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Buried pipelines serve as a critical component of lifeline systems, such as water and gas supply. They are interconnected to form a
network to transport utilities. The connections change the geometry and stiffness of pipelines and impact the seismic response of
the pipelines. This paper investigates the influence of connections on the seismic response of buried continuous steel trunk lines. A
finite element model is introduced for analyzing the seismic response of buried pipeline networks. The seismic response of
continuous steel pipelines with different connections, including cruciform and T-, K-, L-, and Y-shaped, is analyzed. The impact of
site class, pipe diameter, branch angle, and angle of wave incidence on the response of pipe connections is explored. An influence
coeflicient defined to characterize the strain amplification at the connections is proposed for different forms of connections.

Engineering measures to reduce the strain amplification at connections are suggested.

1. Introduction

The earthquake performance of a lifeline system is closely
related to the performance of the lifeline components, such
as buried pipelines in water and gas supply networks. Buried
pipelines are vulnerable to earthquake damage which has
been observed and documented during previous earth-
quakes [1, 2]. One recent example is the 2008 Wenchuan
earthquake (ML =8.0). It completely destroyed the water
supply network in Beichuan city and caused water outage for
the entire city. It severely damaged the water supply network
in Dujiangyan city and disconnected water to over half of the
customers. More than 800 leaks in the gas supply network
were identified in Mianyang city, and the gas supply pressure
in the system was decreased from 0.25 to 0.1 MPa [3, 4].
Buried pipelines can be damaged by permanent ground
deformation (PGD) linked to irrecoverable ground move-
ment generated by faulting, liquefaction, and landslide and
transient ground deformation (TGD) due to wave propa-
gation effects. The PGD generates localized severe damage to
buried pipelines, while the TGD typically affects the buried
pipe network in a large area. This paper focuses on the TGD
effects of earthquake damage. The TGD damage to buried

pipelines has attracted extensive attention in academia. Early
studies developed analytical models to estimate the defor-
mation of underground pipelines using pseudostatic
methods. The seismic waves were assumed as travelling
waves, and the pipelines were assumed to deform together
with the ground [5]. Numerical methods, e.g., finite element
(FE) methods, were also widely used to simulate soil-
structure interaction. The pipelines were modeled as elastic
beams connected with soil springs [6, 7] or shell elements
buried in soil continuum [8, 9], and the dynamic response of
the pipelines was analyzed [10, 11]. Factors influencing the
response of buried pipelines during earthquakes were
studied. The factors include diameter to thickness (D/t)
ratio, burial depth to diameter (H/D) ratio, soil parameters,
and ground motion characteristics [12-15]. Recently, inte-
grative modeling theory was applied for analyzing the sto-
chastic response of pipe networks [16]. Physical-based
stochastic ground motion was generated and input to pipe
networks to generate stochastic seismic responses. Labora-
tory or large-scale field tests were supplemented to explore
the mechanism of soil-structure interaction under dynamic
loading [17-20]. Wang et al. [19] provided a detailed
summary on the laboratory and large-scale field tests.
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The previous studies mostly focused on the seismic re-
sponse single pipes and neglected the interaction between pipes
within a network. In actual pipe networks, buried pipelines are
operated with different connections, such as cruciform and T-,
K-, L- and Y-shaped, to form a network. Due to the different
geometry and stiffness at pipe connections, the seismic re-
sponse of pipes with branches is different from that of straight
pipes. O’Rourke and Liu [1] pointed out that studies on this
aspect were nearly nonexistent. Shinozuka and Koike [6]
suggested that the strain at pipe connections could be calcu-
lated by multiplying the strain in straight pipe segments by a
coefficient. Limited studies [21] suggested a coefficient ranging
between 0.1 and 3. Liu and Hou [22] summarized the coef-
ficient of different pipe connections and proposed the coefti-
cient ranging between 1.5 and 2.5. Detailed studies are required
to derive more specific values of the coefficient for engineering
designs.

This paper investigates the influence of connections on the
seismic response of buried continuous steel trunk lines. After
introduction, an FE method for analyzing buried pipe networks
is introduced in Section 2. The seismic response of steel pipes
with different connections, including cruciform and T-, K-, L-,
and Y-shaped, is analyzed, and the influences of site class, pipe
diameter, branch angle, and wave incident angle on the re-
sponse of pipe connections are explored in Section 3. The
engineering measures to reduce the strain amplification at
connections are proposed in Section 4, followed by Section 5,
which provides the conclusions of the paper.

