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The current direction of our country is towards a non-nuclear home,
but the disposal of low-level radioactive waste remains a necessary issue to
address. Early commissioned research has focused on centralized storage
contingency plans and issues related to secure control after closure. Another
part of the research continues to improve the technology for low-level
waste disposal in tunnels. In the current year, following the previous year's
low-level waste disposal issues, this study presents an analysis of
"Environmental and Anisotropy Examination Technology for the 112th
Year Low-Level Radioactive Waste Tunnel Disposal." The main content
includes the analysis of hydraulic-mechanical coupling simulation
technology in the chemical environment of fractured rock masses.
Additionally, it involves the construction and application of testing and
destruction criteria for the strength of anisotropic rock mass materials. The
goal is to continuously improve and update international low-level waste

disposal technology in Taiwan, further enhancing regulatory capacity.
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Abstract

When rock mass fractures are exposed to non-equilibrium chemical environments, chemical
effects will affect them to varying degrees. For example, pressure solutions, that is, contacting
asperities with higher stresses in fractures have higher solubility, and precipitate in pores with lower
stress. Fractures with different rock properties are affected by the same chemical environment to
varying degrees, further affects the penetration characteristics. The rock mass fracture permeability
is related to the safety of the disposal site. Therefore, factors related to permeability need further study
in the safety assessment of disposal sites. This project conducts research on hydraulic-mechanical
coupling numerical simulation of rock mass fractures in different chemical environments. Research
international numerical simulation theory and technology, as well as comparison and verification of
numerical simulation results and laboratory experiments. Assist management agencies to improve
their verification capabilities. This study collected several laboratory experiments and numerical
simulation literature on hydraulic-mechanical coupling in different chemical environments, and
compiled relevant key information into a table. The study found that the hydraulic-mechanical
coupling theoretical models of different chemical environments are mainly controlled by mechanisms
such as pressure solution, free surface dissolution, diffusion and precipitation. The geometric models
and their simulation results in different studies are also different. This project will hold a domestic
technical seminar. We invite experts to discuss at seminars and provide relevant advice. Finally, based
on the above-mentioned research results, suggestions for hydraulic-mechanical coupling simulation

technology of rock mass fracture in fluids with different chemical characteristics are put forward.

Key words: hydro-mechanical-chemical coupling, low-level radioactive waste disposal, pressure

solution, numerical Simulation
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BRI € 0 S AT RS TR T o SRR A % B 0 KT
B P rug Al AR BB HFEIMER L K - B L RPN T2
FL6l HEIEA e EERT RS S B LM 2 E 8 6.2 SRS R 2

E o WA AR R A MR ER
¥ % RHodi

AZEHPREFHARCFERET RS S RS A M v RO E - BEHRIZ R

TECFPLENEERPFHEERTEP FEFRL > THEFF IR BB ER

‘5\%
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$o% BWARYI R OCRBRARRRL KIS Bt
BB © e i

ARz AR AL F SR FTw om LG - eARARZ LG o FI o F A HK A
BART T (TR B PE O IS RATNEA G AP TR AR BF 2w B P B B
§RIHEA T B REM L RIVES BWEBHARL TS Y 0 - H T R
BEM a2 P XA BTt a a3 fde§ PUEZ ATt R L Er gy
WEHARE S RPRRZPE  PARB Y > WHKE L IVES R ek e
(contacting asperities) » 2 #hi+ 3 2R R B > B AR RS T AR A RN 3 Tk e ¥ b 7
PRz M ST P ERE L BPRES A o ABEE 22T (R €4 F h>2022)

3

I FTHIREERRET RS- EMEFT N FERAL FO(E 2.1) F2A REAEE
4 A

B R
PRt 2 CEEETHARBEFOEL c QBT BRSNS BN R
gAY

k
a

(¢ k> & A 5 2010 ; Ishibashi % £ > 2013) > 384 X p o 5 3 2 (G40 B A £k

k2 B WS F A R B f2) 1 % 5 % 5 Se(Polak % 4 5 2004 ; Khan % 4 5 2022) 0 |t 5 F

HREAFCERRET 0 BEIT NG RO B M GBI AR B nd DR AL
T ARy B E

%221 2FRI“ERBET LA EBEZTPN EHRISTEFR

e % BB H A A AT B ARG LR
Yok % 4(2010) N JE & 5 0.01 mol/L £ NaxSOs4 i3 it '
Ishibashi % % (2013) | Capitan % % # pH &+ 3 6.5 2. -RiB % i
pH & ] »* 6.1 27K e H 4
Polak % * (2004) Bellefonte pH &4 5 8.15 2 3 T -k e
A H pH 184 5 6 2 # 4k 5 e
Khan % 4 (2022) | Wolfcamp F # pH i3 2 2 ki3 ik 3 4

