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Abstract: As a long lifeline system of buried structures, Utility tunnel (UT) is vulnerable to
earthquake invading. For utility tunnels with inverted siphon arrangement crossing the river, the
seismic response is more complex due to the basin effect of acceleration in the topography and the
influence of fluctuating hydrodynamic pressure. Based on a UT project in Haikou, this paper
studied seismic response of cast-in-place UT considering the coupled model of water-soil-tunnel
structure on ABAQUS software. Herein, the dynamic fluctuation of hydrodynamic pressure is
simulated using acoustic-solid interaction model. A viscoelastic artificial boundary was used to
simulate the soil boundary effect, and seismic loads were equivalent to nodal forces. Considering
seismic invading direction and varying water elevation, the paper investigates the dynamic
response characteristics and damage mechanisms of river-crossing utility tunnels. The study shows
that basin effects cause the different acceleration amplifying of the soil around the UT in different
sections, and the greater damage to the tunnels in bidirectional seismic excitation, which the damage
concentrated at the junction of the transition between the horizontal section and the vertical section;
Bending moments and axial forces are the dominant mechanical behaviors along the axial direction;
and the river water level change influences the internal distribution of the tunnels, showing a certain
amount of energy dissipation and seismic damping effects. For the aseismic design of cross-river
cast-in-place utility tunnels, bidirectional seismic calculations should be performed, and the
influence of river hydrodynamic pressure should not be neglected.

Keywords: utility tunnel; crossing river; seismic response characteristics; 3D numerical simulation;
hydrodynamic pressure; damage mechanism

1. Introduction

Utility tunnel (UT) is the important infrastructure system containing kinds of municipal and
energy transportation pipelines, cable, such as electricity, communication, broadcasting, water
supply, drainage, heating, and gas in urban areas[1]. UT provide space for daily maintenance and
pipeline installation, eliminating the extensive and repeated excavation for underground pipelines
and reducing the “spider web in the sky” [2,3].

Historically, underground structures were always regarded as a lower seismic vulnerability
compared with structure in the ground [4,5], however, in 1995 Kobe earthquake Japan, lots of
underground structure were damaged, such as subway stations and buried pipeline ,this opinion
was challenged [6-8], and Researchers pay more attentions on study the seismic response of
underground structure , including utility tunnels. Tang et al.[14] conducted series of shaking table
tests and numerical simulation on seismic response mechanism of utility tunnels, and found that the
UT and surrounding soil often exhibited consistent motion during seismic excitation, UT is more easy
damaged in the special geological units, , like fault, liquefaction, and non-homogenous stratum.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Wang et al.[9] studied the seismic risk of the shallow-buried utility tunnels in soft soil layers based
on the numerical simulation, indicating a significant effect of multi-directional combined damping
methods. Yue et al.[10] investigated the dynamic response and failure mechanisms of prefabricated
corrugated steel utility tunnels through a series of shaking table tests, and demonstrated that the
acceleration response of the structure is basically in line with the surrounding soil, and the soil
dynamic pressure acting on the tunnel sidewalls was greatly influenced by the tunnel mass
distribution. Chen et al.[11,12] conducted shaking table tests and numerical simulations to study the
seismic performance of utility tunnels under non-uniform seismic excitations, found that the
structures exhibit a more pronounced response to non-uniform seismic events. Shamsabadi et al.[13]
studied the soil-tunnel-structure interaction mechanism and proposed a corresponding retrofitting
solutions to reduce the seismic damage risk of UT. Konstandakopoulou et al.[14] investigated the
seismic response of utility tunnels considering the rock-structure-fluid systems.Some scholars have
explored the seismic response features of utility tunnels in homogeneous soil in uniform and non-
uniform seismic excitations. Some researches have also found the seismic performance of UT using
centrifuge testing to check the effect on soil-structure interaction to seismic response of UT [15-17].

Actually, UT is constructed across the river, How to assess the impact of seismic effects and
fluctuating water pressure on UT is an interesting topic. In river basin, the site effect,
nonhomogeneous soil and pore water pressure are often common acting on the UT in earthquake
excitation, it is always difficult to estimate seismic response of UT. Based on an actual engineering
project in Haikou, China, This study aims to develop a three-dimensional coupling numerical model
of water-soil-utility tunnel to simulate the seismic response of UT across one river. The fluid-solid
coupling interaction model is built on base of an acoustic-solid coupling, and a three-dimensional
viscoelastic boundary model is used to simulate the boundary condition. The seismic response of UT
across the river considering the seismic invading directions, water elevation change are studied using
the ABAQUS software, and some valuable conclusions have been got.

