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The buried oil and gas pipeline is a linear structure with infinite length. In the shaking table test of its seismic response, it is
necessary to input the spatially related multipoint seismic wave considering the propagation characteristics of ground motion. The
multipoint seismic excitation shaking table tests and loading scheme of buried oil and gas pipelines are designed and formulated.
The synthesis method of spatial correlation multipoint seismic wave for the buried oil and gas pipeline test is proposed in this
study. The values of relevant parameters are analyzed, and corresponding program is compiled by MATLAB. The results show that
the developed multipoint excitation shaking table seismic wave input scheme is reasonable. At the same time, the synthesized
multipoint seismic wave based on the actual seismic record and artificial random simulation seismic wave can meet the test

requirements, which suggests the testing effect is good.

1. Introduction

Buried oil and gas pipeline is called lifeline project of oil and
gas field. Investigation on serious earthquake disasters shows
that not only is the buried pipeline directly damaged in the
earthquake, but also it can produce seriously secondary
disasters such as fire and explosion and environmental
pollution. The buried oil and gas pipeline is an infinite
structure. Before seismic wave acts on the pipeline and its
surrounding soil, it needs to pass through complex geo-
logical conditions. Affected by the traveling wave effect, local
site effect, and partial coherence effect, the velocity, time-
consuming, and amplitude of the seismic wave propagating
to each point of the pipeline are different. Therefore, it is
necessary to fully realize the randomness and spatial vari-
ability of ground motion and the correlation of ground
motion at each point in the seismic field and use spatial
multipoint seismic excitation for seismic analysis of long-
distance pipelines.

It is an effective method to analyze the seismic response
of long linear structure by using a multipoint seismic ex-
citation test with a multiseismic simulation shaking table
array. However, some research studies have been carried out,

in which the seismic wave with traveling wave effect is input
to the shaking table test. Han et al. [1] carried out a shaking
table test of buried pipeline under multipoint nonuniform
excitation, but only the influence of traveling effect during
the ground motion propagation was considered in seismic
wave input, and the time delay of each shaking table was 1s.
Du et al. [2] investigated the nonlinear soil response under
nonuniform seismic excitation in the shaking table test.
Aspasia et al. [3] studied the response of pipelines under
random seismic action and analyzed the effects of factors
such as the incidence angle of seismic waves at different
locations in the longitudinal direction, the arrival time of
fluctuations, and different fluctuation characteristics.

The above shaking table test only considers the traveling
wave effect of seismic wave propagation, while the test using
different array records of actual seismic wave or multipoint
excitation seismic wave with spatial synthesis correlation is
more consistent with the actual situation of seismic wave
propagation. Therefore, it is necessary to synthesize multi-
point nonstationary space seismic waves for experiment and
numerical simulation analysis. Okawa [4] proposed two
types of envelope functions, one in which the motion of one
or more expected ground envelopes occurs at a certain time,
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and the other in which the envelope function is generated
based on earthquake magnitude, distance, and site condi-
tions. Hai et al. [5] conducted the shaking table test of
pipeline-soil seismic response under the nonuniform exci-
tation. During the trial, EL-Centro wave was selected as the
original seismic wave to obtain the cross power spectrum
and the spectral representation method was used to generate
the time history of multipoint stable ground motion, which
was multiplied by the envelope function to form a non-
stationary artificial ground motion random process from
which two related seismic waves were synthesized, to be used
as the input wave of each shaking table. Kerry [6] has
generated a record of seismic waves using the reflection
method. This method provides a convenient framework, and
the principle is to use the method of dispersion diagram and
mode summation. The seismic waves can be generated in a
comprehensive manner considering that seismic waves
travel through complex media with different propagation
velocities and superposition of seismic wave components at
different frequencies during propagation. Deodatis [7]
proposed a simulation algorithm based on the spectral
representation to generate sample functions that employ the
mutual power spectral density function to generate non-
smooth random seismic waves.

Aiming at establishing the scale model of buried oil and
gas pipeline and its surrounding soil, a bidirectional lami-
nated shear continuum model box is designed. The double
array shaking table is used for seismic excitation to study the
seismic response of buried oil and gas pipelines under
uniform and multipoint seismic excitation. Based on the
actual seismic records, two multipoint seismic waves and a
random artificial multipoint seismic wave are synthesized
randomly.

