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Abstract

Liquefaction of the ground caused by earthquakes results in significant damage to
underground structures such as tunnels, pipelines, manholes, and underground tanks.
The uplift of underground structures due to liquefaction has been identified as a major
cause of this damage. However, current design practices have not adequately
considered the upward displacement of underground structures. This paper proposes
an analytical solution based on the limit equilibrium method for cut-and-cover tunnels.
Using this solution, a sensitivity analysis was performed on soil cover height, lique-
faction depth, ground improvement, and ledge. It was confirmed that the contribution
of each factor to the safety factor can be reasonably derived through changes in the
safety factor. Although there are still many assumptions and uncertainties that need
to be reviewed for their appropriateness, a conservative approach appears to mitigate
a significant portion of these uncertainties. This study is meaningful as a stability
evaluation method considering the uplift behavior characteristics of underground
structures.

Keywords: Earthquake, Liquefaction, Uplift, Underground structure, Limit equi-
librium analysis
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(a) Buried underground tank (b) Uplifted manhole and settled backfill
(Arduino et al., 2010) (Konishi et al., 2008)

Fig. 1. Cases of damage induced by the uplift of underground structure during earthquake
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(a) Time history of base acceleration

<Initial stage> <after 9.16 sec>

<after 9.5 sec>

(b) Deformation of model ground during shakinig test

Fig. 2. Displacement of tunnel and ground during shaking test (Watanabe et al., 2016)

S gl

AT ARE 3R 9] S7 AP 7RES ERIE 4 Stk Stage 1&1). ©]F- 2]710] =

Z20] A W7 &4 07 FstH, oot FAlof A EE wIThEto] At AstHA A4t
271 o] 27 T4 H 2ok By-) o] 7H4eqto] e bl Qltk(Stage 1TD). A7 E= o= A 9]
A E5tol S7FeHaA 215 FEE0] 4R 917 A5 1 (Stage IV), 0% HIA|

Jo
2
1)

e
W
N
1o
o
_?l‘.
=
v
iy
u)

438 Journal of Korean Tunnelling and Underground Space Association



A proposed model of limit equilibrium analysis for stability assessment of underground structure in liquefied ground during earthquakes

120 Shaking
Excess pore water

W recsure 90 -l

Beginning

=
’ [
E of| Tensile crack Uplift L .=
£ 604 . Excess pore water pressure g
= pprtond 5
g ' z
2 304 =
5 =
51 o
= 9 - | Beginning L o=
S of seftlement 2
& | | IQ‘_
= — 30 I I o

e - .,
=] | | . / MMM §
| | Wanl i 2
- 60~ | | : L L=

| ]
90 Stage 1 | Stage Il |Stage III Stage IV | Stage V
1 . i |
—— —TT " — —T
1 10 100
Time (s)

Fig. 3. Development of uplift displacement of tunnel and excess pore water pressure in the ground above a
tunnel (Nokande et al., 2023)
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A proposed model of limit equilibrium analysis for stability assessment of underground structure in liquefied ground during earthquakes

aQs; = 2 a0s2
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Fig. 5. Resultant forces on tunnel bottom from resisting and driving pressure during ground liquefaction
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h.: Height of overburden
hg: Height of tunnel
hy: Depth of liquefied ground from
tunnel bottom
h;: Depth of improved area
by bg: Width of tunnel (without ledge)
tzl [;: Length of ledge

It Excavation allowance

h t; ~ts: thicknesses of tunnel
S|
& w t3 | 0: Excavation slope angle

ts
0 — ' e

T |

Improved area L Uy

hy

Fig. 6. Tunnel cross section for stability assessment
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Table 1. Material properties for ground and box structure

Items Ground Improved ground Fill Box structure
Saturated unit weight, ~,,, (KN/m’) 17.0 17.0 18.0 25.0
Internal friction angle, ¢ (degree) 36.0 40.0 34.0 -
Cohesion, ¢ (kN/m?) 0.0 0.0 0.0 -

Table 2. Geometrical characteristics of corresponding section

Width of box Height of boxes Wall thickness of Slab thickness of Slope gradient, 6 (°)
structure, b, (m) structure, h, (m) box structure (m) box structure (m) pe £t ’
15 10 0.5 0.5 18.43

Fig. 72 EX|1l(h,) sl mbE A9, S, Pdae] Hioks HojFal Qlv. BExavt Frietel w11
71 A5 G0l 718 B ofet, E5= YAk 7127 whell Fig. 7(a)2h 2ol A, e ofuzt
5= go] T k. sARL Exal F71of mhE S/ AolE Holal e, AdE S7keol
&5 S7RET H 2 YehaL Sl ol Eujal Sl mE o 2ol A= S/ ek okt
nFEE 0] 71 o7 I5l7] whizelH:. of2fRt S| Aol & Qs Enjale] ke Ao oPiES St
ARIEL, s 2719] 787, Ex|ah B 290 0.84 o1l 7B-t-olhs et AT ol A = o1 o] et s =
Aoz HEEII.
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Fig. 7. Resistance force, driving force, safety factor in dependence of overburden
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Fig. 8. Safety factor in dependence of depth of liquefied ground
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Fig. 9. Safety factor in dependence of soil improvement
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Fig. 10. Difference in section depending on the presence or absence of a ledge
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Fig. 11. Resistance force, driving force, safety factor in dependence of overburden
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