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ABSTRACT: In order to ensure the safety of the subsea tunnel during its construction and operation, unlike the underground
structures on land, the special monitoring system is essential which considers the characteristics of subsea tunnels in addition
to conventional stress and displacement measurements applied to existing land tunnels. Therefore, the concept applied to
NATM is reorganized to evaluate the stability of subsea tunnels. And the observation system for making a monitoring plan,
the critical strain theory for tunnel safety management and MS monitoring methods for detecting the local failure and crack
initiation of rock and supports, are introduced. Finally, the scheme of monitoring and management for subsea tunnels by
using these methods is suggested.

Keywords: Subsea tunnel, Monitoring system, Critical strain, Warning level, Observation system
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Table 1. Monitoring interval for vertical displacement and convergence (KTA, 2003)

Condition At Portal Overburden < 5 D Initial stage of Some progressed stage
Rock class (from portal to 50 m) (D: tunnel diameter) construction® of construction
Hard rock 10 m 10 m 20 m 30 ~ 50 m
(except for fault zone)
Soft rock 10 m 10 m 20 m 30 m
Soil / Weathered rock 10 m 10 m 10 ~20 m 20 m

*Progressed stage of tunnel construction of about 200m

Table 2. Monitoring plans to be adopted for different ground conditions (modified from Singh & Goel, 1999)

No. Ground condition class Monitoring Plans

1 Competent Self-supporting Conventional monitoring / section plan / criteria is applied
2 Incompetent Non-Squeezing Conventional monitoring / section plan / criteria is applied
3 Ravelling Conventional monitoring / section plan / criteria is applied

Minor squeezing (ua/a = 1-2.5%)
Severe squeezing (ua/a = 2.5-5%)
Very severe squeezing (ua/a = 5-10%)
Extreme squeezing (ua/a >10%)
(Hoek, 2001)

4 | Squeezing

Short- / long-term monitoring shall be carried out
Intensive inspection of allowable displacements and stresses
Criteria is determined during design stage

Complete a support ring / monitoring of water leakage /

> Swelling Initial closure of shotcretes
6 Running Conventional monitoring / section plan / criteria is applied
) . Monitoring of the amount of leakage / pore pressure / temperature of
7 Flowing / sudden flooding water (possibility of seawater invasion)
8 Rock burst Monitoring the Micro Seismic events
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Fig. 1. Relationship between measured strain and warning
levels (Sakurai, 1997)
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safety management criteria for different warning levels (Chern et al.,, 1998)

Wlil\];glg Conditions Necessary measures adopted
Below 1 * Tunnel is in stable condition * No special measure is required
I~1 * Tunnel s still iin stable condition * Frequency of monitoring and field observation shall be increased
» Construction work can be proceeded
* Carry out detailed visual inspection on tunnel conditions and increase
* Tunnel is susceptible of instability monitoring frequency
II ~ I * Construction shall be suspended * Review the potential causes of tunnel instability including failure
temporarily mechanism, quantity of support installed, excavation procedure and
timing of support installation
» Carry out detailed inspection on tunnel conditions and increase
monitoring frequency
Above TII * Tunnel is in unstable condition * Review the causes of tunnel instability and carry out remedial

Construction shall be suspended

measures
Revise the support design or construction procedure
Construction can be resumed only when the tunnel has been stabilized
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Table 4. Stability evaluation criteria based on MS event data (Hong et al., 2006)

i Event frequency
Event location (BT TS
(uMag) Normal Level Alert Level
32 ~-22 = 30 31 ~ 50
Events occurring within the first 3 22 ~-12 =2 3~4
hours after blast (frequency / 1 hr) 12 ~ -02 <1 2~3
Within blast > -0.2 0 1~2
damaged zone 32~ 22 <10 11 ~ 30
Events occurring continuously 22~ -2 <9 3~ 4
beyond the first 3 hours after blast
(frequency / 3 hrs) ;12 ~ 02 =1 2~3
> -0.2 0 1~2
32~ 22 =10 11 ~ 30
Outside blast Events occurring .Wlthll’l 10x10x10m 22~ -2 <9 3~ 4
damaged zone volume of rock irrelevant to blast <
= (frequency / 3 hrs) ;12 ~-02 =1 2~3
> -0.2 0 1~2

531



sholA] - Alsl: - Ao

A .

g - 8=

Base rock

Sea water

Fig. 8. Suggested MS monitoring plan for detecting the behavior of fault or weak zone during tunnel construction

