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Abstract

Recently, the advancement of mechanical tunnel boring machine (TBM) technology
and the characteristics of subsea railway tunnels subjected to hydrostatic pressure
have led to the widespread application of shield TBM methods in the design and const-
ruction of subsea railway tunnels. Subsea railway tunnels are exposed in a constant
pore water pressure and are influenced by the amplification of seismic waves during
earthquake. In particular, seismic loads acting on subsea railway tunnels under various
ground conditions such as soft ground, soft soil-rock composite ground, and fractured
zones can cause significant changes in tunnel displacement and stress, thereby aftfec-
ting tunnel safety. Additionally, the dynamic response of the ground and tunnel varies
based on seismic load parameters such as frequency characteristics, seismic wave-
form, and peak acceleration, adding complexity to the behavior of the ground-tunnel
structure system. In this study, a finite difference method is employed to model the
entire ground-tunnel structure system, considering hydrostatic pressure, for the inves-
tigation of dynamic behavior of subsea railway tunnel during earthquake. Since the
key factors influencing the dynamic behavior during seismic events are ground condi-
tions and seismic waves, six analysis cases are established based on virtual ground
conditions: Case-1 with weathered soil, Case-2 with hard rock, Case-3 with a compo-
site ground of soil and hard rock in the tunnel longitudinal direction, Case-4 with the
tunnel passing through a narrow fault zone, Case-5 with a composite ground of soft
soil and hard rock in the tunnel longitudinal direction, and Case-6 with the tunnel
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passing through a wide fractured zone. As a result, horizontal displacements due to earthquakes tend to increase with
an increase in ground stiffness, however, the displacements tend to be restrained due to the confining effects of the
ground and the rigid shield segments. On the contrary, peak compressive stress of segment significantly increases with
weaker ground stiffness and the effects of displacement restrain contribute the increase of peak compressive stress of
segment.

Keywords: Shield TBM, Subsea railway tunnel, Composite ground, Seismic loads, Finite difference method
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Table 1. Summary of domestic subsea tunnels

Name Purpose Length (m) Max. depth (m) Construction period
Tongyeong Pedestrian 483 13.5 1927~1932
Gadeok Road 3,696.6 18.0 2004~2010
Incheon North Port Road 5,460 59.0 2012~2017
Boryeong Road 6,927 80.0 2010~2021
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Table 2. Currently planned ultra-long subsea tunnel (modified after Kim, 2022)

Location Name Purpose Type

Domestic Mokpo-Jeju Railway TBM tunnel + Offshore bridge

Domestic Yeosu-Namhae Road TBM or NATM tunnel
Intercontinental Korea-Japan Railway TBM tunnel
Intercontinental Korea-China Railway TBM tunnel + Artificial island
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(a) Case-1 (soil) (b) Case-2 (hard rock)

fractured zone

(w=2.0m)
tunnel tunnel
rock
(c) Case-3 (d) Case-4
(soil + hard rock, longitudinal) (hard rock with narrow fractured zone, longitudinal)

fractured zone
(w=10.0m)

tunnel

(e) Case-5 (f) Case-6
(soft soil + hard rock, longitudinal) (hard rock with wide fractured zone, longitudinal)

Fig. 1. Concept of numerical analysis cases
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Fig. 2. Acceleration time histories of seismic waves

Table 3. Case conditions

Case Ground condition Seismic wave Peak acceleration (g)
1 Soil HY/0"/A” 0.110/0.154/0.220
2 Hard rock H/O/A 0.110/0.154/0.220
3 Soil + Hard rock H/O/A 0.110/0.154/0.220/0.340
4 Hard rock with narrow fractured zone H/O/A 0.110/0.154/0.220/0.340
5 Soft soil + Hard rock H/O/A 0.110/0.154/0.220
6 Hard rock with wide fractured zone H/O/A 0.110/0.154/0.220/0.340

a) Hachinohe wave; b) Ofunato wave; ¢) Artificial wave

Case 5, 62 TFT BE Case'd Al 2% A Fufl A X138 59 AP EHRIE 13.5 m), 74
AR A 18 m), 123 ShAEN AT 80 m), 141 B (AT 59 m) S Tefste] 5412 20
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T4 U= ol Gt LAk A S A0 PHAS = 130 m, ANFG] 0] 90 m, FHLo] 140

g— ]_.%
molch Fig. 1014 7143 /g2 o e A9 o e Lhepial Fig, 33} 2.
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Table 4. Geotechnical properties