2. FE Modeling of Buried Continuous
Pipe Network

2.1. FE Model of Seismic Response of Buried Pipe Network.
Liu et al. [16] developed a pseudostatic FE model for seismic
response of underground pipe networks. Compared with
previous studies, this framework is effective and reliable for
the seismic analysis of large buried pipe networks, which has
been validated by an artificial earthquake experiment [23].
Because the response of buried pipelines is relatively small,
the buried pipelines are modeled as linear elastic beams and
the soils are modeled as elastic springs, as shown in Figure 1.
The inertia effects of the pipeline and damping effects of soils
were neglected. The internal pressure in the pipes is not
considered, and the ovalization of the pipe section is not
taken into account. The axial and lateral motions of a buried
pipeline during earthquakes are expressed as

2
w- kau(x,t) = —k u, (x, 1),
(1)
B v(x,t
a( I ) +kv(x,t) = kng (x,1),

where u(x, t) and v(x,t) are the axial and lateral displace-
ments of the pipeline, respectively; u g(x, t) and Vg (x,t) are
the axial and lateral displacements of the ground, respec-
tively; EA and EI are the axial and bending stiffnesses of the
pipeline, respectively; E, A, and I are Young’s modulus,
cross-sectional area, and moment of inertia of the pipeline,
respectively; x is the coordinate; f is the time; and k, and k;
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Figure 1: Elastic beam model for pipeline.

are the coeflicient of the axial and lateral soil spring per unit
length, respectively. The determination of k4 and k; is

explained in [16, 23].

As shown in Figure 2, the element stiffness matrix [kp]

can be written as
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The stiffness matrix [kg] of the axial and lateral springs

can be written as [2]
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where [ is the element length, A = k;, and A = kL.

(3)



Advances in Civil Engineering

M~
N~

[ 1/ ]

chayea
:

-

U

6,

~
~
~J
~
~
~J
~
~
~J
~

r7

FIGURE 2: Pipe element.

After transferring the stiffness matrix from the local
coordinate system to the global coordinate system and
constructing the total stiffness matrix, the equation for the
pipe network subject to earthquakes can be expressed as

[K]SYS{a} = [K]S{u_g}, (4)

where [K]gyg is the system stiffness matrix in the global
coordinate system, [K]sys = [K]p + [K]; [K]p and [K]g are
the pipeline and soil spring stiffness system matrices in the
global coordinate system; and {z} and {u_g} are the dis-
placement vectors of pipeline elements and soil spring in the
global coordinate system, respectively.

Solving the pipe network system stiffness equation, the
displacement of the pipeline elements can be derived. The
axial strain and curvature of each pipeline element can be
calculated. For pipeline element i, the axial strain is

i ”3 - ”’i
Epipe = o (5

and the bending curvature is
i _ i
i 62 _ 61
pipe ™ |

(6)

where u! and u} are the displacements of the left and right
nodes of element and 0," and 6, are the rotation angles of the
left and right nodes.

2.2. Ground Motion Input. The well-known EIl Centro wave
[24], recorded at Imperial Valley on October 15, 1979, is
used as wave input. The wave is shown in Figure 3. It is
assumed that the angle between the wave propagation di-
rection and the X-axis of the global coordinate system is 0.
The wave propagates outward in the form of a spherical
shape (Figure 4). For far-field analysis, the wave surface can
be simplified as a plane perpendicular to the propagation
direction. The coordinates at the middle point of each el-
ement are projected to the propagation direction of the wave
and the ground motion in input at this point (Figure 5) such
that the ground motion time history of all pipeline elements
in the network can be obtained. The ground motion is
decomposed along the X- and y-directions, respectively. The
input wave is a shear wave (S-wave) with the amplitude
along Xx-axis as f, (t)= f(t)cos@ and y-axis as
f y (t) = f (t)sin 0. The seismic response of the pipe network
can be calculated by solving the system equation.

3. Seismic Response of Buried
Continuous Pipelines

3.1. Pipeline and Element Lengths in FE Model. In this study,
the maximum strain is defined as the highest strain of each
pipeline element during the process of wave propagation. To
determine the required pipeline and element lengths in the
FE analysis, a steel pipeline with a length of 150 m is tested.
The pipe diameter is 0.4064 m, wall thickness is 10 mm, and
Young’s modulus is 2.06 x 10'' N/m?. The pipeline is as-
sumed to be buried in class II-site according to the site
classification of the Chinese seismic design code which
divides the engineering sites into four classes (sites I-IV)
based on equivalent shear wave velocity and thickness of
overlaying layer [25]. The higher the number of the site class
is, the softer the soil is. The wave propagation velocity for
class II-site is 2000 m/s. The soil spring stiffness is deter-
mined from previous testing data [16, 26, 27] and is sum-
marized in Table 1.

The El Centro wave is used as input with an incident
angle of 45°. The peak acceleration is scaled to 0.1 g corre-
sponding to the earthquake intensity of VII as per the
Chinese seismic design code [25]. The element length is set
as 0.1 m. Figure 6 shows the maximum strain of each element
of the straight pipe. Since free boundary condition is as-
sumed, the pipe strain increases gradually from the two ends,
reaches the maximum value at a certain distance, and keeps
constant after that. The distance varies with different pa-
rameters, such as site class, pipe diameter, and pipe material,
and is typically smaller than 50 m. As such a pipeline length
of 150m (50x2+50=150m) is sufficient to avoid the
boundary effects. This study selects a pipeline length of
300 m such that there is 150 m length of pipeline at each end
of the connection.

