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Sensitivity analysis of tunnel stability with a consideration of an excavation

damaged zone
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ABSTRACT: An Excavation Damaged Zone (EDZ), in which rock properties are permanently changed due to blasting
impact or stress redistribution, can influence the behavior and stability of structures. In this study, the mechanical stability
of an underground opening was simulated by using FLAC, which is a two-dimensional modeling code, with a consideration
of EDZ. A sensitivity analysis was also carried out with fractional factorial design. From the modeling, it was founded that
the behavior and the stability of an underground tunnel are strongly dependent on the existence of the EDZ. The sensitivity
analysis showed that the key parameters affecting the factor of safety around the tunnel are in-situ stress ratio, depth,
cohesion, reduction ratio, width of the tunnel and internal friction angle, height of the tunnel. It is necessary to consider the
EDZ, which can significantly affect mechanical stability, in tunnel design.
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1992; Faithurst and Damjanac, 1996). 3Fx]4t ZEDEX
(Zone of Excavation Disturbance EXperiment)o]j 4]
ol Hddl= sl o=Al HoE Ao
(Emsley et al., 1997). ZEDEX= EDZ2] J5}2]¢]
A%ol T8l FE5kaLAl ZekAo] ANDRA (Agence
Nationale pour la Gestion des Dechets Radioactifs)<]|
ofel] Al3E Ao} ofof mEH E4JTHEDZ)
= u]7}) Kimreversible) 2] 24 W] 2fa) x|
L 229 v b 7k goP o gojdr,
o714 mZkeAolgt a/dHF o) Mo = HEAlG
Z0h 2e ghibe] et SRR Z7jof e
2k 38 H3IE  ou|dltkBickblom and
Martin, 1999). oJeig} )7}l 7)50] Hhakshe 77t
= SRR E= 2AReEaL S ghE, et

R N T

TH(EZ) geAele} 42 S F(hydraulic head)]

Zone of stress and
fluid pressure change

Bzt ofsff A= AT Bl EAEke
oo ohte] B4 Wbt A3 slejgel ey oz
Holgle). o] Felo|xi ghite] B4 ek g7t
njafsict 2003\ 1149 SAE==04 72|% EDZ
Cluster Conference and Workshopof| 4] Tsang and
Bemier (2004)= Eltfe} £44ThE TRea} o] %
Sfslgick olell mR ST At fel 2
WISHE sk Selojoty, ATslala Wi ot
et b olek Belsielt o714 5 B4
H3}E lorder o] AR E F7HE Qfulgich
Wi ekt eejelaba, A palstom sis
2% 240l 2 WP gl 7P oz Rolsierk
Z]Lof| Béickblom (2008)2- A& ¢hito|A] AN
o} mchS cheat ol olstck AT A=
& o] SefEla Hl7lelA wigo] WIS At

Damaged rock zone

_ Unsaturated rock

Fig. 1. Schematic of the EDZ around a tunnel in fractured rock (Rutqvist and Stephansson, 2003)

Table 1. Definitions of EdZ and EDZ

Edz

EDZ

Emsley et al.
(1997)

a disturbed zone outside the damaged zone dominated
by changes in stress state and hydraulic head and
where changes in rock properties are small and
mainly reversible and it is considered that there are
no or insignificant material property changes

a damaged zone closest to the drift wall dominated by
changes in material properties which are mainly
irreversible

Tsang and Bernier

a zone with hydromechanical and geochemical
modifications without major changes in flow and

a zone with hydromechanical and geochemical
modifications inducing significant changes in flow and
transport properties. These changes can, for example,

(2004) transport properties include one or more orders of magnitude increase in
flow permeability
Biickblom a zone dominated by change of state(e.g., stress, | a zone closest to the underground opening that has
(2008) hydraulic head). The changes in rock mass properties suffered irreversible deformation and in which

are insignificant or reversible.

shearing of existing fractures
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o} 23l A oJslich Lanyon et al. (2011)2 3t tHA|
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2 Table 1 Lhehol Fig 1 5 o] st
i EDZ 54120 ol ROl 2 el
QEle LAl Qo] B4o] WSl EDZS o)

Q1 FE.Q o187 H(Fractional Factorial Design)& ©]

