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)is paper studies the seismic response of buried oil and gas pipelines under the bidirectional nonuniform excitation. Based on the
bidirectional shaking table array test, the loading and testing scheme is designed and developed, analyzing the strain response of
the buried oil and gas pipeline under the bidirectional uniform and nonuniform seismic excitation, as well as the acceleration
response and displacement response characteristics of the pipeline and the surrounding soil body and their change rule by the test.
)e test proves to show that the developed bidirectional laminar shear continuummodel soil box canmeet the requirements of the
bidirectional nonuniform seismic excitation and continuous laminar shear deformation of the soil.)e peak strains of the pipeline
in axial and bending caused by nonuniform excitation are larger than those of the pipeline under uniform excitation, the degree of
unevenness in the distribution along the axial direction is greater, and the strain curves are large in the middle and small at both
ends along the axial direction of the pipe. )e acceleration responses of the pipeline and the soil body under the bidirectional
nonuniform excitation are larger than those under the uniform excitation. )e acceleration response of both the pipe and the soil
under the nonuniform excitation is larger than that under the uniform excitation, and the differences are shown in the transverse
and axial directions, the peak acceleration response of the soil body under the nonuniform excitation is about three times that of
the transverse direction, and more peak points appear in the axial and transverse acceleration responses of the pipe under the
nonuniform excitation as the loading level increases, the peak displacement response of the soil body increases gradually with the
height, but the fluctuation range of the peak displacement of the soil body nearby the pipe is larger. )e soil displacement curve
starts to smooth out when the loading level reaches 1.0 g, and the axial displacement decreases, which indicates that the interaction
between the pipe and soil is more intense and the relative motion between the pipe and soil is more obvious under the nonuniform
excitation, and the soil is more likely to be damaged and enter the nonlinear stage. )erefore, it is necessary to analyze and design
the seismic performance of buried pipes considering the nonuniform seismic excitation.

1. Introduction

Buried oil and gas pipelines are called lifeline projects in oil
and gas fields. A large number of earthquakes have shown
that pipelines not only suffer direct damage during earth-
quakes but also may produce serious secondary disasters
such as fires, explosions, and environmental pollution, so it
is important to ensure their safety and reliability under the
effects of earthquakes [1, 2]. Buried oil and gas pipelines are
infinitely long structures and the propagation process of
seismic waves has a traveling wave effect; i.e., due to factors
such as experiencing different medium conditions, the

ground vibration propagated to various points in space has a
certain time difference, which makes the vibration caused by
seismic waves at various points of the structure differ.
)erefore, it is necessary to study the seismic safety of buried
oil and gas pipelines under nonuniform seismic excitation
[3].

)rough the use of shaking table tests, understanding and
verifying the pipe-soil dynamic model and analyzing the
dynamic response characteristics and laws of buried pipelines
under earthquake action have become an effective method of
studying the seismic performance of buried pipelines [4, 5]. At
present, many scholars have done a lot of research on this

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 5437728, 13 pages
https://doi.org/10.1155/2021/5437728

mailto:184298843@qq.com
https://orcid.org/0000-0003-0666-1208
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5437728