*EAGKVALAMEZF Y o § iR @ pH B R S5 pE



AumpEy ek AFIHFFEHSREEFE- HFH ERSHEMART I F
CEBRT kA - BRI AN Y R AT - H B EF T L RS R 2
HRLBRES S B RRKEHROE R d TSR P S R T R R
BT 2okA A B@LEH TP ERN AT R EEEH T E P ERERE
PR T AFEHRER I AR CERRE T LS 4 BB R R%E R
%iéﬁéﬁﬁﬁﬁﬁﬁ§°ﬁi’ll$$%Fﬂ%&af¢kjéagzm$%wwé
PreFrR g p e GRS P A ke R ] bR RN M <
P TR BIIA S ERRERL S - B AE Y RE R F A Y R A
BRI AT ER A RN W R T 22 8- HAE I R CEBE T K

-4 B8 8 5 B e B AR B mv}gk » TR R E BN R 2 BRI AL E o

21 A R BEB TR - EMEZ FPRBEIFLASTH

AT AR (R g E R 0 2022)F M F A F HPE AR S B RE B BT A
ERAW kS QRSB ZAFR S DR A BT FE o bldv B L3R5 R R4
ke R MY a6 A4 kR ind g s (Polak % 4 > 2004) 5 143t A R 4
B S0 PRERLS L2 NS BRA SRR AR PR E o T 0 2 ER

2ZREEY k- B @mwwﬁw?ﬁnr R o B8R 375 F1F(bl4o BRI 1T

s pd BB FR S TP UAR S APk e ﬁé_i)g ®ok4p E’(hydraullcaperture)icg PR
i‘)é{‘*') B - / );F‘JF)%7/711"4.’1—1 7}'\01‘?'/%;'7?\9 '§I% 2_-k4 -4 %‘f%ggi],\;éfﬁi#g&g?
BOERBEABE IR R ATIFRFERSRP Y MA Rt B S

PRk R AR (R § 4 F B o 2022) ¢

1. " Spontaneous switching of permeability changes in a limestonefracture with net dissolution

(Polak % « > 2004) -

(Diﬁ%%i&%:i@%aﬁ&%ﬁﬁﬁ{ﬁ%ﬁ%%ﬁgﬁﬁ%’m&yp

THRASFEE 7R LR EF(Bellefonte) 7 4 £ M- 5 WKL F A4 AR
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AERHRREREE N Bk A BRI w935 ) B TR (TR

WS 0 15 OS5 | PRI HE S FA KRBT o

() R & | REERRR B W 2 ok AN BRE BT TR o3 {8 555 o R ehfg B

MM B A m bl > ok B 2

" Experimental Measurements of Stress and Chemical Controls on the Evolution of Fracture

Permeability ; (McGuire % % > 2013)

1) FPr#Fskz R Ay 2%kc~kp R Capitan 2 4 & > BF A EHFEAL AL
’\‘@l );;“xﬁ' » T #‘g‘fii‘a’s&m /n pi‘%? SEROMA Fﬁ/k&’ 3 'Liﬂ"J\/pni’(pH
5 5-6% 7)%22%+4:25-50% 10MPa % = -] 2 4 i5% 30 F & £ 2 &

X o

(2 #kEF kAP T RngAKzZRARPHERE  pHEZ 56/ 5 K
NERER R R e 0 F pH E S T k4 P TSR

%

>

6 e

N

(3) #h % eis X B 5 OB - R 2 AR 22 4

M X-ray CT based numerical analysis of fracture flow for core samples under various

confining pressures ; (Watanabe % 4 - 2011) -

(1) B A5 P AR Inada 75§ £ 2 A %3 1 4300 F IFL i F

R4S @ #1538 NaCl 2 Nal -k ik & 7o de 3% - BBV S 2 %
BEEFRZET > T ERERREFEF R

QFTF HREXEIP BRI ERCDLE  THFLATHRESTLATR

AR PR T o

" Permeability evolution in carbonate fractures: Competing roles of confining stress and

fluid pH ; (Ishibashi & + > 2013) -

(1) 32

B2 f%b‘i(b‘*“'ﬁﬂﬂﬁﬂﬂa\%iﬁr(}@ g3 F B0 2022) 0 H
A ERATE T RN g R L% (Guadalupe Mountains)z Capitan 7 % # > #-
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5.

6.

7.

