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Abstract

Accounting for fluid-solid coupling in saturated underwater soils, the scattering problem of underwater tunnel
under plane SV-wave incidence is investigated by using the Fourier-Bessel series expansion method of wave
function. Numerical examples analyze the effects of incident wave angle, frequency, tunnel burial depth, and
porosity on displacement at the water-soil interface and dynamic stress concentration on the tunnel surface.
When n=0.5, increasing the incident angle reduces horizontal displacement by up to 39.3%, increases vertical
displacement by up to 96.2%, and raises the Dynamic Stress Concentration Factor (DSCF) on the tunnel surface
by 65.6%. Porosity shows minimal impact on stress and displacement. As porosity increases, horizontal
displacement decreases by up to 2.1%, vertical displacement increases by approximately 1.23%, and DSCF
decreases by 1.2%. As incident frequency increases, displacement and stress distributions become more
complex, with more pronounced peaks, and troughs. Maximum horizontal displacement increases by 86.4%,
and vertical displacement by 91.2%. Displacement and stress concentration are most pronounced above the
tunnel under shallow burial conditions.
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1 INTRODUCTION

The rapid growth of marine engineering and the expansion of critical underwater infrastructures, such as subsea
tunnels and submarine gas pipelines, have led to in-creased construction in seafloor sediments, raising concerns about
seismic activity in these environments. Underwater tunnels serve as crucial hubs for transportation and logistics,
possessing significant economic and social value. However, the safety of underwater tunnels under seismic forces is
directly related to the safety of lives and property. If the tunnel is damaged by an earthquake, it could result in significant
eco-nomic loss and potentially catastrophic consequences. The core of research into the seismic response of underwater
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tunnels lies in exploring the scattering effects of seismic waves, particularly their propagation mechanisms in complex
geological structures and under the coverage of seawater.

The study of plane wave scattering around tunnels has attracted considerable attention from scholars both at home
and abroad, laying a crucial foundation for exploring the seismic response mechanism of land-based tunnels. Pao (1973)
first applied the wave function expansion method to investigate dynamic stress concentration caused by elastic wave
incidence in an infinite space with a cavity. Lee and Trifunac (1970) later extended the study to half-space and derived a
solution for SH wave incidence on a half-space cavity. Cao and Lee (1979, 1989), along with Todorovska (1990, 1991),
explored the scattering effects of P, SV, and Rayleigh waves under concave terrain using the large circular arc assumption.
Davis and Lee (2001) derived an analytical solution for SV wave scattering around underground cavities and pipelines.
Liang et al. (2003, 2004, 2005) derived analytical solutions for scattered waves around single tunnels, twin tunnels, and
tunnel groups in single-phase half-space. Zhang et al. (2022) derives an analytical solution for the dynamic response of a
circular lined tunnel under plane SH wave scattering, revealing the mechanism by which a partially imperfect interface
affects the stress and displacement fields in tunnel linings. Liang et al. (2023) propose a complex function solution for
the scattering of plane SH waves by circular tunnels in a nonlocal fractional-order viscoelastic half-space. Zhao et al. (2023)
present a semi-analytical solution for the 3D scattering of plane harmonic waves by a cylindrical tunnel in an elastic half-
space.

Traditional elastic wave theory, based on single-phase solid media. To accurately simulate seismic wave propagation
in saturated sites, the interaction of multiphase media in the soil must be considered. Scholars have made significant
progress in studying wave propagation in two-phase saturated media based on Biot’s poroelastic theory (Biot., 19564,
1956b). Zimmerman and Stern (1993) applied Biot wave theory to investigate wave scattering in porous media, while
Senjuntichat et al. (1993) focused on wave interactions with sealed circular cavities in a full-space environment. Both
Liang and Ba (2007a, 2007b), along with Li and Zhao (2004, 2008), employed the wave function expansion method to
solve scattering problems of P-waves and SV waves in saturated soil half-space, focusing on unlined and circular cavities,
respectively. Xu et al. (2019) derived an analytical solution for the scattering of plane P-waves around a single-layer lined
tunnel. Liu et al. (2024) solve the SV-wave scattering problem for convex circular topography with seawater and an
underlying tunnel in a saturated half-space. Zhu et al. (2024) and Yuan et al. (2024) investigate ground motion
amplification and vibrations induced by twin tunnels in saturated poroelastic soil, utilizing both numerical and analytical
models to analyze seismic wave responses. Liu et al. (2021, 2022) used the indirect boundary element method and
boundary integral equation method to solve seismic wave diffraction problems in fluid-saturated and three-dimensional
layered half-spaces.