2. Interaction between Hydrodynamic Pressure and Structures
2.1. Westergaard Formula

The Westergaard formula is used to study the interaction between structures and hydrodynamic
pressure. Since its introduction by Westergaard [18]in 1933 during his study of the Hoover Dam in
the United States, the dynamic effects of water in reservoir on dams engineering during seismic
events have been extensively studied.

The fundamental assumptions of the Westergaard formula are as follows: 1.the impervious
surface is rigid and vertical; 2. the reservoir water extends infinitely upstream; 3. the fluid is inviscid
and irrotational, undergoing small-amplitude oscillations, while neglecting the influence of surface
waves.

The basic formula is:

dp 0*u

-, 1
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In this equation, p is the density of water, p denotes the hydrodynamic pressure, and k is the
bulk modulus of water, u, v are the displacements of the fluid in the x and y directions.
Boundary conditions :( Under simple harmonic motion with ii,(t) = iiycos wt)

ply:o =0 ﬁ|x=o = iiycos wt
U|y=h =0 plx:oo =0

()

The interpretation of the formula is as follows:
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Setting x = 0 yields the hydrodynamic pressure at the dam face:
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2.2. Governing Equations for Dam Structure-Fluid Interactions

The flow of water in reservoir under earthquake stimulation is considered to be irrotational,
with tiny amplitudes and negligible viscosity effects. The Helmholtz equation is satisfied.

Vip - —p=0 ®
At the free surface, boundary conditions apply
p=0 ©)
at the boundary between the dam and the liquid
Pn = —piln (10)
The bottom and sides of the reservoir
Pn = —PUp +qp (11)

V2 is the Laplace operator; p is Differentiation of p with regard to time; A subscript after a
comma in p, indicates that pis partially differentiated with respect to space, where n represents
the boundary's inward normal direction; ¢ denotes the compression wave velocity in water. p is the
water's density; The acceleration of the upstream dam face is represented by ii,,,whereas the free field
acceleration of the reservoir bottom and sides is represented by #,,which is dependent on the
direction of the incoming seismic waves; a is the wave reflection coefficient, and q is the damping
coefficient that describes the effects of hydrodynamic pressure waves being absorbed at the reservoir
boundary, This is the reflected wave's amplitude divided by the pressure wave's normal incidence
amplitude. g and a are connected by the following expressions:

1—-qc E.
a=—L =P = (12)

1 q )
1+gqc prCy Pr
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where E,, p, c, stand for the elastic modulus, density and wave velocity of the dam
foundation rock [19].

2.3. Comparison and Validation of Numerical Solutions for Fluid-Structure Interaction with the Westergaard
Analytical Solution

This study focuses on fluid-structure coupling interactions, treating acoustic elements as fluids
to simulate the interactions between water and the structure. Based on the validation model by Fu et
al.[20] a two-dimensional coupling model of the water and dam is established. The geometric
parameters and material properties of the model are outlined in Figure 1, with a horizontal sinusoidal
wave excitation applied at the base of the dam, as illustrated in Figure 2. Constraints and acoustic
impedance conditions are established for the free water surface, the water cutoff section, and the
contact surface between the reservoir water and the dam. A comparative validation of the numerical
simulation results against the Westergaard theoretical solution is conducted. Figure 3 displays the
maximum hydrodynamic pressure distributed along the dam face. Figure 4 presents a comparison
of the hydrodynamic pressure time history at the monitoring points W» and Wn with the Westergaard
analytical solution, which confirms the accuracy of the acoustic element in simulating water-structure
dynamic interactions.
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Figure 1. Parameters and settings for the reservoir-dam 2D coupled model.
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Figure 2. Sinusoidal wave time history curve.
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Figure 4. Hydrodynamic pressure at the nodes Wy and Wm.

3. 3D Finite Element Simulation of River Water—Soil —Utility Tunnel Results

A 96.47 kilometers UT is constructing in the 13th Five-Year Plan period in Haikou, Hainan
Province, China [21], several utility tunnels are laid across river. Because of high seismic intensity in
Haikou, It is necessary to assess the seismic damage risk for these utility tunnel across the river basin.
Herein, a 3D FEA model is setup to simulate the seismic response of UT and explore the possible
damage mechanism.

