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ARTICLE INFO ABSTRACT
Keywords: It is of great significance to investigate the dynamic response of pipes under blasting loads for the
Bolted flange connection operation, assessment, and repair of pipes. However, there are few studies available on the dy-

explosion load
buckling response
numerical simulation
X70 pipe

namic buckling response of pipes under multiple explosion loads. In the present study, pipe-soil
coupling 3-D models are established to investigate the dynamic buckling response of X70 steel
pipe with bolted flange connection (BFC) under two-charge explosion loads (Charge A lied on the
ground surface and Charge B lied in the soil). The main influencing factors are also discussed,
including explosion mode, internal pressure, interval time, mass ratio of charges, and diameter-to-
thickness ratio (D/t ratio). When Charges A and B were exploded simultaneously, it is found that
the non-pressurized X70 pipe produced more significant cross-sectional deformation than in one-
point explosion (Charge A or B). Increasing D/t ratio is advantageous for the anti-explosion of the
pipe with BFC. Suitable internal pressure can effectively prevent the buckling deformation of the
pipe. Compared with the common straight pipe, BFC system can effectively decrease the local
buckling deformation and improve the anti-explosion ability of the pipe due to its higher local
stiffness and energy absorption.

1. Introduction

As one of the main long-transport modes of oil and gas, pipes are normally buried underground due to their larger volume, less
influence of weather, simpler operation, and less leakage [1-3]. Bolted flange connection (BFC) and welding connection are the two
extensively used modes to connect long-distance transport pipes [4,5]. Many previous studies have presented that BFC can effectively
improve the sealing performance and reduce the leakage rate of pipes [6,7]. The studies on the mechanical behavior of pipes with BFC
are also getting more attention to ensure the safe operation of the pipes due to intensive construction of urban pipe networks [8-10].
For instance, Hoang et al. [8] experimentally explored the mechanical behavior of high-strength steel pipe with BFC. Chen et al. [9]
experimentally investigated the bearing capacity performance of the bolted flange pipes under compression and bending loads. Li et al.
[10] presented a new mechanical model of blot connections to reproduce the micro-slip motion between the connection interfaces in
flanged cylindrical shell.

With the urbanization speeding up and the densely distributing underground pipe network, pipes are bound to be threatened by
explosion attacks and non-human factors exploding [2,11-13], and they have been one of the main reasons for the leakage of pipes. As
a sequence, various investigations have been carried out to study the dynamic performance of pipes subjected to explosion load. For
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Nomenclature

BFC Bolted flange connection

EOS Equation of state

oy Yield stress in Eq. (1)

E; Elastic modulus in Eq. (1)

E The strain in Eq. (1)

£ Ultimate elastic strain in Eq. (1)

E, Shear modulus in Eq. (1)

P, Unit pressure of explosive in Eq. (2)

Pios Pressure of EOS in Eq. (2)

\% Relative volume in Eq. (2)

E Initial internal energy per unit volume of explosive in Eq. (2)
A, B, w, R;, R, The five constants of explosive material in Eq. (3)

Py The pressure

E; Initial internal energy density in Eq. (3)

S;j Cauchy deviator stress tensor in Eq. (4)

i Kronecker coefficient in Eq. (4)

ap Friction angle of soil in Eq. (4)

a; Force of cohesion in Eq. (4)

a, Influence coefficient of explosion effect in Eq. (4)

14 Pressure of soil in Eq. (4)

u Particle displacement in Eq. (5)

u The function of the density p, and reference density po in Eq. (5)
Cos The coefficients of EOS in Eq. (5)

D Outer diameter of pipe in Eq. (6)

A\D The amount of outer diameter of the pipe in Eq. (6)

c Combined stress of axial stress and circumferential stress in Eq. (7)
p Density of soil in Eq. (7)

v Peak vibration velocity in Eq. (7)

t Interval time in Eq. (7)

p; Internal pressure in Eq. (7)

C Vibration velocity of particle in Eq. (7)

H Distance from blasting center to the particle of pipe in Eq. (7)
b} Pipe wall thickness in Eq. (7)

Q Explosive mass in Eq. (7)

X Particle displacement in Eq. (7)

a5 The five coefficients in Eq (12)

k Influence coefficient of test site in Eq. (13)

P15 The five coefficients in Eq. (13)

instance, Qu et al. [2] numerically predicted the dynamic behavior of buried polyethylene (PE) pipe under single point explosion for
the first time. Moreover, parametric studies are also carried out to show the dynamic response of the PE pipes subjected to subsurface
localized explosion [2]. Wu et al. [14] discussed the influence of different explosion parameters and pipe parameters on the peak stress
of buried pipes under ground surface explosion. Mokhtari et al. [15] investigated the influence of diameter-thickness ratio (D/t ratio)
of pipe and internal pressure on the dynamic performance of the pipe under single-point blast load. He et al. [16] numerically
investigated the influence of the size of an explosive and pipe parameters on the damage of pipe caused by large explosives. Parviz et al.
[17] studied the parameters of pipes buried in two soil types under explosion load. They presented that the greater the soil density, the
greater the pressure and stress transfer of the pipes.