Type Young’s modulus Unit wei}ght Poisson’s ratio Friction angle Cohesion
(MPa) (kgf/m’) (deg) (kPa)
Soil 100 2,000 0.30 21 50
Soft soil 60 1,800 0.30 21 50
Hard rock 35,000 2,680 0.20 45 6,000
Fractured zone 400 2,140 0.30 30 50
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Fig. 4. Mesh generation and grouping result (continued)
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Fig. 6. Initial stress and porewater pressure distribution
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WIS 37} Aol AZPASI=Ato]7} 516 2 APl oliev] o] X|ite] 2 1ol wet A2l

=)
R
Ir
of
o
s
12
N,
=)
Mo
ro
PO
0
r |
c
rid
n
iz
)
2,
A
&
r
4
ol
rE
4o
rlr
A,
R
=)
ng
i
2,
0
job)
3
)
>,
M
)

85.1%, Case-2°N14] 2|t} 91.5%

o =
78 H{Case-1) B7 10k, =710}, QIR0 =0 & F7ISHAAL RIAREL 73-9{(Case-2) 571}, 575,

i
r
)
rE
(e
)
I
ral
2
ol
ru
rE
(e
9
K
It
v
o,
=
I
>
o,
rE
il
rr
H
5
X
ne

QIEAIT} 0.2 Z71SIr}, A90] 7o) F A Case-2) BTN 24§ A 2k SHAIF FHE o] 4}
o0 2 T |tel) §elet A5 1L SISAT. Case-1, 2 A ATH AT HeH9] 2 2708 Table s

OFZa1 Ak A2 ] Bl SR g AP A= 242} Fig. 7, Fig. 89 £t

594 Journal of Korean Tunnelling and Underground Space Association



Analysis on dynamic numerical model of subsea railway tunnel considering various ground and seismic conditions

Table 5. Maximum displacement of Case 1, 2

Case 1 2
Max. vertical displacement (mm) 0.4473 0.00234
Min. vertical displacement (mm) 0.4274 0.00223
Max. lateral displacement (mm) 101.20 (A%) 100.40 (A?)
Min. lateral displacement (mm) 15.06 (O”) 8.56 (H)
Amplification ratio (vertical displacement, %) 44 4.9
Amplification ratio (lateral displacement, %) 85.1 91.5
a) Hachinohe wave; b) Ofunato wave; c) Artificial wave
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Hopr] ek 210 2 gk ot 2 3iufo] Xty |55 S]] wt Xty ¥ 9= H]Elste] Sl
T}, Case-62] H19] T 73R Case-4 2] 7 -rALSHA| apaficliof| A o S48 9] 57 h=EA5HA] efte
™ o]i= Bdo] 173 o] AL F AEA|R] NITITHE 2 B o] A FS 5t Bl aHekS 7]
07 & o upfd]o] HePrE A 20](140.0 m) HIH] 1.4%(Case-4) X 7.1%(Case-6)°ll &Fslo] B ¥

<]
oft
ol
o
ol

2053 2lo] 712 TS Bk Case-3, ST EE TGO 2 EARgiTo] B3wlo] EARR] AL
HIE Ah P53 2lo] A45) 20 Lhebgleh Case-4, 6] 2.9 mhcholl Qb o] A1 E Hefee

=-580] AA3] T7IskE e HEIHS o A7 10t 28 A Z{digko] B = 3{oh
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= A SS9l E Rl e 55 4 tlolE B AdAtaE Akl A w5l vl
S

1 AT SR AT U Z1EARY THRA A2 et P F71% AN, PR2304A2) 2 1]
SRRENR A ATY AL AR T ARSI AR IS 20230405-001, A4t
7te] A5 fATe] 71eS BT A1 el T Bl A A Ao s ek,

22} 7|0 =

2r3e A7 7 A, wlole] s ShAL, uPgFS Hlole 5, Hlole] B4 1 AT AES Sl
Sl gty 9 fu HES skt
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