3.1. Geometric Parameters of the Finite Element Model

This paper focuses on a specific utility tunnel project in Haikou, China. On the platform of
ABAQUS software, a coupled 3D model was established for a double-chamber cast-in-place concrete
utility tunnel, soil, and river water. The tunnel is designed in an inverted siphon configuration, with
a total axial length of 153.38 m. This includes a horizontal segment at the riverbed measuring 45.23
m and a 38.82 m segment across river bottom, with a cross-section width of 6.05 m and a height of
3.65 m. In the analysis of underground structures, the dimensions of the model and the surrounding
soil significantly influence the finite element analysis results[22], this study sets the soil parameters
to a height of 62 m, a width of 60.5 m, and a length of 153.38 m to minimize the effects of size on the
simulation outcomes. The river is 8.73 m deep, and the width of 44.4 m, and a span of 61.86 m. The
initial water depth is set to half of the water level, and the river surface width is 53.13 m.

3.2. Material Properties, Mesh, and Contact Relationships

Most of the previous studies ignored the dynamic water pressure and the effect of water
dissipation or simplified to consider the role of water gravity in studying the seismic response of
structure across the river. but for tunnels, basements, buried pipelines, and other underground
structures, the effect of seismic actions will lead to fluctuations in the dynamic pressure of the water,
which will cause structural vibration, resonance, deformation, damage, leakage, and corrosion, and
the role of water dissipation should not be ignored.[23-26]. On the basis of the validation of the
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relationship between acoustic-solid coupling and Westergaard's theoretical solution, the river water
is considered as an acoustic medium for the simulation of the coupled fluid-solid interaction in this
paper. The water density is 1000 kg/m? and the bulk modulus is 2.04 GPa.

In ABAQUS, the contact surface between the river bank and the river water is constrained by a
tie constraint. The ends of the river are set to plane wave reflection conditions, and the free water
surface is assumed to have no relative pressure, with the acoustic pressure at the free surface of the
river set to zero. The acoustic-structural coupling method is simple and efficient, assuming no
material flow or mesh deformation within the model, with acoustic elements having only pressure
degrees of freedom at each node. This significantly reduces the simulation computation time;
however, due to the limitation of having only pressure degrees of freedom, it cannot represent the
displacement changes of the river water[27].

Soil-structure interaction is a key factor in seismic damage to underground structures. ABAQUS
provides a modified Mohr-Coulomb elastoplastic model. This model addresses the convergence
issues often encountered during the plasticity phase and has been widely applied in numerous
geotechnical engineering. In this study, the soil is defined as a single-phase homogeneous medium,
and the mechanical parameters are selected based on typical red clay from Hainan Province, Table 1
presents the characteristics of these soil parameters. Considering both computational accuracy and
efficiency, The soil mesh elements were refined along the UT perimeter and in the axial direction (Z-
direction). A partition operation is applied to the soil to create a structured hexahedral mesh, with
the mesh controlled by three-dimensional eight-node solid elements (C3D8R). During dynamic
calculations, the element size must be chosen based on the input signal and the properties of the soil.
The average element size used is less than the wavelengths of the lowest seismic wave velocity in the
soil (As=Vs/f)[28], As shown in Figure 5. The total soil is divided into 65416 linear hexahedral
elements, 71325 nodes.

I — " Section reinforcement schematic
| Soil-fluid(Acoustic
Elements)Tie constraint

Unreflective acoustic
impedance boundary

LUSRY

45.76m 45.76m |

riverbank
section

153.38m

Figure 5. River Water —Soil — Utility Tunnel Spatial position and 3D model.

Table 1. Soil parameters in this model.

. Elastic . , Friction . Dilation
Soil Type Density Modulus Poisson’s Angle Cohesion Angle
(kg/m3) (MPa) Ratio ©) (kPa) ©)
red clay 1850 8 0.3 15 35 10

The utility tunnel is a cast-in-place concrete structure, modeled using the Concrete Damaged
Plasticity (CDP) model in Abaqus, which is a continuous, plastic-based damage model for concrete.
It is assumed that the two primary failure mechanisms are tensile cracking and compressive crushing
of the concrete material. The tunnel model is meshed into a total of 4,774 elements (C3D8R). The
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reinforcement is modeled using an ideal elastoplastic constitutive model. The cross-sectional
reinforcement of the tunnel are illustrated in Figure 5. The element type is a two-node linear three-
dimensional truss element (T3D2), with a global mesh size controlled to approximately 1.9, resulting
in a total of 99,873 elements. The physical and material properties of the concrete and reinforcement
is listed in Table 2, and the compressive and tensile characteristics of the concrete is described in
Table 3, according to the Chinese Code for the Design of Concrete Structures [29].

Table 2. Concrete and steel bar physical and material properties.

Concrete Steel Bar
Density (kg/m?3) 2400 7800
Elastic modulus (GPa) 31.5 206
Poisson’s ratio 0.2 0.3
Yield stress (MPa) - 400
Dilation angle (°) 30 -
Eccentricity 0.1 -
Stress ratio 1.16 -
K 0.0667 -
Viscosity parameter 0.005 -

Table 3. Concrete tensile and compressive parameters.

