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Large-scale inverted siphon is a key hydraulic structure for building a national water network and realizing the spatial
balance of water resources, and its safety under the action of earthquakes has become the focus of trans-basin water transfer
projects. In this paper, Xiazhuang inverted siphon of water diversion in Central Yunnan is taken as the research object.
Viscoelastic artificial boundary was used to simulate seismic waves spread in the soil, which include the natural site seismic
waves and the waves fitted manually according to the site conditions. A three-dimensional finite element model of soil-
structure-fluid interaction was established by software of ABAQUS, in which the fluid-structure interaction was simulated
by user-defined element (UEL) built on additional Mass Method. Seismic response and damage analysis of large inverted
siphon structure are carried out by the model. The results show that the dynamic displacement of the inverted siphon pipe is
mainly horizontal sloshing, and the dynamic response of the pipe increases due to the water in the pipe; even the dynamic
stress value in some areas is close to the design value of the concrete tensile strength. The damage analysis of inverted siphon
pipe shows that the plastic deformation and the damage area develop rapidly with the increase of the peak ground ac-
celeration (PGA), and the tensile damage area is generally larger than the compression damage area. The damage factor of the
pipe under the working condition of the water is obviously larger relative to the working condition of no water. Therefore, it
is suggested that the damage effect of earthquake should be considered in the design of large inverted siphon in high-
intensity area.

1. Introduction

Large-scale inverted siphon is a key hydraulic structure for
building a national water network and realizing the spatial
balance of water resources. In the cross-basin water transfer
projects that have been built or planned, the scale of inverted
siphon tends to be large or giant, and its response under
earthquake action is a concern problem in the engineering
and technical field. As the inverted siphon is usually a
special-shaped structure with 2-3 holes combined in one
section, the responses of deformation and stress are very
complex under various loads during the construction and

operation period. Scholars have carried out a series of studies
and achieved some valuable scientific research results.
However, there are relatively few research achievements
considering the interaction between the pipe and the soil, the
fluid-solid coupling between the water and the structure, and
the damage mechanism of the pipe body under the action of
earthquake.

In China’s South-to-North Water Diversion Project,
Zhao et al. [1] carried out an inverted siphon model test
study and compared it with the finite element results; Liu
et al. [2] studied temperature control and crack prevention
measures of the circular-hole-square inverted siphon during
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FIGURE 1: The cross section of inverted siphon structure (unit: mm).

the construction period; Shi et al. [3] conducted a study on
reasonable pipe length of inverted siphon. Unfortunately,
the earthquake effect was not considered in these previous
studies.

Wang et al. [4, 5] took the inverted siphon of Nansha
river as the research object and analyzed the dynamic re-
sponse of the inverted siphon under different working
conditions; however, they did not consider the interaction
between pipes and soil; Xu et al. [6] carried out the dynamic
response analysis of Xiagin River inverted siphon under the
excitation of bidirectional seismic waves, but they did not
consider the influence of water in the pipe; Ai and Li [7],
taking into account the joint action of soil and groundwater
around the pipeline, adopted the nonlinear material con-
stitutive model and analyzed the dynamic response of the
underground pipeline through the effective stress method;
Fu and Gu [8] used two-dimensional uniform equivalent
viscoelastic artificial boundary conditions to summarize the
response law of highway mountain tunnel under earthquake
action; Han et al. [9] analyzed the seismic response of the
subway station under the action of near- and far-site seismic
waves based on ABAQUS and gave the location of subway
station vulnerable to damage under the action of earthquake.
Queetal. [10, 11] developed an analytical model in modeling
the dynamic responses of the pile, anchor cable, and soil
slope system based on Winkler elastic foundation beam
theory. Although the research objects of literature [7-11] are
pipeline structure, tunnel structure, subway, and pile wall
structure, they provide ideas for the author’s research.

In this paper, the viscoelastic artificial boundary was
used to simulate the input of seismic waves, which include
the natural site seismic waves and the waves fitted manually
according to the site conditions. Seismic response and
damage analysis of large inverted siphon structure are
carried out by the three-dimensional finite element model of
soil-structure-fluid interaction established by the software of

ABAQUS, in which the fluid-structure interaction was
simulated by user-defined element (UEL) built on additional
Mass Method.