issue. Zerva et al. [6] analyzed the response of pipelines under
random earthquakes, including differential motions between
sections connected by joints, displacement and stress of
continuous pipelines, and displacement and force variables of
the idealized bridge segment, analyzing the incidence angle of
seismic waves at different locations in the longitudinal and
transverse directions of the pipeline, the arrival time of
fluctuations, and the effects of different fluctuation charac-
teristics, and other factors are analyzed. Research results show
that the lateral and longitudinal responses of large-diameter
pipelines are equivalent. When the span length exceeds the
critical at length, the axial and bending stresses of the pipe
reach a constant value. Yoshizaki and Sakanoue [7] investi-
gated how EPS (expanded polystyrene) can reduce soil-pipe
interactions through experiments. With EPS backfilling, as
opposed to ordinary backfilling, the lateral firmness of the pipe
can be greatly reduced during earthquakes as the foundation
moves, which has a significant effect on improving the seismic
performance of buried pipes with elbows under the action of
permanent ground deformation (PGD) important influence.
Rahimi et al. [8] conducted a series of shaking table tests on
elbow buried pipes, and the results showed that under dy-
namic loads, small diameter buried pipes exhibited more
suitable performance than large-diameter buried pipes, and
buried pipes with high stiffness and low flexibility were
subjected to higher stresses under dynamic loads. Comparing
the strains of soil and pipes, two materials with different
constitutive behaviors, it can be seen that the axial strain of the
soil around the pipes is on average about 10 times greater than
the axial strain of the pipe. Jafarzadeh et al. [9] carried out a
shaking table test of pipe-soil interaction using a laminar shear
box with PVC pipes, using a concrete base mounted at the
bottom of the shear box to simulate the nonuniform of real
foundations and investigated the effect of dynamic loading on
soils and pipes of different materials and compared the axial
strain. Larger axial load ratio leads to a larger load-carrying
capacity and a weaker deformation capacity. Junyan Han et al.
[10] developed a suspended continuummodel box suitable for
multiple arrays shaking table tests of long linear underground
structures, carried out shaking table tests of buried pipelines
with multipoint ground vibration inputs under different site
conditions, conducted research on the selection of similar
relationships in shaking table tests of long transmission buried
pipelines and the study of test protocols, and analyzed the
seismic response laws of pipelines and sites under consistent
and noncoherent seismic effects. It can be seen that although
scholars at home and abroad have conducted some researches
on the seismic response law of underground pipelines, most of
them take consistent seismic input when conducting re-
searches; because oil and gas pipelines are infinite length
structures, and there are differences in seismic waves at each
place, consistent seismic input will make the research results
have large errors. )erefore, considering the spatial and
temporal characteristics of the ground-motion traveling wave
effect and based on the actual operating environment of buried
pipelines, the research on the seismic performance of pipelines
still needs to be further developed.

In this paper, we developed a bidirectional laminar shear
continuum model soil box that can realize the laminar shear

effect of soil and is suitable for noncoherent seismic exci-
tation test, which can simulate the laminar shear perfor-
mance of soil under real earthquake. Before the test, the
pipeline is pressurized to simulate the actual operation of the
pipeline, and the shaking table test is conducted under the
bidirectional consistent and noncoherent seismic excitation
to study the change process of seismic response of buried oil
and gas pipeline under bidirectional noncoherent seismic
excitation and reveal its seismic response characteristics and
laws.

2. Experimental Overview

2.1. Test Soil Box and Similar Ratio Design. )e test was
conducted on the horizontal bidirectional seismic simula-
tion shaking table array system at the Key Laboratory of
Structural Wind Resistance and Vibration Control in Hunan
Province, which has a table size of 1000mm× 1000mm, a
maximum load of 50 kN on a single table, and a distance of
2000mm between two shaking tables, which can realize
bidirectional loading in X and Y directions.

)e author developed a bidirectional laminated shear-
type continuummodel soil box for shaking table testing [11],
which includes a laminated frame, a rolling slide device, a
limiting device, and an articulated expansion device in
conjunction with the test requirements. )e Earth box is
mainly composed of three parts, of which box No. 1 and box
No. 3 are identical, and they are made of 9 layers of U-shaped
frame stacked together. Each layer of the frame between the
shelves has a bull’s-eye ball, in order to allow each layer to
occur between the layers of misalignment. Each layer of the
frame on both sides has bolts, nuts, and a limit plate to form
a limit device. )e limit plate through the limit of the slide
allows each layer of the frame to occur in the slide range. A
hinged telescopic device is equipped between each box and
each layer of the frame of box No. 2 to make sure that the
framework of box No. 2 can achieve the role of telescoping
and rotation. Box No. 2 is made of 9 layers of rectangular
rods, and there are 12 bull’s-eye balls with a diameter of
30.16mm at the bottom of the box, which can bear the
overall weight of box No. 2 and allow box No. 2 to slide freely
when it vibrates without restricting the movement of boxes
No. 1 and No. 3. )e outer side of the middle section of the
box is equipped with a flexible limit to pull rope, which is
welded to the outer wall of the rectangular frame after a hole
is made in the L-shaped plate and then the layers of the
frame are connected together by the limit pull rope.

)e overall dimensions of the box are
4000mm× 840mm× 944mm, and a rubber cloth with a
thickness of 1mm is attached to the inner wall of the box to
prevent the soil in the box from seeping out when the
shaking table vibrates. )e designed and assembled soil box
is shown in Figure 1.