Stress Inelastic Damage Stress Cracking Damage
(MPa) Strain Factor (MPa) Strain Factor
14.07 0 0 1.76 0 0
17.61 0.064 0.027 2.09 0.007 0.021
19.97 0.141 0.069 2.09 0.047 0.167
22.32 0.295 0.139 1.87 0.081 0.284
23.40 0.557 0.232 1.76 0.097 0.335
22.22 0.945 0.337 1.65 0.114 0.385
19.87 1.376 0.433 1.43 0.150 0.481
16.34 2.017 0.551 1.09 0.220 0.622
12.82 2.818 0.661 0.76 0.332 0.760
9.28 4.027 0.771 0.43 0.582 0.890

The contraction of tunnel and surrounding soil is modeled using the surface-to-surface contact
element, where the primary surface is assigned to the outer surface of the tunnel and the slave surface
to the surrounding soil. This contact relationship is based on penalty-based tangential behavior (with
a friction coefficient of 0.3) and normal hard contact settings. The reinforcement is treated as
embedded within the concrete tunnel.

3.3. Viscoelastic Boundaries and Seismic Waves

For a FEA model, a limited space is used to replace the infinite space based on artificial boundary
element simulation to improve the calculation effect, However, seismic wave behavior often results
in reflection phenomena on the assumption boundaries, which makes difficult to accurately simulate
the propagation of seismic waves to infinity. The viscoelastic artificial boundary is implemented by
placing springs and dampers in three directions at the boundary nodes. The viscoelastic artificial
boundary can absorb seismic reflected waves and simulate the elastic recovery capability of the
foundation, The stiffness and damping coefficients of the springs are as follows [30]:

o L At
NTITF¥A r ONT PP a3
16
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Here, Cy and C; is the damping coefficients in the normal and tangential directions,
respectively, and Ky and Ky is the springs' normal and tangential stiffness coefficients,
respectively. The density of the medium is p; the Lame constants of the medium are represented by
A; the shear modulus is symbolized by G; the velocities of the compressional and shear waves are
represented by ¢, and cg, respectively; and the distance between the geometric center of the
subterranean structure and the artificial boundary point or surface is indicated by r. For parameters
A and B, the suggested values are 0.8 and 1.1, respectively.

Figure 6. Finite element model with viscoelastic boundary.

According to the seismic hazard zoning map of China, the seismic intensity in Haikou is bigger
than VIl and the seismic acceleration peak value of 0.3g[31]. For UT, it is often designed to resist the
IX intensity because of its importance for maintence the lifeline system safety. For utility tunnels
under rivers, the hydrodynamic pressure fluctuations caused by ground motions in the transversal
direction of river during an earthquake are greater than that in water flowing direction, and having
been clearly observed in past earthquakes, the flowing direction can be regarded as an infinite flow
domain in this paper.

In order to simulate the effects of near-field earthquakes, the first 15 seconds of seismic waves
of the 1940 El Centro earthquake were used in this study. seismic waves are vertically inputted on
the bottom of the soil body as equivalent nodal forces.[32,33]. For irregular subsurface structures, it
is desirable to calculate both transverse and vertical horizontal seismic effects[34], therefore, the
effects of transverse (horizontal) and combined transverse + vertical seismic motions are discussed in
this paper.
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Figure 7. Acceleration time history curve of seismic motion.

3.4. Condition Settings

In this model, three different river water volume are assumpted in the river: no water, half-full
water and full water in river, corresponding to the dry season, normal flow period, and flood
condition, respectively. Since the direction of seismic excitation directly affects the buried utility
tunnels and hydrodynamic pressure, analyses were conducted using both unidirectional and
bidirectional seismic waves. It should be noted that, unidirectional seismic input refers to transverse
(horizontal) seismic motion, while bidirectional seismic input refers to the combination of transverse

and vertical seismic motions.

Table 4. Site conditions of models.

Site conditions Seismic excitation direction River water level
1 L Dry season(0m)
On?;voarilzeoic;s;ﬂon Half water level(4.365m)
Full water level(8.73m)
Dry season(0Om)
Half water level(4.365m)
Full water level(8.73m)

Two-way excitation
(Horizontal+Vertical )

N Ul = W IN

4. Results Analysis of Simulation Based on ABAQUS

4.1. Acceleration Analysis

Previous global seismic damage has shown that site effects have severe impacts on
structures[35]. For structures crossing the river, the seismic amplification effect caused by the
topography of river basin cannot be ignored. To investigate this site effect and hydrodynamic
pressure fluctuations due to seismic action on the lower utility tunnels, eight monitoring points (S,
Sb, S, Sd, Se, S, Sg, Sn) are arranged along the mid-section at the top of utility tunnel's in soil in (Figure
8).
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Figure 8. Monitoring point acceleration time course.