2. Research Object

Xiazhuang inverted siphon is one of the important struc-
tures of the Central Yunnan Water Diversion Project, which
is the largest scale and the most investment water project in
southwest China. The inverted siphon was buried under-
ground, which is made of 3 reinforced concrete pipes
combined in one section with a diameter of 4.9 m. In this
paper, the standard section, which accounts for 68% of the
total length of the inverted siphon, is selected as the research
object. The thickness of the bottom plate is 0.9m, the
thickness of the side wall and the top arch is 0.8 m, the head
of the internal water is 15 m, and the buried depth is 4 m; the
pipes is made of C30 concrete, the stressed steel bar is
HRB400, and the bottom cushion of the inverted siphon is
made of C15 concrete; the foundation is mainly clay layer
and no foundation treatment. The cross section of the
inverted siphon structure is shown in Figure 1.

3. Calculation Model and Analysis Conditions

3.1. Calculation Model. Considering the influence of the
boundary effect of the foundation soil, the soil on both sides
was selected to be twice the width of the siphon from the side
wall and four times the height of the pipe from the bottom of
the foundation depth. The z direction of the model is the
vertical direction, X is the horizontal direction, and Y is the
water delivery direction. The bottom boundary of the
foundation is fixed, the top surface of the backfill is free
boundary, and other model boundaries are normal con-
straints. The finite element model established by the software
of ABAQUS is shown in Figure 2.
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FIGURE 2: Finite element model.

TaBLE 1: Mechanical parameters of materials.

Category Gravity (kg/m®)  Elasticity modulus (MPa) Poisson’s ratio  Cohesion (kPa) Internal friction angle (°)
Inverted siphon 2500 31000 0.2

Plain concrete cushion 2400 22000 0.167

Gravel cushion 2700 30000 0.2

Rubber water stop 800 7.8 0.47

Back fill 2000 30 0.35 4.00 30

Silty clay 1900 30 0.3 18.40 16

Silt 2000 40 0.3 22.50 14

Medium fine sand 2000 75 0.25 0 30

Clay 2200 35 0.35 23.90 16
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5
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FIGURE 3: Schematic of 3D viscoelastic artificial boundary model.

3.2. Parameters of Material and Contact Properties. The
material parameters of the finite element model are selected
according to the engineering as shown in Table 1. The soil is
simulated by Mohr-Coulomb model. Due to the complexity
of reinforcement of inverted siphon, the equivalent elastic
modulus of reinforced concrete pipe is calculated according
to the principle of stiffness equivalence, which can be cal-
culated as follows:

_ Es-E
ER:EC(1+pSTCC>, ¢y

where Ej is the equivalent elastic modulus of reinforced
concrete, E is the elastic modulus of concrete, Eg is the
elastic modulus of steel, and p is the reinforcement ratio.
The concrete and soil are simulated by solid element
(C3D8R), the viscoelastic artificial boundary was used for

TaBLE 2: The formulas for calculating spring stiffness and damping
coefficient.

Kpx Ky Cex Cyr
ayG/R

Kgys Kyt Cpy»> and Cpr are the normal and tangential spring stiffness and
damping coefficients of the viscoelastic artificial boundary. E is the elastic
modulus of foundation. G is the shear modulus of foundation. p is the
density of the foundation. R is the distance from the scattered wave source
to the artificial boundary, and the scattering source is taken as the geometric
center of the underground structure. ay, ar, A, and B are calculation
parameters, and the recommended values are 1.33, 0.67, 0.9, and 1.1,
respectively.

arG/R pc, PC,

dynamic boundary conditions, and the user-defined ad-
ditional mass element was used to simulate water inside
the pipe. Tie contact was defined between pipe and
cushion, hard contact was defined between pipe and soil in
the normal direction, and friction contact was defined in
the tangential direction. The friction coefficient was set as
0.4, and elastic slip behavior between contacts was
considered.

The fluid-structure interaction was simulated by user-
defined element (UEL) built on additional Mass Method.
The hydrodynamic pressure in the pipe is converted into
the radial additional mass of the pipe wall corresponding to
the unit seismic acceleration, which can be calculated as

follows:
7
M, = gAlP’T \/Hoh» ©)

where M, is the additional mass at node ; 4, is the influence
area at node J; p is the density of water; # is the reduction
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FIGURE 4: Viscoelastic artificial boundary finite element model with implicit and explicit solver. (a) Implicit algorithm; (b) explicit

algorithm.
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FIGURE 5: Pulse wave displacement time-history curve.

factor, which is taken as 1 in the paper; H, is the water depth;
and h is the distance from node [ to water surface.