Explosion test is the most intuitive and effective method to explore the anti-explosion performance of the structures [18]. However,
it is easily affected due to the test conditions of external geology, the high cost of the test, and the high accuracy of the test equipment.
With the development of computer technology, numerical studies have been extensively carried out to the dynamic characteristics of
buried pipes under explosion loads [19-24]. For instance, Lu and his coworkers established a multiphase coupled model of pipe, soil
and fluid within the pipe to describe structural dynamic response of buried pipe subjected to external explosion load [20]. Zhang and
his coworkers [21] numerically investigated the dynamic buckling properties of ordinary steel pipes under multi-point explosion loads.
Zhao et al. [22] numerically studied the dynamic failure mechanism of gas pipes with flange joint under explosion load. Ji et al. [23]
numerically studied the influence of vibration-isolating slot on buried pipes under blast loading. They pointed out that the vibration
speed of the pipe could be decreased. An et al. [24] numerically investigated the dynamic response of buried PE100 gas pipes con-
taining a scratch defect under impact load of collapsed body.
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At present, numerical method has been one of the useful supplement methods and accepted by more and more researchers [25-30].
Many previous studies have shown that it can simulate the propagation law of shock waves and their impact on the dynamic response
of various structures, such as slabs [26,27], beams [28], bridge decks [29], and pipes [30,31]. As far as the pipes were consented, most
of the researchers concentrated their efforts on studying the dynamic performance of pipes under single-point explosion load [13-18,
30,31]. However, multiple explosions often occur in actual terrorist attacks or industrial demolition [32,33]. Multiple initiation and
simultaneous explosion of multiple charges could result in greater damage and loss to personnel and property due to the superposition
of shock waves under certain conditions. Compared with single-point explosion, the propagation law of shock waves are more complex
in the two-point and multiple explosion loads. As a sequence, in recent years, many scholars have carried out extensive and in-depth
studies on the effect of multiple explosions [34-36]. For instance, Wang et al. [34] numerically investigated the damage evolution
characteristics of the bolt-supported cavern subjected to multiple explosions. Bai et al. [35] investigated the characteristics of blast
loads formed from the two simultaneous detonated explosive charges in real air. Huang et al. [36] numerically investigated the dy-
namic response of brain under single and repetitive blast waves by using Euler-Lagrange coupling method.

In conclusion, the dynamic properties of pipes under blast loads have been widely studied, especially under single-point explosion
load as mentioned above. However, there are few reports on the dynamic buckling response analysis of buried pipes with BFC under
explosion loads. As a sequence, it is numerically investigated to study the dynamic buckling behavior of the buried X70 steel pipe with
BFC under multiple explosion loads by using nonlinear finite element (FE) code ANASYS/LS-DYNA. The main influencing factors are
also discussed, including explosion mode, internal pressure, interval time, mass ratio of charges, and diameter-to-thickness ratio (D/t
ratio). Moreover, BFC could effectively decrease the local buckling deformation of the pipe with BFC under two-charge explosion loads
due to the local increasing stiffness of the pipe and energy absorption of gaskets. The buckling response analysis of the pipe with BFC
was the emphasis of present study and the two charges (Charge A and B) facing the pipes were placed away from the flange plates.
Dimensional analysis extensively used to deal with the dynamic influencing factors in the blasting response study [37,38], was also
used to establish the stress prediction model and analyze the loading standard of the pipes under multiple explosion loads.

2. FE modeling and material models
2.1. Material models

Various nonlinear material models and equation of state (EOS) are used to model the dynamic behavior of materials involved in the
problem, namely X70 steel, soil, explosive, air, flange, gasket, and bolt. The material models and EOS are concisely explained in the
following.

2.1.1. Material model for X70 steel
The kinematic hardening material model (MAT_PLASTIC_KINEMATIC) is used to simulate isotropic rigid plastic materials of the
X70 steel pipe with BFC. This model follows Von misses yield law, and the stress-strain relationship is expressed as Eq. (1) [12,30]:

Ee e<e,
_ < 1
o {a,‘+E,(sfee) e>e, )
Where oy, is the yield stress; E; is the elastic modulus; E; is the shear modulus; ¢ is the strain; ¢, is the ultimate elastic strain. Table 1
presents material constants of X70 steel [12,30].

