DIAPFHAEE A18W 5T 20029 109 pp. 9 ~ 108

rp

o2

[0

0|8

o

NET

i

Chang, Soo-Ho
o] A ol Lee, Chung-In
of & #° Lee, Youn-Kyou

Abstract

The nonlinear-brittle-plastic model derived from experiments as well as elastic and elasto-plastic models was applied
to the analysis of the rock damaged zone around a highly stressed circular tunnel. The depths of stress redistribution
and disturbed zone as weil as the characteristic behaviors predicted from each numerical model were compared. As
the magnitudes and stress differences of in situ stresses increased, influences of stress redistribution and stress
disturbance on unfailed region of rock mass also intensified. As a result, larger stress redistribution and disturbed zone
as well as greater deviatoric stress and displacement were obtained by the nonlinear-brittle-plastic model rather than
other conventional models such as elasto-plastic and elastic models. From such results, it was concluded that as the
magnitudes and stress differences of in situ stresses increased, larger rock damaged zone might be predicted by the
nonlinear- brittle-plastic model. Therefore, it is thought that the damage analysis may be mdlspensable for highly stressed
tunnels.
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a3l HA o] ARPHE AT 5t £44999)
A IR Aot digt Ao ey
o} 1AL QltiAglawe, 1999). £3] Bd 9] o
Hhof| &4t oo] AR Gute] BpAlgrt sl
Z7¥e = Jlou @ by #Fe] dert Ad 89
7| & Aot HA ol vl S8 £A4
2 118¥ a1 Q)tHFairhurst, 1999; Stephansson, 1999;
Winberg, 1991).

Qukz o 2 gl &4+ (Disturbed Rock Zone, DRZ)
o o5y, 9, 2ud © oty HHSS TR o
oFat 5o ofs) B Fule] erito] moke} ke &

AL Uell= gy o7 ui] g d(failure zone), A
%(damaged zone) I HH H(disturbed zone)S E g3}
£ g9oz uE, FAHN, dXgE, R,
Ejue] W4k @ ukeol wa) 1 BT} 49t haA
LFEPCCH(Winberg, 1991). ©17)4) 23] shalg] o
HHEEEC] oRtezRE &4ds] BIH 998, 17
£499L manyr) Wgste] HPA e fda
Y EAla=o] W3t T} o] ARtEAg e A ¥
37h sk Fooirh E3 aHFHL =3kl 23t
SR T2 Qsto] g3y A 23 SA4E
WL A FH o2 &Y EE HEA
9] ¥izh= 31| YAV 35E ¢ s ¥ ujdith

D2 ek /449 ADRL) S Z2E/S Y H(Excava-
tion Damaged Zone or Excavation Disturbed Zone, EDZ)
o8 RASZ|E AN YutH o g EDZoM= =3
H(dal B TBM)ol| &3t d3Fe] aA gt
(Fairhurst, 1999; Stephansson, 1999). o]7] 4] & Hdistur-
bance)> F2} o] M H ) F-2o] Ags] MSFE(eF 25~
30%) FHoF A= £4if(damage)E YWIHOoR
sk3]9} ohuk E49) ZHavt el o AaEe 3
oty Zut &Y} g2 Aojet FAJo o
ato] Pagt AoE Ue)7] o3& Ao ® Hiugal 9
tH(Fairhurst, 1999). wabA] 2 oA gt
£49oe FESA g BYstel it eygeo
2 aejstgrk

#5)7|2 AshA R 4AE Siek AP%Tel ZEDEX
(Zone of Excavation Disturbed Experiment) ZZ=HEQ};
e WAt AFSe -gzrﬂha, =3) o] o3t
4899 A5 Frlel F FRAHCETE 5
2000; Bauer &, 1996; Falrhuxst, 1999; Singh, 1993;
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Stephansson, 1999). 212U #A|-$8 ¢F0] & HF-$
SRR QT £33 B wF o) R B &
AFe mlujg ARyl 4999 JE S
g Qlo] 2R S22 o] ¥ & FF2 viA=
Aoz HEQthFalls & Young, 1998). o]&|gt =2t
3 g2l AjRulel me] ol vt uf ofvRje| B
ol HhAE o, 3ol o3 of7|H uladdEel AR
sha o3| 7} At Qo] Rl M o2 &AkEA Hoh