3.3. Viscoelastic Artificial Boundary. In this paper, soil-
structure interaction is achieved through the viscoelastic arti-
ficial boundary, which was used to simulate seismic waves
spread in the soil. The three-dimensional viscoelastic artificial
boundary model is shown in Figure 3. Normal and tangential
spring-dampers are provided in all three directions of the
foundation boundary. Liu et al. [12] derived the in-plane normal
viscoelastic artificial boundary under the action of cylindrical
waves. The formulas are given in Table 2 to calculate the spring
and damping parameters of artificial boundary conditions based
on the research results of Liu Jingbo. The normal and tangential
viscoelastic artificial boundary conditions are realized by finite
element software simulation on basis of the content. Cp, and Cg
are p-wave velocities and s-wave velocities in foundation media,
which can be calculated as follows:

l/l+2‘u_ l (1-v)E
Vo Naena-2y

cs= - \/L,
p 2(1+v)p

where A, y, and v are Lame constants and Poisson’s ratio.

In this paper, the interaction between soil and structure
can be realized by using suitable viscoelastic artificial
boundary simulation when dynamic calculations are per-
formed for the inverted siphon structure. The soil response is
calculated, respectively, using the implicit solver and the
explicit solver under impulse excitation. The correctness of
the three-dimensional viscoelastic human boundary ab-
sorbing reflected wave energy and the ground motion input
method are verified according to the comparation with the
analytical solution under ideal conditions. The verification
process is as follows.

CP=

(3)
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FIGURE 6: Displacement time-history curve. (a) Vertical displacement time-history; (b) horizontal displacement time-history.

0.8

Acceleration (g)

0.1 4
0.0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (sec)
—— Target Spectrum —— Spectrum Upper Bound
—— Actual Spectrum —— Spectrum Lower Bound

FIGURE 7: Response spectrum of synthetic seismic wave.

A cube soil with a side of 300 meters is taken as an
example, which is simulated by the C3D8R element. Springl
and Dashpotl elements are used to simulate viscoelastic
boundary under implicit solution condition, and connector
element is used to simulate viscoelastic boundary under
explicit solution condition as shown in Figure 4. The elastic
modulus of soil is 117 MPa, the shear modulus is 45 MPa, the
density is 2000 kg/m’, and the Poisson’s ratio is 0.3. The
shear wave velocities and longitudinal wave velocities in the
soil medium are obtained based on the parameters, which
are ¢, = 150m/s and c,, = 280.62m/s.

Two horizontal impulse shear waves and one vertical
impulse compression wave are input on the artificial
boundary of the soil. The displacement time-history curves
of the three waves shown in Figure 5 are consistent, and the
total calculation time is 9s. The time-history curves of the
top, middle, and bottom positions are calculated based on
different solvers as shown in Figure 6.

As shown in Figure 6, when the soil displacement is
transmitted to the free surface on the top of the soil after a
certain period of time, its amplitude is amplified by nearly
two times, which is basically consistent with the analytical
results under ideal conditions. According to the comparison
between the calculated results and the analytical solutions, it
is proved that the viscoelastic boundary used by the paper to
simulate the input of seismic waves is correct.

It is reflected that the wave is not reflecting, when the
wave propagates to the free surface on top of the soil, and
propagates to the bottom of the soil until the whole wave
passes through the viscoelastic boundary. However, the
displacement of the soil analyzed by the implicit solution
method tends to zero, while the displacement obtained by
the explicit solution method is 0.04 m (along the negative
direction of z-axis). It indicates that the viscoelastic artificial
boundary defined by Springl and Dashpotl elements in the
implicit solution mode has a better effect on absorbing
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FIGURE 8: Acceleration and displacement time-history of earthquake ground motions. (a) Synthetic wave; (b) EL-centro wave; (c) Hollister

wave.

FiGure 9: Distribution of characteristic points.

seismic wave energy relative to the explicit model. Therefore,
the implicit solver is used to perform dynamic calculations
for the inverted siphon structure.