Y
8 WgE $4E Atk

2. gusEgd A+

EDZo| 23t ¢170= 1980 o] ®AlAlw])7 |2 A&

HATE S8l A=} AF7HA = Ljelld o] &
2 A A& o] 4288 ¢ItH(Cai and Kaiser, 2005;
Martino and Chandler, 2004; Emsley et al., 1997;
2007; Bossart et al., 2002; Sato
et al., 2000; Lai et al., 2006; Ericsson et al., 2009;
Saiang and Nordlund, 2008; Saiang, 2011; Kown and

Malmgren et al.,
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Table 2. EDZ size at different sites (modified from Lee, 2012)

Cho, 2008; Lee et al., 2011). Kwon et al. (2013)=
2~9]dl Aspd HRLO|A| EDZE
2 B3 AL sMslel A BF ZeAEg

efg Qo] -ofs}

Site Rock type |Excavation method Measurement method EDZ size (m) Reference
. Kwon et al.
Rock core observation 2.0 (2009)
. Kwon and Cho
Goodman jack test 23 (2008)
KURT . . Porosity 2.4
(Korea) Granite Blasting P-wave velocity 1.1
S-wave velocity 1.3 Lee
Young’s modulus 1.3 (2012)
UCS 1.1
Thermal conductivity 1.8
TBM P-wave velocity 0.03 Emsley et al. (1997)
Aspd HRL . o o . Bickblom (2008)
(Sweden) Granite Drill & blast Hydraulic C(e):lrilsl:it:)\r/llty Acoustic 83 (Evall) Chandler et al.
8 (floor) (1996, 2002)
. .. Chandler et al.
Hydraulic conductivity 0.3 (1996)
URL Carlson and Young
Granite Drill & blast  |Micro-seismic & ultrasonic velocit 0.75 (1993)
(Canada) y
Read and Martic (1996)
Seismic refraction %2758_ Chandler et al. (2002)
Stripa . . . .. 0.3 (wall) Gray (1993)
(Sweden) Granite Drill & blast Hydraulic conductivity 1.2 (floor) | Bérgesson et al. (1992)
Blasting _0132
Mont Terri Rock Opalinus Pneumatic 0.7 Bossart et al.
Lab. . Fracture frequency
(Switzerland) clay hammering -1.2 (2002, 2004)
0.1
Road header 09
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DECOVALEX (DEvelopment of COpled models and
their VALidation against EXperiments)-2011¢f] 23
3l gek

EDZ F7)= @ 9 e A B1 =4 Hst
2 i ehte] S, A, ARl 54 9,

=2} WhH(drill, blast, rock boring, cutting machine
5, Wk 7, A WAgE, B 2], B
Sofl nje} k2] Urepde) Table 2% 77 the
WO 2 ATA Mol EDZ F17] Hoj
ok 247 BPaeF Qe ATAEE Tgew
AT Mont  Terri Rock Lab.2 HWHE3).
Bossart et al. (2002)2] R 11of oJsphH wlo]| 2]st
=2} road headerol] 9t 7|4 S8 vlasllck
(Table 22] Mont Terri Rock Lab. #37). road header®]|
Ot 714 =2k o] ofgt =2kHT) EDZ H et
aperture} 2] e o ghe: o] Uehgekn
A5tgic). E3L, Stripa Minex} Aspd HRLOJA] 2]
Ae B Suurt ey vigelx EDZ 27
(o]

=2 T

EtLee, 2012).

Table 3= =}-2] ojg] XA =743+ HPA

(deformation modulus)2] H3E Hoj&ct
B Z|4 19%00lA4 Z|of 82%7HA] gt
UL FtZ 4%k OF 50% =0 Hat
HdEE T3 A4 A ZAXER S8l

3. $A 29
3.1 293 71

2] 3148 95} ITASCA Consulting Group®]|
A 7W9FsE FLAC (Fast Lagrangian Analysis of
Continua) Version 7.02 o]-83}o] 342 AA|5}Ho]
TRYSHALE 100 m HE=Q] 6x6 m HHAIEY ElE<
gtos e S Fig 2u RS
918 Ag(mesh) 3t AAZAL Bolzck B
W A2 vl A4e TEstel P 1l
TVsstes mAslolck wele] shmel Az Zolt
Z}Z} 50 m, 220 m o]al TS 27)= 2 mE
AAsHE A E-e Mohr-Coulomb BHaA] HEl

olx A QS A, Y mAR TP A
B Aofet BE e we] 4 wele st

k.

