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Abstract

In this paper, a risk management system applicable to NATM tunneling projects is
proposed. After investigating case histories in NATM tunnel collapse, this paper
analyzes the potential risk factors and their corresponding risk events during NATM
tunnel construction. The risk factors are categorized into three groups: geological,
design and construction risk factors. The risk events are also categorized into four
types: excessive deformation, excessive deformation with subsidence, collapse inside
tunnels, and collapse inside tunnels with subsidence. The paper identifies risk
scenarios in consideration of the risk factors and proposes a risk analysis/evaluation
method for the NATM tunnel risk scenarios. Based on the evaluation results, the
optimal mitigation measure to handle the risk events is suggested. In order to
effectively facilitate a series of risk management processes, it is necessary to develop
a risk register and a management ledger for risk mitigation measures that are
customized to NATM tunnels. Lastly, the risk management for an actual NATM
tunnel construction site is performed to verify the validity of the proposed system.

Keywords: NATM tunnel, Risk management, Risk scenario, Risk analysis, Risk
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Fig. 1. Overall process of NATM tunnel risk management
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Table 1. NATM tunnel risk factors
Category Risk factor Description

G1 | Discontinuity Fractured zone or faults, geological boundary, joint, etc.
G2 | Weak ground Including weathered layer, earth and sand layer, etc.
G3 | Shallow cover depth Including locally shallow cover depth
G4 | Karst topography Limestone cavity, earth and sand in cavity

Geological G5 | Atrtificial structure Old well, borehole, cavity, etc.

risk factor G6 Groundwater/High water Groundwater (including rainfall, snowmelt, etc.) and high water

pressure level condition

G7 | Anisotropic ground Super-elevated ground
G8 | Swelling ground Including clay expansion

Overstressed rock mass, ground with brittle fracture (squeezing,

G9 | Ground und t
round under great pressure | burst)

D1 | Numerical problem Overestimation of Geotechnical Parameter

Unsuitable excavation and

Designrisk | D2 | support design for ground Lack of support reinforcement, reinforcement unplanned,

insufficient measure to support settlement, etc.

factor condition
D3 Insufficient geotechnical Boring investigation unimplemented, weak zone unidentified, lack
investigation of rock mass rating evaluation, surveying errors, etc.
C1 Poor construction Late support time, insufficient support for installation, insufficient
Construction management reinforcement, etc.
risk factor Advance length uncompliance, support base exposure, poor

C2 | Excessive excavation

measurement control, construction procedure uncompliance, etc.
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(a) Excessive deformation (b) Excessive deformation with subsidence

(0) Collapse inside tunnels (d) Collapse inside tunnels with subsidence

Fig. 2. NATM tunnel risk events

Table 2. NATM tunnel risk scenarios

No. Risk factor Risk scenario

1 Discontinuit . .
Y by discontinuity

Tunnel deformation/collapse and subsidence due to increased load as the rock block slid

Discontinuity and as the high water pressure acted through discontinuity

Tunnel deformation/collapse, ground water inflow, and subsidence due to increased load

2 groundwater/high

water pressure . T ) i .
by shear strength decrease of discontinuity surface due to rainfall infiltration

Tunnel deformation/collapse and subsidence due to increased load as the rock block slid

3 Weak d i i i
eak groun expanded by ground bearing capacity reduction

Tunnel deformation/collapse and subsidence due to increased load as the relaxation zone

pressure acted through weak ground

Tunnel deformation/collapse, ground water inflow, and subsidence due to increased load
as the relaxation zone expanded by ground bearing capacity reduction and the water

Weak ground and Tunnel deformation/collapse, earth/sand and ground water inflow, and subsidence due to
4 groundwater/high increased load as the relaxation zone expanded by ground bearing capacity reduction due
water pressure to scour by rainfall infiltration

Tunnel deformation/collapse and subsidence due to increased load as the support

pore water pressure

deformation, settlement and damage occurred by long-term deformation due to change of
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Table 2. NATM tunnel risk scenarios (continue)