F3 AR E AR R AR oA FF ek R WA pH &5 5.0

6.0~6.1~63~65% 7.0 73 sz R 0 AR AT IMINE R -

(2) FkSF%  PAELBRpH EREHF > 5 8 pH /] 6.1 FF > K4 N F
PIARS v > pH B4 2T 6.5 FF > k4 N g MR o pH EE R 6.1 2 6.5 2 F

Fg’ﬂ"“?vﬁ'l&f:‘»’](’;[]\ i‘aﬁl/)é‘ WHTE
THAMTTH A RS R B e TR T sy (Y R & 4 5 2010) -

(1) 2P K3? ﬂw‘)]%% Yoy S R RE (R €4 ¢ 5 > 2022) > 32
56;’1%\7,‘%& Wﬁ?ﬁﬁb"l"ﬁjﬁ%% 4)}"\”}%7 f“ﬁ F*Jf‘%;*iﬂ‘aﬁt\/’f /” \ﬂ%‘
SR BB R 5 0.0l mol/L 2 NaxSOq ¥ * BpeAfed pH E 5 2 27K
R AR AR TN R o

(2 #HEF FmREADAR LG LRERBZRPE BREAT L DRBRFF
2. Si0x 2 APTdp3 kR ¥oF b 2 adBg > ¥ A B2 k4 ) PR R R 4o @ by
Fol o @& 2 A AR R B(JRC)> PP R 202w el & o

" Experimental study of limestone micro-fracturing under a coupled stress, fluid flow and

changing chemical environment ; (Feng & Ding > 2007) -

(1) Z P EHRLRP AP R VAR RRE A L N 2 WRET P
MR B B AL k5 o AT A 1T R A BBk A % CaCl2 (0.01 mol/l > pH 9)
% NaCl (0.01 mol/l » pH7)i3a % 2587 » AR AR awl B B o

(2) Fok G5 RBHRBPRREERAEHRALZAE R E N T F SRR EES DR B
AZBRDRG o - HRAUE TR

" Impact of Concurrent Solubilization and Fines Migration on Fracture Aperture Growth in

Shales during Acidized Brine Injection ; (Khan % 4 > 2022) -

(1) BPRS2EP A e e BB R SRR (R §FF R 2022

AB-p AR ke 2 0FA 2.83 km o Wolfcamp | £ > #F § HAM 2~ %
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IR RRAEN o Y pHEL 2 Z BB REHEHEAEFREE -

(2) BEREF BMEKARTRABEANE G POV AEBY 0 BRI FHBIE E AR
NN - HERABZE T TR KPR IR BROHIRT YL AT
BALF R rREDHABAG > F R ERREE T TR HH o

8. [ Direct observation of reactive flow in a single fracture ; (Durham & Bourcier » 2001) °

L

Y J
z =

¥

i
nt

(1) TP #FH%R2K3 A5 & flanCarrara ~ 12 4 (marble) » #-F 5 4
g

EEEE N AT Y w4 02MPa 2 b4 R A B R 3 A

[
(\x
pos
=
«7‘_.
o

Bk kB pH 4 5 400 FieF g 140 | P2 inid iR o

-~

<r

(2) Bk % P RIS 2 PRI IEY T o R4 N TR ] o

22 AR BRBT KA - FREHRAM 2 A

FHARCERRT kA B L pHATY 021 & aFF M2 R 8
PR R R AME A Z AR P ERZZPRRAMAT o 50 L HEHR
o AR HEHIERENROPMA T EFRE - 2 ¢ Yasuhara £ £ (2003 ; 2004 ; 2006)
EHEF - PEERS > REEREARCERRT kA - B e M RE AR LB
A4 T 1~3 gherik o ¥ 5 Liu & 4 (2006) %2 Zhao % 4 (2014) %+ # i3 :x Yasuhara & + #%
M2 FERN FRN AR CERRT RS - B A - ¥ > McGuire & 4 (2013)~

B - 2E NP R ERS c AT A4

1. " A mechanistic model for compaction of granular aggregates moderated by pressure

solution ; (Yasuhara % + - 2003) -

Yasuhara % 4 49— B4 EHA ks A PRI R4 AL L AT SR

M- BEEPEFF T EF R T (pressure solution) @ $F 4 A & 374 50

\

Bl = BERaRA AR & (1) dpd] 3 A 23V S e e JUR S

Hprd| 87 5Bt & 7E 2 o & > T4 & & (surface energy) @ % 3 /R3 (£ %



o AR B4 R endp 3 1% 3 B FF 5 (2) BRI X A T R
SURF I G WRF S QL EY § ERIDREATR ) I RGP 3 Mg o
R ATA T & A R AR G AT R B B p d G ) ke AR
IeBl 2.1 #55F o H P O SR BIER R A B D R Y B A BE B TAR
AT B Bt > d IV Y 3 T foa B2 UK () FERAR T e
AVGFNEFFTERY LRI OB RARE I HE ORI R R
F AR L 4 G A i AR AU 4 e R R R 4 TR LR R
TRE DS e ] S ONTR T 2 B A e ORI SR ATR LR R LM 40 F R