Table 3. Values of the deformation modulus for damaged and undamaged rock at various sites (modified from Saiang, 2011)

Deformation modulus, Em it
. ifference
Site Undamaged rock | Damaged rock (%) Rock system Comment
(GPa) (GPa)
URL . Collins and Young
(Canada) 80 65 19 Hard brittle rock (2003)
Tono mine . Sato et al.
(Japan) 1.5 0.4 73 Soft sedimentary rock (2000)
Kiirunavara mine . Malmgen et al.
(Sweden) 85 31 64 Hard brittle rock (2005)
Aspd . Bauer and Hommand
(Sweden) 60 10.5 82 Hard brittle rock (1996)
KURT . Kwon and Cho
(Korea) 54.2 30.2 44 Hard brittle rock (2008)
KURT 15 8 47 Hard brittle rock Kim et al. (2009)
(Korea)
Average of difference 54
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= ArollA= EDZE] &3 9 SAI0IMS] & (reduction ratio)E 0.52 AA3IYITE C type-S EDZ

7 WS 2 Pl viAle G SISl 1zt Bl HiHokRE Aol whef 90%ollA 10%7t
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37}x1 type O TLHBLACE EDZ7F TR S yped Akom 744171 O}9= Table 30J4 HEo]
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100m

Fig. 2. Model mesh, geometry of the tunnel and boundary condition

A type B type C type
(No EDZ) (Uniform EDZ properties) (Non-uniform EDZ properties)

//N

I

Fig. 3. Types for the mechanical stability of a tunnel with a consideration of EDZ

Table 4. Material properties used for the tunnel analysis

Density Bulk modulus | Shear modulus Cohesion Friction angle | Tensile strength

(kg/m’) (GPa) (GPa) (MPa) ©) (MPa) Comment
A type 2724 34.6 228 12 47 5 etJZlv (I;é‘fz)
Bype | 25878 173 114 6 235 25 Ur}‘)irfg;;iﬁ?z

2696.8 311 20.5 119 423 45 Noncuniform
oo 2478.8 3.5 2.3 12 47 0.5 EDZ properties
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2 2 ol2fdt s AL ST E Helke e
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N 04
[ TN factor
— L
AN of ~Atype
. ‘xl X tan¢—c| safety Bt
B —_—— ype
/\f\ JJtan” g+1 ~Ctype
el \’3‘/ N c = ,{G—l _0'3}
/ /N N\ 2
[ A AN
g O O0(a® 6 0 5 10 15 20 25 30
0, +0; number
B — x1 = 2
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Fig. 6. Change of factor of safety based on Mohr-Coulomb failure criterion
Table 5. Results from the tunnel modeling
In-situ ) Floor Wall Roof Average
. Ratio of change
stress ratio B type | C type | B type | C type | B type | C type | B type | C type
Ratio of major principal stress (%)| -6.7 -24.0 -16.5 -45.6 -18.5 -49.1 -133 -38.1
K=1.0 |Ratio of displacement (%) 142.3 325.7 176.2 337.1 180.6 171.5 164.4 266.3
Ratio of factor of safety (%) -31.4 -82.4 2232 -712.4 -24.3 2751 -27.5 -78.6
Ratio of major principal stress (%)| -10.8 -52.2 -16.1 -45.7 -18.1 -62.0 -14.7 -55.1
K=1.5 |Ratio of displacement (%) 162.6 342.0 1554 288.1 202.9 187.7 1773 269.5
Ratio of factor of safety (%) -29.2 -73.9 -23.9 -71.3 -24.7 -70.5 -26.4 -72.0
Ratio of major principal stress (%)| -12.0 -66.7 -132 -34.7 -18.1 -68.2 -14.7 -61.8
K=2.0 |Ratio of displacement (%) 183.3 514.1 143.8 426.6 232.9 294.6 1953 408.8
Ratio of factor of safety (%) -29.5 -65.2 -26.4 -74.2 -27.2 -70.9 -27.5 -70.5
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Table 6. Total parameters related to factor of safety for
sensitivity analysis

