bxp
d all increase accordingly. It also

means that the main crack becomes easier to propagate and cause failures as la increases.
For example, when EN = 3, ∆Bxp

d at la = 4 mm is 2.38 times as large as at la = 2 mm.
(4) Through three sets of numerical examples of multi-cracks with different arrange-

ments (directions, sizes, and positions), two parameters, γl and γs, are introduced to
describe the crack interaction seriousness. Comparing the two models γs = 1, γl =

1
2 and

γl = 1, γs =
1
2 , the former has a stronger interference effect on the main crack. Taking the

third set of examples as an example, when P = 14.2107 MPa, ∆Bxp′ at γs = 1, γl =
1
2 is

3.35 times as large as at γl = 1, γs =
1
2 . Therefore, the danger level is higher in the safety

assessment of multi-cracked oil and gas pipelines. Engineers can use the two parameters
conveniently to conduct failure analysis and prevention for multi-crack cases in weld joints.
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Acronym
Meaning Units

BKIN bilinear kinematic -
CTOA crack tip opening angle ◦

CTOAT1 crack tip opening angle of tip 1 of the right main crack ◦

CTOAT1′ crack tip opening angle of tip 1 of the left main crack ◦

EN
extended finite element number, and the discrete size of the element on
the crack propagation path is 0.5 mm

-

EN’
extended finite element number, and the discrete size of the element on
the crack propagation path is 0.25 mm

-

GI
T1 crack tip energy release rate of tip 1 of the right main crack N/mm

GI
T1′ crack tip energy release rate of tip 1 of the left main crack N/mm

L1 crack propagation path of tip 1 of the right main crack -
L2 crack propagation path of tip 2 of the right auxiliary crack -
L3 crack propagation path of tip 3 of the right auxiliary crack -
L1
′ crack propagation path of tip 1 of the left main crack -

la initial length of the auxiliary crack mm
lm initial length of the main crack mm
P fluid pressure load MPa

s
initial distance between the right main crack tip and the right auxiliary
crack tip

mm

T1 tip 1 of the right main crack -
T1
′ tip 1 of the left main crack -

T2 tip 2 of the right auxiliary crack -
T3 tip 3 of the right auxiliary crack -
VCCT virtual crack closure technique -
X circumferential position -
Y radial position -

γl
ratio of the initial length of the main crack lm to the initial length of the
auxiliary crack la

-

γs
ratio of the initial distance between the right main crack and the right
auxiliary crack tips s to the initial length of the main crack lm

-

∆Bxp
d

difference between the peak values of the magnetic induction intensity
component for the double crack (on the right side) and the magnetic
induction intensity component of the weld without cracks

T

∆Bxp
s

difference between the peak values of the magnetic induction intensity
component of the single crack on the left side and the magnetic
induction intensity component of the weld without cracks

T

∆Bxp′
difference between the peak value of the magnetic induction intensity
component at the crack and the magnetic induction intensity
component of its symmetrical position

T
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