)e key to the reliability of the test results lies in whether
the model test can realize the real seismic response in the
room.)is test uses the pipe-complete model SE � Sl∗ Sρ and
the model soil ignoring the gravity model Sg

� 1. Based on the similarity theory, the gauge analysis,
and the test environment in the field, the author first
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determines three constants of the shaking table geometric
length, the elastic modulus of the material, and the gravi-
tational acceleration, from which other similarity constants
are deduced. )e similarity ratio of this model test was
determined. Among them, the similarities corresponding to
pipe length l, modulus of elasticity E of soil, density ρ, stress
σ, strain ε, frequency f, acceleration a, and gravitational
acceleration g are shown in Table 1.

2.2. Test Materials and Equipment. In order to reproduce
the real field conditions, the test used an L245 oil and gas
steel pipe with a length of 3500mm and a cross-sectional
size of 140 × 3mm. Its material indexes are shown in
Table 2. Since the oil and gas transportation pipeline is an
infinite length structure, the internal pressure inside the
pipeline was pressurized by 8MPa before the test to
simulate the internal pressure on the pipe wall during oil
and gas transportation with the two ends of the pipeline
being blocked and leaving a pressurized port, as shown in
Figure 2. )e basic physical parameters of the soil sample
were measured, including the density of 1.78 g/cm3, the
water content of 14.1%, compression modulus of
15.09MPa, the cohesion of 10.6 kPa, internal friction
angle of 28.5 degrees, and the internal soil size of the box
of 3760 × 600 × 800mm.

A total of five data acquisition and analysis systems are
used on-site, and the five signal acquisition devices are
numbered and distinguished as shown in Figure 3. Among
them, device No. 1 (UT) mainly monitors soil pressure, pipe
acceleration, and strain at measurement points 20–24; device
No. 2 (UT) monitors soil acceleration, displacement, and
strain at measurement point 19; device No. 3 (UT) monitors
strain at measurement points 9–18; device No. 4 (DH)
monitors part of the soil acceleration; equipment No. 5 (UT)
monitors the strain at measurement points 1–8.

2.3. Sensor Placement. )e test mainly measured the strain,
acceleration, and displacement seismic response parameters
of the pipe-soil body, and the corresponding sensors were
resistive strain gauges, capacitive acceleration sensors, and
pull-cord displacement sensors. 76 sensors were used in
total, including 24 strain gauges, 12 Earth pressure gauges,
18 displacement sensors, and 22 acceleration sensors, and
the site layout is shown in Figures 4 and 5.

)e arrangement of the pipeline strain and acceleration
measurement points is shown in Figure 4, along the pipeline,
250mm from the left to make a pipeline strain monitoring
surface every 600mm. Totally, there are 6 monitoring
surfaces, and each of them is arranged as 4 strain gauges,
with a total of 24 strain gauges from S1 to S24. A table
acceleration sensor is placed on each of the two shaking
tables, making a total of 7 acceleration sensors.

Figure 5 shows the main view and section of the soil
acceleration measurement point and displacement mea-
surement point arrangement, three monitoring surfaces are
selected along the longitudinal direction of the soil box,
250mm from the left to the box boundary, and each
monitoring surface is 1130mm apart. Each monitoring
surface is arranged with 3 acceleration and displacement
measurement points from bottom to top, and each mea-
surement point is arranged with axial and transverse sensors,
totaling 15 accelerometers and 18 displacement meters, of
which M31, M32, and M33 are three-way acceleration
sensors, and the remaining M11, M12, and M13 and M21,
M22, and M23 are one-way acceleration sensors to monitor
the dynamic change performance of each layer of soil and
the change of displacement.

2.4. Shaker Seismic Wave Input and Loading Conditions

2.4.1. Selection and Input of SeismicWaves. According to the
Code for Seismic Design of Buildings, two seismic waves
recorded and one artificially synthesized seismic wave were
selected for this shaking table test, and the actual recorded
seismic waves were the El-Centro seismic wave (E wave)
record and the Wenchuan seismic wave (W wave) record.
)e artificially synthesized seismic wave (R wave) is based on
the response spectrum, and its characteristic period is 0.35 s
according to the Class II site, which is obtained by using
MATLAB software to compile the program. )e accelera-
tion-time curves of the three different seismic waves are
shown in Figure 6.