Figure 8 shows the time history of horizontal acceleration at various points during the dry
season(with no hydrodynamic pressure influence). It can be seen that the amplitude of the
acceleration history response curves varies from one monitoring point to another, and the peak
acceleration at some monitoring points is greater than 3.92 m/s?, indicating that the acceleration of
the soil around the utility tunnels is affected by acceleration amplification effect. The peak
acceleration and the peak acceleration amplification factors at each monitoring point under no
hydrodynamic pressure influence is listed in Table 5. Due to the topography effect, Large acceleration
amplification are observed at the mid-section of the utility tunnel located in the horizontal riverbank
section, the sinking section, and the riverbed horizontal section. Regardless of whether subjected to
unidirectional or bidirectional seismic excitation, an amplification effect of acceleration is
concentrated in the middle of the river, with the peak acceleration amplification factors of 1.93 and
1.95 occurring at the Sn point in the center of the river. When water is present in the river channel, the
fluctuations of hydrodynamic pressure under seismic excitation and their interaction with the
surrounding riverbank soil significantly affect the acceleration response characteristics of the soil
around the utility tunnel.

Table 5. Peak acceleration and Peak acceleration amplification factors at each monitoring point.

Monitoring

R Sa Sb Sc Sq Se St Sg Sh
points

z 7ty - - - - - - - - - - - - - -
Peak Acc 4.22 420 751 7.83 489 468 49 59 3.05 399 354 314 379 51 7.79 7.88
PAAF! 1.04 104 186 194 121 115 121 146 0.75 099 0.88 0.78 0.93 126 1.93 1.95

! peak acceleration amplification factors.

Figure 9 shows the peak acceleration amplification coefficients at each monitoring point under
different seismic excitation directions and water level changes in the river channel. The acceleration
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response near the river channel is affected by the more obvious water level changes, and the peak
acceleration amplification coefficients at the junction location of the river bank and the river bed,
point St, under unidirectional seismic effects are 0.88, 0.8, and 0.62 under the conditions of no-water,
half-water, and full-water, respectively, indicating that there is a decreasing trend of acceleration
amplification coefficient at this point with the rise of water level, and point Ss at the centre shows the
opposite. The maximum peak acceleration amplification coefficients at points Sg and Sk under bi-
directional seismic excitation occur under the no-water condition, and the peak acceleration values
at the monitoring points at the riverbank location are larger than those under the no-water condition
at the half-water and full-water conditions.

= 25 A dry season(H)
E (] O dry season(H+V)
o 4 half-water level(H)
& © half-water level (H+V)
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Figure 9. Relationship of acceleration amplification and water volume in the river.

The direction of seismic excitation has a significant effect on the peak acceleration at the
monitoring point, and the amplification factor of the peak acceleration is higher in the case of
bidirectional seismic excitation than in the case of unidirectional seismic excitation. This is different
at the central monitoring site S», which may be related to the unpredictable and complex scattering
of seismic waves within the flow field.

4.2. Influence of the Direction of Seismic Excitation

Herein, the paper takes the half-full water body condition of the river as an example to
investigate the impact of seismic excitation direction on the river-crossing section of the utility tunnel.
seismic waves are input into the model soil at the base, Sb, Sc, Sd, Sf, and Sh are established at the
utility tunnel cross-section,points a, b, ¢, and d are positioned at the four corners of the reference
sections. The reference section Sc represents the junction between the horizontal riverbank section
and the sinking section. The reference section Sf marks the boundary between the sinking section and
the horizontal riverbed section, while the reference section Sh is located at the midpoint of the
horizontal riverbed section, As shown in Figure 8.

Figure 10 illustrates the peak Mises stress at the vertices a, b, ¢, and d section. It is evident that
the peak Mises stress under bidirectional earthquake excitation (Figure 10 (a), (b), (c), (e)) is greater
than that under unidirectional input, particularly in the middle of the horizontal riverbed section of
the utility tunnel. Notably, regardless of whether the excitation is unidirectional or bidirectional, it
can be observed that at the section Sc, located at the junction of the horizontal riverbank section and
the sinking section, the Mises peak stress at the bottom points c and d is significantly greater than at
the top reference points a and b, All over 50%. Conversely, at the Sf section, which encompasses the
sinking section and the horizontal riverbed section, this trend is reversed. This indicates that under
the influence of seismic forces, the utility tunnel, experiences greater forces at the bottom where the
horizontal riverbank section transitions to the sinking section. In contrast, at the junction between the
sinking section and the horizontal riverbed section, the UT bears the greater forces, To further
analysis stress characteristic in UT, Figure 11 shows the Mises stress cloud at the Sc and Sf sections a
more intuitive observation of the stress distribution at the junctions under seismic loading.
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Figure 11. Mises stress clouds for reference sections Sc and Sf, ((a),(c) z unidirectional seismic
excitation; (b),(d) z+y Bidirectional seismic excitations).

