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Abstract: Cracks in engineered pipelines often appear in the form of multiple cracks or crack clusters
with interactions between them. It is important to study the interaction between cracks if the pipeline
crack cluster is to be evaluated in terms of equivalence and safety assessment. In this paper, based on
FRANCSD crack analysis software, the interaction between circumferential parallel double cracks on
the inner surface of pipelines was investigated, the factors affecting the interaction were examined,
and the empirical equations for calculating the stress intensity factor (SIF) of double cracks was
proposed. The results show that if there is no bias between the double cracks, the crack leading edge
is shielded, but if there is offset between the double cracks, the crack leading edge is subjected to
different interactions at different locations. The distal end of the cracks is generally strengthened,
while the proximal end of the cracks is probably more shielded. The interaction effects between cracks
are dependent on their relative positions rather than the pipe size or concerned crack size. According
to the numerical simulation, boundaries for shielding or enhancing interactions were obtained, and
the stress intensity factor calculation equations were fitted.

Keywords: double crack in pipelines; stress intensity factor; interaction between cracks

1. Introduction

In petrochemical, aerospace, and other industries, the application of pressure piping is
very extensive, and the safe operation of piping is one of the key factors affecting the normal
operation of equipment. In reality, cracks may exist on the pipeline and may even be in the
form of multi-cracks or crack groups due to processing, welding, corrosion, etc. [1]. As the
direct abandonment of the pipeline containing cracks is unscientific and uneconomical, it is
necessary to analyze the impact of cracks on pipeline safety. Irwin [2] in 1957 proposed the
stress intensity factor theory, which lays the foundation for crack research.

At present, there are a lot of studies on single cracks in pipelines [3-15], but pipeline
cracks often appear in the form of multiple cracks or crack groups. For multiple cracks, the
study of crack interactions is of great significance. Many scholars have conducted more
mature studies on double cracks on flat plates or other structures. Tanwar et al. [16] investi-
gated the problem of antiplane stress at the interface of a composite material and obtained
the variation in the stress intensity factor at the crack tip for three cracks with different crack
lengths and different material combinations. Anis et al. [17] studied the problem of double
cracking in flat plates, examined the factors affecting the interaction between double cracks,
and gave a formula for calculating the double crack stress intensity factor. Shen et al. [18]
used the complex function method and the integral method to calculate the stress intensity
factor of parallel multi-cracks, analyzed the interaction mechanism between multi-cracks,
and obtained the relative positions of cracks subject to enhancement or shielding. Wang
et al. [19] proposed a new method to study multi-crack interactions based on the extended
finite element method for calculating multi-crack stress intensity factors and predicting the
direction of crack extension. Hoang et al. [20] examined the effect of crack interactions on
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SIFs based on experimental observations and finite element analysis and gave a formula for
calculating the multi-crack stress intensity factor. Parsania et al. [21] utilized ABAQUS finite
element analysis software for double cracks in infinitely large flat plates to investigate the
effect of the location of the auxiliary cracks on inter-crack interactions. Han [22] studied the
interactions between flat plate cracks, obtained the relative position distribution of parallel
biased double cracks subjected to shielding action or enhancement, and defined and fitted
the stress intensity factor correction coefficients. Zhang et al. [23] studied the interaction
between non-parallel double cracks and obtained the change rule of the stress intensity
factor with an inclination angle. Using the boundary element method, for the flat plate
containing multi-cracks under tensile load, Huang et al. [24] investigated the boundary
element method, for the flat plate containing multi-cracks under tensile load, to study the
influence of multi-crack angle, length, distribution location, and spacing on the inhibition
and enhancement effect. Based on the numerical simulation method of the virtual crack
closure technique (VCCT), Cui et al. [25] investigated the effect of inter-crack spacing and
size on the inter-crack interactions for double crack interactions in pipeline welds. Based
on the 3D virtual crack closure technology (3D-VCCT), Yao et al. [26] studied the effect
of auxiliary crack location and size on the stress intensity factor of the leading edge of
the main crack. Hamzah et al. [27] investigated the multi-crack interactions in bonded
dissimilar materials, and the results showed that the crack stress intensity factor depends
largely on the elastic constants ratio, crack size, crack spacing and size, and the crack stress
intensity factor, crack geometry, the distance between each crack, and the distance between
the crack and the boundary. It is found from the above review that there are extensive
examinations on the factors affecting the interactions between flat plate cracks, and as
a result, formulas or models are proposed to quantitatively characterize the interactions
between flat plate cracks.