Total parameters Standard value
@ Depth 100 m
@ Height 6 m
@ Width 6 m
@ EDZ size 2 m
® In-situ stress ratio 1.0
® Poisson’s ratio 0.23
@ Cohesion 12 MPa
® Friction angle 47°
© Reduction ratio 0.5
@ Tensile strength 2.5 MPa
@ Young’s modulus 56 GPa

Table 7. Ratio of change of parameters affecting factor of
safety with varying -50% to +50%

Parameters affecting factor of safety | Ratio of change (%)
@ Depth 192.6
@ Height 21.6
® Width 28.9
@ EDZ size 11.0
® In-situ stress ratio 698.2
® Poisson’s ratio 5.2
@ Cohesion 162.8
® Friction angle 6.8
@ Reduction ratio 111.9
Tensile strength 0.2
Young’s modulus 0
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Table 8. Selected 2°° Fractional Factorial Designs

(Park and Kim, 2011).
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Number of Factors

Fraction
k

Number of Runs Design Generators

29-2

Xg=X1X3X4X6X7

128

X9=X0X3X5X6X7

29-3

X7=X1X2X3X4

64

X§=X1X3X5X6

X9=X3X4X5X6

29-4

X6=X2X3X4X5

X7=X1X3X4X5

32

X§=X1X2X4X5

Xo=X1X2X3X5

X5=X1X2X3

X6—X2X3X4

16 X7=X1X3X4

X§=X1X2X4

X9=X1X2X3X4
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Table 9. Orthogonal Array Table for the 2°* Factorial Design

2]9] AAY x,%x92] FaIS AHAF

2y ko] Auiglo] 11t} 2

24 ZkAH|, =

HhHo 1

=

=, Yk
g WS FIgFS Ul%@% A
KT} 28 EDZ 9719} FoldH|

SUAR, /1‘:]
20
A 1—’ L0 va__
N 2~ 0
= ne }J]\

Run X X2 X3 X4 Xs X6= X7= Xsg= Xo= FS
X2X3X4Xs5 X1X3X4X5 X1X2X4X5 X1X2X3Xs

1 + + + + + + + + 2.8
2 + + + + - - - - - 24
3 + + + - + - - - + 4.7
4 + + + - - + + + - 42
5 + + - + + - - - 7.1
6 + + - - + + - + 43
7 + + - - + - - 9.0
8 + + - - - - - + + 7.4
9 + - + + + - + - - 1.4
10 + - + - - + + 1.9
11 + - + - + B - 2.4
12 + - + - - - + - 2.1
13 + - - + + + - - 3.7
14 + - - + - - + + - 2.7
15 + - - - + + + + + 7.2
16 + - - - - - - - - 35
17 - + + + + + - - : 51
18 - + + + - - + + + 4.3
19 - + + - + - + + - 7.0
20 - + + - - + - - 9.7
21 - + - + - + - 13.4
22 - + - + - - - 7.2
23 . + - . + . + + 154
24 - + - - - - + - - 15.5
25 - - + + - - + + 3.0
26 - - + + - + - - 2.8
27 - - + - + + + - + 43
28 - - + - - - - + - 3.6
29 - - - + + + + - 4.9
30 - - - - - - - + 52
31 - - - - + - - - - 15.5
32 - - - A - + + + + 55
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Fig. 7. Main effect of the parameters on factor of safety around a tunnel
Table 10. Interaction effect of the parameters on factor of safety
- - (in sit):l3 stress (red:‘ction i 5 59 (fri)éiion (poi:sgon’s
(depth) (cohesion) — ) (width) (height) (EDZ size) —_— =)

X -0.99 1.24 1.02 -0.32 0.59 0.47 1.56 0.13
X2 -0.99 -0.79 -0.49 -0.34 0.47 0.59 -0.09 0.52
X3 1.24 -0.79 1.01 -1.58 1.56 6.69 0.59 0.45
X4 1.02 -0.49 1.01 -0.21 0.13 0.52 0.45 0.59
Xs -0.32 -0.34 -1.58 -0.21 -0.47 -0.45 0.07 0.22
X6 0.59 0.47 1.56 0.13 -0.47 -0.64 1.24 1.03
X7 0.47 0.59 6.69 0.52 -0.45 -0.64 -0.79 -0.49
Xg 1.56 -0.09 0.59 0.45 0.07 1.24 -0.79 1.01
X9 0.13 0.52 0.45 0.59 0.22 1.03 -0.49 1.01
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