No. Risk factor Risk scenario

Tunnel deformation/collapse and subsidence due to increased load as the relaxation zone

hall h . . . .
> Shallow cover dept expanded by ground bearing capacity reduction due to no arching effect

Shallow cover depth | Tunnel deformation/collapse, earth/sand and ground water inflow, and subsidence due to
6 and groundwater/high | increased load as the relaxation zone expanded by ground bearing capacity reduction due
water pressure to no arching effect and the water pressure acted through shallow cover depth

Tunnel deformation/collapse and subsidence due to increased load as the collapse of

7 Karst topography limestone cavity

K raph . . . .
arsttopog ap. y and Tunnel deformation/collapse, ground water inflow, and subsidence due to increased load
8 groundwater/high .
as the water pressure acted through the flow path formed by rainfall
water pressure

Tunnel deformation/collapse and subsidence due to increased load as the earth/sand flow

? Artificial structure occurred through old borehole

Artificial structure and
10 | groundwater/high
water pressure

Tunnel deformation/collapse and subsidence due to increased load as the earth/sand flow
occurred and the water pressure acted through old borehole

Tunnel deformation/collapse and subsidence due to the support deformation, settlement

11 | Anisotropi d . L .
1SOLTopIc groun and damage occurred by increased load due to declinating earth pressure action

Tunnel deformation/collapse and subsidence due to the support deformation, settlement

12 | Swelli d . ) .
welling groun and damage occurred by increased load and long-term deformation due to swelling

Tunnel deformation/collapse and subsidence due to the support deformation, settlement
Ground under great and damage occurred by long-term plastic deformation due to squeezing

13
pressure Tunnel deformation/collapse and subsidence due to rock burst occurred by local

overstress due to stress redistribution

2.2 2|23 ZM U Ho}

21 gl A3 QoI AT AU @524 9 Bl | 9iote] ofe] SAFEA B Soll A AR o A2
E PPl R gAaE A6 Broks mlEE A B7PH-E 28519l 2]l vE 8 A= Ministry of
Land, Infrastructure and Transport Notice No. 2020-47 (2020)2] < 7A4-5AF oA % 2} Ministry
of Land, Infrastructure and Transport (2017)2] ‘AA| P4 AE AT 7 of| 4] AlAoh= 71 Hiviolm, =+
QoM UREA 0 = S-gEl= 2] A T o o

_é:
- =
joz
O

2.2.1 NATM B 223 248 93 AN 9 A% SHGES) 71% 54

NATM E'g 2|23 745 QRPN Bl A2 O] S5 () 715 Hok] iste] i) of2] 71&
I} A LAE AL B0t 71 A3} Ministry of Land, Infrastructure and Transport (2017)2] 22w
A A HE JF Al ol AlRlshs 7S E8ole] EARIE B AAE VS sl oH, A2t
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Fig. 301 A1 %ﬂlEi‘éi@(ITA)QJ 7fel= E}fﬂ Eskesen et al., 2004)S B-8510] E2ju|sjlol] A4 &4
29 2715k 244 A7 o] EAu|5] 715 Hetslint. whNIE 9 A7t S )& A EARe] EAAL

A 02 AR E sjgon], TﬂJ( 44 S I A2k 338 wlsh] Aol 353
L5530l obd 45302 715 STt 5t 7152 Fig. 49 ek, o)A 41210 249, BAR

S, A AR, ARkl e 22ke] SFCE) S A9 SRS A
SR 02 ABHES sk

O

Damage or economic loss to third party

Disastrous Severe Serious Considerable Insignificant
Loss in Million Euro >3 0.3-3 0.03-0.3 0.003-0.03 <0.003
Economic loss to owner
Disastrous Severe Serious Considerable Insignificant
Loss in Million Euro >30 3-30 0.3-3 0.03-0.3 <0.03

Fig. 3. Classification of economic loss (Eskesen et al., 2004)