3.4. Seismic Wave Input. According to the Ground Motion
Parameter Zoning Map of China (GB18306-2015) [13] and
the results of shear wave velocity test and site classification,
the building site category of the research object is deter-
mined to be class III. According to the Seismic Design
Standard for Hydraulic Buildings (GB5247-2018) [14], the

three-way ground motion acceleration is input to the 3D
model, and 2/3 of the horizontal acceleration is taken as the
vertical acceleration.

According to the Seismic Safety Assessment Report of
Key Engineering Sites of Water Source and Main Canal Line
of Central Yunnan Water Diversion Project, the basic
seismic intensity of the site of this project was 8 degrees. We
adopted a peak acceleration of ground motion exceeding the
probability of 10% within the reference period (the past 50
years) as the designed peak acceleration of ground motion,
with an acceleration of 0.24g, a characteristic period of
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TABLE 3: Stress amplitude at characteristic points (unit: MPa).
Synthetic wave EL-centro wave Hollister-02 wave
Characteristic point ~ Without water Water Without water Water Without water Water
Omax Omin Omax Omin Omax Omin Omax Omin Omax Omin Omax Omin
1 1.25 -2.28 0.70 -1.12 0.64 -1.35 0.18 -1.10 0.36 -1.82 0.20 -1.11
2 0.98 -1.35 1.13 —-0.51 0.88 —-0.80 0.73 —-0.62 0.46 -0.67 0.89 —-0.65
3 1.44 -0.81 1.11 —-0.68 0.50 -0.85 0.64 -0.63 0.52 -0.66 0.41 -0.92
4 0.28 -1.44 0.22 -2.01 0.25 -1.12 0.22 -1.53 0.24 -0.83 0.40 -1.30
5 0.16 -0.55 0.20 -0.92 0.13 -0.43 0.10 -0.75 0.18 -0.33 0.38 -0.92
6 0.07 -0.24 0.05 -0.50 0.09 -0.25 0.07 -0.50 0.07 -0.17 0.16 -0.52
0.04 Horizontal displacement 0.015
0.03 4 Vertical displacement 0,010
0.02 - 0,005 1
= 0.01
5 0.000
£ 0.00 £
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5 -0.01 A g
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Figure 10: Continued.



8 Shock and Vibration

0.015
0.050 -
0.010 -
0.025 A 0.005 -
g 0.000
g = |
g 0.000 S
< 5 1
= QE) -0.005 +
p] 9
| 5 -0.010 -
-0.025 A
-0.015 4
-0.050 ~ -0.020 A
T T T
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
Synthetic Wave EL-centro Wave
—— Horizontal displacement
——  Vertical displacement
0.010 A
_ 0.005
g
L
g
5
=
2 0.000 -
a)
-0.005 -
T T T
0 5 10 15 20
Time (s)

Hollister-02 Wave

—— Horizontal displacement

—— Vertical displacement

(b)

FiGure 10: Displacement response time-history of the characteristic point on the top of the middle tube. (a) Empty pipe condition; (b) three
pipe water filled.

TaBLE 4: Displacement response maximum value at characteristic point 5 (unit: m).

. Empty pipe condition Three pipe water filled
Displacement response

Synthetic wave EL-centro wave Hollister-02 wave Synthetic wave EL-centro wave Hollister-02 wave

Lateral displacement 0.042 0.021 0.010 0.057 0.026 0.014
Vertical displacement 0.027 0.011 0.008 0.027 0.012 0.007

0.55s, and a damping ratio of 0.05. The target acceleration  the calculation model and calculation conditions in Section
response spectrum was determined by the standard designof 2. The characteristic points are used to describe the prop-
the hydraulic structure response spectrum [14]. The re-  erties of the inverted siphon pipes shown in Figure 9. The
sponse spectrum of the synthetic seismic wave with the  path taken between characteristic point 7 and characteristic
adoption of Fourier transforms and the Jennings envelope  point 8 is used to analyze the displacement and stress of the
on the basis of target acceleration response spectrum is  pipes. The principal stress amplitude at each characteristic