Considering structure and application conditions, there are big differences between
pipes and flat plates, so scholars also carried out studies on pipeline cracking problems. Xie
et al. [28] proposed a fatigue crack extension method for pipelines with corrosion defect
interactions and analyzed the interaction mechanism between cracks and corrosion defects.
Sahnoun et al. [29] examined the effect of spacing on inter-crack interactions and showed
that inter-crack interactions are very significant when the relative distance is less than
0.3, and vice versa, the interactions can be neglected. Chong et al. [30] investigated the
effects of double crack spacing and relative size between cracks on the stress intensity
factor of annular double cracks in pipelines through finite element analysis software for
the interaction between multiple cracks in submarine pipelines. He et al. [31] studied the
effect of the axial double crack angle on the stress intensity factor of pipelines, and the
results showed that the increase in the angle between double cracks would make the stress
intensity factor increase and the expansion rate increase. Yu et al. [32] studied the influence
of the angle and distance between double cracks and the angle between cracks and the
pipe axis on the fatigue life of submarine pipelines, and the results showed that the fatigue
life of pipelines and cracks are negatively correlated with the angle of the pipe axis. Li
et al. [33] and Wei et al. [34] investigated the effect of axial multi-cracks on the strength
of pipelines, and the results showed that for pipelines containing double axial cracks, the
stress superposition effect between cracks is gradually weakened with the increase in the
spacing between double cracks, and the interaction between the cracks can be ignored
when the spacing is greater than a certain value. Qin et al. [35] studied the influence
law between two axial cracks in thick-walled cylinders and proved that there is a critical
value for the interaction between cracks. Zhang et al. [36] investigated the effects of crack
geometry, relative position, and internal pressure on the cracks for the co-linear cracks of
pipelines and proposed a strain-based crack tip opening displacement estimation method
for evaluating the interactions between co-linear double cracks. From the above review, it is
found that although the factors affecting the interaction between pipeline cracks have been
analyzed, the vast majority of articles have considered relatively simple models with one
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or two parameters. A comprehensive study on the interaction between cracks on pipelines
is needed especially about the shielding or enhancing boundary and extent.

As mentioned above, cracks in pipelines tend to appear in the form of surface multi-
cracks or crack clusters. It is important to study the interaction between cracks if the
pipeline crack cluster is to be evaluated from a safety point of view. In this paper, two
surface cracks inside a pipe were taken into consideration, and the interaction between
the cracks in terms of the shielding or enhancing effect on the stress intensity factor of the
cracks was studied. The boundary of crack shielding or enhancing interactions was drawn,
and the formulas for calculating the stress intensity factor of the double cracks were fitted,
which provides important references for the evaluation of double cracks in engineering.

2. Finite Element Modeling and Crack Analysis Software
2.1. Finite Element Model

In this paper, a pipe containing two circumferential parallel internal surface cracks is
studied, as shown in Figure 1, and the pipe dimensions as well as the materials are given in
Table 1. The pipe is subjected to a uniform distal stress o = 22.7 MPa at one end, completely
fixed at one end, and an internal pressure of p = 10 MPa inside the pipe.

Fixed

l

—>
—> 0
>

Figure 1. Schematic of pipe loads and constraints.

Table 1. Pipe sizes and materials.