The seawater adds complexity to the seismic response of underwater sites compared to land-based locations. Feng
et al. (2023) used numerical methods to solve the scattering problem of plane SV waves in a semicircular canyon with a
water layer. Liu et al. (2021, 2023) investigated P-wave scattering in arc-shaped sites with water-saturated biphasic media
and V-shaped canyons with partial water coverage. These studies show that a water layer significantly influences seismic
ground motion characteristics at local terrain sites. Research on elastic wave scattering by tunnels in underwater soils
remains limited. Analyzing SV wave scattering helps simulate the forces and damage mechanisms exerted by seismic
waves on tunnels and other long linear structures. This provides critical theoretical support for seismic design of
underwater tunnels and offers reference value for the safety design of subsea tunnels and seismic response analysis in
complex sites.

Current seismic analysis of tunnel structures in aquatic environments mainly examines wave scattering in tunnels
without overlying water, limiting its relevance to real-world scenarios involving water saturation. Seismic response
research is needed for water-covered, non-planar, two-phase medium sites. The dynamic interaction between water,
saturated soil, and the structure is considered, accounting for wave reflection, absorption by the water layer, and the
fluid-solid coupling of the underwater soil. The water layer is modeled as an ideal fluid, and the underwater soil as a
saturated porous medium. Using fluid wave theory and Biot’s saturated porous medium theory, the Fourier-Bessel series
method provides an analytical solution for the scattering of plane SV waves around an unlined underwater tunnel.
Numerical simulations analyze how incident angle, wave frequency, tunnel depth, and porosity affect horizontal and
vertical displacements, and the dynamic stress concentration factor (DSCF) at the water-soil interface and tunnel surface.
This study uncovers the fluid-solid coupling mechanisms in the water-soil-structure system during seismic events,
offering theoretical support for the seismic design of underwater tunnels.



2 Model and basic equations

The underwater soil layer is modeled as a saturated porous medium, with the analytical model depicted in Figure
1. This model consists of a tunnel, saturated soil, and a seawater layer. The tunnel is located within the saturated soil
layer. The site model adopts Cartesian coordinate systems (x, y), (x1, y1), (X2, ¥2), and cylindrical coordinate systems (r,
61), (r2, 6). The tunnel has a radius "a" and depth "d," with the seawater layer thickness "h" and the tunnel's center at
point O;. It is assumed that the seawater layer in the model is an ideal fluid medium, and the saturated soil layer is a two-
phase saturated porous medium.

Figure 1 Site model.

The constitutive and motion equations for the fluid are as follows (Wang., 1984):
-B, = K,V Uy (1)

K, VV Uy, = p, Uy, (2)

where F;, denotes the hydrodynamic pressure; K, represents the bulk modulus; py, is the density of water; Uy,
represents the displacement vector of water.
The displacement vector Uy, of the water layer can be expressed using the potential function @y 1 @S follows:

Uy, =V (3)
The Egs. (1) and (2) are expressed by potential functions as:

—By, = K, Vi (4)

Ky Vo = pyéiy (5)

The P-wave velocity and wavenumber in the water layer are expressed as follows:

Gy =y KW/PW (6
)
ky = 25 ]\ ow [ Ky (7)
The underwater soil layer is modeled as saturated soil, with the following assumptions: (1) The soil skeleton is an
elastic, porous medium, and the soil particles are incompressible; (2) The pore water is a compressible ideal fluid, flowing
through the soil according to Darcy's law; (3) The soil is statistically isotropic, with uniformly distributed, interconnected
pores; (4) A coupling effect exists between adjacent phases; (5) Seepage force accounts for both viscous forces in the
pore water and resistance from the tortuous pore channels; (6) Temperature and other effects on the wave equation are
temporarily ignored.

Based on Biot's theory, the fundamental equations for saturated porous media are as follows (Zhou et al., 2013):
Physics equations:

1
0, =2ue; + (Mg, —ap)by, (= agy + Mp (8)

Geometric equation:



gy = %(ui,j + ;) (9)
Motion equation:

0y = piiy + pyiil, —p; = pyiiy 4 miil + bl (10)

where: aij'jand p denote the total stress component of the saturated porous medium and the pore fluid pressure,

respectively; (= _uzfz and g — “jj (i,j=1,2,3); (L = S\ f) represents the displacement of the solid skeleton and

the relative displacement of the fluid. . is used to define the respective components of the saturated soil. ) and x are
Lamé constants; p = m, /| ke where n, i the fluid viscosity coefficient of the saturated soil, and k, represents the

permeability coefficient. o and s are Biot parameters representing material compressibility, where o, =1 — Kb/KS
,and 1/ M=(a—n)/ K +n/ K. n isthe porosity. K, is the bulk modulus of the solid skeleton, [ is the bulk
modulus of the solid particles, and KT is the bulk modulus of the pore fluid. 9 — pf /n represents a parameter
related to the mass density of pore water and the geometric characteristics of the pores; p=0-n)p" +n pf

represents the mass density of the mixture, and p* and pf represent the densities of the solid and liquid phases,
respectively.