(a) (b)

Figure 1: Bidirectional laminar shear-type continuummodel box. (a) Assembled model soil box. (b))ree-dimensional sketch of the model
soil box.

Table 1: Similarity relationship of the test model.

Material Sl SE Sρ Sσ Sε Sf Sa Sg

Pipeline 1/10 1/10 1 1/10 1 3/16 1 1
Soil 1/10 1/4 1 1/4 1 5 2.5 1
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According to the current observations about the re-
sponse of underground structures during earthquakes and
the results of model shaking table tests, it is concluded that
the seismic response of underground structures under
earthquake action is largely influenced by the surrounding
soil, so the ground vibration input is carried out with the
similar relationship of soil [12]. In this test, the input ac-
celeration peaks of the original seismic waves were con-
sidered according to the acceleration peaks of 0.1 g, 0.2 g,
0.4 g, and 0.62 g corresponding to the seismic intensity of 7,
8, 9, and 9 degrees of rare encounter of the seismic code in
China, and the input acceleration peaks, time intervals,
holding times, and frequencies were adjusted according to
the similar relationship of the soil in Table 1. And the actual
table input was obtained after the adjustment. )e peak
acceleration is 0.25 g, 0.5 g, 1.0 g, and 1.55 g. )e input
seismic wave durations of El-Centro waves, Wenchuan

waves, and artificial waves are 8 s, 20 s, and 12 s, respectively,
after the conversion of similar relations. To investigate the
effects of seismic propagation traveling wave effects, the
input seismic waves are kept constant during nonuniform
excitation, and the input seismic wave time delay is 1 s for
both shakers.

2.4.2. Shaker Test Loading Scheme. In order to minimize the
influence of the accumulated damage of the model caused by
multiple vibrations, a step-by-step loading method was used;
i.e., El-Centro wave, Wenchuan wave, and artificial wave
(E1, W1, R1) were input in each working condition under
the same seismic excitation, and the peak acceleration of the
table was loaded in steps of 0.25 g, 0.5 g, 1 g, and 1.55 g. )e
vibration patterns under consistent seismic excitation and
noncoherent seismic excitation were compared, respectively.
When the seismic waves were input through the shaking
table, the seismic waves were input simultaneously in both
transverse and axial directions, and the specific test loading
conditions are shown in Table 3.

3. Experimental Results and Analysis

3.1. Macroscopic Phenomena of Seismic Response. )e ob-
servation of macroscopic phenomena of seismic response,
such as soil surface damage, is an important tool to assess the
seismic-induced site motion, deformation, and the relative
motion of the pipe-soil [13]. Under the effect of uniform
excitation, the relative motion between the frames of each
layer of the box was not obvious, the soil shear deformation
was small, and only a small number of cracks appeared when
the first-level loading (0.25 g) and the second-level loading
(0.5 g) were applied. When the third-level loading (1.0 g) was
applied, the magnitude of the box motion increased, the
relative shear motion between the frames of each layer was
obvious, the soil cracks increased rapidly at the connection
between box 1 and box 2, and the soil at both ends of the box
began to damage. At the fourth level of loading (1.55 g), the

Table 2: )e performance of steel pipe engineering.

Material Size (mm) Yield strength (MPa) Tensile strength (MPa) Pipeline internal pressure (MPa)
245 steel 3500×140× 3 245 415 8

8MPaPipeline

(a) (b)

Figure 2: Shaking table test of the buried pipeline. (a) Schematic diagram of the pressurization port and internal pressure of the pipeline. (b)
Pipe embedded in the soil.

Figure 3: )e device number map.
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box motion intensified, the amplitude of laminar shear
deformation increased, the crack width expanded, and the
soil structure was seriously damaged.

Compared with the uniform excitation, the box motion
was violent at the three-level loading (1.0 g), the relative
displacement between the frames of each layer was obvious,
and transverse through cracks appeared at many locations
such as the joints between the boxes under the nonuniform
excitation; at the four-level loading (1.55 g), the cracks were
continuously extended, the soil damage at both ends of the
box was serious, and the collapse phenomenon appeared. At
a high loading level, the damage of soil is more serious when
there is nonuniform loading. Figure 7 shows the damage of
soil surface under uniform and nonuniform bidirectional
seismic excitation at the loading level of 1.55 g.