uebd 22 3 gy FH9| SRR S¥ad
of o3 FAEE &4F99 HAY EE AFHL
2 grisly] gt A7t 7= ok SRRt
SHEF o3t &G Frto) thdt o] H7A] 9
AFENA = RE g EaE 35192 H(Castro,
1996; Martin, 1993) B4 314-2 33 4=E2] 3t op
E AHEA S SAEADL IsHA] g YAt 94
A& AHgSthE S 7HRAL Qi OIE Q3 &g
ol SAFo] HAYSH A gute] As-S A =
AR &8 4= Qe 9E 7R 9;1“%-

ks 2 dtolie 8 Fof T2 gAY &4
Edoll digt AEH AtolA oz vlAdH-HA-24
ndg o {238 28] AFEdof dsf 28
3t =2 84L& AABE T 1 B3-S Hoek-Brown B
243 4 eSAgsia o) st A3} vjaste] O AolE
A8tz shgict

BAEE o YRR
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B AoMe SetEy 28l FLACT 7} o]
SE AT AT 5(2002)9] AtolA AgE B AAH-
2444 BYL FLACS) FISH 21018 AMSIo] FLACO
A ol g 7Hs%t FrE AR

2|7 ol 6mel YE Ed& 7Hgstgl e, 2d FA
o5t FF= ﬁ*i}ﬁ}ﬂ Azt Y= HE T4
o2¥Xg wdol 4, shi U & 2U7ER] §Y AH
9] 4uf o]ifo] HEE sk

AAzACR F, $E5UE +EYTF HY 1dn B
g 3= AR Mg FESoh 849 0=
742, A2 o7} 0.5m7} 5= 2351 2 10,0007}
9] 442 FgHErh

#2228 2A- Eberhardt(2001)2] oqalg} Zro] 9
=7} 2,700kg/m’, Z2E7}4 %71 10m/sec” QU o], 500met
1000me] Mg 7HAste] AR etsol o3t =258



1. 7188 #x2™ A

In situ stress cases In situ vertical stress, ¢, (MPa) K(=g*/g,)

Case 1 13.5 0.5

Case 2 13.5 1.0

Case 3 13.5 2.0

Case 4 27.0 0.5

Case 5 27.0 1.0

Case 6 27.0 2.0
* g,. In situ horizontal stress (MPa)
Z¥z} 13.5 MPax} 27.0 MPal. 2 133}k 2 HA| 4= of ko] A2 WHIkslgch Hoek & Brown(1997)2
A& tiste] &4A K7t 05, 1.0, 2.0% A4E 4= 39| Hoek-Brown A-E2 2= oA 3t

AR LY ZASZ ASSACHE 1),

A4 X804 Uoll Hoek-Brown A4-S(H435
2, 20028 qhto]l Tt A9 Waal] $15}o], Hoek-
A5 RMR glo] o3 Mashe ohom e

225191 tHHoek, 1990).
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=23

RMR — 100
28

(undisturbed rock masses)

RMR —100
i)

(undisturbed rock masses)

RMR — 100 )
14

(disturbed rock masses)

RMR — 100
)

(disturbed rock masses)
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o714 my2k syie AHEe] Hoek-Brown /d==0]v, m2 4

SR ZaAAN -2 Bl 3404 AT
S AR S Ao stk U A | bl of
¢t H 7= $ Hoek-Brown 58 A43}7] A% 4
F2Q 715E0] A= A gt webA 2 dof
Ae AEAA dojz] HZFE F Hoek-Brown 4=
5 4 )3 @)l Hgste] MBS HHE o)
9] 7} &ArGA|(damage thresholds)E UFER = Hoek-
FeES A (DT F AR8ske] eI
Castro(1996)9] Aol A= AP dojal &L
9 Mgl 2-gstod gtoll thgt Hoek-Brown 44tS
& AMESHgT oleh 2 HH o= o] 7l Hoek-Brown
drEd E 29 gt
EF AN Fojn Z &AddAC e HAA
F(EFS 5, 2002)F AHe B2 U] 9k,
AR} HRAee A S A
AE RMRE] g2 Uehd 4] (5)& 28513 (Nicholson
& Bieniawski., 1990).