Taking a cruciform connection composed of four single
pipelines with a length of 150 m (Figure 7) as an example, the
element length is set as 1, 0.1, 0.05, and 0.025 m, respectively.
The other parameters are kept the same as those in the above
example. The maximum axial and bending strains of the
transverse pipeline are listed in Table 2 This table shows that
the element length does not affect the maximum axial strain
but affects the maximum bending strain. Taking the results
of 0.025m length as benchmark, the results of 1 m length
element have a relatively large error and the results of 0.1 m
length element have a very small error. When the pipe el-
ement length is 0.05m and 0.025m, the computation ac-
curacy is improved limited, but the computation time is
increased significantly. Considering the trade-off between
the computation accuracy and efficiency, this study selected
an element length of 0.1 m.

3.2. Seismic Analysis of Straight Pipelines. Figures 8 and 9
show maximum axial and bending strains of a straight steel
pipeline. Figure 8 shows that the maximum axial strain of the
straight pipeline keeps constant at 115 pe except adjacent to
the ends. The maximum bending strain shows a similar
trend but with a much smaller magnitude (about 2.3% of the
maximum axial strain) such that the bending strain can be
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FIGURE 5: Projection of pipe coordinates to the propagation
direction.

neglected in straight pipelines. The maximum axial strain
and bending strain of each element occur at the same time
and can be superimposed. Figure 10 shows the maximum
total strain of the straight pipeline, i.e., the superimpose of
the maximum axial and bending strains.

3.3. Seismic Analysis of Cruciform Connections

3.3.1. Effects of Site Class. Cruciform connection is widely
used in buried pipe networks. It is formed by four pipelines
connected at the same location. The seismic response of the

cantly at the connection, resulting in an increase in the total
strain at the connection. Figure 14 shows the total strain of
the pipe.
An influence coefficient ¢ is defined to describe the strain
amplification at the connection:
6=, ?)
&
where ¢- and ¢4 are the peak total strain of the pipe with and
without connections, respectively. For the cruciform con-
nection at class II-site,

181.46
s=fc_ =1.57

gg 11560

(8)

Figures 15(a) and 15(b) show the force diagram at the
cruciform connection and in the straight pipeline without a
connection, respectively. In Figure 15(b), it is found that the
shear force and bending moment in the straight pipeline
without a connection are very small with the maximum
value of 0.011kN (at 2.94s) and 0.11kN-m (at 2.945s), re-
spectively. At the cruciform connection, the axial force in the
transverse pipeline is virtually the same as that in the straight
pipeline with a maximum value of about 297.5 kN. However,
the shear force and bending moment in the transverse
pipeline at the connection increase significantly compared
with those in the straight pipeline without a connection. The
maximum shear force and bending moment are about 15 kN
and 15.9 kN-m, respectively. The bending moment generates
bending strain in the transverse pipeline at the connection.
The increase in the bending strain contributes to the total
strain and results in the influence coeflicient of cruciform
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TaBLE 1: Stiffness of soil spring.

Outer diameter (m)

Axial spring stiffness (N/m?)

Lateral spring stiffness (N/m?)
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FIGURE 6: Maximum axial strain (site: IV; diameter: 406.4 mm).
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FiGure 7: Cruciform connection.

connection higher than 1; ie., the peak total strain in the
transverse pipe with connection is larger than that in the
straight pipeline without a connection.

The influence coefficient of four site classes is listed in
Table 5. This table shows that, as the site class varies from
classes I to IV, the influence coefficient decreases from 1.72
to 1.35. The softer the ground is, the smaller the influence
coefficient is. The softer the soil is, the smaller the bending
strain in the transverse pipeline at the connection is,
resulting in a smaller influence coeflicient.

3.3.2. Effects of Branch Angle. 'The impact of branch angle is
investigated by studying the response of pipes with dif-
ferent branch angles (30°, 45°, 60°, and 90°) (Case C-2,
Figure 16). Figure 17 shows the maximum total strain of
the cruciform connection and straight pipeline. The in-
fluence coeflicient is summarized in Table 6. This table
shows that all influence coeflicients are higher than 1. As
the branch angle decreases from 90° to 30°, the influence
coefficient decreases from 1.57 to 1.14. When the branch
angle is smaller, the bending strain generated in the

transverse pipeline becomes smaller (decreases from 65.86
to 16.21 ye). With the maximum axial strain in the
transverse pipeline remaining essentially constant (about
115.6 pe), the smaller bending strain results in a smaller
total strain and influence coefficient.