2.1.2. Material model for explosive

Explosive charges is modelled by using the high-energy explosion model (MAT HIGH_EXPLOSIVE_BURN). Explosive explosions
could result in the release energy and the pressure of nearby materials is changed. In the simulation, the explosive unit pressure is
expressed as Eq. (2) [39,40]:

Pe:Fme(V7E) (2)
Where P, is the pressure of EOS; V is the relative volume; and E is the initial internal energy per unit volume of explosive.

The pressure generated by the expansion of the detonation products of the explosive is described by the JWL equation [39,40]. It is
shown in Eq. (3):

Table 1

Material constants of X70 steel [12,30].
Material properties X70 steel
Density ( g/cm®) 7.93
Possion’s ratio 0.3
Young’s modulus ( GPa ) 210
Yield stress ( MPa ) 480
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where, R;, Rz, A, Band w are the constants of the material; V is the relative volume; E is the internal energy per unit volume. The
material parameters of TNT charge are listed in Table 2 [12,30].

2.1.3. Material model for soil
The material model of MAT_SOIL_AND_FOAM is used to define the loess soil in the experimental site, and its yield equation is
expressed as Eq. (4) [41]:

®=S;6; /2 — (ap +a;P+a,P?) 4

Where S;; and §;; are the Cauchy deviator stress tensor and Kronecker coefficient, respectively; ap~a are the coefficients of friction,
cohesion, and explosion effect of the soil, P is the pressure of the soil. Table 3 illustrated the material constants of soil [12,30,42].

2.1.4. Material model for air
The material model (MAT_NULL) and the polynomial equation are used to define air. This is shown in Eq. (5) [12,30]:

P=Cy+Cip+Cop> + Csp® + (C4 + Csp+ Cop*)E (5)

Where P is the pressure; E; is the initial internal energy density; u is the function of the density p, and the reference density pg; Cp to Cs is
the seven coefficients of EOS. The material parameters of air [12,30] are listed in Table 4.

2.1.5. Material models for flange, gasket, and bolt

The material model (MAT-PLASTIC-KINE-MATIC) is used to define the flange, which is made of 316L austenitic stainless steel
(00Cc17Ni14MO02). Moreover, it is also used to define spiral material, which is made of 35CrMoA alloy steel. The material model
(MAT-BLATA-KO-RUBBER) is used to define the gasket, which is made of polyurethane rubber. The material parameters of flange,
gasket, and bolt are listed in Table 5 [43].

2.2. Dimensions, meshing and general settings

Fig. 1 shows the structural diagram of one part (cross-section) of the X70 steel pipe with BFC, which is composed of the pipe,
flanges, gaskets and bolts. The calculation model is shown in Fig. 2 by using commercial code ANSYS/LS-DYNA [44]. The whole model
is 310 cm x 250 cm x 191.9 cm in the x-, y-, and z-directions (See Fig. 2). Charge A lied on the ground surface is a rectangle (TNT
explosive), having dimensions 24 cm x 40 cm x 20 cm, and Charge B is a rectangle in soil, which has dimensions 20 cm x 12 cm x 16
cm. The burial depth of Charge B is 82.65 cm. The outer diameter of the pipe is 81.3 cm and the thickness of pipe wall is 1 cm according
to the National Standardization Administration of China [45,46].

The detail information of the pipe with BFC is shown in Table 6. SOLID164 is used for the 3-D model of solid structures in the
development of numerical models. The element is defined by 8 nodes. Each node has the degrees of freedom as follows: translations,
velocities, and accelerations in the x-, y-, and z-directions. The explosive charges and soil are connected by Arbitrary Lagrange-Euler
(ALE) algorithm.

The top surface of ground is defined by using a free boundary shown in Fig. 2. The non-reflecting boundary conditions are used to
define boundary conditions of soil shown in Fig. 2. The displacement constraints are applied on both ends of the pipe. Meshing of air,
TNT and soil is illustrated in Fig. 3(a). Moreover, meshing of the X70 pipe with BFC is illustrated in Fig. 3(b).