Severity
1 2 3 4
. Delay- < 1 week 1 week < 1 month < Collapse of tunnels
Material loss
damage Ech::SoSmlc < 4 milion KRW | 4-40 million KRW |40-400 milion KRW| 400 million KRW <
Minor injury that Serious injury that |Fatality or injury that
H d No ini o causes closed causes long-term
uman damage O injury (ause_s non-siop disaster less than | disability over one
disaster
one year year
1 Very unlikely
-
o |2 Unlikely
0
c
9]
a3 Likely
=<
4 Very likely
. Risk acceptance criteria e
Risk level (Risk ) Description
Ac<z<1aEt3a)ble No further consideration for risk mitigation measure
Conditionally acceptable | Risk shall only be accepted if further risk mitigation measure
(4~6) is not practicable
Unacceptable

Risk shall be reduced

(8~16)
* Risk score = Frequency score x Severity score

Fig. 4. Risk matrix and risk acceptance criteria for risk evaluation
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Hrt. 2]lA3 5871548122 )2 Ministry of Land, Infrastructure and Transport (2017)2] 2zt <47
oFAd HE G5t S H|FEote] T2AE ] Boko] o 3 THA|21 Project Management Institute (2013),
u]=t A 57131 Centers for Medicare & Medicaid Services (2014)0l4 AA|oh= 7|52 -85t 2|4
A g 75 Aok o] 72 BATE S185HAY 61-851A] o TAER o2t 2R E 585k o
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Table 3. NATM tunnel risk mitigation measures

Category Mitigation measure Category Mitigation measure
Forepoling Side wall reinforce-| Rock bolt
Inclined bolt Tunnel face | ment method Reinforcement grouting
Pipe roof stabilization Temporary invert
. : Invert reinforce-
Cr.own Steel reinforcement grouting method fivert remmioree Invert
reinforcement ment method - .
method Large diameter steel Reinforcement grouting
reinforcement grouting Grouting
Mini pipe roof Tunnel Soil nailing
. rtal/s]
Tunp?l fa}ce Grouting bo . .s OI.)e Earth anchor
stabilization stabilization
method Support core method Rock bolt
Face Shotcrete Covering
reinforcement | Rock bolt ) ] Grouting
method Grouting Water insulation Freezing
- Water method -
Freezing Pneumatic method
Leg pil prevent Deep well method
Foot eg pile . eep well metho
90 . method Water drainage -
reinforcement | Reinforcement bolt method Well point method
method Ground improvement Weep hole

2 HA o] A3 Az thAFH A7 9 AA

E]——:’- B7HE tf-3o] gt 7ol tidE -2 -85 Hrh NATM E'd2 = TBM Ede] B

et g o] A 8-5]7] mizol o]F Alzfste] A8 7HaRt of g tidE i 5 X249 tidg RS A7dsk=
o] H Qsic}, weba] Al 7150 2 2|4 o] i H-S- A5 9151 Chung et al. (2016)°] A|QFSH
C}7]%& 2AFEA2(Multi Criteria Decision Making, MCDM)2 2-8-3F 2|2 o] 23+ 417 HH-S AA|S
Ark B I oA FEE 2 Fig. 5oF o] tieh(21-8- 7hat thaa ) A%, SA(HIES Flud 7e) A%, &
3 7g5tsl S 7SR AP, 24 Tk A7 oAl = gt £499] -9 SAMIF SAP 3R] A7 54
AR} 218/ 0] A7 S44E el /44 Breke =178 i (logarithmic normalization
method)& B85 0™, &4 71521= E 20 A5 5ol APttt T3 7152 & 21 8- 2 s
ZF A A HE v|slr] sl 73 (Simple Additive Weighting Method, SAW)= S-8-5151tt.
2|4 di 5] A7 Hhof] ot ApAISE 71782 Chung et al. (2016)°f14] ZQTeh 4= QL