. Young’s Poisson’s Inside Wall
Materials Modulus Ratio Diameter Thickness Length
530408 195 GPa 0.3 D (mm) t (mm) 5(D + 2t) (mm)

Figure 2 shows the schematic diagrams of ring-oriented inner double surface cracks.
In Figure 2a, a (mm) is the crack depth; 2/ (mm) is the arc length of the crack on the inner
surface, which is referred to as the span in this paper. In Figure 2b, two cracks are depicted.
The relative long crack with points A, B, and E is called the primary crack, and the other
one is called the secondary crack. & (mm) is the spacing, and s (mm) is the offset arc length
between cracks. Points A and B are the two endpoints of the primary crack on the inner
wall surface; E is the maximum depth point. Clearly, point A is the far point and point B
the near point from the secondary crack.
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Figure 2. Schematic diagrams of cracks: (a) crack on the annular inner surface of the pipe; (b) double cracks.

2.2. Principles for Evaluating SIF in FRANC3D Crack Analysis Software

FRANC3D—V8.4 crack analysis software calculates the stress intensity factor of a
crack based on the M-integral, which has a similar mathematical expression to the J-integral
and can realize the superposition of the stress intensity factor for multiple conditions.
FRANCSD performs the conservation integral calculation for two unit rings around the
crack tip, and the integration domain includes an inner ring of 15-node singular-wedge
units and an outer ring of 20-node hexahedral units. The stress intensity factors for the
three fracture modes can be calculated identically. The steps and principles of M-integral
calculation are as follows.

Calculate the energy release rate G by two ways; on the basis of the Irwin crack closure
integral and Williams Extension [37], solve G; by material properties and the stress intensity
factor, as shown in Equation (1); on the basis of the J-integral [38,39], calculate G, by stress,
strain, and displacement, as shown in Equation (2), and the calculated area is shown in
Figure 3.

1—v? 1— 02 140
G = E Ki+ E Ki + TK%H 1)
oW (o3 — Joijeion;) gav -
2* Ja(s)ds
1(=1)
o= {0 (G #1) ®)

where E and v are material properties; K is the stress intensity factor; Uij, €ij, Ujj are stress, strain,
and displacement; g is the virtual expansion; and V is the region of the J-integral calculation.

The principle of elastic superposition is that if there is a solution that satisfies the
elastic governing equations and it is added to a second solution that satisfies the governing
equations, then the result will also satisfy the governing equations. Using the elastic super-
position principle, the finite element solution and the analytical solution are superimposed,
and the results are as follows:

K = Kj" + K, Ky = Kiy) + Ki7, Kug = K + Kii) (4)
Oij = O'i(jl) + Ui(jz), gjj = 85]1) + 85]»2),1/{1']' = uf].l) + ul(].z) (5)

where (1) is the result of the finite element analysis; (2) is the analytic solution. Substituting
Equation (4) into Equation (1), Equation (6) is obtained.
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Figure 3. Schematic diagrams of the leading edge of the crack.

G =G +G® 4+ m12 (6)

substituting Equation (4) into Equation (1) yields M equations about the stress intensity factor
and material properties, as shown in Equation (7); substituting Equation (5) into Equation (2)
yields M equations about stress, strain, and displacement, as shown in Equation (8).

12) 1= 1y 2 1-9* 1,02  1+0_01),02)
Mi =T KE )KI - E K%I)KEI) T KgI%Kgn (7)
of mau? | (2l ) d
(12) Jv (Uif a0 w — WAy v
M, = (8)

Ja(s)ds
(2)

setting up K;”" = 1,K;; = Kjj; = 0 yields the formula for Kj, and solving K;; and Kjj;
follows the same principle.

i oxq ij oxq
T 1-0? [ q(s)ds

2.3. FRANC3D Crack Simulation Validation

For pipe circumferential inside surface cracks, API 579-1/ ASME FFS-1 2016 Fitness-
For-Service [40] gives the empirical formula to evaluate the stress intensity factor:

of a2 , 2
I

©)

R2 F
KO = Go(L20 V/ 10
I O(R%_Rlz+ H(R%—R%)) 7U1/Q ( )

where Q and Gy are given by API 579-1/ASME FFS-1, F is Net-Section Axial Force. R;
and Ry are the inner and outer radii of the pipe. In order to verify the accuracy of crack
modeling using FRANC3D, the FRANC3D calculation is compared with the empirical
calculation of API 579-1/ASME FFS-1, and the results are listed in Table 2.