2. Shaking Table Tests for Buried Oil and
Gas Pipeline

The test is carried out on the horizontal two-way seismic
simulation vibration array system of Hunan Key Laboratory
of structural wind resistance and vibration control. The
shaking table can realize two-way four degrees of freedom
loading. The size of single table is 1.000 m x 1.000 m, max-
imum load is 50kN, the working frequency band is
0.1-50Hz, and maximum horizontal displacement is
+0.075 m. In order to study the acceleration response of the
pipeline and soil and the strain response of the pipeline, a
total of 24 resistive strain gauges and 5 three-way acceler-
ation sensors were installed on the pipeline, 1 acceleration
sensor on each of the left and right vibration tables, and 9
acceleration sensors in the soil. A dynamic data acquisition
instrument was used to collect and analyze the data, and the
accuracy level of the resistive strain gauges and acceleration
sensors was A grade to simulate as realistically as possible the
vibration response of the oil and gas long-distance pipeline
under ground shaking and to reduce the errors in the test.
The multipoint seismic excitation vibration array test is
shown in Figure 1. During the test, the shaker needs to input
the acceleration value to calculate the power spectrum and
response spectrum of the response according to the model,
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FIGURE 1: Multipoint seismic excitation vibration array test.

and each test only needs to set the loading acceleration value
to get the corresponding multipoint correlation seismic
excitation time curve through the model calculation.

According to the similarity ratio design, a model of the
scaled-down pipe and the surrounding soil was made by 1/10,
and a bidirectional laminated shear continuum model box
was designed and made. The soil box is divided into three
sections, the left and right boxes are placed on the shaking
table, the bottom of the middle-box can slide on the shaking
table at both ends, and each section is connected by an ar-
ticulated telescopic device, so that the box can undergo bi-
directional noncoherent horizontal motion during multipoint
seismic wave input in the table and also simulate the laminar
shear effect between soil. The pipe model was
0.140 m x 0.003 m in cross section and 3.500 m in length. The
interior of the model pipe was pressurized to 8 x 10° Pa before
testing to simulate the pressure generated by the internal
media on the pipe wall during oil and gas transportation.

During the test loading, EL-Centro wave (E wave) and
Wenchuan wave (W wave) are used as the original seismic
waves. The reciprocal power spectrum model is applied and
the coherence between two points is used, and corrections
are made in the original seismic waves based on the coherent
amplitude and coherent phase angle to obtain the multipoint
seismic wave time course at two different locations con-
sidering spatial correlation. Based on response spectra, then
we produce its power spectra and Fourier amplitude spectra,
and a nonstationary spatially artificial random multipoint
seismic wave (R-wave) is obtained by iteration based on the
Fourier transform and the intensity envelope function.

The two types of multipoint seismic waves were syn-
thesized by using MATLAB, with a holding time of 1/5and a
frequency and acceleration peak of 5 times the similarity
ratio converted and adjusted. Input seismic waves were with
acceleration peaks of 0.25 g, 0.50 g, 1.00 g, and 1.55 g to
simulate 7°, 8°, 9° and nine degrees rare earthquakes, re-
spectively. The test was divided into two cases of homo-
geneous and in-homogeneous soils with transverse and
lateral loading to analyze the characteristics and patterns of
the uniform and multipoint seismic response of the pipe-soil
model under different loading conditions. The data collected
during the tests consisted mainly of the acceleration re-
sponse of the pipe and soil, strain response of the pipe,
displacement response of the soil, and soil pressure response
of the pipe and soil contact surfaces.
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3. Synthesis of Multipoint Seismic Waves
Based on Specific Seismic Records

Qu and Wang [8] modified the spatially correlated ground
shaking synthesis method derived by Hao, proposing that it
is necessary to considering the spatial correlation with the
ground shaking of the other n-1 points when the time curve
of n points is to be generated, and Zhou et al. [9] further
proposed that the seismic waves collected at each point on
the ground during a single earthquake are coherent, but the
phase angles of the seismic waves at each of their points are
the same, all being the phase angles of the original seismic
waves. Based on the above ideas, the modified spatially
correlated multipoint seismic wave synthesis equation is

n N-1
u;(t) = Z Z A (wk)cos[wkt + 0, (@) + (/)k],
m=1 k=0 (1)

j=L12,...,n,

S(w) = 1 1

3
TaBLE 1: Values of parameters of Du and Chen models.
Parameter Ty w, w, 3 4
Value 40 (100) 1.8 31.42 0.72

where 0;,,,(wy) is to consider the amplitude of the k frequency
classification related to the j point and the m point. 6;,,,(wy) is
to consider the phase angle of the k frequency component
related to the j point and the m point. ¢y is to consider the
phase angle of the original ground motion.