3.3.3. Effects of Pipe Diameter. The impact of pipe diameter
(Case C-3) is investigated by studying the response of pipes
with three different diameters of 219.1, 406.4, and 610 mm.
The axial and lateral soil spring stiffness is shown in Table 7.
Figure 18 shows the maximum total strain of the three pipes.
The influence coefficients are listed in Table 8. This table
shows that, as the pipe diameter increases from 219.1 to
610 mm, the peak axial strain of the transverse pipeline at
cruciform connection remains virtually constant, while the
peak bending strain of the transverse pipeline increases, and
the influence coefficient increases from 1.50 to 1.62. For the
bending strain of the transverse pipeline, ¢, = (M - D/
2EI) = (EIp D/2EI) = (¢ D/2). Herein, if the deformation
of pipes is assumed to be the same as that of the surrounding
soil, curvature ¢ is constant, showing that the bending strain
is proportional to the pipe diameter. As a result, a pipe with a
large pipe diameter has a large influence coeflicient. How-
ever, the effects of pipe diameter are limited.

3.3.4. Effects of Angle of Incidence. When the incident angle
of seismic waves is different, the components of the seismic
wave in the X- and y- directions are different. Three in-
cident angles, i.e., 30°, 45°, and 60°, are used to examine the
impact of incident angle (Case C-4). The maximum total
strain of pipes is shown in Figure 19. The influence coef-
ficients are listed in Table 9. This table shows that when the
incident angle increases from 30" to 60°, the influence
coefficient increases from 1.33 to 1.90. When the incident
angle increases, the amplitude of the ground motion de-
creases along the X-axis and increases along the y-axis;
thus, the maximum axial strain in the transverse pipeline
decreases sharply (from 173.39 to 57.86 pe). The effect of
incident angle to bending strain is relatively small (57.05,
65.86, and 57.31 pe), and the bending strain has a maximum
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TaBLE 2: Results of different element lengths.

Element length (m) Maximum axial strain (107°) Maximum bending strain (107 Time (s)
1 115.6 43.3 55.115
0.1 115.6 65.9 201.521
0.05 115.6 66.8 522.213
0.025 115.6 67.2 1455.014
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FIGURE 8: Maximum axial strain of straight pipe.
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F1Gure 10: Maximum total strain of straight pipe.

value when the incident angle is 45°. Therefore, the in-
fluence coefficient increases as the axial strain decreases
sharply.

3.4. Seismic Analysis of T-Shaped Connections. The T-shaped
connections are widely used at the boundary of networks.
Similar as a cruciform connection, as shown in Figure 20,
three straight pipelines with a length of 150m form a
T-shaped connection. The influences of site class, branch
angle, pipe diameter, and wave incident angle are investi-
gated. The parameters are listed in Table 10.

(1) Difterent site classes

Four site classes (i.e., I, II, III, and IV) are considered.
The axial and lateral soil spring coefficients for the
four sites are provided in Table 3. The maximum total
strain of site II is shown in Figure 21(a) as an example.
The influence coefficients are listed in Table 11.

(2) Different branch angles
Four branch angles (i.e., 30°, 45°, 60°, and 90°) are
analyzed. Taking the branch angle of 30" as an ex-
ample, the maximum total strain is shown in
Figure 21(b).
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TaBLE 3: Axial and lateral pipe-soil spring stiffness in the four sites.

Site types Axial pipe-soil spring stiffness (N/m?) Lateral pipe-soil spring stiffness (N/m?)
I 3.5748 x 10° 1.8144x10°
II 1.3431 x 10° 6.5307 x10°
I 6.0707 x 107 2.9027 x10°
v 1.6365 x 10 7.2535%107
TABLE 4: Parameters of cruciform connection in different cases.
Case Site types Branch angles (°) Diameters (m) Incident angles (°)
Case C-1 I, I, III, IV 90 0.4064 45
Case C-2 11 30, 45, 60, 90 0.4064 45
Case C-3 11 90 0.2191, 0.4064, 0.610 45
Case C-4 I 90 0.4064 30, 45, 60
200 180
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FIGURE 11: Maximum total strain in different site types: (a) I-site; (b) II-site; (c) III-site; (d) IV-site.

(3) Different pipe diameters

Three pipe diameters (ie., 0.2191, 0.4064, and
0.610m) are analyzed. The soil spring stiffness is
provided in Table 7. The maximal total strain of pipe
diameter 0.2191m is taken as an example and is
shown in Figure 21(c).

(4) Different incident angles of seismic wave

Three angles (i.e., 30°, 45°, and 60°) are analyzed.
Figure 21(d) shows the maximum total strain at an
incident angle of 30" as an example.

The analysis results show that the influence coeflicients
of T-shaped connection are all higher than 1, indicating
the T-shaped connection amplifies the strain in the
pipeline. The influence coefficient increases with the in-
crease in soil stiffness (site class varies from IV to I), the
decrease in the branch angle, the increase in the pipe
diameter, and the increase in incident angle of seismic
angle.