From Table 2, it is seen that the FRANC3D calculation results agree well with the
API 579-1/ ASME FFS-1 2016 Fitness-For-Service calculation results with a difference less
than 5%, indicating that the stress intensity factor calculation using FRANC3D is reliable
and accurate.
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Table 2. A comparison of the results by FRANC3D with those of API 579-1/ASME FFS-1.
/mm /mm D/mm t/mm FRANC3D ASME FFS-1 Relative
a ¢ K? (Point E) K? (Point E) Difference
1 1 50 5 26.78 25.78 3.9%
1 2 50 5 35.93 36.39 1.3%
2 2 50 5 38.46 39.53 2.7%
2 4 50 5 53.09 53.50 0.8%
3 3 50 5 47.28 49.28 4.1%
3 6 50 5 68.54 69.11 0.8%

3. The Simulation of the Interaction between Two Parallel Cracks

In this section, the variation in the stress intensity factors of two parallel cracks
with different sizes and different relative positions on the pipe under internal pressure
is investigated. The variables include the distance and offset between the double cracks
and the depth and span of the sub-cracks. Specifically, the SIFs at three points, A, B, and
C, at the leading edge of the crack is used to study the interaction between the cracks. In
this paper K; /K9 are used to express the magnitude of inter-crack interactions, where K is
the finite element calculation value of the stress intensity factor at the point of the leading
edge of the primary crack under the influence of the secondary crack, and K(l) is the stress
intensity factor at the point of the leading edge of the primary crack in the absence of the
secondary crack. If K;/KY{ is greater than 1, the crack interaction is reinforcing and vice
versa for shielding. In the following Sections 3.1 and 3.2, the pipe size is kept constant as
D = 50 mm, t = 5 mm; the primary crack is used as the reference crack with the size kept
constant as 2/ = 8 mm, a = 2 mm, while the location and size of the secondary crack are
changed for analysis.

3.1. The Effects of the Spacing and Offset between Cracks

In this subsection, the primary and secondary cracks are of the same size, and the
position of the primary crack is fixed, while the location of the secondary crack is changing.
The numerical simulation results are shown in Figure 4, where the red rectangular areas
are the crack leading edge point corresponding to the figure.

( a) ! ! T T T T T .
1.05
0.99 . -
v AR Point A
~.0.94 —=—h=2 |
N c —o—h=4
0.88 | E —v—h=8 -
h=10
b h=12
0.83 el
0 2 4 6 8§ 10 12 14

s (mm)

Figure 4. Cont.
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Figure 4. Variation in K/ K? with s for different h(mm): (a) point A; (b) point E; and (c) point B.

Figure 4 gives the K;/K? variation with s at points A, B, and E of the crack leading
edge at different intervals. It is seen that when the spacing h increases, the shielding effect
gradually decreases, and the interaction finally disappears if spacing h is large enough. The
change in K; /K with the offset s is relatively complex. When the main crack overlaps the
secondary crack in axial projection, the interaction is shielding on the point of the leading
edge and vice versa. On the contrary, if the two cracks are not overlapped, or in other
words, the two cracks are offset, their interactions tend to be enhancement. Of course, if the
offset s is large compared to crack size, their interactions will also disappear. Taking the
proximal point B at # = 2 mm as an example, when the offset s changes from 0 to 8 mm,
the proximal point B is under the shielding effect, and the magnitude of the shielding
effect is closely related to the depth of the secondary cracks at the axial overlapping on the
proximal point B. The proximal point B is subjected to the enhancement effect when the
offset exceeds 8 mm where the secondary crack does not overlap with the axial projection of
the proximal point B. When offset s exceeds 12, the enhancement effect almost disappears,
meaning the two cracks do not interact with each other.