Figure 12 depicts the Overall plastic damage distribution cloud map of the utility tunnel under
unidirectional and bidirectional seismic loading (15s). It is evident that under bidirectional seismic
excitation, the response of utility tunnel is greater compared to unidirectional seismic loading. The
bigger stress is primarily concentrated at the bottom and sides of the junction between the horizontal
riverbank section and the sinking section of the utility tunnel, as well as at the top and side walls at
the junction between the sinking section and the horizontal riverbed section. Combining the Mises
peak stress contour plot at the junction sections, it is evident that the parallel section of the utility
tunnel at the junction between the horizontal section and the sinking section is the most vulnerable
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area under seismic loading Figure 10. Under bidirectional seismic excitation, stress concentration and
damage evolution are greater than under unidirectional seismic excitation, it means that the utility
tunnel, bidirectional seismic verification should be conducted to ensure the seismic resilience of local
sections of the utility tunnel, especially in special site conditions such as river-crossing sections.

SDEG
(F: 75%)

(b)

Figure 12. Plastic damage distribution cloud map,(15s).((a) one seismic excitation, (b) two seismic
excitations.).

4.3. Characteristics of Hydrodynamic Pressure

To investigate the characteristics of hydrodynamic pressure response under varying seismic
excitation directions and water level changes, a comparative analysis of hydrodynamic pressure was
conducted. Figure 13 illustrates the hydrodynamic pressure distribution across the river cross-section
at maximum pressure locations for different water levels and seismic excitations. The hydrodynamic
pressure distribution at the full water level as an example, the hydrodynamic pressure distributions
under unidirectional and bidirectional seismic wave excitations is shown in Figure 13 (b) and (d),
respectively Under unidirectional seismic excitation, the maximum hydrodynamic pressure tends to
concentrate on both riverbanks, increasing from the water surface to the riverbed and gradually
decreasing towards the middle of the riverbed, with the maximum pressure on the left bank recorded
at 21.72 kPa. Notably, under bidirectional seismic excitation, the distribution of hydrodynamic
pressure in the river expands compared to unidirectional excitation. It gradually decreases from the
free water surface to the riverbed, with the maximum hydrodynamic pressure concentrated at the
bottom of the right bank, recorded at 36.77 MPa. This is due to the unidirectional seismic input being
oriented transversely across the river, primarily causing the model to respond seismically in the
transverse direction, resulting in significant oscillation of the water body in that direction and leading
to the concentration of maximum hydrodynamic pressure on both riverbanks. Conversely, the
bidirectional seismic excitation introduces vertical effects by simulating the concurrent action of
seismic P-waves and shear waves. The dual-direction influence increases the vertical oscillation
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forces on the water body, resulting in an expanded range of hydrodynamic pressure and a noticeable
increase in the maximum hydrodynamic pressure.
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Figure 13. Hydrodynamic pressure distribution cloud map ((a), (b) one seismic excitation; (c), (d) two
seismic excitation).

To further explore the spatial distribution of hydrodynamic pressure,reference paths(data
observation paths set at the bottom of the water) were established along the transverse cross-section
at maximum hydrodynamic pressure locations and at the bottom of the longitudinal mid-section of
the river. These reference paths illustrate the spatial distribution characteristics of hydrodynamic
pressure in the river channel. Figure 14 (a) and (b) present the hydrodynamic pressure distribution
curves along the transverse paths. The curves indicate peaks in hydrodynamic pressure at both
riverbanks. This observation, in conjunction with the hydrodynamic pressure distribution maps in
Figure 14, shows that, the peaks of transverse hydrodynamic pressure concentrate at the riverbanks
regardless of unidirectional or bidirectional seismic excitation. The curve for bidirectional seismic
excitation is higher than that for unidirectional excitation,the unidirectional excitation displaying a
minimum value in the middle of the river. the range of hydrodynamic pressure under bidirectional
excitation is broader, and a significant hydrodynamic pressure is produced in the central transverse
section of the river. Figure 14(c) and (d) depict the hydrodynamic pressure distribution along the
mid-section paths of the river in the longitudinal direction. Under bidirectional seismic excitation,
the river experiences a minimum value directly above the central section of the utility tunnel. The
hydrodynamic pressure distribution point identified by the water body model through a global
search is also located on one side of the central longitudinal section. This further indicates that under
bidirectional seismic excitation, a significant distribution of hydrodynamic pressure occurs on both
sides of the central longitudinal position.
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Figure 14. Hydrodynamic pressure on the reference path,( (a) and (b) Reference path across the river
direction, (c) and (d) Reference path in the direction of along the river.) .