Brown

A APezRE 2% Hoek-Brown A=o]ct RE(%) E
. © =
2 AFoAE RMRo] 7091 F&gHiype I, good Em (5)
rock) S} kg FHstR e m, St AEA A — 0.0028 RMR?+0.9exp (RS )
R4 2ol A Hoek-Brown 455 9 45l g3}
T 2. HIMY-HM-AN DH0 ME%|= Hoek-Brown Ifn|7|Enl £2A7|FS0| 48t Hoek-Brown Aks
oek—Brown constants m ) mp Sp 6.(MPa)
Damage thresholds (Lab.) (Lab.) (rock mass) (rock mass) (Lab.)
Crack initiation threshold 17.73 1.0 6.07 0.036 47.66
Secondary cracking threshold 13.05 1.0 4.47 0.036 100.97
Crack coalescence threshold 14.26 1.0 4.88 0.036 119.67
Crack damage threshold 21.07 1.0 7.22 0.036 131.72
Peak strength (failure) 24.53 1.0 8.40 0.036 147.81
Post—peak (post—failure) 7.359 0.3 0.863 0.007 147.81
S=ADUE 0|88 ASEHE FEHABS) &A4HS EHIL 101



¥ 3. BtM % Hoek-Brown EtAM YO i3t 2ttt 2M
Density Bulk modulus Shear modulus
Model (x10° kg/m?) (MPa) (MPa) My Sb
Elastic 2.7 1.27x10* 6.54x10° - -
Hoek—Brown 4 4
elasto—plastic 2.7 1.27x10 6.54x10 8.40 0.036
o] 7] 4] RFE Z+4] A 4(reduction factor), E ,,, 2 9Hl9] (equilibrium state)of] =2 wj7}z] v A FH-Z A

M ox

- -4

WAL E e FEGS] BAA oI i) gad] Bde HEe F9-0 ASR uf
ko] Eolpulel 2L EolgHls 4 (O 2
2 HAE el HTE A2kt Mohammad et al.(1997)2]
Qo] 2Aslo], AP Holxl 7} EATEAo]

HE molbulS qhute] AR WSl ALgStoTh

I Elastic-brittle-plastic ]

Vom = 1.0556V jns (6) .
Elastic Brittle

Stress

1714 v Qe EolulolR v, i PRt X
ofu]olc,

Hoek-Brown 44 2} ebd o] Ao, o
SUSAI-AA HRFE] 40~60% 7oA ol
Rrlel Zolbulg HlAF-24-44 BdoA
A (52 (6)= o]83t] e BHAZF=E WIS}
9t} E3F Hoek-Brown BHax HEloA: ut3] "Z o)
A4g TR ghor], U 9 ASAEA o
Zdzof tfsf @ojZ Hoek-Brown 4552 4] ()3} (2)
= 2.8510] ALSSIALHE 3).

U S, B 8 O 5 A A s

o] FISH ¥ o] #2883} Hoek-Brown A5 AL
o] 2] A 4](Hoek, 1990)501] o5} A4tk
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Plastic (residual)

Strain
(a) EFY-FM-2Y

Strain softening
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Elastic Plastic (residual)

Stress

3. 2430 wE siMAnte| Hlw Strain
(b) HEHE osiEA
AS

El
=

1 24240 &5 9 Of

Plastic

Mohr-Coulomb 287} Z+e g4l HdET= Ty
2 ATl e uAT-Y-44 TUe A
%9] Hoek-Brown 452 4= o|H9 AERT
FEAAA ARG F A9 A -4 B4
o2 BARS 4= It 1). & AFOA AMESHFLAC
9] AAPTAL FFHFAS Aot 3ET g
FE 2L 59 HAE ALSIES 3 oS £E2
HE HYE £=& Alete HPE S5 A= Strain
L 288 AABI= okl H(explicit solution method)ol] (c) EM-2N
7125 T3 itk wekA 287 s F A 37 1. Ml AniYE 3 SY

Elastic

Stress

Elasto-plastic

102 s=XESER=EE M18A MbE



22 o] Z(stress history) 52 ZUEE & Hart gt

0o a3 T2 IYE0] Mohr-Coulomb T} 7]
ol EAskL Q17] wjEo| Hoek-Brown m}]7]&&
Mohr-Coulomb #]7|&0 2 AR E Q7 QJtkHoek,
1990; Hoek & Brown, 1997). ¢]uj] Hoek-Brown A&
2HE §=x= 57 Mohr 3E&hAl(equivalent Mohr
envelope)> THa3t o] FHHTH