shown in Figure 7. point is shown in Table 3.
The seismic waves are input to the inverted siphon In without water condition, it can be seen that the ex-
structure as shown in Figure 8. treme value of the first principal stress at feature point 3 is
1.44 MPa which is slightly higher than the design value of
4. Seismic Response Analysis C30 concrete tensile strength. The extreme value of the first
principal stress at other characteristic points is lower than
Three seismic waves are used to analyze the dynamic re-  the design value of concrete tensile strength, and the

sponse of the Xia Zhuang inverted siphon structure based on ~ maximum compressive stress at all characteristic points is
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FIGURE 11: Variation curve of horizontal relative displacement along height. (a) Synthetic wave; (b) EL-centro wave; (c) Hollister-02 wave.
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FIGURE 12: Stress-strain diagram of concrete damaged plasticity model. (a) Tension; (b) compression.

lower than the design value of concrete compressive
strength.

The displacement time-history curve at characteristic
point 5 at the top of the middle pipe is selected to show the
displacement variation trend of the structure under seismic
excitation as shown in Figure 10. The maximum displace-
ment response is given in Table 4.

The displacement response time history at the charac-
teristic point 5 on the top of the middle pipe was analyzed to
study the overall displacement response of the structure.
From Figure 10 and Table 4, it can be seen that the seismic
displacement response under both conditions with water or
not lags behind the time-history curves of artificial seismic
wave displacement. This is because the seismic wave takes a
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certain period of time to pass from the bottom of the soil into
the structure when the ground motion input by the visco-
elastic boundary. The horizontal displacement response of
the structure is approximately 1.5-2 times of the vertical
displacement response, and the inverted siphon structure
sways horizontally with earthquake. The change trend of the
absolute displacement on characteristic point 5 is the same
whatever water or not. However, the horizontal displace-
ment response of the structure with water is significantly
larger than that without water, and the largest increase was
28.57%.

The horizontal relative displacement of the inverted
siphon structure is the horizontal displacement difference
along the height relative to the pipe bottom. A path “P” is
taken between feature points 7 and 8 as shown in Figure 9.
The displacement of nodes on the path is extracted to obtain
the curve of relative horizontal displacement along the
height as shown in Figure 11.

From Figure 11, it is shown that the horizontal relative
displacement value increases with the increase of height,
which is more obvious in conditions with water than without
water. The horizontal relative displacement curve of the pipe

TaBLE 5: Envelope values of horizontal relative displacement of
structure.

Envelope values of horizontal

) . relative displacement of structure/
Working condition

mm

024g 0.36g 0.48¢g
Without water 0.56 1.03 1.48
Water 2.75 8.54 12.78

body is approximately symmetric without water. The relative
displacement of the pipe body’s left side is larger with water.
The existence of water in the pipe increases the deformation
of the structure.

5. Damage Analysis of Structure

In order to study the damage law of inverted siphon
structure, the concrete damaged plasticity model (CDP,
shown in Figure 12) is used to simulate the concrete pipes of
inverted siphon, and user-defined element is used to sim-
ulate the fluid-structure interaction. Three artificial seismic
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+5.441e-01
+4.352e-01

+3.264e-01
+2.176e-01
+1.088e-01
+0.000e+00

FIGURE 14: Nephogram of damage distribution of empty pipe condition.

waves with peak accelerations [15] (PGA) of 0.24¢g, 0.36 g,
and 0.48g are input, respectively, for a duration of 20
seconds.

Under the different PGA values, the relative horizontal
displacement of the structure along the height is shown in
Figure 13.

The relative displacement envelope values of the inverted
siphon structure are shown in Table 5.

From Figure 13 and Table 5, it can be seen that the
horizontal relative displacement of the inverted siphon
structure increases with the increase in PGA. However, the
change of relative displacement is nonlinear with the change
in PGA. With the same PGA, the relative horizontal dis-
placement envelope values with water are significantly larger
than that without water and about 5-8 times.

When PGA is 0.24 g, the horizontal sloshing amplitude
of the pipe structure is basically symmetric. The deformation
of the pipe structure is larger with the increase in PGA
because a large internal damage has occurred.

In this paper, damage factors were used to characterize
the damage degree of inverted siphon structure under
earthquake action, and the distribution of damage factors of
structure is shown in Figures 14 and 15.