The governing equation for the dynamic response of saturated soil is derived from Equations (8) to (10):
uNV* S 4 grad[(p 4+ A 4+ o2M)6] — grad(aM() = p @ + pliit (11)
KWV2§0W = pwgb?/[/ (12)

Based on the Helmholtz vector decomposition theorem, the displacement vector in saturated soil can be expressed
as:
u® =V + VX

RS Vs (13)

u = Vg, +V Xy,

When SV wave is incident, with circular frequency w and incident angle &s, the incident wave can be expressed as:
W T,y = stexp[ikjs asinf, — ycost, — iwt] (14)
where kis is the wave number of SV wave. exp(iwt) is left out for simplicity, the above equations could be expressed as:

2

¢ zy = A explik(zsind ; —ycost, )] (15)
The SV wave generates reflected P1, P2, and SV waves at the water-soil interface, along with transmitted and

reflected P waves in the water. The wave potential functions are expressed as:

In saturated soil:

goﬁpl .y zﬁplexp[ikrpl asin@rp1+ycosﬁrp1 ] (16)
Crp TY = &erxp[ikrPQ asing, ,+ycosd, ] (17)
W, TY = B;Sexp[ikrS asind, . + ycost ] (18)

Where kip1, krp2 and ks represent the wavenumbers of reflected P1, P> and S wave respectively; Gp1, Gp2 and s
represent the reflection angles. Alfpl' Arbp2 and B!, represent the amplitude for the reflected waves in ;. phase media

and the relationship between the amplitude values is 6, = Affpl//]fpl » Oy = Apr/AfPQ .

In the water layer:
Transmission P wave:

@ wy = Ayexplik, (500, — yzcos0, )] (19)

Reflected P wave:

W

@ my = Alexplik (z;8in0, + yzcosd, )] (20)



Where AtVIV) and AI‘; are the amplitude coefficients of the transmitted and the reflected P waves, respectively, k, is the

wave number, ew is the reflection angle.

In cylindrical coordinates, it can be expressed as:

v, 1m0, = B.exp idk cost, exp[—ilﬂlsrlcos 0, + 0 ] (212)
90;p1(7"1=01) = Ar‘plexp( idk, 1(:080rp1)exp[ik]r (rcos(6, — 0rp1)] (22)
Sle'pQ(rl’Hl) = ATO;JQGXP( idk; QCOSGrpQ)eXp[lkrpQTICOS(el 0rp2 )] (23)
v, 1.0, = B exp —idk_cosO exp[ikrsrlcos 0 — 0 ] (24)
o Ty = Ai‘gexp[ikw(d +h)cous]eXp[—ichos 0, +0, ] (25)
o Ty = Ar‘gexp[—ikw(d + h)cos@w]exp[ikwcos 0, —0, ] (26)
The above equation is expanded into Fourier-Bessel series form:
wf%m Tl’ Z‘] 03 nSlnnel + D()& n cosnﬁl (27)
;vpl ’/’1, Z rplrl 01 nCOS’I’Le + D()lnsu’lnel (28)
n=0
1p2 71’0) Z‘] (kIpQTI 02, WCOS’H,Q + DOQ 7,611’1’[’[,01) (29)
n=0
ol (1,0) = > T, (ki N(Cyy cosnb) + Dy, cosnb,) (30)
where:
Coz, = €,1"sinnd, l—B.fs —1 "exp idk cost, + B'exp —idk_ cos, ] (31)
Dy, = g,i"cosnd,, [Bi -1 ”exp idk cosO,, + Bl exp —idk cos0, ‘ (32)
001,n = Ar 1E,1"cosnb, 16xp —idk cos0, (33)
Dy = Ay, sinnd, jexp —idk,  cost, (34)
Cozn = A1 5,1 cosnp | p2eXp -idk, ,c080, (35)
Dy, = Ape,i"sinnd, pexp -idk, ,cos0, (36)
Coy,, = €,1"cosnd {[(—1)"expli(d + )k cosO, | + AVexp[ —i(d + h)k,cosO, ]} (37)
Dy, = ¢&,i"sinnf { — ( —1)"exp[i(d + h)k_cosO, ] + AVexp| —i(d + h)k cos0,_ |} (38)

where: €,=2 when n=0, &, = 2 when n21.