3.2. The Effects of the Secondary Crack Size

In this subsection, the locations for the two cracks and the primary crack size are fixed,
but the size of the secondary crack varies to see its influence on the primary crack. Two
dimensionless numbers R, and R; are defined to indicate the relative dimensions of the
cracks, R, = a2/a1, Ry = I/11, where a; is the secondary crack depth, a; is the primary
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crack depth, I, is the secondary crack span, and [; is the primary crack span. The numerical
simulation results are shown in Figure 5.

(a)
1.00
OMH 0.96 A Point A o
= h ¢ ™ R~1LORSLO
v E #—R,=1.0R=0.8
0.92 4—R,=1.0 R=0.6 ]
B F v—R-08R-1.0
»—R,=0.6 R=1.0
0.88 D «—R,=0.8 R=0.8 .
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1.00
o —0.95 Point E A
v h —=—R,=1.0 R=1.0
;~ C o R,~1OR=08
0.90 E —A—R,=1.0 Rj=0.6 ]
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0.85 ~0—Ry=0.6 Ri=1.0 4
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C #R=1.0R=1.0
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F A R=10R=0.6 |
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p ¢ RO6RSLO
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0'7 I L 1 L L i ' L
0 2 4 6 8 10 12 14
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Figure 5. Variation in K/ K? with s for different R, and R;: (a) point A; (b) point E; and (c) point B.

It is seen that the changing of the secondary crack size does not change the variation
trend of K;/K{ with s. The enhancement or shielding behaviors on the primary crack
stay the same, but the magnitude of the enhancement or shielding effect varies with the
crack size.

3.3. Effect of Pipe and Primary Crack Size

In the above analysis, the pipe size is fixed as D = 50 mm and ¢ = 5 mm, the pipe load
is fixed as o = 22.7 MPa and p = 10 MPa, and the primary crack size is fixed as 2/; = 8 mm
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and a = 2 mm. In this subsection, the effects of the pipe size, the pipe load, and the primary
crack size on K;/ K(I) are studied.

Figure 6 shows the variation in K; /K at point A with offset s for different D and t. It
is seen that the effect of changing D and  on K; /K is neglectable. In fact, the pipe size may
affect K; and K(I) but has less effect on the interaction between cracks, so the effect caused
by the pipe size will not be considered in the following study of this paper.

1.04 T T T T T T T T

/}
!

(=]
% 0.96 Point A )
Mﬁ AY .,  —=—D=50t=5
0.92 | C —e—D=50t=7.5 i
. E —A— D=60 t=5
B F —v—D=60 t=7.5
0.88 - D=75 t=7.5

D D=75 t=10
L

0 2 4 6 8 10 12 14
s (mm)

1

Figure 6. Variation in K; /K{ at point A with s for different D and .

Figure 7 shows the variation in K; with offset s at point A for different internal pressure
p and corresponding distal stress ¢. It is seen that as expected, the pipe load determines Kj,
but for K;/KY, which reflects the crack interactions, the pipe load has no effects, as shown
in Figure 8.

L] T ] L] ] T T
60 | //.*0—0—0—0—0—0—0—0—0—0—0 i
~
—
IE 45 B = = = = = = -
< 30F v/v—a"' V VvV VvV VvV VvV
[~ I LT S 0 VOO 5 VIS 1 VRS CSSESY GSSNy | /S V0 O S0 s 57 Wi 74
2 15} AT, Point A L
— e ~ill-p =10 MPa 6=22.70MPa
A . —@—p=15MPa 6=34.05MPa
0 B —A—p=5 MPa =11.35MPa
p =¥=p =7.5MPa c=17.03MPa
L L L L L L L

0 2 4 6 8 10 12
s (mm)

Figure 7. Variation in K; at point A with s for different p and o.