Figure 15 shows the maximum hydrodynamic pressure with water volume changes. From
Figures 13 and 14, it is evident that high water levels significantly elevate the maximum values of
hydrodynamic pressure. It is important to note that the change in water level is not proportional to
the change in the water storage per unit length of the channels. In this study, the model sets the half-
channel water level at 4.365m, corresponding to a water storage of 212.9m? per unit length of the
channel, and the full-channel water level at 8.73m, with a water storage of 463.9m? per unit length of
the channel. different seismic excitation directions will have an impact on the distribution and peak
values of the maximum hydrodynamic pressure in the river (Figure 13-15). At the half-channel water
the maximum hydrodynamic pressure in bi-directional seismic excitation is 47% higher than that in
uni-directional seismic excitation. At the full-channel water level, the maximum hydrodynamic
pressure under bi-directional seismic excitation is 69% higher than under uni-directional seismic
excitation. In the same intensity uni-directional seismic excitation, the maximum hydrodynamic
pressure at the full-channel water level is 24% higher than at the half-channel water level. Similarly,
under the same bi-directional seismic excitation, the maximum hydrodynamic pressure at the full-
channel water level is 42% higher than at the half-channel water level.
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Figure 15. The variation of the maximum hydrodynamic pressure within the study area as a function
of river water depth..

4.4. Influence of River Level on Seismic Response of Utility Tunnels

it is evident that the utility tunnel suffered relatively greater damage under bi-directional
seismic excitation. To investigate the impact of water level variations in the river on the seismic
response of the lower utility tunnel, this study focuses on analyzing the seismic response of the utility
tunnel under bi-directional seismic excitation, particularly on the impact caused by water level
changes.

Under seismic forces, the water in the river produces not only hydrodynamic pressure, but a
certain energy dissipation and seismic reduction effect. Table 6 below presents the peak values of
combined displacement (U), Mises stress, compressive stress (DAMAGEC), tensile
stress(DAMAGET), overall stress plastic (SDEG), and acceleration (ACC) under bidirectional seismic
excitation for three water level conditions. to investigate the effect of river level on the displacement
response characteristics of UT, the displacement time-history curves of UT in the transverse and
vertical seismic excitation directions is illustrates in Figure 16.

Table 6. Peak field output.

Field output dry seasons half water level full water level
U(m) 2.418x10* 2.334x10" 2.246x10"
MISES(Pa) 1.419x10’ 1.299x10’ 9.984x10°
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DAMAGEC 3.060x101 2.657x101 2.414x10?1
DAMAGET 3.848x10* 3.848x101 3.848x10?

SDEG 5.174x101 4.623x10" 4.530x10*
ACC(m/s?) 0.620x10 0.821x10 0.896x10

In bidirectional seismic excitation, there is a tendency for the displacement effect of the utility
tunnels to decrease as the water level rises, but this effect is weak. This is due to the hydrodynamic
pressure effect of the water body in the river channel directly affecting the soil attached stress around
the river channel, which is then transferred to the buried utility tunnels, and the displacements of the
soil surface of the river channel are greatly disturbed, which have a smaller effect on the displacement
of the tube corridor at a greater depth of burial.
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Figure 16. Displacement history curve of monitoring points in the middle of the utility tunnel.((a)
Horizontal,(b) vertical).

As shown in Table 6, the maximum Mises stress of the tunnel decreases by 8% from a dry state
to a half-water level and by 53% from a half-water level to a full-water level. This indicates that the
presence of water in the river channel absorbs some of the seismic energy, thereby reducing the
internal forces within the tunnel. However, it is important to note that seismic activity is a continuous
force, and the presence of water in the river channel does not reduce the accumulation of internal
forces at any given moment. Figure 17 illustrates the internal force distribution curve of the tunnel
along the route direction direction at the end of seismic activity (15 s). the section bending moment,
shear force, and axial force increase with the rise of water level, and the bending moment vector is
mainly concentrated in the z-direction, while the bending moments in the transverse direction (x, y)
also appear, but they are significantly smaller than those in the z-direction, which indicates that the
tunnel is mainly subjected to a larger tendency of vertical bending deformation. In the internal force
diagrams shown in Figure 17(b), (d), and (f), axial forces in the z-direction and shear forces in the y-
direction are also the main internal forces acting, with the axial forces mainly manifested as
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compression. The rise in water level mitigates the damage to the tunnel to some extent, as can be seen
in Table 6, where the overall maximum compressive damage (DAMAGEC) and overall plastic
damage (SDEG) are reduced.
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Figure 17. Bending moment and Internal force distribution curve of the utility tunnel.