In the saturated soil layer, scattered P1, P2, and SV waves are generated by both the circular tunnel and the large
circular arc approximation. The scattered wave fields in the saturated soil and water layers are represented by Fourier-
Bessel series. In the ri-61 coordinate system, the scattered wave field from the circular arc boundary satisfies the
Sommerfeld condition at infinity, allowing the Fourier-Bessel series to be expressed as:

In saturated soil:

. 1
Sodpl Tl’ Z H rplrl Cll,ncosnel + Dll n é'lnnel (39)

2 1
Phpn 1101 ZH Koty Cia,cosnf, + Dy, sinnf, (40)



Yo 1.0 ZH kg 14nSlnn9 + 14ncosn01 (41)
n=0

where J and g7t are Bessel functions and Hankel functions, respectively.
d n

As all wave potential functions are in the (r1, 61) coordinate system, satisfying the boundary condition at y=0 is
challenging. This study adopts the method from references (Cao and Lee., 1979, 1989), using a circular arc with radius R
and center at O; (Figure 1) to simulate the water-soil interface and the free surface of the water layer. Therefore, the
results represent an approximate analytical solution. Studies (Ma et al., 2023; Liang et al., 2001; Shi et al., 2024; Zhao et
al., 2024) indicate that when the radius of the large circular arc R is sufficiently large (R >> a), such as R > 50a, the
computational error from this approximation is minimal, yielding satisfactory results.

In the r2- 6 coordinate system, the scattering wave field is generated due to the existence of the large arc boundary,
which is expressed as follows:

In saturated soil:

2 .
apl 7,0, ZJ rpl 21mcosm@ —|—D217ms1nrm92 (42)
ap2 7,0, ZJ krp27"2 22mcosm@ —|—D22ms1nmt92 (43)
m=0
Vas Tobs ZJ kg, Gy msmme +D24 1 COSTNY, (44)
m=0

In the water layer:

90,31 7ﬂ2’ Z‘]m(k 712) 31mCObm0 + él)mSIDTTL@Q) (45)

SO;E(Q’QZ) Z m k TQ 32)ncosme + §2)7L8111m92) (46)

The total wave potential function is:
In saturated soil:

¢ =Gt e T P T Pape T apr T a2 (47)

Vi =it T T (48)
In the water layer:

N o A e o (49)
According to the Graf addition formula, the above wave function is transformed into coordinates:

PV =l +of o e (50)

where D is the distance from O1 point to O; point, Cn() can be J, () functionor fr 1 ()function.
g Y n

Therefore, the coordinate transformation of Eq. (39) - (46) can be obtained:

g&dpl 7,0, ZJ anosmO +D1(1>n51nm02) (51)
m=0

Pupa (T9:05) = ZJ KT (Cmncosme + 1(2>ns1nm02) (52)
m=0

P (1,0, ZJ T (C’mnsmmt? + 13)ncosm92) (53)
m=0

Pop1 (11,0)) ZJ - 21ncosm? + él)nsmn@) (54)

n=0



(1,0, ZJ 22 ncosn@ + DéQ)nsan ) (55)

ap2
n=0
t (1,0, ZJ 1) ( C§3> sinnd, + D23 ncosn@ ) (56)
n=>0
o (r,0,) = ZJ W11 (C. 31 ncosn@ + Dél)nsmm? ) (57)
n=0
R Z (kyym)( 32 mcosm@ + D§2)msmm9) (58)
m=0
where:
2 1
Cl(lv)m 0o FQ:;H (krplD) Cl( 1,)71
Clow | =22 F2;, (k,,D) 1, (59)
Dl(i)m n=0 F 2:;’” (k’m D ) Dl(ﬁll?n
2 _ 1
Dl(l)m o F2nm (krpl‘D) Dl(l,)n
DR 1= F2,, (k,,D) D), (60)
Cl(i)m n=0 F2;m (krsD) Cﬁ?n
1 2
Cél)n f‘jlJr ( pl ) Cél,)m
Cin | 1, (kD) Ciprn
1 + 1
Cél?n = Z Flnm (ka) Ci(%l%m (61)
1 + 2
Dé?))n Flnm (k D) D£3)TIL
1 2
Dy, F1,, (kD) gy,
1 2
DéZ)n 0 F]-; (krp2D) Dé??m
1 - 1
Dél?n = Z Flnm(k D) Dél?m (62)
1 n=0 _ 1
D§2)n Flnm (k“D) Dg’)?)q,m
1 - 2
C£3)‘n Fl”"b (kTSD) C£3‘)m
where:
1
F1,, (kD) = =¢,[J, ., (kD) £ (=1)"J,_, (kD)] (63)
F2E (kD)= e [H (kD)% (—1)'H, (kD)] (64)