It is well known that the grid size directly affects the calculation time and simulation accuracy. As a sequence, many studies have
analyzed the mesh density sensitivity to structural dynamic response under explosion loads [46-48]. In the present study, suitable
mesh size of the X70 pipe with BFC is 0.12-2.50 cm, and grid encryption is performed in the vicinity of the flange dish. The mesh size of
the soil and explosive model is 1.7-4.0 cm to ensure the accuracy of the simulation results. The grid size of the present study is
reasonable on the conditions of considering the limitations of computer simulation conditions and calculation time. The contact is

Table 2

Material parameters of TNT charge [12,30].
Material properties Value
Density ( g/cm® ) 1.64
Detonation velocity ( m/s ) 6930
C-J pressure ( GPa ) 27
A(GPa) 0.374
B(GPa) 0.00323
Ry 4.15
R, 0.95
® 0.3
E{(J/m?) 7 x 10°
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Table 3
Material constants of soil [12,30,42].
Material properties Soil
Density ( g/cm® ) 1.80
Shear modulus ( GPa ) 0.04114
Bulk modulus ( MPa ) 87.87
Ao (10° Pa?) 2.12
A1 (10°Pa) 5.23
Ay (1072) 3.22
Table 4
Material constants of air [12,30].
Material properties air
Density ( g/cm® ) 0.0012929
Co 0
G 0
Cy 0
Cy 0
Cy 0.4
Cs 0.4
Ce 0

Table 5

Material constants of flange, gasket, and bolt [43].
Material properties Flange Gasket Bolt
Density ( g/cm®) 7.86 1.21 7.86
Passion’ s ratio 0.28 0.463 0.3
Young’s modulus ( GPa ) 200 202
Shear modulus ( GPa ) 0.00267
Yield stress ( MPa ) 180 740

N

3
x
y

N
o

O ® -=f-----------l-

-« >

Fig. 1. Structural diagram of one part (cross-section) of X70 steel pipe with BFC.

created between Lagrangian mesh surfaces (soil) and Eulerian material surfaces (pipe) by using a penalty contact algorithm [12,30].
*INITIAL_DETONATION is extensively used to define detonation point and initiation time. Considering the very short loading dura-
tion, time step is crucial for the validity of the numerical results. The time step size roughly corresponds to the transient time of an
acoustic wave through an element using the shortest characteristic distance in the commercial software ANSYS/LS-DYNA [2,44]. The
detail information about time step and *INITIAL_ DETONATION could refer to the relevant references [2,44].

In the present study, the following two hypotheses are also put forward to simplify the research problem.

(1) The self-weight of the X70 steel pipe with BFC was not considered during the total explosion process.
(2) The leakage performance and fracture failure of bolts are also not considered.

3. Orthogonal test

Larger-diameter pipes are chosen to study the dynamic buckling behavior of the buried X70 pipe with BFC under two-charge
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Fig. 2. Calculation model.

Table 6

The detail information of X70 steel pipe with BFC [42,46].
Nominal size DN 800
Outer diameter of the flange welding end of steel pipe A/mm 813
Flange outer diameter D/mm ( Connection size ) 1025
Center circle diameter of bolt hole K/mm ( Connection size ) 950
Bolt diameter L/mm ( Connection size ) 39
Bolt amount ( Connection size ) 24
Bolt thread Specification ( Connection size ) M36
Flange thickness C/mm 41
Flange hight H/mm 108
Flange neck N/mm 855

(a)

(b)

Heliyon 10 (2024) e26826

Fig. 3. Meshing of calculation model: (a) meshing of air, TNT charges and soil; (b) meshing of the X70 pipe with BFC.

explosion loads. The main four influencing factors are considered as follows: explosive charge (Q), internal pressure of pipe (P;), pipe
radius (R), and interval time (t). Numerical simulation test is designed on the basis of the influencing factors mentioned above. Table 7

shows the horizontal values of each influencing factor.
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Table 7
Horizontal values of each influencing factor.

Influencing factors

t/ps Q/kg Pi/MPa R/cm
Case 1 0 6.298 0 20.35
Case 2 300 8.387 2 22.60
Case 3 600 13.120 4 29.05
Case 4 900 18.893 6 40.65
Case 5 1200 31.488 8 50.80
Case 6 1500 - - -

4. Numerical results and discussion
4.1. Flatness coefficient analysis

Since the closed high-rate explosive explosion could result in the reduction of content flow, the pipe section may have larger
deformation [13]. The amount of cross-sectional deformation of the pipe with BFC is also determined by "flattening parameter" f,
which is defined as Eq. (6) [49]:

_ap

D (6)

f
Where D is the outer diameter of the pipe, and /\D is the amount of outer diameter of the pipe. The cross-sectional flattening par state
occurs when the parameter f exceeds 0.15 [49].

Fig. 4 shows the changing trend of flattening parameter values of the non-pressurized X70 steel pipe with BFC under a single point
and multiple explosion loads. After Charge A was exploded on the ground surface, f was still 0 at 1000 ps (See Fig. 4). With the
propagation time increasing, f was significantly increased and it got a maximum value at about 1250 ps, which was less than 0.15.
Finally, f was further increased with the time further increasing after 1500 ps. The slope of the horizontal parameter-time curves had
leveled off. However, when Charge B was exploded or the two charges were exploded simultaneously shown in Fig. 4, the similar
phenomena was not observed during the explosion process. Meanwhile, when Charge B was exploded in the soil, f was less than 0.15.
Charge A and Charge B exploded simultaneously could result in the increasing of the flattening parameter value, and it exceeded 0.6,
which was more than its critical value.