To identify the seismic damage locations in the utility tunnel, Figure 18 illustrates the tensile and
compressive damage distribution cloud maps of UT. The deformation coefficients of these damage
distribution cloud maps were scaled up proportionality in order to show the deformation trend of
the utility tunnels more clearly.
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Figure 18. Tensile damage, Compressive damage distribution cloud map.
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Due to the effects of valley site conditions, the layout of the utility tunnel, and water coupling,
damage to the utility tunnel is primarily concentrated at the junctions of the parallel and Sinking
sections, extending towards both ends. The extent and area of tensile damage are significantly greater
than those of compressive damage, as shown in Figure 18. Additionally, as water depth increases,
compressive damage to the utility tunnel tends to decrease (Table 6), likely due to the suppressive
effect of the overlying river water on the overall seismic response of the riverbed[36]. At 15s of seismic
action, the utility tunnel mainly is bending deformation. Further studies reveal that this damage
characteristic is consistent under the specified conditions, indicating that the junctions are the
primary damage points. It is recommended to design smooth transitions at the junctions of the utility
tunnel in river-crossing sections to minimize stress concentration, Increasing the burial depth
appropriately can improve the soil pressure on the upper of the tunnel.

According to the simulation, it has been found that the earthquake acton causes the water body
in the river channel to oscillate. This oscillation leads to alternating water level fluctuations, the water
elevation will be uplift in one side, but the other side the water level will drop down., the
hydrodynamic pressure greatly changes across the river section and causes a concentrated
increasment in soil pressure at the lower portion of the riverbed and river bank or soil pressure
decrement in the part of water volume reduction . This changed soil pressure leads to increased
tensile stress at the junction of the UT sinking section and the horizontal section of the riverbed,
contributing significantly to potential damage at this zone.

Furthermore, the silt and slity clay in the river and bank is susceptible to take liquefaction and
settlement under earthquake action. In liquefaction, UT will bear the the uplift force due to the ultra-
pore water pressure in the beginning and then bear the downward pressure force afer the liquefacton.
And the soil settlement is also easy to increase the stress of UT, and make the UT easily damage.

5. Conclusions

In this paper, a 3D model of a water-soil-utility tunnel is established with three-dimensional
viscoelastic boundaries imposed at the truncated boundaries of the soil body, and the seismic load is
equivalent as nodal forces. Based on the Westergaard solution and relation of acoustic-solid
interaction to simulate the flow-solid coupling, seismic dynamic response characteristics and damage
distribution of UT under the section of the river channel are investigated. The main conclusions are
summarized below:

(1) By comparing with Westergaard's analytical solution, it is verified that the coupled flow-
solid interaction simulation using the acoustic module in ABAQUS can accurately calculate the
hydrodynamic pressure in the watershed.

(2) Buried utility tunnels across river will be subject to acceleration amplification and
aggregation effects, and acceleration amplification effects will be exhibited around the soil-structure
in the center section of the river channel, and changes in the water level of the river channel will make
the distribution of this acceleration response affective; the peak acceleration amplification factors are
larger under bidirectional seismic excitation than under unidirectional excitation, although this
response characteristic varies from site to site, and in the different locations.

(3) Under seismic forces, areas of tensile and compressive damage in utility tunnels are
concentrated at the horizontal-sinking junction and extend to both ends. The damage in the utility
tunnel was exacerbated by the bi-directional seismic excitation.

(4) Under two-way seismic excitation, the water body generates large hydrodynamic pressures,
which increase significantly as the water level rises. The maximum hydrodynamic pressure under
unidirectional seismic excitation is mainly concentrated at the bottom of the riverbanks on both sides.
However, bidirectional seismic excitation expands the range of maximum hydrodynamic pressure
and exacerbates its effect on the riverbed.

(5) Mises stresses and DAMAGEC in the utility tunnels were reduced by the rise in the river
level, which had a negligible effect on the displacement response. This reduction may be attributed
to the damping effect and energy dissipation of the river water body that suppresses the river bed.
This phenomenon deserves further investigation in future studies.
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