This research assumes that the surface and the tunnel surface are permeable boundaries, and the boundary
conditions are as follows:
On the surface of the water r,=R+h:

W

Ty = 0 (65)
On the tunnel surface n=a:

U7S'7' = 07 079 O7Ur7 =0 (66)

At the soil-water interface T, =R



1—n uf + nu} =u
oy +op =0y

071;, = —no,

afg =0

The stress can be written as the following form:
In the water layer:

82<,DW 82<,DW

7w = Hwl 912 9> )
a9
Y dy
In saturated soil:
82¢s 821/}5
oS = (A4 >M)V3® + aMV3et +2 +
o = ( )V @ u(ayQ 9207
o 82SOS 82¢S 82¢s
oy =20 M— =)
8SOS 8¢S
U?ﬁy = —M(V?¢; + aVi), ui = oy + e
S S f f
WS =09 0 _9e O
‘ Ox oy Y 0z Oz

The expression in the cylindrical coordinate system is:

In the water layer:
’ 82 W 190V 1 82 W
7h = K (o T
or* 1 9r  r? 96

)

w a( v
4= (‘;07“
In saturated soil:
82,58 . 13_908 laQ‘PS
or? r or r? 96*
ot 109" 1 0% %S 19%S 1 9yS
o roron 12 o0 ]

+aM

oS = (A +a’M)

T

- + 2
Ar? r or r? 96° s

059 _y 182QDS B lawS l82'//5 18WS B 82l//S
" rordd 2 00 r2 962 r Or or?
82 f ) f 82 f 82 S ) S 82 S
of = (Z¥ 197 100 g, |9 1007, 109
or* r Ir  ? 90? or* 1 Or  ? 99

¢S oS o¢S  oyS
u§:¢+ll/"u§:1§0 4
ar r 00 r 00 or
s 1o 1oy

= , Uy = ——— R A—
T oor roe’ "y o0 or
where: The subscripts rr and r represent the radial direction, and r0 and 0 represent the tangential direction.
Bringing Eq. (57) and Eq. (58) into boundary condition (65):

Z V;ll m, R + hw (Cgim)cosm02+z V;ll m, R 4+ hw (D:,im sinmo,
m=0 m=0

+3°Va? mR 4 hw (CB;W)cosmHQJrZ Vol mR+hw (Dg;m)simne2 -0

m=0 m=0

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)



In order to satisfy the above equation, Equation (77) must satisfy:

s 1 2
Vi, m,R+hw C’3Lm _o 9
N s 2 — Y32m
Vaio m,R+ hw
51 D2 (78)
Ve, mR+hw Dy _p?
- s 2 32,m
Voo m,R+ hw
Bringing Eq. (39)-(41) and Eq. (54)-(56) into boundary condition (66):
1 cosnb
(3) (3) (3)
o | Eir mb o Efy onbo BN T onb Cllm sinnel
SOIESY mb o EXYonb o B onb Oy, e
n=0 | | cosnd,
= s(3) s(3) 1
Esy nb o E3 onbd 0 013_” cosnf,
JoRs) @5(1) @<1>+ (‘ﬁ? Cypn cosnd,
- Ei<111 )- 1<112 )- (1) : Q c " || sinnd,
Z 211 @12 @214 (,j22,7L 021 [ cosnd +
n=0 s(1) s(1) !
Egy @312 7@ 0 Cz?? Coan cosnb,
. (79)
$(3) (3) s(3)- N sinng
. Eny @112 70114 (, cosn@l
Es(3)+ 1@ ﬁs(3)+ 1@ )5(3) B 1 +
nz:% Ei&s) «(3) 0 ] sinnf,
311 7Oi‘:m 7@ 3, sinnd,
D ) (- R 'O sinnd 0
00 Efn @fw 7@1814 (,321#1 DOM cosn@l 0
(D (D (D gy € 3 1]
Z E;ll * @ - @ (,)22.n D()2.7L sinnd - 0
n=0 s(1) s(1) 1
Eg @312 7@ 0 DQ?? Do3,n sinnd, 0
Bringing Eq. (42)-(44) and Eq. (51)-(53) into boundary condition (67):
1 s 1
Vin mR cosmo, Vin mR sinmé,
o) s 1 e s 1 .
V. R cosm, v, R sinme,
Z 211 M (033’771) 2 +Z o11 M (Dgfm) : 2
m=0 V;Hl m,R cosmb, | = V;Hl m, R ™| sinmé,
0 sinm@, 0 cosmb,
Vi %;R ) cosmd, Vi QRR ) sinmé),
+§: VQll Z% R :?32 COS’I”IIQ2 +§: V;HX iCR :QJQ Sinm92 _
1 " cosmb s ] M sinmé
m=0 V3112<?@ ) ) 2l m=0\Vyyy R ) 2
sinmd, 0 cosmb,
(80)