From Table 12 to Figure 12, the influence coefficients of
T-shaped connection are generally higher than that of
cruciform connection. For example, the influence coefficient
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TaBLE 5: Influence coefficients of cruciform connection in different site types.

Site types Peak total strain of straight pipe (107%) Peak total strain of cruciform connection (107°) Influence coefficient
I 115.62 198.64 1.72
11 115.60 181.46 1.57
11T 115.51 170.05 1.47
v 115.11 155.06 1.35
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FIGURE 12: Maximum axial strain of straight pipe and cruciform connections.
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of Case T-1 (site class II) is 1.74 which is about 10.7% higher Case T-1 (site class II) is taken as the example. Compared

than 1.57, the influence coefficient of Case C-1 (site II). The with the cruciform connection, in which the longitudinal
maximum influence coefficient of T-shaped connection is  pipeline passes through the transverse pipeline, the longi-
2.90 (Case T-4, incident angle 60°) which is much higher  tudinal pipeline in the T-shaped connection ends at the
than 1.99 (Case C-4, incident angle 60°), the maximum transverse pipeline. Figure 22 shows the force diagram at the
influence coefficient of the cruciform connection. T-shaped connection. Compared with the cruciform
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connection, the maximum bending moment in the trans-
verse pipeline is 20.0 kN-m which is higher than that of the
cruciform connection. As the result, the maximum bending
strain of transverse pipelines in T-shaped connection is
larger than that in cruciform connection. In the meantime,
the maximum axial forces of transverse pipelines
(Fg =283.3kN and F4 5 =294.8 kN) are almost the same as
those of straight pipelines (Faq; = Fary =297.5kN). There-
fore, the corresponding influence coefficients of the
T-shaped connection are larger. It is noted that, with
F,; =49.7kN, F¢p, =18.5kN, and Fgp» = 30.5kN, the forces
in the longitudinal direction are not balanced. The additional
resistance comes from the lateral resistance of the transverse
pipeline.

3.5. Seismic Analysis of K-Shaped Connections. Four pipe-
lines with lengths of 150 m can form a K-shaped con-
nection, as shown in Figure 23. Three branch angles, i.e.,
30°, 45°, and 60°, are considered. The influences of branch
angle, site class, pipe diameters, and wave incident angle
are investigated. The parameters are listed in Table 13,
and the influence coeflicients are listed in Table 14.
The maximum strain of selected cases is shown in
Figure 24.

Similar to the T-shaped connection, the K-shaped
connection increases the maximum strain of pipes, and the
influence coefficients are all higher than 1. The response of
the K-shaped connection is sensitive to the incident angle,
but not sensitive to the branch angle, site class, and pipe
diameter. When the incident angle of seismic waves in-
creases from 30° to 60°, the influence coeflicient increases
from 1.72 to 3.19.

The influence coefficients of K-shaped connections are
generally higher than that of cruciform connections. For
example, the influence coefficient of Case K-1 (site class II)
is 2.16, which is much higher than 1.57, the influence
coefficient of Case C-1 (site class II). The maximum in-
fluence coefficient of 3.19 of K-shaped connections is much
higher than 1.99, the maximum influence coefficient of
cruciform connections. Similar to the T-shaped connec-
tion, at the K-shaped connection, the axial force of lon-
gitudinal pipeline is transformed to the transverse pipeline
and the shear force of the transverse pipeline at the
K-shaped connection is larger than that at the cruciform
connection, resulting in a larger bending moment at the
K-shaped connection.

The influence coefficients of K-shaped connections are
generally higher than the influence coefficients of T-shaped
connections. For example, the influence coefficient of Case
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TaBLE 6: Influence coeflicients of cruciform connection with different branch angles.

Branch angles

Bending strain of cruciform connection (1079

Influence coeflicient (§)

Straight pipe 0

90° 65.86
60° 49.70
45° 32.95
30° 16.21

1
181.46/115.6 =1.57
165.30/115.6 =1.43
148.55/115.6 =1.29
131.81/115.6=1.14

K-1 (site class IT) is 2.16, 24% higher than 1.74, the influence
coefficient of Case T-1 (site class IT). Case K-1 (site class IT) is
taken as the example. As shown in Figure 25, the axial forces
of the longitudinal pipeline at the connection are F4;; and
Fap,. The shear forces of the transverse pipeline are Fgp; and

Fgry. The bending moments of the transverse pipeline are
My and My, respectively. Similar to T-shaped connection,
the axial forces of the longitudinal pipeline will increase the
bending moments of the transverse pipeline
(Mg =15.6 kN-m and M =19.6 kN-m). Moreover, the axial
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TaBLE 7: The parameters of pipes with different diameters.