Qj(wg) and 6, (w;) can be obtained from the power
spectrum matrix, and the power spectrum model is selected
as the Du and Chen model [10] is from

1+ 452(w2/w2)

where Ty is the time of ground motion; w, is the low fre-
quency corner frequency; w, is the predominant period of
the site; and ¢, is the damping ratio of the site. According to
the type II site near earthquake, the values of each parameter
are given in Table 1.

So is the spectral intensity factor, which can be calculated
from (3)-(6) based on its relationship with the mean
maximum ground acceleration [11]:

2

A
SO = 7”;; (3)
Py
where
4£;wh +28 0, + W), W W), @
S Wi+ 2§ 0wy + wz 28,
0.5772

\lzln(vT '7211,1 T (5)

3 2
)e 1 whwg(SwhEg + 4fgwg + a)g). ©)

s 4E;wh +28,0, + wy

The mean value of the maximum ground acceleration
from (3) can be taken according to the correspondence
relationship between seismic intensity and design basic
seismic acceleration in the <Code for Seismic Design of
Buildings> (GB 50011-2010) (2016 edition) according to the
proposed input acceleration conditions on the shaking table

1+ (Tw) 1+ (wy/w) (1 - (a)z/w;))z + 4€g(w2/wz)

So (M, R), (2)

from Table 2. wy, is the spectral parameter that responds to
the bedrock properties and takes the value of 25.13 rad/s. The
calculated power spectrum model is shown in Figure 2.

In addition to use existing power spectrum models, it is
also possible to adopt the calculated power spectrum of a
specific seismic record directly by the discrete Fourier
transform function in the MATLAB, then multiplying the
transform by its conjugate function to obtain the power
spectrum of a specific seismic record. The EL-Centro and
Wenchuan wave power spectra generated by the program
are shown in Figures 3 and 4.

The reciprocal power spectrum of any two points i, j in
space is as follows:

(i) = \[S; (1@)S; G@|p(w.dyy)|e @ @), ()

where S;(iw) and Sj(iw) are the self-power spectrum of points
i, js djj is the projection of the vector connecting the two
points in the direction of seismic wave incidence; v, (w) is the
apparent wave speed, a function of frequency, but generally
taken as a fixed value for simplicity. In this paper, the ap-
parent wave velocity equation using the Qu is calculated
from (8), and the coeflicients ¢; and ¢, take values of 3978
and 969, respectively:

v,(w) =¢c; +c,In <%), (8)

where p(w, d;) is from (9), the hysteresis coherence function,
and the coherence function model used in this paper is the
Harichandran and Vanmareke model [12]:
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TaBLE 2: Mean value of maximum ground acceleration (4,,).

Seismic fortification intensity 6 7 8 9

Mean value of maximum ground acceleration 0.05 (g) 0.10 (g) 0.20 (g) 0.40 (g)

0.08
20,06
E
g 0041
2
=
£ 0.02
<
0 " " " " " )
0 10 20 30 40 50 60
Frequency (Hz)
F1GURE 2: Power spectrum.
0.12
i
% 008}
&
Q
=
2
Z 004
g
<
0
0 5 10 15 20 25 30
Frequency (Hz)
FIGURE 3: Power spectrum of EL-Centro wave.
0.07
. 006}
X
E 004}
L
<
2
& L
= 0.02
<
O 1 1
0 5 10 15 20 25 30

Frequency (Hz)

FIGURE 4: Power spectrum of Wenchuan wave.

2d;
p(w,dij) =A exp[—ae(w) 1-A+ (xA)]

(9)

2d,
+(1-A) exp[— J (1—A+aA)],

af (w)

where A, a, k, and b are regression coefficients. The statistics
for Event20 according to SMART-1 takes each parameter is
given in Table 3.