B

. 0'”’ - Gtm
r = Aac(~——dc ) 7)
ATA o TAAY AEYFAE, 0, RS
58 J81 g, 2 GRH] AL ER 4 (8)3) Zo|
et a3 A9 BE ARA,RE 2488 o,/

[«

Aekew &5 2o8ER ¥¥Esk ¢le] Hoek-Brown
ArEE A8 F A (NS 2O AFAARE ¥

shsto] B7E4 S B9 78 4 Yck(Hock & Brown,

Opy = %(mb—\/ myl+4s ) ¥

A7) m,2t si= Utol| that Hoek-Brown Zg<=o]th.

39 2= X8 2702 Case 6& 7181l FLAC2D
o] Hoek-Brown BtAA4] mdlS Q31 790 §Eo]
WA EY AThie] Sejojgolt. Sefae 27
Aol K(step 1) B 2RO 2 ola) B9 2wle) 74
Sl(confining stress)o| 7481 o F&Ho] =713}
A 5ot 152 A S L 4 o] ¥
zgo] wah SPYAHE BEES vt WA

350

300 Case 6 Step 5000
7 |o,=27.0 MPa (K=2) (final)

250

= J

% 200

=

o step 1
§ 150 (initial)
17 T
&

[}

=

[75]

100

—@— History of stress path (at roof)
Equivalent Mohr envelope for failure
(m=8.4, 5=0.036)

50+

Shear stress, T (MPa)

0 T T T T T T T T T T
0 5 10 15 20 25

Normal stress, o (MPa)

I8l 2. E50] LYs 2L0M &

0|2 (Hoek-Brown ElAA 2H)

d AsE Holn B =gsiA "k
ILE%‘% H) 4 5-F43- *é nEe Agstal 19 29
TYs 2AE PEEE Aol Tt dAS e HE
o] §elolgl2 I3 33 o] gl Bl Feet
+ U8 AT Bt} 279 3 5E(step 1) A H
g Fzteg Qs far|ES dA = ﬂ—(step 6) o7 &
%Li7l—r°ﬂ EEgiti(step 8). 1 ¥ -SEAEE 9
o] FE7IES wEn FPH | =dtA He
A= Hl*d“é-ﬁ”-*” 285 A83 2ol
7y g H HAG-44 B ATS LPEM‘“ |t =
F /18-S w27] g2, sz} dhgdt F2of 3
= g siAddat= vie W@ a2 W gt
A

L

o

32 TR0 o B FHO S H e

E

Hr

T - HHAHEL vlwsl] J3he ¢
d Mt 2.0 2 0E #27}0.5m~9m(=3R, RL
Yol utA) W YQl 8 2(zone) Bl A F5 FE

2 ARSI w3 B Ans Suozny A}
Om~9m el AA(grid point) 5 =74 F(measuring
poin) &= st M EEE ARSI

o4 B ATolN AL wAP-H4-44 Zdw
Qcﬂﬂg o]xiﬁ}x] A ErA] ﬂoi% 7].;63}1_—_ EFA-F
g Egg w)mabeh, 5ka) o) W] yeAo] u

2 gpJ A0 W3S A|elst Hoek-Brown A4E-&
SR 1 A Astol 249 AN FAstech 1 A%
B ¥y EoA vjdg-3g-a4 2dof o3t F

350

Step 1 ~ Step 5: Pre-failure
300 4| Step 5~ Step 6: Failure
Step 6 ~ Step 5000: Brittle-plastic behaviour

250 o

200

:><.” o

\(ini.tial)

step 6 (yield)
.