(o]
m=0

m=0 E?j(lll) ();(11; () 0

(1) (1) (1D+ )
Ej @ )3512 ( )513 ( : @) cosmd,
12,m + 022 m

’ cosmd,

13,m + CQS,m sinm92

B @)ﬁ? LD EQ 0,1 cosm,

P DL T

A <D I G e < sinmd,
AR G SR (D T QD sinmf
E§<111> ()531; () 0 12,m sinmé,
E4q<111> ( (1) ( j(ll; ( 13,m cosmdb,

where:
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pj Tpj Tpj

Elsli : m,R = F2mp —C”il k. k. + ani k.o + C'ni k.r
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s 1 i

; 1
E,, mR =-2|-C | krkr+C' k.r [n — §kr52r2 + mz))u
1 ; ]
Ey; " mR =+2m —C, | kr k r+ m+1C' kr pn
1) _ 2 i
E§11] m,R =Mk~ a+6&, c' kT

3 Verification

Introducing a dimensionless frequency:
n = 2a/A, (81)
Based on the Cauchy (Zhong and Zhang., 2010; Yang., 2009) criterion, the convergence of the displacement error is
determined:
en;n,0 =lunt+lin 0 —umnmnb | (82)
As shown in Figure 2, at the midpoint on the tunnel surface (x=0, y=h), the relationship between computational
error and truncation terms demonstrates the reasonableness of the chosen truncation terms.
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Figure 2 The curve of error

Based on Zhong et al. (2010) the large circular arc radius R is set to 107a, which ensures the accuracy of numerical
calculations. To verify the accuracy, the underwater tunnel is simplified to a circular tunnel in a saturated half-space.
Detailed parameters are provided in reference (Liang and Liu., 2009). As shown in Figure 3, compared to the solution
derived by Liang et al. (2009) using the indirect boundary integral equation method, the displacement distribution curves
are generally similar, with only minor local deviations. At the tunnel center (x=0, y=d), the horizontal displacement differs
by 0.7%, while the vertical displacement shows a 10.6% difference. On both tunnel sides (x=ta, y=0), the horizontal
displacement varies by 4.7% and the vertical displacement by 7.3%. These minor differences are primarily due to the
distinct methods used in this study and the literature, but both solutions exhibit the same trend, validating the method's
correctness.
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Figure 3 The curve of comparative verification.

4 Example analysis

This section analyzes the effects of SV wave incidence, incident angle, frequency, tunnel burial depth, and soil
porosity on horizontal displacement, vertical displacement at the water-soil interface, and DSCF on the tunnel surface.
For the computational analysis, the water layer's bulk modulus Ky, is 2000 MPa, and its density py is 1000 kg/m3. Physical
and mechanical parameters for the saturated soil site are adopted from reference (Liu., 2015), as shown in Table 1.

Table 1. Physical and mechanical parameters

. . Solid
Material . Density of soil ~ Density of V|sc?§|ty Bulk Bulk Skeleton
Porosity . L coefficient modulus of modulus of
parameters particle liquid . . . L Bulk
of solid soil particles liquid
Modulus
Symbol n ps pf T’b Ks Kf K
(unit) (Kg/m?) (Kg/m?) (Pass) (GPa) (GPa) (MPa)
Magnitude 0.3 2650 1000 1x103 36 2 24
Material Permeability Lamé Lamé
parameters coefficient constant constant
Symbol Ky o2 A
(unit) (m/s) (GPa) (GPa)
Magnitude 1x1012 18 12