3.2. Pipeline Strain Response Analysis. In the seismic code,
the strain can more intuitively reflect the force state and
deformation characteristics of the pipeline under seismic
excitation [14]. Under bidirectional seismic excitation, the
pipe strain response is inconsistent along the pipe axial
direction, and the El-Centro wave is used as an example to
plot the variation of pipe bending strain and axial strain peak
curves along the distance of the measurement point from the
left boundary of the pipe under different loading levels, as
shown in Figures 8 and 9.

From Figure 8, bidirectional uniform and nonuniform
seismic excitations, the peak bending strain curve along the
pipeline’s axial direction is higher in the center and lower on
both ends. When the loading level increases to 1.0 g, the
increase in the peak strain of the pipe decreases; the reason is
that by the time the loading level reaches 1.0 g, the pipe-soil
contact surface is damaged, the slip between the pipe and soil
occurs, and the gap increases; then the soil around the pipe
enters the nonlinear phase, which leads to the small change
in the strain curve at the loading level of 1.0 g and 1.55 g.)e
maximum strain peaks of the pipe all appeared at the
measurement point 1750mm from the left boundary of the
pipe, where the peak bending strains under bidirectional
consistent and nonconsistent excitation were 39.33 με and
44.04 με, respectively.

It can be seen from Figure 9 that the peak axial strain
curve of the pipeline under bidirectional uniform and
nonuniform seismic excitation has the same trend as the
peak bending strain curve, but the peak axial strain curve has
a greater range of variation. )e peak axial strain of the
pipeline under bidirectional uniform and nonuniform ex-
citation is 38.81 με and 46.09 με, respectively, and the peak
axial strain of the pipeline under uniform excitation is about
1.3% lower than the peak bending strain, while the peak axial
strain of the pipeline under nonuniform excitation is about
4.4% higher than the peak bending strain, but the overall
difference is not significant.

Overall, the peak strains under nonuniform excitation
are larger than those under uniform excitation for both axial
and bending strains of the pipe. From the peak strain at the
maximum, the seismic excitation has a greater effect on the
axial strain of the pipe than the bending strain.

3.3. Pipe-Soil Acceleration Response Analysis. Acceleration
response analysis is one of the most important ways to study
the site response and the dynamic response of subsurface
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structures [15]. To analyze the interconnection of the dy-
namic properties of the pipe-soil, the pipe-soil measurement
points at the same height under El-Centro wave excitation
were selected for the analysis, i.e., the measurement points of
themiddle layer section of the soil (M21, M22, andM23) and
the measurement points distributed along the axial direction
of the pipeline (A1–A5) for the acceleration response
comparison analysis.

3.3.1. Pipeline Acceleration Response Analysis. Figures 10
and 11 show the time course curves of pipeline acceleration
response for loading levels of 0.25 g and 1.0 g, respectively.

)e analysis shows that, under the uniform excitation, the
waveforms of the measurement points in different directions
at 0.25 g are similar, but the fluctuation range of the axial
acceleration response of the pipe is larger compared with the
transverse acceleration of the pipe, and the peak value of the
axial acceleration of the pipe is about 53% higher than that of
the transverse at the same monitoring point. When the
loading level reaches 1.0 g, the peak transverse acceleration
response of the pipe is about 19% higher than the peak axial
acceleration response at measurement points A1 and A2,
while the peak axial acceleration response of the pipe is
about 15% higher than the peak transverse acceleration at
other monitoring points. It indicates that the seismic

(a) (b)

Figure 7: Soil surface damage. (a) Failure of soil under uniform excitation. (b) Failure of soil under nonuniform excitation.
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Figure 8: Peak curve of pipeline bending strain under the bidirectional El-Centro wave. (a) Strain curve of the pipeline under uniform
excitation. (b) Strain curve of the pipeline under nonuniform excitation.

Table 3: Loading condition of the shaking table test.

Test serial number Incentive mode Input wave Loading level (g) Remarks
1 Uniform E1, W1, R1 0.25 7 degrees
2 Nonuniform E2, W2, R2 0.25 7 degrees
3 Uniform E3, W3, R3 0.5 8 degrees
4 Nonuniform E4, W4, R4 0.5 8 degrees
5 Uniform E5, W5, R5 1 9 degrees
6 Nonuniform E6, W6, R6 1 9 degrees
7 Uniform E7, W7, R7 1.55 9 degrees rare
8 Nonuniform E8, W8, R8 1.55 9 degrees rare
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excitation has a greater effect on the axial acceleration of the
pipe at lower loading levels, while the soil around the pipe
enters a nonlinear phase as the loading level increases,
resulting in a less significant difference between the peak
axial and transverse acceleration responses of the pipe.