In conclusion, BFC could effectively decrease the local deformation of the X70 steel pipe under two-charge explosion loads due to
the local increasing stiffness of the pipe and energy absorption of gaskets.

4.2. Dynamic response analysis
4.2.1. Influence of explosion modes

Fig. 5 shows the influence of explosion modes on the effective stress of the non-pressurized X70 steel pipe with BFC over the period
of detonation. When Charge A was exploded on the ground surface, the maximum effective stress value of 480.2 MPa could be found

0.75
—a— Charge A+B

0.60 - '
:: —e— Charge B ./'/
g o
L /l/
E o045 "
] )
< —a 'd
-9 —Charge A o .
20030
‘=
)
g
= 0.15 -

Nz
/A —
0.00 b-a-s-s-u-sC0"8
1 1 1 1 1
0 1000 2000 3000 4000 5000
Time/ps

Fig. 4. Flattening parameter values of the non-pressurized X70 steel pipe with BFC (Charge A lied on the ground surface, Charge B lied in the soil,
and Charge A + B means Charge A and Charge B were exploded simultaneously).
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Fig. 5. Influence of explosion modes on the effective stress of the non-pressurized X70 pipe with BFC: (a) Charge A; (b) Charge B; (c) Charge A + B.

exactly beneath Charge A shown in Fig. 5(a) at 1000 ps. Then, the deformation of the pipe was increased with the propagation time
increasing. The maximum effective stress is also increased. The location of maximum equivalent stress moves along the pipe, and goes
farther from the location of the pipe facing the charge (See Fig. 5(a)). When Charge B was exploded in the soil, the maximum
equivalent stress of the same pipe with BFC was relatively smaller at the same propagation time (See Fig. 5(b)).

For instance, the peak effective stress of the pipe for Charge B is less 53.2 MPa than that of the same pipe for Charge A at 3600 ps.
The peak effective stress is almost equal for the three explosion modes at 5000 ps. The bolts could get the maximum effective stress due
to the absorption of the shock waves’ energy. As a sequence, BFC can effectively decrease the local deformation of the pipe under two-
charge explosion loads due to the local increasing stiffness and energy absorption of bolts.
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R S
C E sl s
= =
@ ° !

.-

] ® o0& b o
=
@n |
= E Efvf Charge B y;:f
=3 & asp i 24

! 7]
5 = i By
= 30 5 e

7// i . e
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Fig. 6. Influence of explosion modes on the maximum plastic strain (a) and the cross-sectional deformation (b) of the non-pressurized X70 pipe with
BFC (Charge A + B means the two charges were exploded simultaneously).
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Fig. 6 shows the influence of explosion modes on the maximum plastic strain and the cross-sectional deformation of the non-
pressurized X70 pipe with BFC. When Charge A and Charge B were exploded simultaneously, the maximum plastic strain and sig-
nificant cross-sectional deformation were formed above the pipe and the right side of the pipe facing the charge center (See Fig. 6(a and
b)). The maximum plastic strain of the pipe for Charge A is almost 4 times than that of the same pipe for Charge B. The maximum
plastic strain of the pipe for Charge A + B is smaller than that of the same pipe for Charge A. The cross-sectional deformation of the pipe
is mainly composed of four parts as follows: the larger dent on the upside, the smaller dent on the right side of the pipe, and ovalization
on the left side and bottom of the pipe (See Fig. 6(b)). As can be seen from Fig. 6, when Charge B was exploded in the soil, the
deformation of the X70 pipe is relatively small, and a minor depression was generated on its right side. The dent position lies on the
right side of the pipe for Charge B, which is different from Charge A + B. The pipe got the minimal plastic strain because part of the
shock waves was absorbed by the surrounding soil of the charge. Moreover, BFC can effectively decrease the local buckling defor-
mation of the pipe under two-charge explosion loads due to the local increasing stiffness of the pipe and energy absorption of the bolts.

4.2.2. Effect of internal pressure

Fig. 7 shows the influence of internal pressures on the effective stress of the pressurized pipe under two-charge explosion loads.
When Charges A and B were simultaneously exploded, the effective stress was concentrated on the extended pipe portion of the pipe
(See Fig. 7). A significant collapse deformation lied on the underneath of the pipe (away from BFC) shown in Fig. 7 (a). As the internal
pressure increases, the effective stress is axially distributed along the pipe shown in Fig. 7(b-e).