4.1 Influence of incidence angle

Figures 4 and 5 illustrate the impact of incident angle (&8s = 0°, 15°, 30°) and frequency (n = 0.5, 1, 2) on the
displacement at the water-soil interface and the Dynamic Stress Concentration Factor (DSCF) around the tunnel. As
shown in figure 4, at a low frequency (1 = 0.5), the maximum horizontal displacement occurs at &, = 0°, suggesting that
for nearly vertical wave incidence, the horizontal response dominate. In contrast, vertical displacement reaches its peak
at < =30°, indicating that as the angle of incidence increases, vertical forces become more significant. This finding implies
that tunnels subjected to seismic waves from larger angles might experience greater vertical stress, which is critical for
structural design in seismic regions. As the frequency increases to n = 1.0, the trend remains consistent, with horizontal
displacement decreasing and vertical displacement increasing as the incident angle grows. This suggests that higher
frequencies combined with steep angles of incidence amplify vertical stresses, potentially leading to greater deformation
along the tunnel walls, requiring reinforcement in tunnel design for high-frequency seismic events. At n = 2.0, horizontal
displacement near the tunnel top (-1 < x/a < 1) is smaller than on the sides, showing that at higher frequencies, wave
interaction becomes more localized around the tunnel sides. In terms of stress concentration, Figure 5 highlights that
DSCF reaches its peak at 8 = 30°, with its maximum value growing with increasing incidence angle. This suggests that,
for underwater tunnels, obliquely incident seismic waves impose the highest stresses, especially at moderate to high
frequencies. In practical terms, tunnel designs in regions prone to oblique seismic waves should prioritize stress
management and include reinforcement strategies at critical points along the tunnel structure.
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4.2 Influence of incident frequency

Figure 6 shows the variation curves of displacements at the water-soil interface of dimensionless frequency for an
SV wave incident at &; =30°. From Figure 6, it can be observed that the displacements at the water-soil interface vary
significantly under different frequencies. As the incident wave frequency increases, the spatial distribution of
displacement amplitude becomes more complex. On the incident wave side, the displacement distribution at the water-
soil interface shows stronger spatial variations than the opposite side, with higher peak displacement amplitudes. The
maximum displacement is also more frequently observed on the incident wave side. The tunnel reflects the wave on the
incident side, causing wave energy to concentrate due to interference, leading to more complex displacements at the
water-soil interface. On the opposite side, the tunnel shields the wave, weakening the oscillation and resulting in smaller
displacement amplitudes, a result of the tunnel's filtering effect. These findings suggest that tunnel in high-frequency
seismic events may experience concentrated stress and displacement on the incident side, which could impact the
structural integrity and stability of underwater or underground tunnels. This highlights the importance of considering
incident wave frequency in the seismic design of tunnels, as it directly affects the distribution displacement, especially in
scenarios where complex wave interactions occur at the interface.
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4.3 Influence of buried depth

Figures 7 and 8 illustrate the variation curves of displacements at the water-soil interface, along with the DSCF
distribution on the tunnel surface, for different burial depths (h/a=2, h/a=5, h/a=10) under SV wave incidence at
dimensionless frequencies 7=0.5, 1, and 2 and an angle of & =30°. The corresponding burial depths represent shallow,
reference, and deep burial conditions. Overall, under shallow burial conditions, the horizontal and vertical displacement
distribution curves at the water-soil interface are relatively complex. At 77=0.5, the horizontal displacement above the
tunnel (—1<x/a<1) decreases as burial depth increases, whereas the vertical displacement increases. On the right side of
the tunnel (x/a >1), both horizontal and vertical displacements at the water-soil interface decrease as the burial depth
increases. This indicates that greater burial depth mitigates the displacement response, reducing the direct seismic
impact on the tunnel. The deeper the tunnel, the more effective the soil's buffering effect becomes, diminishing wave-
induced displacements. The DSCF on the tunnel surface reaches its maximum when the tunnel is deeply buried. Although
deep burial reduces displacement, the increased stress concentration suggests that additional seismic design
considerations are necessary to handle the amplified stresses at the tunnel walls. At 77=1, the maximum displacements
occur at h/a=5, near x/a =-1 and x/a =1. At this moment, the maximum dynamic stress concentration factor for deep
burial occurs at the lower left of the tunnel (61=60°). At a frequency of 77=2, the maximum horizontal and vertical
displacements under shallow burial conditions, as well as the maximum DSCF also occur at the top of the tunnel (6,=90°).
This demonstrates that high-frequency waves induce pronounced stress concentrations and displacements at the tunnel
crown in shallow burial conditions, which could lead to structural fatigue or failure over time. Therefore, for shallow
tunnels, especially under high-frequency seismic wave exposure, strengthening the tunnel's crown is essential for seismic
resilience.