From the above, the total power spectrum matrix con-
sidering the spatial characteristics of the two points can be
obtained from (10), where the diagonal elements are

obtained from the self-power spectrum model and the
remaining elements are obtained from the mutual power
spectrum model:

S (iwk) Spp (iwg) .. Sy, (iwy)

Sa (iwk) Sx (i“’k) s Sy (i“’k)

S(iw) = (10)

Snl (iwk) Sn2 (iwk) e Snn (iwk)

By the property that S(iw) is a Hermitian matrix and is
positive definite, a Cholesky decomposition of it gives

S(iw) = L(iw)L" (iw), (11)
where
I (iwy) 0 ... 0
L(iw) = by (f“’k) by (f’wk) )

lnl (iwk) ln2 (iwk) e lnn (iwk)

Then, A and B can be determined according to the
following equation [13]:

A () = \/4Aw|ljm (ia)k)|, (13)

Im [ljm (iwk)]
Re[ljm (ia)k)]'

From (13) and (14) and the calculated phase spectrum
(¢x) of the original ground shaking from (1), the time course
of the ground shaking at point j can be obtained. The phase
spectra of EL-Centro and Wenchuan waves obtained by
applying the angle() function in the MATLAB according to
the relevant theory are shown in Figures 5 and 6.

Using the above method, a multipoint ground vibration
time history with a distance of 30 m was synthesized based
on the two tables being 3 m apart. The acceleration time
equations corresponding to the 7° seismic intensity input to
the two tables are then processed according to the similarity
relationship and are from Figure 7.

0 (@) = arctan (14)

4. Synthesis of Artificial Random Multipoint
Excitation Seismic Waves

The synthesis of artificial random multipoint excitation
seismic waves (R-wave) for testing can be started from the
response spectrum. Firstly, the target response spectrum for
synthesizing the ground shaking time history is determined
with the peak acceleration time history corresponding to the
seismic intensity as shown in Table 1 and other parameters
such as site conditions, and based on the approximate
conversion relationship between the response spectrum and
the power spectrum, a mutual power spectrum matrix is
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TaBLE 3: The values of each parameter of the coherence function
model.

Parameter A o k w, b

Value 0.705 0.0263 257300 4.27 2.15
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FIGURE 5: Phase spectrum of EL-Centro wave.
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FIGURE 6: Phase spectrum of Wenchuan wave.

generated using the coherence function to form the total
power spectrum matrix. The power spectrum matrix is then
used to generate the Fourier amplitude spectrum at each
point, and a fast Fourier transform is performed from the
amplitude and phase spectra to obtain the smooth accel-
eration time history at each point. The smooth time course is
calculated by multiplying the smooth time course by the
intensity envelope function to obtain the ground shaking
time course that satisfies the time-frequency

_ ¢k+1 - (/)k’
A= { Pra1 — Pic + 2,

where N is the number of acceleration time points; A¢, is
defined in the domain [0, 27].

In this paper, the phase difference spectrum model is
using the Zhu-Feng model [15], which statistically analyses
the mean numerical characteristics (mean deviation A and
standard deviation () of the phase difference spectra of a
large number of actual ground shaking records at different

nonsmoothness. Finally, the final acceleration time history is
output by long-period filtering and baseline adjustment [14].

The reaction spectrum can be constructed by referring to
the relevant formulate in the seismic codes of various in-
dustries such as construction, bridge, and water conser-
vancy. In this paper, the reaction spectrum is calculated
following the relevant contents of the <Guidelines for
Seismic Design of Highway Bridges>(JTG/T B02-01-2019),
given in the following equation:

Spax (5.5T +0.45), T <O0.1s,
S =4 Spao 0.1s<T<T,, (15)
Smax(T4/T); T>T,,

where S,,,, is the maximum value of the acceleration re-
sponse spectrum, T is the self-oscillation period of the
structure, and T, is the characteristic period. The calculation
takes the site category as Class II and the characteristic
period as 0.35s.

Referring to the specification, the one-sided power
spectrum based on the design acceleration response spec-
trum can be estimated from

T¢ s§?

M (i ) "

where S is the design acceleration response spectrum; P is the
probability of not being exceeded and is taken as 0.5; ¢, is the
earthquake duration and ( is the damping ratio; ¢ is the
period; w is the circular frequency. The power spectrum
generated using the MATLAB programming is shown in
Figure 8.

The mutual power spectrum, apparent wave velocity,
coherence function, and total power spectrum matrices are
constructed, and Cholesky decomposition is carried out
from (7) to (13).