At the empty pipe condition, the concrete pipes of the
inverted siphon are not damaged when PGA is 0.24 g, and
the concrete pipes are damaged at the corner point when
PGA is 0.36 g. With the increase in PGA, the damage degree
is intensified. When PGA is 0.48 g, the tensile and com-
pression damage factors at the corner position are close to
1.0, and the concrete has been a failure as shown in
Figure 14.

At the three pipes water-filled condition, the concrete
pipes are damaged at the corner point when PGA is 0.24 g.
When PGA is 0.36 g, the damage position is on the outer side
of the inner wall of both sides and in the middle of the
middle wall. When PGA is 0.48 g, there is a wide range of
damage in both side wall and middle wall, the damage
factors are close to 1.0, and the concrete is a failure in a large
range as shown in Figure 15.

With water or not, the concrete pipes are first damaged
at the corner, which conforms to the basic law of abnormal
structure, and the damage area of tensile damage is generally
larger than that of compression damage. With the increase in
PGA, the damage area with water grows faster than that
without water, and the damage area develops rapidly from
the structure corner to the inside of the pipes. The
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+2.224e-01
+2.039e-01
+1.854e-01
+1.668e-01
024g +1.483e-01
+1.297e-01
+1.112¢-01
+9.268e-02

+1.185e+00
+1.086e+00
+9.876e-01
+8.888e-01
+7.901e-01
+6.913e-01
048 g +5.926e-01
+4.938e-01

PGA Tensile damage

DAMAGET
(Avg: 75%)

+7.414e-02
+5.561e-02
+3.707e-02
+1.854e-02
+0.000e+00

+7.565e-02
+0.000e+00

DAMAGET
(Avg: 75%)
+9.078e-01
+8.321e-01
+7.565e-01
+6.808e-01
+6.052e-01
+5.295e-01
036g +4.539¢-01
+3.782e-01
+3.026e-01
+2.269e-01
+1.513e-01

DAMAGET
(Avg: 75%)

+3.950e-01
+2.963e-01
+1.975e-01
+9.876e-02
+0.000e+00

Shock and Vibration

Compression damage

DAMAGEC
(Avg: 75%)

+4.050e-02
+3.713e-02
+3.375e-02
+3.038e-02
+2.700e-02
+2.363e-02
+2.025e-02
+1.688e-02
+1.350e-02
+1.013e-02
+6.750e-03
+3.375e-03
+0.000e+00

DAMAGEC

(Avg: 75%)
+2.105e-01
+1.930e-01
+1.754e-01
+1.579e-01
+1.403e-01
+1.228e-01
+1.053e-01
+8.771e-02
+7.017e-02
+5.263e-02
+3.508e-02
+1.754e-02
+0.000e+00

DAMAGEC

(Avg: 75%)
+2.046e+00
+1.876e+00
+1.705e+00
+1.535e+00
+1.364e+00
+1.194e+00
+1.023e+00
+8.526e-01
+6.821e-01
+5.116e-01
+3.410e-01
+1.705e-01
+0.000e+00

FiGure 15: Nephogram of damage distribution of three pipes water-filled condition.

continuous development of damage leads to the final failure

of the structure.

6. Conclusion

In this paper, the function of water is realized by user-de-
fined element subprogram, and the dynamic response of
Xiazhuang inverted siphon structure is calculated under

three sets of seismic wave excitation, and the nonlinear

damage analysis of the pipes is carried out by using concrete
plastic damage element with different PGA. The results
indicate the following:

(1) The horizontal displacement response of the pipes is

larger than the vertical displacement response, which
is mainly represented by the horizontal shaking with
the action of earthquake, and it is easy to produce
relative displacement in the horizontal direction and
deviate from the initial position.

In order to reduce the influence of horizontal dis-
placement under the action of earthquake, the gravel
cushion should be appropriately thickened between
the bottom of the pipe and the foundation.

(2) The existence of water in the pipes increases the
dynamic response of the structure, and the hori-
zontal relative displacement of the structure with
water has a significant increase compared with that
without water.

(3) With water or not, the concrete pipes are first
damaged at the corner, which conforms to the basic
law of abnormal structure, and the damage area of
tensile damage is generally larger than that of
compression damage.

(4) With the increase in PGA, the damage area with
water grows faster than that without water, and the
damage area grows rapidly from the structure corner
to the inside of the pipes. The continuous devel-
opment of damage leads to the final failure of the
structure.
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