Compared with the uniform excitation, the peak trans-
verse and axial acceleration responses of the pipeline under
bidirectional nonuniform excitation are larger. When the
loading level is 0.25 g, the acceleration response time curve of
the pipe under nonuniform excitation is the same as that
under uniform excitation, while the peak acceleration of the
pipe in the axial direction is about 29% higher than that in the
transverse direction.)e similarity of the waveform gets worse
when the loading level is increased to 1.0 g. )is is because as
the loading level increases, the vibration of the pipe under
uniform excitation and nonuniform excitation makes a dif-
ference, the soil around the pipe is damaged to different
degrees, the soil stiffness is weakened, the gap between the pipe
and the soil is created, and the vibration becomes more in-
tense, resulting in the similarity of the waveform deteriorating.
)e peak axial acceleration of the pipe under the axial seismic
action is higher than the transverse one only at A1, while the
peak transverse acceleration response of the pipe is higher at all
other measurement points.

Overall, the peak transverse and axial acceleration re-
sponses of the pipe under bidirectional nonuniform exci-
tation are larger than those under uniform excitation, and
the effect of seismic excitation on the axial acceleration of the
pipe is larger at lower loading levels.

3.3.2. Soil Acceleration Response Analysis. When the loading
levels in No. 2 box are 0.25 g and 1.0 g, the soil acceleration
response-time history curves for M21, M22, and M23
measuring points at the same height are shown in Figures 12
and 13.

Under the uniform excitation, comparing the axial and
transverse acceleration response peaks of the soil body, it can
be found that the acceleration response peaks of the

measurement points at M22 are significantly lower than
those at M21 andM23 when the loading level is 0.25 g. It may
be caused by the motion lag in the middle of the box. At this
time, the peak transverse acceleration response of the soil
body is higher than that of the axial direction. When the
loading level reaches 1.0 g, the peak acceleration response of
the soil body increases rapidly, and the peak axial acceler-
ation response exceeds the peak transverse acceleration
response because when the loading level is 1.0 g, the soil
enters the nonlinear phase and the soil structure is damaged,
which is more serious in the axial direction under the bi-
directional seismic excitation.

Under nonuniform excitation, the peak transverse and
axial acceleration response of soil is not much different from
that under uniform excitation at 0.25 g, but it still has a
greater effect on the peak transverse acceleration response.
When the loading level is 1.0 g, the waveform difference
between the acceleration time curves of the soil under
nonuniform excitation and under uniform excitation is
large. And the reason for this difference is that the inter-
action between the pipe and the soil under nonuniform
excitation is obvious, and violent vibration of the pipe leads
to the increase of the gap with the soil, the superposition of
the vibration of the soil and the pipe, and the increase of the
vibration of the soil, so the soil shows obvious nonlinear
characteristics. In particular, the peak axial acceleration
response of the soil under nonuniform seismic excitation is
about three times higher than that under uniform seismic
excitation, and the peak axial acceleration response of the
soil is about 1.8 times higher than that in the transverse
direction.

By analyzing the acceleration time curves of the soil in
different directions under uniform and nonuniform exci-
tation, it can be seen that the peak acceleration response of
the soil under nonuniform excitation is higher than that
under uniform excitation; especially at higher loading levels,
the waveform difference is larger. Regardless of uniform and
nonuniform seismic excitation, the seismic excitation has a
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Figure 9: Peak curve of pipeline axial strain under the bidirectional El-Centro wave. (a) Strain curve of the pipeline under uniform
excitation. (b) Strain curve of the pipeline under nonuniform excitation.
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greater effect on the transverse acceleration response at
lower loading levels, while the effect of seismic excitation on
axial acceleration is larger at higher loading levels.