Fig. 8 shows the influence of internal pressures on the maximum plastic strain and the cross-sectional deformation of the pres-
surized pipe under two-charge explosion loads (Charge A + B). When the internal pressure reached 4 MPa, the produced plastic strain
was minimized (See Fig. 8(a)). When it is greater than 4 MPa, the influence of internal pressure is lowered. When the internal pressure
is 0, larger cross-sectional deformation of the pipe can be easily observed (See Fig. 8(b). The collapse deformation of the pipe is lowered
with the increasing of internal pressure, and the variation amount of displacement is smaller. As a sequence, it is concluded that
suitable internal pressure can effectively prevent the buckling deformation of the pipe under two-charge explosion loads.

4.2.3. Influence of interval time

Fig. 9 shows the influence of interval time on the effective stress of the X70 pipe with BFC under two-charge explosion loads (mass-
constant Charge A was located on the ground typically explosion, and changing the mass of charge B located in the soil shown in
Table 4). It is obvious that changing internal time has little effect on the peak effective stress of the pipe with BFC under the two-charge
explosion loads (See Fig. 9). The generated region of higher effective stress is broader along the axial direction of the pipe. The stress
concentration was also gradually apparent. As the interval time was increased, the depression angle above the pipe gradually
increased.

Fig. 10 shows the maximum plastic strain and the maximum cross-sectional deformation of the pipe with BFC under two-charge
explosion loads at different interval times. Compared with the straight pipes under multiple explosion loads [29], the variation of
plastic strain of the pipe with BFC is smaller at the same interval time. The plastic strain values of the pipe were maximized at two
points (See Fig. 10(a)). The transverse collapse deformation of the cross-section of the pipe with BFC lied on the upper portion and the
upper right of the pipe shown in Fig. 10 (b). When the interval time is 300 ps, the upper top exhibits a concave shape and the interval
time is gradually increased.

4.2.4. Effect of mass ratio of charge A and charge B

In the present study, the mass of Charge A is fixed and the amount of Charge B is changed to explore the influence of the mass ratio
of Charge A and Charge B (Charge A/B) on the effective stress of the pipe. With the increase of the mass ratio of Charge A/B from 1.0 to
5.0, the maximum effective stress of the pipe is reduced from 750.3 to 741.4 MPa (See Fig. 11).

Fig. 12 shows the influence of mass ratio of Charge A/B on the maximum plastic strain and the cross-sectional deformation of the
pipe under two-charge explosion loads. With the mass ratio of Charge A/B increasing, the maximum plastic strain of the pipe with BFC

(a) (b) (©) (d) (e)
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Fig. 7. Influence of internal pressures on the effective stress of the pressurized pipe under two-charge explosion loads: (a) 0 MPa; (b) 2 MPa; (c) 4
MPa; (d) 6 MPa; (e) 8 MPa.
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interval times.

is quickly reduced, and the changing trend is slowly reduced. For instance, when the mass ratio of Charge A/B is 1.00, the maximum
plastic strain of the pipe is 0.2339. When the mass ratio of Charge A/B is 1.67, the maximum plastic strain of the pipe is rapidly more
minor to 0.1171(See Fig. 12(a and b)). However, when the mass ratio of Charge A/B is more significant than 1.67, the plastic strain
regions on the right side of the pipe gradually disappeared.

In conclusion, BFC could effectively decrease the influence of the mass ratio of Charge A/B, which could also result in the local
buckling deformation of the pipe due to the local increasing stiffness of the pipe and energy absorption of gaskets.
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4.2.5. Effect of D/t ratio

Fig. 13(a—e) shows the influence of the D/t ratio on the effective stress of the X70 pipe under multiple explosion loads. When the D/t
ratio of the pipe is 101.6 (See Fig. 13(e)), the maximum effective stress is concentrated on the long pipe end, near the bolted flange
system, and the distribution of the effective stress of the short pipe portion is small shown in Fig. 13(e). The reduction of the D/t ratio of
the pipe could effectively reduce the axial length of the deformation zone of the pipe (Fig. 13(d)).

Fig. 14 shows the influence of D/t ratio on the maximum plastic strain and the cross-sectional deformation of the pipe under two-
charge explosion loads. As shown in Fig. 14 (a), when increasing D/t ratio of the pipe with BFC from 40.7 to 81.3, the maximum plastic
strain of the pipe has limited changes. When D/t ratio of the pipe is more than 81.3, the maximum plastic strain of the pipe increased
greatly. Moreover, when the pipe has a diameter ratio of 101.6, the collapse displacement of the pipe is the largest, and the upper
portion and the right side of the pipe have a concave-shaped deformation shown in Fig. 14 (b). When the pipe has a D/t ratio of 45.7,
the upper portion of the conduit generates a projection, and the upper portion of the conduit in the other four working conditions has a
concave-shaped deformation. The results show that the larger diameter-thickness ratio is more susceptible to the damage of the ex-
plosion shock wave. Suitable for use in the actual reach of the project, increasing the diameter-thickness ratio is advantageous for the
use of pipe with BFC.