_|l—7_|l—

gl sy Eofof

e
a

Table 41 o] 21850 MS AZA80] B
F3} 0] W2 el AAG Zelck
sEollA] iz et o] A DY AnrlEe A
A3l7) SIAAE AE % QA7) ASE B
o[flEe] WA} Bde] 4 Bl SRR Ee] Bl

£ 712S Yslolol Ttk ERE MAYERs oY)
o9l et 2492 ol A1 39l shAE el A
okt A3 S0 Edael] o FeolRE Bt
ok e,

Fig 82 SIHEd FAL Sl ogsis o5 9

Shal gt 59 AFNE Faket Aol 75t MS
A S Boleh oje} o] MS AIAE Aok
Bk ol o]l AXFO RN FHAUL RO
215k QIoFhe] A% B B HPg] QbS AbHe
B7ke 4 glek

WS

5. Ef84- 7KE0l o9t Py W)

SfAEE Q]
2 SA el vste] gk} TSy
g E97ls/do] X =t ueba] Azl
S B3 A oS0 dzjoln HA3E 8=

o Aol A% D A4S F3) E

A% Rkt el 4ksAol o

[e]
=

|

=
o

et o
o ol o o

’

=i}

=
o
= =

o
ox

532

2 A2 PAE Hsh= Zlo] Hasirt
AED Aol B2 =2 9o]= Table 59t
e AEREH G Al FARERE 12} Har]E
©& 100 Liminkm, 23} #+2]7]22]2 300 Liminkm
= AAskSlT = Hgu|ga} 1eked H8-9
2| A 3le) 7|Hksto] = Zlolch

== 85 710l 9t A k= = ilA
Edo] ARAOfA A AREe] e|EA] W TR
Ao 3E]o] Bgf Fg0] HwA] ekt
H ZA7E gl Aolck skAIRE oF&7EA] ol A=
AEE WHAAET A2 Ao|HE, AR}
SRl =2go]9] Hdeaw 7IES FalE
Sl= A shte] HiHo] E 4= Stk X HE-Eet
SHATEES] FAPE ZFYEAL qlomg, AL Ul A
Ao A AP B d-8rsgat AR Al
Sk HE8rHS Hud 4= 92
= SAANEE 21 F FARERZO

S At F7HHoR 49

o]7

6. SiXE o] Tt F117]
=)
ZJ117)%(alarm threshold)S 712 HZA| A
HE AlxElom ofd 4= Qlrk of7|A= thaat 2ol
A ]Sk Olsson, 2002).



o
fd
)
2
2
A
=
Jeim)
e
r

2] et

Table 5. Key data for completed subsea road tunnels in Norway (Blindheim & @vstedal, 2002)

. Water ingress at it Water &. frost
Tunnel Year of opening Length, m Largest depth, m opening, el protezctlon,
I/min-km m’/m
Vardo 1983 2,892 88 460 25 16
Ellingsoy 1987 3,520 140
Valderoy 1987 4,222 145 310 10 1
Kvalsund 1988 1,650 56 200 0 9
Godoy 1989 3,844 153 300 430 7
Flekkeroy 1989 2,327 101 100 50 6
Hvaler 1989 3,751 120 100 15 6
Nappstraum 1990 1,780 60 200 40 8
Fannefjord 1991 2,743 100 140 15 7
Maursund 1991 2,122 92 210 5 4
Byfjord 1992 5,875 223 100 10 8
Mastrafjord 1992 4,424 132 25 5 8
Freifjord 1992 5,086 132 75 15 13
Hitra 1994 5,645 264 60 20 14
Tromsoysund 1994 3,376 101 265 30 18
Bjoroy 1996 2,000 85 400 665 13
Sloverfjord 1997 3,200 100 150 0 13
Nordkapp 1999 6,826 212 65 15 4
Oslofjord 2000 7,252 134 250 360 18
Froya 2000 5,305 164 105 200 17
Ibestad 2000 3,398 122 110 15 2
Bomlafjord 2000 7,900 260 70 30 8
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Identity the sensitive functions that are to be protected ‘

14

identify the damage mechanism and the critical limits for
those functions and find suitable direct countermeasures

L4

Find observable/measurable indicators that are related to the
damage mechanism and determine the critical limits expressed
in those indicators

4

Identify the construction work steps that can disturb the
functions. Determine work procedure-related countermeasures

1 4

Predict the behaviour of the rock, including the expected type
of behaviour for these construction steps

14

Determine alarm thresholds considering countermeasures and
the necessary lead time

L4

Make a detailed design of the observation system ‘

4

Implement, observe, follow up and update.
Make changes if necessary

Fig. 9. Proposed procedure for observation system (Olsson,
2002)
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Fig. 10. Suggested monitoring system for subsea tunnels
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