Outer diameter Wall thickness  Sectional area

Second moment of area

Axial soil spring Lateral soil spring

(mm) (mm) (m?) (m*) coefficient (N/m?) coefficient (N/m?)
219.1 8.0 0.0053 2.9596 x 107> 1.2669 x 108 6.8235 x 108
406.4 10 0.0125 2.4476 x 1074 1.3431 x 108 6.5307 x 108
610 12 0.0581 0.001 1.3967 x 108 6.2390 x 108
180 200
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FIGURE 18: Maximum total strain with different pipe parameters: (a) 219.1 mm; (b) 610 mm.

TaBLE 8: Influence coefficients of cruciform connection with different diameters.

Diameters Total strain of straight Bending strain of cruciform Total strain of cruciform Influence
(mm) pipe (ue) connection (107 connection (107°) coefficient
219.1 115.63 57.48 173.11 1.50
406.4 115.60 65.86 181.46 1.57
610 115.58 71.18 186.76 1.62

force of the right transverse pipeline increases, i.e.,
F 41, = 420kN, which is much larger than F ,;, in T-shaped
connection, resulting in a larger total strain and a larger
influence coefficient.

3.6. Seismic Analysis of L-Shaped Connections. Two straight
pipelines with a length of 150 m form an L-shaped con-
nection. Four branch angles, i.e., 30°, 45°, 60°, and 90°, are
considered as shown in Figure 26. Similar to the cruciform
connection, the influences of site class, branch angle, pipe
diameter, and wave incident angle are investigated. The
parameters are listed in Table 15, and the influence coeffi-
cients are listed in Table 16. The maximum strain of selected
cases is shown in Figure 27. From Table 16, when the branch
angle is 90°, the L-shaped connection increases the maxi-
mum strain of pipes and the influence coeflicients are all
higher than 1. From Figure 27, at the right end of the
transverse pipeline, the maximum axial strain declines to 0
rapidly, while the maximum bending strain is very large.
When the maximum bending strain at the right end is larger
than the maximum axial strain in middle section, the in-
fluence coefficient is larger than 1; otherwise, it will be 1. The

influence coefficient increases with the decrease in soil
stiffness (site class varies from IV to I) or the increase in pipe
diameter and the wave incident angle.

3.7. Seismic Analysis of Y-Shaped Connections. Three pipe-
lines with lengths of 150 m are used to form a Y-shaped
connection. Three branch angles, i.e., 30°, 45°, and 60°, are
considered as shown in Figure 28. Similar to the cruciform
connections, the influences of site class, branch angle, pipe
diameter, and wave incident angle are investigated. The
parameters are listed in Table 17, and the influence coef-
ficients are listed in Table 18. The maximum strain of
selected cases is shown in Figure 29. From Table 18, similar
to the T-shaped connections, the Y-shaped connections
increase the maximum strain of pipes and the influence
coefficients are all higher than 1. The influence coeflicient
increases with the decrease in soil stiffness (site class varies
from IV to I) and pipe diameter or the increase in wave
incident angle.

The influence coefficients of Y-shaped connections are
generally higher than those of the cruciform connection. For
example, the influence coefficient of Case Y-1 (site II) is 2.85,



12 Advances in Civil Engineering
240 120

= w

3 =

=220 £

g £ 100}

E 200 | g

g E s}

£ 180 2

g VRN g

= p=

160 ' ' ' ' 60t - - : ]
125 135 145 155 165 175 125 135 145 155 165 175
Pipe length (m) Pipe length (m)
—— Cruciform —— Cruciform
- -~ Straight - -~ Straight
(a) (b)
FIGURE 19: Maximum total strain with different incident angles: (a) 30°; (b) 60°.
TasLE 9: Influence coeflicients of cruciform connection with different incident angles.
Incident Total strain of straight pipe Bending strain of cruciform Total strain of cruciform Influence
angles (107 connection (107°) connection (107°) coefficient
30 173.39 57.05 230.42 1.33
45 115.60 65.86 181.46 1.57
60 57.86 57.31 115.17 1.99
F1GURE 20: T-shaped connections with different branch angles.
TaBLE 10: Parameters of T-shaped connection in different cases.

Case Site types Branch angles (°) Diameters (m) Incident angles (°)
Case T-1 I, IL, II1, IV 90 0.4064 45
Case T-2 II 30, 45, 60, 90 0.4064 45
Case T-3 II 90 0.2191, 0.4064, 0.610 45
Case T-4 II 90 0.4064 30, 45, 60
which is much higher than 1.57, the influence coefficient ~ force of the transverse pipeline increases, i.e.,

of Case C-1 (site IT). The maximum influence coeflicient of
Y-shaped connections, 3.83, is almost twice of 1.99, the
maximum influence coefficient of cruciform connections.
Case Y-1 (site class II) is taken as the example. As shown
in Figure 30, the axial forces of the longitudinal pipeline at
the connection are F4;; and F4;,. The axial forces of the
longitudinal pipeline will increase the bending moment of
the transverse pipeline. Compared with T- and K-shaped
connections, Y-shaped connection has only one trans-
verse pipeline to balance the axial force of the longitudinal
pipelines, which cause a large bending moment of
transverse pipeline, i.e., M7=45.6 kN-m. Also, the axial

F,; =344.25kN, which is larger than F,;, in T-shaped
connection, resulting in a larger total strain of the
transverse pipeline in Y-shaped connection and a larger
influence coefficient.