To sum up, the main four influencing factors are discussed to investigate the influence of initiation points, internal pressure, in-
terval time, explosive mass, and D/t ratio on the dynamic buckling response of the pipe with BFC. However, there is a certain cor-
relation between the above influencing factors. In order to further explore this correlation, the following section will discuss on how to
obtain the stress prediction formula, establish the stress prediction model, and analyze the loading standard of pipe under two-charge
explosion loads to prevent damage by dimensional analysis.
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5. Stress prediction model and control measures analysis

5.1. Stress prediction model

Dimensional analysis of Golden Han Treatment was used to predict the stress of buried pipes under blasting loads. The parameters
including the distance from the pipes to blasting center, the physical and mechanical parameters, the properties of explosive, soil
medium, blasting parameters can result in the changes of attenuation law of explosion waves. Therefore, ten physical quantities caused
the stress changes of pipe can be extracted by reviewing the analysis of the literature and the variation of blasting effect as follows:
vibration peak speed v, m/s; interval time t, s; internal pressure P;, g/cm-pz; vibration speed C, m/s; distance from the center point to
the position of the pipe H, m; pipe wall thickness §, m; explosives Q, kg; soil density p, kg/m>; pipe diameter D, m; particle displacement
%> m. From these ten reference physical quantities, three factors of the independent basic dimensions are selected in the present study.

The stress component of the pipe can be shown in Eq. (7) as follows:

sz(vvt7Pi7C7H75>Q7p7D7/Y) (7)

It can be seen from the n-theorem that the physical quantity of the studies can be combined into the equivalent equation, as shown
in Eq. (8):

r=Q"HC* 8

That is, the basic amount selected from the other physical quantity is sequentially shown in Eq. (9):

\4 t P; [ P D X
;2 :H7C*]; 73 :7QH’3CZ; Ty :E; 7s :7QH’3; Te :E; 7 ~H 9)

According to the dimensional characteristics, the combination of different dimensions is still one corresponding amount, and n3, 7,
and 7 can be extracted to create a new amount of item ng, as shown in Eq. (10):
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f P Ps Pe
— b2 B3 Ps Po b _ 3 Pi 14 2 £ #
o s w0 = () (o) () (7)) 4o
As a sequence, Eq. (10) can be expressed as Eq. (11):
_e(L B VPHD y
ot (g LD L) an

Since the medium material is the same and the measurement points are fixed, p and C, y are considered as constants, and f3, fis, and
f7 are the corrected factors associated with blasting operations. Combined with the definition of other pending coefficients, the
numbers are taken on both sides and a new functional relationship could be obtained shown in Eq. (12):

Ino= [a, +8, ln(é)] + {(12-',-/}2 ln(%)} + {a3+/13 1n<‘?)} + {a4+/}4 ln(%)] + [(15 +Bs ln(%)] (12)

Where ay, a2, az, a4, and a5 are given during the function transformation process. The established a new predictive mathematical
model of stress of the pipe under flat terrain condition is expressed as Eq. (13):

o=k ()" (1/30)" (D) 11" a3

Where k represents the influencing coefficient of test site, f; represents the influencing coefficient of the interval of the two-charge
explosions on the peak stress of the pipe; B, represents the influencing coefficient of internal pressure on the peak intensity of
shock waves; f3 is the influencing coefficient of shock waves on its peak intensity; 4 the influencing coefficient of blasting distance on
the peak intensity of shock waves; 35 represents the influencing coefficient of the pipe diameter on the peak intensity of shock waves.

The orthogonal test data of Table 7 were analyzed in combination with the results of the above-described correlation analysis and
Buckingham theorem (z theorem), including ¢, Q, P;, R, as shown in Table 8.