Figure 9 shows the effect of the primary crack size on the interaction between cracks
where a; and 2I; of the primary crack are changed, while R,, R;, and the pipe size are kept
constant. Two dimensionless numbers H; = h/2l,S; = s/2l; are defined in order to keep
the spacing / and offset s varying with the crack size, H; is the relative spacing between
cracks, and S is the relative bias between cracks. It is seen from Figure 6 that when a < 0.5¢,
the change in the primary crack size has little effect on the crack interactions if the position
between the two cracks is proportionally changed.

In summary, the finite element simulation results based on a specific pipe and primary
crack size can be applied to other pipe and primary crack sizes if the relative spacing and
offset are kept the same.
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Figure 8. Variation in K; /K{ at point A with s for different p and ¢.
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Figure 9. Variation in K7 / K(l) with S; for different a; and 2/; at point A.

3.4. Boundaries for Shielding or Enhancing Interaction

Based on the numerical simulation results, boundaries for shielding or enhancing
interaction between the two parallel cracks can be drawn, as shown in Figure 10. It is
seen that when H; or S; is large enough, i.e., the two cracks are far from each other, no
interactions occur. If H; is relatively small and S; is relatively large, i.e., the two cracks are
closely offset, the interactions between them are more likely enhancement, especially for

endpoint A.
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Figure 10. Cont.
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Figure 10. Boundaries for shielding or enhancing interaction between the two cracks: (a) point A;
(b) point E; and (c) point B.

4. Empirical Equations for Calculating Stress Intensity Factors of Crack

The above analysis reveals that the interaction between the two cracks is controlled
by their relative locations and crack size. In this section, based on enough numerical
simulation results, the equations for calculating the stress intensity factor of the primary
crack were fitted as a function of relative spacing H; = h/2ly, offset S; = s/21; , and relative
crack size R, = ay /a1, R; = I»/11, and the results are listed in Tables 3-5.

The above equations are applicable to any length and diameter pipeline, but the crack
depth should not exceed fifty percent of the wall thickness with the ratio of the crack depth
to the span being 1:4. It turns out that when S; is greater than 2 or H; is greater than 3, there
is little relative interaction between the double cracks, so K;/K! is approximately equal
to 1.

The above formulas quantitatively characterize the interaction between cracks. They
are useful in engineering when equalizing the multi-cracks into a single crack or per-
forming crack fatigue propagation calculation for the safety assessment of the pipelines
containing cracks.

In order to validate the accuracy and applicability of the empirical equations obtained
above for calculating K;/K?, both equation calculation and the finite element simulation
for some other double cracks within the range corresponding to the equation are performed
and compared. The results are listed in Table 6. It is seen that the results of the empirical
equation calculation and the finite element simulation agree well with each other with a
maximum relative difference less than 4%, meaning that the equations are accurate enough
in engineering application.
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Table 3. Empirical equations for calculating SIFs at point A.

Steps Formulas

S; < 0.87H; +0.33, 6 = Ay — By % C; 18355
A1 = 1.05 — 0.032H; + 0.018H,2
By = 0.31 — 0.43H, + 0.23H,?
& 025 <H <1 Cy = 0.37 +1.03H, — 046H,>

S; > 0.87H; +0.33,0; = 1+ A1-1

A1 =1.07 — 0.13H; — 0.062H,>
By = 18.61 +2.17H; + 4.35H,>
C; = —0.1 — 0.02H; — 0.21H;?

1<H <3 oy = BBUAIS | 4; Ay = 0.85+0.1H, — 0.018H,2
b = Ar+ BR; + CzRZZ
5 Ay =0.99 = 0.011R,
2 B, = —0.037 4+ 0.1R,
C, = 0.073 — 0.23R,
% 1%5 =1—(1-6)(1—46)/01117

Table 4. Empirical equations for calculating SIFs at point E.