3.8. Summary. The analyses show that the influence coef-
ficient varies with the connection form, branch angle, site
class, pipe diameter, and wave incident angle. Among these
factors, the site class, branch angle, and pipe diameter have a
relatively small impact on the influence coefficient, while the
wave incident angle and connection form have a relatively
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TaBLE 11: Influence coefficients of T-shaped connection in
different cases.

Case Influence coefficients (J)
Case T-1 1.77, 1.74, 1.72, 1.71
Case T-2 2.49, 2.57, 2.38, 1.74
Case T-3 1.67, 1.74, 1.78
Case T-4 1.31, 1.74, 2.90

TaBLE 12: Influence coeflicients of cruciform connection in dif-
ferent cases.

Case Influence coefficients (J)
Case C-1 1.72, 1.57, 1.47, 1.35
Case C-2 1.14, 1.29, 1.43, 1.57
Case C-3 1.50, 1.57, 1.62
Case C-4 1.33, 1.57, 1.99

large impact on the influence coeflicient. The influence
coeflicient of cruciform connection and L-shaped connec-
tion is smaller than that of T-, K-, and Y-shaped connec-
tions. Compared with the cruciform connection, in which
the longitudinal pipeline passes through the transverse

pipeline, the longitudinal pipeline in T-, K-, and Y-shaped
connections ends at the transverse pipeline. At cruciform
connections, the axial force of longitudinal pipeline can be
transformed to transverse pipeline and another longitudinal
pipeline. At T-, K-, and Y-shaped connections, the axial
force of longitudinal pipeline is all transformed to the
transverse pipelines. The bending moments of the transverse
pipelines in the T-, K-, and Y-shaped connections are larger,
resulting in higher bending strains and higher influence
coeflicients. The strongest influences of different connection
forms are listed in Table 19.

4. Mitigation Measures for Pipe Connections

Many engineering measures, such as increasing pipe wall
thickness, adding external sleeve, and changing connection
form, can be used to improve the seismic capacity of pipe
connections. Some measures, such as increasing pipe wall
thickness and adding external sleeve, are difficult or costly to
implement in engineering. This study shows that the in-
fluence coeficient of connection varies with the connection
form. The influence coeflicients of the K- and Y-shaped
connections are large because the axial forces of the lon-
gitudinal pipeline are all transformed to the transverse
pipelines. For cruciform connection, the axial force of
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FiGure 23: K-shaped connections with different branch angles.
TaBLE 13: Parameters of K-shaped connection in different cases.
Case Site types Branch angles (°) Diameters (m) Incident angles (°)
Case K-1 I, 1L III, IV 45 0.4064 45
Case K-2 II 30, 45, 60 0.4064 45
Case K-3 II 45 0.2191, 0.4064, 0.610 45
Case K-4 II 45 0.4064 30, 45, 60

TaBLE 14: Influence coeflicients of K-shaped connection in dif-
ferent cases.

Case Influence coefficients (6)
Case K-1 2.14, 2.16, 2.18, 2.21
Case K-2 2.10, 2.16, 2.09
Case K-3 2.10, 2.16, 2.19
Case K-4 1.72, 2.16, 3.19

longitudinal pipeline at the connection can be transformed

to transverse pipeline and another longitudinal pipeline.
Therefore, for K- and Y-shaped connections, it can change

the connection forms by extending inclined pipelines to

reduce the transformation of the axial force to the transverse

pipeline and influence coefficient:

(1) K-shaped connections

The seismic performance of the K-shaped connec-
tions can be improved by extending the inclined
pipelines 5m, 10 m, and 15 m, respectively, as shown
in Figure 31. Herein, all parameters are same with
Case K-1 and II. The results are shown in Table 20.
This table shows that the peak of maximum total
strain and the influence coeflicient decreases sig-
nificantly. Extension of pipeline can effectively

reduce the influence coefficient of the K-shaped
connection. Considering the cost of extending the
pipelines, a 5 m length extension is recommended as
it can reduce the influence coefficients from 2.16 to
1.38.

(2) Y-shaped connections

Similar to the K-shaped connection, the seismic
performance of the Y-shaped connections can be
improved by extending the inclined pipelines 5 m,
10m, and 15m, respectively, as shown in Fig-
ure 32. Herein, all parameters are same with Case
Y-1 and II. The results are shown in Table 21. This
table shows that the peak of maximum total strain
and the influence coeflicient decreases signifi-
cantly. The extension of pipeline can effectively
reduce the influence coefficient of the Y-shaped
connection. Considering the cost of extending the
pipelines, a 10 m length extension is recommended
as it can reduce the influence coeflicient from 2.83
to 1.13.