5.2. Control measures analysis

It is of great significance to investigate the control measures of pipes under blasting loads for the operation, assessment, and repair
of pipes. Fig. 15 shows the pipe diameter-explosive charge curves of the X70 pipe with BFC under two-charge explosion loads at
different propagation times. When Charge A is fixed to 31.488 kg, the following data analysis of Charge B is performed shown in
Table 7. As can be seen from Fig. 15(a), the influence of internal pressure on the dynamic response of the pipe is greater than that of
inner diameter of the pipe at 300 ps. Meanwhile, compared with the mass of charge, the internal pressure of the pipe has more sig-
nificant influence on the buckling response of the pipes with BFC. For instance, when the internal pressure exceeds 2 MPa, the internal
pressure could weaken the action of the external shock waves on the pipes (See Fig. 15(b-d)). More importantly, when the bural depth
of the pipe is fixed to 50 cm, the more increasing D/t ratio of the pipe with BFC, the smaller the required amount of explosive charge to
result in the buckling response of the pipe. The internal pressure of the pipe with BFC has the most significant influence on the
conditions of the same pipe diameter and explosive. As a sequence, when determining the buried parameters of the high-pressurized
pipes, the inner diameter of the pipe can be appropriately reduced under the premise of meeting the design requirements to improve
the anti-explosion performance of the pipe.

6. Conclusions

In the present study, pipe-soil coupling 3-D models were established to investigate the dynamic buckling response of X70 steel pipe
with BFC under two-charge explosion loads (Charge A lied on the ground surface and Charge B lied in the soil). The main influencing
factors are also discussed, including explosion mode, internal pressure, interval time, mass ratio of charges, and diameter-to-thickness
ratio (D/t ratio). The main obtained conclusions are as follows.

(1) When Charges A and B were exploded simultaneously, it is found that the non-pressurized X70 pipe produced more significant
cross-sectional deformation than in one-point explosion (Charge A or B). When Charges A and B were exploded simultaneously,
the flattening parameter value exceeds 0.6 and the pipe has significant deformation.

Table 8
List of the equation fitted for the data of orthogonal test.
Equations Correlation coefficient
1 o = 5.329(6)°542 (p)0221 (/)30 (0070 0.910
2 o = 4.569(5)"% (p)018° (/)03 (R)0061 0.975
3 0 = 4.439(£)05%0 (P)0203 (/)35 (R)0.055 0.851
4 o = 3.898(t)0‘594(P)° 165 /)02%4 (R)ovosg 0.898
5 o = 3.723(6)"55 (P)*158 (/)02 (R) 005! 0.899

13



Y. Qu et al Heliyon 10 (2024) e26826

c; 140 -
300 . ®)
. (a)
gooll ™ 120 -
N I -
Z \' 10| \
P 200 \ 2 n
£ - 2 —=—P=2MPa T
= —=—P=2MPa \. 5 80 —o—P=4MPa -
o 150 —e—P=4MPa P P—6MPa
2 P=6MPa 2 60 - —v—P=8MPa
z —y—P=8MPa B
B 100 | B ool e
F-S — o 40 . -
\.g\_\ e — — o
50| e . 20 |
Y—vy—y v —— v N
0 i ) i i L i i ) 0 1 1 | 1 1 L 1 1l
40 50 60 70 8 9 100 110 40 50 6 70 80 9 100 110
Pipe diameter / cm Pipe diameter / cm
160
a (©
wl O 1201 @
5 \ ~
o - \
ol \ 5100 - .
£ b
2100 — 2
= —=— P=2MPa ] £ 801 —a—pompa .\
: 80 | —o— P=4MPa 's —o—P=4MPa n
2 P=6MPa @ 60t P=6MPa
é —v—P-8MPa = —v—P=8MPa
s 60 <
A e
= w40
0 o = e
~——— *—
- — .
20 ———e 20 |
V—v—y ¥ —v—y. v
ol : : : PR A 0L . . . s s D
S0 60 9 S0 9 160 3E) 40 50 6 70 8 9 100 110

Pipe diameter / cm Pipe diameter / cm

Fig. 15. The pipe diameter-explosive charge curves of the X70 pipe with BFC under two-charge explosion loads at different propagation times:(a)
300 ps; (b) 600 ps (c) 900 ps (d) 1200 ps.

(2) Internal pressure could effectively prevent the dynamic buckling deformation of the pipe under two-charge explosion loads. The
non-pressurized pipe with BFC could obtain the peak plastic strain and the cross-sectional deformation reaches the maximum
values. Designing the buried parameters of the pipe with higher pressure, the inner diameter of the pipe could be appropriately
reduced under the premise of meeting the design requirements.

(3) The larger D/t ratio of the pipe is more susceptible to the damage of shock waves. Compared with the common straight pipes,
the plastic strain of the pipe with BFC under the same two-charge explosion loads is smaller at the same interval time.

(4) Dimensional analysis of Golden Han Treatment was used to predict the stress of buried pipes under two-charge explosion loads
and an approximate model was established to predict the peak stress of the pressurized X70 pipes with BFC under flat terrain
condition.

(5) In order to reveal the buckling response mechanism of the X70 steel pipes with BFC under two-charge explosion loads, it is
urgent to further carry out experimental study to obtain more experimental data.
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