The phase spectrum required to synthesize seismic waves
can be obtained by calculating the phase difference spec-
trum, which is related to the magnitude, epicenter distance,
and site type. The relationship between the phase difference
spectrum and the phase spectrum is as follows:

0<Pppy — e <2m,
=21 Ppyy — P <0,

(k=0,1,...N-1), (17)

magnitudes and central distances, and determines that their
phase difference spectra obey a log-normal distribution.

In this case, it is assumed that the phase difference
spectra follow a normal distribution. In this case, it is as-
sumed that A¢;, =1In(x;), then the phase difference spec-
trum x; follows a normal distribution, and its mean and
standard deviation are calculated as follows:



Acceleration (s)

Time (s)

()

FIGURE 7:

Acceleration (s)

Shock and Vibration

20

(=)
=
o

Time (s)
(b)

Multipoint excitation seismic wave synthesized based on specific seismic record. (a) EL-Centro wave; (b) Wenchuan wave.

0.06
£
* 0.04 -
g
%]
s
2
= 0.02
4,
=
<<
0 1 L J
0 5 10 15 20 25 30
Frequency (Hz)

FIGURE 8: Power spectrum of artificial wave.

‘uzlnX—O.S ln(1+c2), (18)

o= ln(l +c2), (19)

c= i (20)
A

In this equation, c is the coefficient of variation, which
reflects the dispersion of the random variable. The computer
is first used to generate an overall distributed random
number (x;) that satisfies the above statistical characteristics
and then invert (Agy), and next, assuming that the initial
phase angle is (¢, = 0), a series of phase angles can be derived
using equation (18). The statistical parameters according to
the magnitude of 6.5 and the epicenter distance of 60000 m
are shown in Table 4. The phase spectrum generated by the
program using the angle() function in MATLAB is shown in
Figure 9.

The Fourier spectral matrix of the smoothly vibrating
field can be generated from the total power and phase spectra
obtained from the following equation:

Fule)) = 3 VB, (0)e* (), @

where Aw is the frequency step; L, (w;) B is the lower
triangular matrix of the total power spectrum after Cholesky
decomposition; e’ (“?) is the phase spectrum.

A fast Fourier inversion of the above Fourier spectral
matrix from (22) gives the smooth acceleration time history:

N/(2-1)

XM= Y folw)e

~(N/2)

(22)

The synthesized seismic waves are then nonsmoothly
multiplied by the intensity envelope function from (23) [16].
After iteration based on the target response spectrum, the
desired artificial random multipoint excitation seismic wave
is obtained from Figure 10:

(t/1,)",
la

0<t<t,

(23)

p(t) = t <t<t,,

e (70) p <r<t,
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TABLE 4: Statistical parameters of the phase difference spectrum.

Parameter A ¢ c U 4
Value 2.079 1.942 0.93 0.418 0.729
2 -
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FIGURE 9: Phase spectrum of artificial multipoint seismic wave.
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seismic wave.

where t; and t, are the peak duration time points, t, is the
seismic wave duration, and « is the peak attenuation
coefficient.

5. Conclusion

In this paper, a shaking table test for buried oil and gas
pipelines under multipoint seismic excitation is developed, a
shaking table loading scheme is formulated, and multipoint
excitation seismic waves based on actual seismic records and
artificial randomly simulated multipoint excitation seismic
waves required for the test are synthesized; the main work
and conclusions are as follows:

(1) A shaking table array test of seismic response of
buried oil and gas pipelines under multipoint seismic
excitation is designed, a multipoint excitation lam-
inar shear continuum model soil box is developed, a
multipoint excitation shaking table array seismic
wave input scheme is formulated, and the test results
show that the test scheme is reasonable and feasible.

(2) Based on the specific seismic records, the reciprocal
power spectrum model is applied to make

corrections in the original seismic waves based on
the coherent amplitude and coherent phase angle,
and the generated seismic wave time intervals
considering spatial correlation at different locations
can meet the requirements of the multipoint seismic
excitation shaking table array test for buried oil and
gas pipelines, and the test results have achieved the
intended objectives.

(3) The experimental results show that the seismic wave
time intervals obtained by using the coherence
function based on the approximate conversion re-
lationship between the response spectrum and the
power spectrum can meet the requirements of the
multipoint seismic excitation vibration array test for
buried oil and gas pipelines.
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