150

1004 _7step 5000 (final)

—@— History of stress path (at roof)

Equivalent Mohr envelope for failure

(m=8.4, s=0.036)

------ Equivalent Mohr envelope for post-failure
(m=0.863, s=0.007)

50 Case 6
{|o,=27.0 MPa (K=2)

0 T T 1 T T T T T T

0 5 10 15 20 25 30
Normal stress, o, (MPa)
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50

Roof

—#— o, (nonlinear-britile-plastic)
—®— o, (nonlinear-brittle-plastic)
—— o, (elastic-brittle-plastic)

40
LA
o, —%— o, (elastic-brittle-plastic)
(AN _ _
Bepy 7 7
pA B ; i
A "

= 1
:E_, 30 Al ”‘é—ﬂ—a
]
g —g——T—T
g V’,Ussv—’v’v v
s 20 G
.§- vl
Q
il
10 A Case5 | .
~ 0,=27.0MPa
o K=10
e
0 T T

0 2 4 6 8 10
Distance from a tunnel (m)

(a)

2.0

——y disp. at roof (nonlinear-brittle-plastic)
—O—y disp. at roof (elastic-brittle-plastic)

1.6

_—
=
R 1.2
=
:
0.
~
2 08 -0
— n O,
% \.\. O O,
- N ~0—
A g l\.\.\l ~O0—o—6_4 o
—n— —0—0—0O—_0._,
04 Case 5 Brm-a B
o,=27.0 MPa
K=1.0

0.0 L . . .
0 2 4 6 8 10
Distance from a tunnel (m)

(b) ¢

38 4 HIME-FY-44 DU EY-FY-44 2H2 HW

BF$3 gol tha AA UekgAw A @ HAFS
Fe AY FYsHA ekt 4@). 2T 4 &4
Aol e B4R WEkE R uaY B
GFo) A F AR vehiteh. Wele] Aol 1
Y 4b)2t 2ol WA-AY-44 ZFo] A W7
o 1200 = 2 ek £ AFA 283t uA
B-34-24 Bdol A Beto] T BYHLY &
42 B 2ol Bto] A2 0o) F7e B o
we AASE HA-HAG-24 Bdo] Ae% BAHS
woh ack olgd ol A HAF-HY-44 Bl
o 93 W97 TA-HAE-2 AR ORE A o2
£ Aoz goEth 2 494 AgoeRy Ay
JE ola7tH) e AY AgHAel e A
& B4y B SR e Bygse) Aol7t
=) gpekon] WA SRSl et Bee) 37 gk
Faparo] Lelsly] BEQl Aow BekEnh web 2
Aol Teiet shekat Zo| HYHE olW7HA] A
o] Mgy AFL Holk ghale] Agoli ulA1g-
-2k BEH G- 2o o5t AE)
Aozt A7 e AR JthH e SHBEL Hrhg
= o]e) SANTH: HBE ol % H4Y-24 AF
o oJ3l 2$-H 702 AT HPE o) v
Y A%BL U919 2e ghite] M) B4l o
a2 7% o2 Balth 2o uldY A%l £
A Uehbs 9] Aol a-HA-44 mde
H4g3 Aok Aot 2 Ao e

T4 2 A7 14T A e 2A5] e u]

¢

N

104 E=FXESEE==2% H182 Hb5s

A8-2A-44 24, Hoek-Brown EtAA R E I B4
Hdg A8ty 2 ANES vt oh-3-9 it
2221 HHAAEE oA AEet SHAFEE
A FLE 3 HYEEE 4|13} ). Hoek-Brown 3]
7142 Martin ez al.(1995)0] A|FZH Gt &4l of
7€ T2 AUFedH AT A} & 5§
2} o, — oy(differential principal stress)2 EHE 22 7+
ERAPE0NA 8 2AE2RH FSHAE A4t
3to] o]& s 45tk

I% S(a)y= 8RS8 2710] Case 621 -0 dolxl
FgEAto| i3t Aapsolth 1Y 394 AHE upe}
2ol Hl4g-F4-a4 B Aeols HoRE olF
o HHATE Ro|T BF 24T ETe] Y&
o shalzh wAIE X4 e) FEAE Bl D ehys
He) Ao} wmalo] v 2 ke FHac ol o
2H 02 Baya|H] Aol 1Y 29} Zo] Fuo]
spgsiE Y TUMS mEUN S8sZo] 276
GEo] T8 x4 £ 2A ek 22
o3 9 FEAEL HoluhA e wiE-g-a4 B
W AT A7l Bay U Syelel Aomr) 2
A Uperdeh. gl =01k uheh o] MM F-2A-a
4 2| Agols FA o) 7 FEALE Q)
o 5y el 2 392 A|A3kA] £ Bk wheb
a13) FoN AHIekA] Tt S0 Thy G 9RE
AYE7] g oty 9 R g8t a4 |
.E}}{f}ltq, AT 9] wFS Y(stress-disturbed zone)}
<9 Al o] Fio] @i & eFA ] He-KHrt