Steps Formulas

Si < 0.87H; +0.545, 61 = Ao + 1otidesssy
Ag = 0.69 + 0.36H; — 0.13H,?
Ay = 1.12 — 0.262H; + 0.14H,?
5 025 <H <1 By = 3.37 + 7.66H; — 1.82H,?
C; = 0.33 — 0.37H, + 0.148H,?

S; > 0.87H; +0.545,6; = 1+ —A1—1

A; =118 — 0.39H; + 0.218H?
By = 14.49 +9.61H, + 2.718H,?
C; = —0.15+ 0.36H; — 0.522H,?

1<H <3 5y = BBCANS L 41, Ay = 10320838
b6y = Ax + BaR;
) Ay = 0.98 — 0.015R, + 0.048R,2
B, = 0.038 — 0.066R, —0.14R,;2
1% % =1—(1-6)(1—061)/0.1530

Table 5. Empirical equations for calculating SIFs at point B.

Scheme Formulas

0<5;<0.81,
6y = Ay +459(By — A1)S; +5.26(A, — B)S;?
A1 = 0.756 + 0.31H; — 0.125H;2
By = 0.95 — 1.37 % 0.6328H

0.81 < S; < 0.87H; + 0.87,
025 < H; <1.25 61 = Ay +B1S; 4+ C15,2
Aj = 0.78 — 24.01 % 0.443H:
By = 0.255 — 48.21 % 0.4258H1
Ci = —0.077 + 24.14 * 0.418H

S; > 0.87H, +0.87,6; = A; + M(;;‘g;%
Ay = 1.20 — 0.55H; + 0.383H,>
A1 = 1.01 — 0.023H; + 0.0134H,?
By = 25.65 — 3.03H; + 12.57H;?
C; = 1.34 + 3.6H; — 5.894H;>

4

125 < H; <3 5y = BILANS 4 4y, A = 1.005 — 0.213 + 0.8688H!
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Table 5. Cont.

Scheme Formulas
8y = Ay + BaRy + CoR,2
5> Ay = 0.85+0.31R; — 0.31R?

By = 0.2 — 0.37R; + 0.19R?
C, = —0.11+ 0.2R; — 0.23R?

% 1%’) =1—(1-3)(1—461)/0.1139

Table 6. Accuracy validation for the empirical equations.

D t 2l a R; R, H; Average Difference = Maximum Difference
50 5 8 2 1 1 5.5 1.01% 2.22%
50 5 8 2 1 1 9 0.85% 1.48%
50 5 8 2 0.85 0.95 3 1.13% 1.51%
50 5 8 2 05 07 6 0.92% 1.82%
70 15 8 2 1 1 4 1.83% 3.32%
80 20 12 3 08 08 2 1.85% 3.62%
50 5 4 1 075 075 3 1.94% 2.74%
500 50 80 20 1 1 4 1.41% 2.27%

5. Conclusions

In this paper, the interaction between annular parallel double cracks on the inner
surface of a pressure pipeline was investigated based on the FRANC3D crack simulation.
Conclusions are drawn as follows.

(1) The interaction between the two cracks is mainly controlled by the locations
between them. The interaction could be shielding or reinforcing.

(2) If there is no offset between the double cracks, the crack leading edge is shielded,
and the smaller the spacing is, the stronger the shielding effect is. If offset occurs and the
spacing is not so large between the double cracks, the distal end of the cracks is generally
subjected to the reinforcing interaction, while the proximal end of the cracks is generally
subjected to the shielding effect.

(3) The relative sizes of the cracks do not change the boundaries of enhancement or
shielding but affect the magnitude of the enhancement or shielding. The effect of pipe size
and load on crack interaction can be neglected. When a < 0.5, the change in the primary
crack size has little effect on the crack interactions if the position between the two cracks is
proportionally changed.

(4) For the circumferential parallel double cracks on the inner surface of a pipeline
under internal pressure, boundaries for shielding or enhancing interactions and empirical
equations for calculating the stress intensity factor of the primary crack were obtained
based on sufficient numerical simulation results.
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