3.3.3. Comparative Analysis of Pipe-Soil Acceleration
Response. To reduce the influence of other factors on the
acceleration response between the pipe and the soil, the
acceleration peak of the pipe acceleration response A3
measurement point in box No. 2 was selected for com-
parison with the acceleration peak of the soil acceleration
response M22 measurement point. As shown in Table 4,
when the loading level is 0.25 g, the peak acceleration re-
sponse of the pipe is larger than the peak acceleration re-
sponse of the soil in the axial direction and smaller than the

peak acceleration response of the soil in the transverse di-
rection, but the overall difference is not large, which means
that the pipe is constrained by the surrounding soil at a
0.25 g loading level, and the pipe follows the common
movement of the surrounding soil, due to the large differ-
ence between the distance along the transverse direction and
the axial direction; thus, the difference between the peak
acceleration response of the pipe and the soil appears.

When the loading level is 1.0 g, the peak acceleration
response of the pipe is smaller than the peak acceleration
response of the soil in the axial direction and larger than the
peak acceleration response of the soil in the transverse di-
rection, but the difference between the peak acceleration
response of the pipe and the soil is larger at this time, es-
pecially under the nonuniform excitation, the peak

–0.2

–0.1

0.0

0.1

0.2

0.3

–0.2
–0.1

0.0
0.1
0.2
0.3

–0.2
–0.1

0.0
0.1
0.2
0.3

–0.2
–0.1

0.0
0.1
0.2
0.3

0 2 4 6 8 10
–0.3
–0.2
–0.1

0.0
0.1
0.2
0.3

A1

A2

A
cc

el
er

at
io

n 
(g

) A3

A4

Time (s)

A5

Uniform
Nonuniform

(a)

–0.2
–0.1

0.0
0.1
0.2
0.3

–0.2
–0.1

0.0
0.1
0.2
0.3

–0.2
–0.1

0.0
0.1
0.2
0.3

–0.2
–0.1

0.0
0.1
0.2
0.3

–0.3
–0.2
–0.1

0.0
0.1
0.2
0.3

A
cc

el
er

at
io

n 
(g

)

A1

A2

A3

A4

A5

0 2 4 6 8 10
Time (s)

Uniform
Nonuniform

(b)

Figure 10: Acceleration-time history diagram of the bidirectional pipeline under the 0.25 g El-Centro wave. (a) Time history curve of the
axial acceleration response of the pipeline. (b) Time history curve of the transverse acceleration response of the pipeline.
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Figure 11: Acceleration-time history diagram of the bidirectional pipeline under the 1.0 g El-Centro wave. (a) Time history curve of the axial
acceleration response of the pipeline. (b) Time history curve of the transverse acceleration response of the pipeline.
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Figure 12: Acceleration-time history curve of soil under the 0.25 g El-Centro wave. (a) M21. (b) M22. (c) M23.
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Figure 13: Acceleration-time history curve of soil under the 1.0 g El-Centro wave. (a) M21. (b) M22. (c) M23.

Table 4: Comparison of peak acceleration of pipes and soils.

Loading level (g) 0.25 g 1.0 g
Uniform Nonuniform Uniform Nonuniform

Axial Pipe 0.2056 0.2306 0.3806 0.6819
Soil 0.1481 0.1738 0.4220 1.1510

Transverse Pipe 0.1103 0.1601 0.3354 1.2290
Soil 0.1713 0.1722 0.2833 0.4682
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Figure 14: Transverse displacement curves of soils at different heights under uniform/nonuniform excitation. (a) Uniform E wave.
(b) Uniform W wave. (c) Uniform R wave. (d) Nonuniform E wave. (e) Nonuniform W wave. (f ) Nonuniform R wave.
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acceleration response of the soil in the axial direction is
about 1.69 times of the peak acceleration response of the
pipe, and the peak acceleration response of the pipe in the
transverse direction is 2.62 times of the peak acceleration
response of the soil, which indicates that the nonuniform
excitation has more influence on the lateral pipe-soil in-
teraction and the damage of the soil is more serious. )is is
consistent with the macroscopic phenomenon observed in
Section 3.1, where transverse cracks on the soil surface are
more numerous than axial cracks when the table accelera-
tion reaches 1 g, further demonstrating the greater effect of
noncoherent seismic excitation on transverse tube-to-soil
acceleration.

3.4. Soil Displacement Response Analysis. Soil displacement
can reflect the shear deformation of the soil during seismic
excitation [16]. )e monitoring points (D12, D22, and D32)
at different heights within box 2 were selected for moni-
toring, and Figures 14 and 15 show the curves of soil dis-
placement at different heights with increasing loading levels.