120

— 175t Case 6 —— at roof (nonlinear-brittle-plastic)
& 100 i % ! c,=27.0MPa §| —@— at wall (nonlinear-brittle-plastic)
% AN K=20 —A— at roof (elastic-plastic)

e ! —7— at wall (elastic-plastic)

" g0 . —— at roof (elastic)

o LA™ ~—<}— at wall (elastic)

o . \

@ i :

% 60 bt \-

) \-
3 : N N
% H | K .\||
E 401 E O\V\ o -
o ! 1 0\(} —R—g__
= E ﬁ/% e DN
% 20 E L 4 i §4°’< — @ —<F
80;:) 1= I N e /‘7444’?—4/.
= A i L N <Y _e—0—*
A 0 Failed zone; \Q\q ] .\._“é,./.
T T T T v T T T T
0 2 4 6 8 10
Distance from a tunnel (m)
(a) =&AL

45

Failed zone : y -
- 7 —&— y disp. at roof (nonlinear-brittle-plastic)

E/ —&— x disp. at wall (nonlinear-brittle-plastic)
! —&— y disp. at roof (elastic-plastic)

H —w— x disp. at wall (elastic-plastic)

| —O—y disp. at roof (elastic)
1

1

|

4.0

35

—<— x disp. at wall (elastic)

»
wn

h

Displacement {cm)

=3

o
n
t

00 —_— S
Distance from a tunnel (m)

(b) 1%

J8 5. 74 2U0| 0l FSxie Wel £E| b|al (Case 6)

A APt Aoz gekEch B AtofA 7HgE @A
38 A5 s 24992 A 1.5m (Case 69
g uholstatt. uheba] s ol of ol WAyt
ol Z- 2dlof ogt AdEY Aol ¢ A AR
A&t HduRe oz} AT YoM e E
LS| of] ojgt 3Rz vAB-FHAZ-44 Bl4Y
7-ET} oF 5.54(=87.0 MPa) =LA Uehgton, M
Hol w37t dojur) e AolME eaa 9 B4
o] Ae-Ht ujAdg-HAg-44 SHF37} Hof oF
1.34(=16.6 MPa) 34| d&=¢ch

a9 sb)e AR5 27| Case 63 99 W9
B2 o371 dAg QoA vlAg-HAgd-44 a4
AE a4 A datect Adiel SHEA W
97} b2k Ho 738 2 1.8 =A| A== ok iy
G QoA wAA AR} oF 1.34) =2A 4
Z5 31k

a4 STt B slAat A9 FdatA yE
=g o] 18 63 Zro] grEo] dhayst XA #
FAH | =gdt 3o] SYpFo| s He-%
GA¥EL7] go|t). ol2jgt At B Ao 7Hg%t
7|20 A7) R Ao HaHrt A& S0 A
P d2AEAE 5,5 B ATl H83t 147.81
MPacj|4] 100 MPa2 oF 1/3 FAA7|H & 239 &

28 gAdsls ket & xpolE HAHH 6).
upebA B Ao g3t FJEVEL 7P dXS
g 2AE w3 ¥y F7] gl BAA A
By s gt Ao FUshAl vt Aos st

I% T(a)= X8 0] Case 3¢ A% &%
o] AFZ A Case 69 Z-AH v HF-F4d-24 )4
off o3| stx)7} GAYgE X H Y] =St LA Fast
7 93 2 2ol AR Bay L B S
AUt Ant RS Helg 4 ok Aeel 5}
Spgala] b AelolA] HlAR-21g-24 Ml ofst
2gURL BAY W B 49 AoRT AEo
Z Z 1.291(=6.0 MPa) 37 o|&xE]o] Case 62| A5
oF 9AFSILE 223}e] A) Holi= oF 6 MPaR Case
62 16.6 MPaz} oF 10 MPag] xjo|= molc}. wheha
EAHYE A Y8l A | TAR &4
2 A8 AL, AAEE o] AFSF HAE-F
-2 AT} gl 9 v ol Yo ==
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