W

[-'O

_,
-

P
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itigation Attribute Attribute Weighting | [Optimal Mitigation
Measure | = i = ! ng L, ;
Selection Selection Normalization Estimation Measure Selection

Fig. 5. MCDM flow chart (Chung et al., 2016)

242123 A

23 27 TS 2185
o o
[e)

AgA A 2] 2= o = 5
o1 ke o= 0l Z g AgE T =z = =
< 4 Qlojof gttt o5 fiofl W 2|4~ o lstofoF s, 7&—:311\_% sa(AP ol w2l P ol Fa
Risk identification Risk analysm / Risk control
evaluation
Risk Residual risk evaluation
i isk [response i i
Risk | Risk | Risk Manage Manage ngk Frequency Severity Risk b Response Frequency)Severity RegldLlal Risk
N . | ment | ment |section score| plan score of |score of| risk
factor |event|scenario score score status . . status
phase | owner | [Sta.] (level) residual |residual| score
risk risk | (level)
Fig. 6. NATM tunnel risk register form
Register No. CP1
Risk factor Risk event
Risk scenario
Management Risk score /
! /
phase / owner level
Section of risk Residual risk
/
occurrence [Sta.] score / level
[Mitigation measure 11 \ Application | ©
[Description of mitigation measure 1] [Figure / Photo]

Cost [KRW million] [ Period [day]| Reliability [score] [ Applicability [score]l [ MCDM score

[Mitigation measure 2] [ Application |
Risk response [Description of mitigation measure 2] [Figure / Photo]
plan
[Mitigation
measure] Cost [KRW million] [ Period [day][ Reliability [score] [ Applicability [score] [ MCDM score
| \
[Mitigation measure 31 | Application |
[Description of mitigation measure 3] [Figure / Photo]

Cost [KRW million] [ Period [day] | Reliability [score] [ Applicability [score] [ MCDM score
| \

Response status
Note

Fig. 7. Risk management ledger form for NATM tunnel risk mitigation measures
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Fig. 8. Longitudinal geological profile
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Table 4. Results of risk and residual risk evaluation for the NATM tunnel project

Risk Risk response Risk evaluation Residual risk evaluation
. s
No Qeologlcal Risk scenario section .p.lan. Frequ- Se.ve— Risk | Frequ- Se.ve— Risk | Risk status
risk factor [Sta] [Mitigation | ency | rity | score | ency | rity | score
measure] score | score | (level) | score | score | (level)
. Steel pipe
Shallow Tunnel deformation/collapse, 04686 reinforcement
earth/sand and ground water .
cover depth |, . grouting
Weak around inflow, and subsidence due to - 4
1 g increased load as the ground Large diameter 3 4 2 2 Responding
Groundwater/ . . steel pipe (I
Hih water bearing capacity reduced by 44599 .
regssure no arching effect and scour by + remn 0rc§ment
P rainfall infiltration grouting
(direct drilling)
1+015~033 .
. o (18 m) Steel pipe
I()}lscorgmulty Elunr]l(ellc.:;)llipsie due to rock 4575203 reinforcement ,
2 roun o . 5 ? Y ().ng-term 18 grouting 3 3 2 2 Responding
under great | plastic deformation due to (18 m) (009
pressure squeezing 4+048~060
Forepoling
(12m)
Tunnel collapse due to
Ground . .
long-term plastic deformation | 2+420~440 Invert Complete
3 under great . . . 2 3 1 2
by squeezing and rock burst (20 m) installation response
pressure
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Table 5. Result table of the Multi Criteria Decision Making (MCDM)

Cost Period Reliability | Applicability | MCDM score
Weighting factor 0.1989 0.1989 0.0803 0.5219 1.0000
(Ldaiﬁ;déf:ﬁz; steel reinforcement grouting | 3,5 0.3045 03531 02798 0.2955
Large diameter steel reinforcement grouting 0.3278 0.3278 0.3342 0.3383 0.3338
Steel reinforcement grouting 0.3677 0.3677 0.3127 0.3819 0.3707
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