2.0 1.0
sl T Ma=2 - = Wa=5 == Wa=10 08F — ha=2 = —hla=5 — - hla=10
E’ Lol g 0.6 -
0.4
——————
0.2
00 1 1 1 1 1 1 1 0.0 L L L L L L L
403 2 a1 0 1 2 3 4 4 3 20 - 0 1 2 3 4
x/a x/a
(a) |ux|» 7=0.5 (b) luyl, ©=0.5
4 4
s — wa=2 = = ha=5 — = ha=10 sl — wa=2 = —ha=5 = - Wa=10

(c) lux» 7=1.0 (d) luyl, 7=1.0



— ha=2 = = hWa=5 —- = ha=10 — hla=2 - = ha=5 == ha=10

-4 -3 -2 -1 0 1 2 3 4

x/a

(e) lux, n=2.0 (f) luyl, n=2.0
Figure 7 Effect of buried depth on the displacement

270

330

0 0
— ha=2 — = ha=5 - = ha=10 — ha=2 — = ha=5 - - ha=10 — Wa=2 — = ha=5 - = ha=10

(a) 7=0.5 (b) 77=1.0 (c) 7=2.0
Figure 8 Effect of buried depth on DSCF of tunnel surface

4.4 Influence of porosity

Figures 9 and 10 show the variation curves of displacements at the water-soil interface and the DSCF distribution
along the tunnel surface for different porosity conditions (n=0.1, n=0.2, n=0.4) under SV wave incidence with
dimensionless frequencies 77=0.5, 1, and 2 at an angle of £,=30°. The figures show that changes in porosity have a minimal
effect on displacements at the water-soil interface, with similar horizontal and vertical displacement curves across
porosity conditions. At 7=0.5, horizontal displacement at the water-soil interface decreases while vertical displacement
increases as porosity rises. This implies that structures such as tunnels situated in highly porous soils may experience
stronger vertical seismic forces, which should be considered in design to mitigate potential vertical displacement
damage. At 7=1, horizontal and vertical displacements on the left side of the tunnel (x/a <1) decrease with increasing
porosity, whereas on the right side (x/a >1), they increase. This suggests that porosity may cause uneven stress and
displacement responses around tunnel structures, necessitating localized reinforcement in areas of high displacement.
At 77=2, displacements increase with porosity, with the effect being more pronounced on the right side of the tunnel (x/a
>1). This highlights the need for additional seismic resilience in porous soils under high-frequency seismic waves, where
the displacement impact becomes more critical. Figure 10 shows that the effect of porosity on DSCF varies with incident
frequency. At 7=0.5 and 1, DSCF on the tunnel surface decreases with increasing porosity, but at 7=2, it increases. This
suggests that at lower frequencies, increased porosity reduces stress concentration on the tunnel, potentially lowering
the risk of localized failure. However, at higher frequencies, increased porosity amplifies stress concentration on the
tunnel surface, increasing the likelihood of structural damage.
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5 Conclusions

This study applies wave theory of compressible ideal fluid media and Biot's theory of wave propagation in fluid-
saturated media. Fluid-solid coupling in underwater saturated soil is considered, and the Fourier-Bessel series expansion
method is used to derive an analytical solution for plane SV wave scattering around an unlined underwater tunnel.
Numerical examples analyzed the effects of incident angle, frequency, buried depth, and porosity on displacements at
the water-soil interface and DSCF on the tunnel surface. The conclusions are as follows:

(1) As the incident angle increases, horizontal displacement at the water-soil interface decreases, while vertical
displacement increases. For vertical incidence (6is=0°), displacement and stress distributions at the water-soil interface
and tunnel surface are symmetric. At an incident angle of 30°, DSCF on the tunnel surface reaches its maximum.

(2) As incident frequency increases, displacement distribution at the water-soil interface becomes more complex,
with more pronounced peaks and troughs.

(3) In shallow burial conditions, horizontal displacement decreases with tunnel depth, while vertical displacement
increases. In deep burial, maximum DSCF typically occurs at the lower left of the tunnel.

(4) At lower frequencies (n=0.5, 1), increasing porosity reduces horizontal displacement and DSCF at the water-soil
interface. At higher frequencies (n=2), increasing porosity increases displacement and DSCF, especially on the right side
of the tunnel.

The conclusions of this paper offer significant insights for the seismic design of traffic tunnels in saturated strata
within high-seismic-intensity areas. The findings also provide useful references for the seismic design of underwater
infrastructure, such as transmission pipelines, water conveyance systems, and oil pipelines. Future research should focus
on the dynamic responses of underwater tunnels under the influence of complex seismic waves, especially considering



the multi-wave coupling effects (Zhao et al., 2023; Jiang et al., 2024) and thermal coupling effect (Yang et al., 2024).
Additionally, it is necessary to further explore the seismic performance and potential damping measures for underwater
tunnels subjected to oblique incidence of seismic waves, which can further enhance the resilience of these structures in
real-world seismic conditions.
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