Comparing the transverse displacement curves of the
soil at different heights under uniform and nonuniform
excitation, it can be found that the curves of soil displace-
ment with loading level are basically the same when different
seismic waves are uniformly excited, and the soil dis-
placement increases gradually with the upwardmovement of

height. A pipeline buried nearby the monitoring point D22
affects the displacement response of the soil, the soil dis-
placement here changes abruptly, and its value fluctuates
widely. In the nonuniform excitation, the soil displacement
curve starts to leveling off when the loading level reaches
1.0 g, which indicates that the soil is more likely to enter the
nonlinear phase under the nonuniform excitation.

From the peak soil axial displacement curves under
uniform and nonuniform excitation, it is found that the soil
shows obvious nonlinear characteristics under uniform
excitation of Wenchuan wave and artificial wave, which
indicates that the seismic excitation has a greater degree of
influence on the axial soil displacement. At the input of
nonuniform excitation, the soil displacement decreases at
1.0 g with the increase of loading level, because of the serious
damage of soil structure at this time and the intense strength
of interaction between pipe and soil, prompting the obvious
relative motion and changing the contact characteristics
between pipe and soil, which further indicates the obvious
nonlinear characteristics of soil under nonuniform
excitation.

4. Conclusion

)is paper investigates the strain response of buried oil and
gas pipelines under bidirectional uniform and nonuniform
seismic excitation, the acceleration response and
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Figure 15: Axial displacement curves of soil at different heights under uniform/nonuniform excitation. (a) Uniform E wave. (b) UniformW
wave. (c) Uniform R wave. (d) Nonuniform E wave. (e) Nonuniform W wave. (f ) Nonuniform R wave.
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displacement response characteristics of the pipeline and
surrounding soil, and their change laws based on the shaking
table array test of seismic response of buried oil and gas
pipelines. )e conclusions can be drawn as follows:

(1) Shaking table array tests of buried oil and gas
pipelines under bidirectional nonuniform seismic
excitation were studied, a bidirectional laminated
shear continuum model soil box was developed, and
a test scheme was designed.)e test results show that
the developed model soil box can meet the re-
quirements of bidirectional nonuniform seismic
excitation and continuous laminar shear deforma-
tion of soil, and the test scheme is reasonable and
feasible.

(2) )e differences between the axial and bending strains
of the pipe caused by bidirectional seismic excitation
are small, and they are both large in the middle and
small in the ends along the pipe axial direction. )e
peak axial and bending strains of the pipeline caused
by nonuniform excitation are larger than those
under uniform excitation, and the peak strains of the
pipeline generated by nonuniform seismic excitation
are more unevenly distributed along the axial di-
rection, which is the same as the law derived from the
shaking table test of multipoint ground vibration
input of buried pipeline under different site condi-
tions by Han et al. [10] for the pipeline strains.

(3) When the loading level is low, the axial acceleration
response of the pipe and the transverse acceleration
response of the soil are larger than those in the other
direction, and as the loading level increases, the
acceleration response of the pipe in both directions
gradually approaches, but the axial acceleration re-
sponse of the soil is larger than that in the transverse
direction; especially under the nonuniform excita-
tion, the peak axial acceleration response of the soil is
about three times that of the peak transverse
acceleration.

(4) )e acceleration response of both the pipe and the
soil is greater under the bidirectional nonuniform
excitation than that under the uniform excitation,
and when the loading level is low, the surrounding
soil is stronger in restraining the pipe, and the ac-
celeration response of the pipe and the soil is the
same. As the loading level increases, the similarity
between the axial and transverse acceleration re-
sponse of the pipe under uniform and nonuniform
excitation becomes worse, more peak points appear
in the response curve under nonuniform excitation,
the influence on the transverse pipe-soil interaction
is greater, and the soil damage is more serious.

(5) Under uniform excitation, the curves of peak soil
displacement with loading level are the same for each
seismic wave input, the soil displacement increases
gradually with the upward movement of height, but
the peak soil displacement near the pipe fluctuates

more. In the case of nonuniform excitation, the soil
displacement curve starts to smooth out when the
loading level reaches 1.0 g, and the axial displace-
ment decreases. It indicates that the interaction is
more intense, the relative motion is more obvious,
and the soil is more likely to be damaged and enter
the nonlinear stage between the pipe and soil under
the nonuniform excitation.
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