From the results, extending the inclined pipelines,
which can reduce the shear force of transverse
pipeline transformed by the axial force of longitu-
dinal pipeline, is an effective measure to increase the
capacity of the connections.
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FIGUREe 25: Force diagram of K-shaped connection.

- - - |
90° 60° 45° 30°

FIGURE 26: L-shaped connections with different branch angles.
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TaBLE 15: Parameters of L-shaped connection in different cases.

Case Site types Branch angles (°) Diameters (m) Incident angles (°)
Case L-1 I I0, II0, IV 90 0.4064 45

Case L-2 1I 30, 45, 60, 90 0.4064 45

Case L-3 I 90 0.2191, 0.4064, 0.610 45

Case L-4 I 90 0.4064 30, 45, 60

TasLE 16: Influence coefficients of L-shaped connection in different cases.

Case Influence coeficients (8)
Case L-1 1.72, 1.57, 1.48, 1.41
Case L-2 1.00, 1.00, 1.00, 1.57
Case L-3 1.42, 1.57, 1.67
Case L-4 1.04, 1.57, 3.73
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FIGURE 27: Maximum strain of L-shaped connection under different parameters: (a) Case L-1, II-site; (b) Case L-2, 30" branch angle; (c) Case
L-3, 0.2191 m pipe diameter; (d) Case L-4, 30° incident angle.
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FIGURE 28: Y-shaped connections with different branch angles.

TaBLE 17: Parameters of Y-shaped connection in different cases.

17

Case Site types Branch angles (°) Diameters (m) Incident angles
Case Y-1 L 1L 1IL, IV 0.4064 45
Case Y-2 I 30, 45, 60 0.4064 45
Case Y-3 II 0.2191, 0.4064, 0.610 45
Case Y-4 II 0.4064 30, 45, 60
TasLE 18: Influence coeflicients of Y-shaped connection in different cases.
Case Influence coefficients (J)
Case Y-1 2.79, 2.83, 2.85, 2.91
Case Y-2 2.81, 2.83, 2.42
Case Y-3 2.70, 2.82, 2.72
Case Y-4 1.93, 2.83, 3.38
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FIGURE 29: Maximum strain of Y-shaped connection under different parameters: (a) Case Y-1, site class II; (b) Case Y-2, 30° branch angle;
(c) Case Y-3, 0.2191 m pipe diameter; (d) Case Y-4, 30" incident angle.
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FIGURE 30: Force diagram of Y-shaped connection.

TaBLE 19: Strongest influences of different connection forms.

Connection form

Strongest influence coefficient (6)

Cruciform
T-shaped
K-shaped
L-shaped
Y-shaped

1.99
2.90
3.19
3.73
3.38

TaBLE 20: Results of different extension lengths.

Extension length (m)

Peak of maximum total strain (107°)

Influence coeflicient (8)

0 249.47 2.16
5 159.06 1.38
10 150.86 1.31
15 149.93 1.30
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FiGure 31: Adding extended segment (K-shaped).
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FIGURE 32: Adding extended segment (Y-shaped).

TaBLE 21: Results of different extension lengths.

Extension length  Peak of maximum total Influence

(m) strain (107°) coefficient (6)
0 326.80 2.83
5 152.36 1.32
10 130.51 1.13
15 127.62 1.10

5. Conclusions

This paper investigates the influence of connections on the
seismic response of buried steel pipes. A finite element
model for analyzing large buried pipe networks is intro-
duced. The influence of connections on the strain of steel
pipes is analyzed. The influences of connection form, site
class, branch angle, pipe diameter, and wave incident angle
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on the seismic response of the pipe are studied, and the
influence coeflicient is proposed.

The results show that connections amplify the strain on
the steel pipes during earthquakes. Site class, branch angle,
pipe diameter, and incident angle all have a certain impact
on the seismic response of the buried pipelines. In general,
except the K- and Y-shaped connections, the influence
coefficient increases with the increase in soil stiffness. The
influence coeflicient increases with the increase in pipe
diameter. However, the pipe diameter has a relatively small
effect on the influence coefficient. For different connection
forms, branch angles have different effects on influence
coeflicient. The influence coefficient of the cruciform con-
nection increases with the increase in the branch angle. The
influence coefficient of the T-shaped connection decreases
with the increase in the branch angle. The wave incident
angle has a relatively large effect on influence coefficient.
With the increase in the incident angle, the influence co-
efficient increases.

A mitigation measure of extending the inclined pipe-
lines, which will reduce the strain concentration at the K-
shaped and Y-shaped connections, is proposed. For the
K-shaped connections, a 5m length extension is recom-
mended as it can reduce the influence coeflicient from 2.16
to 1.38. For the Y-shaped connections, a 10 m length ex-
tension is recommended as it can reduce the influence
coefficient from 2.83 to 1.13.
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