TR AL R I SR M R E

7Y N
Porous aggregates

Time

. 7 3L A B e R g I % AT ' asuhara % 4 >
B 21 534 RE I % A FHCA) o & Bl(Yasuh % 2003)

2. T Evolution of permeability in a natural fracture: Significant role of pressure solution |

(Yasuhara & Elsworth » 2004) -

B
\\Xr

PR EMAARE RS R RERRG FY o L G SR 2 E
BAXREAIRG T @ 3 hifAr BB @5 R TARR C 50 86 4045

Bl e SHEARNE B TY T B A PR BB AT S R T8
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FRAE R A @R Bk g d B TR e B - B SRR Ryt A

-~

W

et 2 RPRERDHEE T B LW 4oB 22 9757 WA P HHMR A 2B fEIFEY
SRR R Fhdr d R INE R AR EOP T 6 A AR F g
B ATV 2 BEe B Atk ERECFL A2 BRAsk 44 p Yasuhara
# 4 (2003)4 2. F At A THCEUR T R R Al S Ak o W& G 0 B Bk
20 FUERBG AR A okt G AL 2 21 o B0 s SRR A4 @
B2 B S KRR R B AR R A T Y S TR R

=

REEREF MO ks o

W22 HHLREA 23 @B v P &3 7 LB (Yasuhara % + > 2003)

I Spontaneous Switching between Permeability Enhancement and Degradation in Fractures
in Carbonate: Lumped Parameter Representation of Mechanically- and Chemically-

Mediated Dissolution ; (Yasuhara % + - 2006) -

* = )]?e %+ Yasuhara % %+ 2003~ 2004 # 4 h 2 gcE i) o £ 4 - BHEA ki

23


https://agupubs.onlinelibrary.wiley.com/cms/asset/201c4d18-2e27-481c-bf0d-7caa3ac4493b/jgrb13913-fig-0001.png

AHARY FiFp a3 BB 2 5 d 63 Bl B
WRZ Y B ER S ARk P E(RBEF)FREEMN F 2 BEAD H3
RpCE g A2 kA P (SRS F)T A § A4 o A v 7T £H4 Polak ¥ 4 (2004)
B FAEFAEFTE TORE FARGHIAE FRESEFRERER ERESYE
Polak % 4 (2004)2 % p 3ok S 27T o Fmp 3041 & 5 R o

T A fully-coupled hydrological-mechanical-chemical model for fracture sealing and

preferential opening ; (Liu % % > 2006) °

A2k 54 Yasuhara & 4 (2004) 974 2 BF T 2 d G R fRE A B R 2 4
Lok 4 -4 Bt F(HMO)KECT] » IR E 2 T 2 A £ AP F 2 g gt o
2 i i Polak % 4 (2004)2 77 ¢ o BLIRIA 3 2 ok S M MR B R L AR
i@ * HMC #3]3= % Polak % + (2004)2 % P 35 “7 1@ Bl enF AL » B i% < %
B FH e B o B A B A Y - kP e R R A 1R eIt
w0 IV E A B Al 0 HEs) S ek X-Ray CT #4s A 2

"3\\-
(ﬂ

TR AP B R T ARG EHEGV(RB TR 2 pd G 3R E) T E
- B (RB R AR G R R) ) RIFLF RS PR AR ¢ 2 ik

— 1 2

MERBEEF 0 TUEFAD R B EARBREES -

" Solute transport in a single fracture with time-dependent aperture due to chemically

medicated changes | (Zhao % % > 2014) -

AR R AR R AR ARRE I ERAPET > AMR Y TIFRR &Y
BB G (bldee st 48 %#m?#?ﬁ%%%%ﬂﬁ@ﬁﬁéoéﬁﬂ%{
Yasuhara & % (2004)F # e A HA] > AR E BB PR EABE C T it > i
A7 R BB 23 9 o F A AT W AR AP A KR e e Bkt
FIm (4oB) 2.3) c S PF > B G 2 HP FIXBERBIFRB G B 2 (THK
B2z ) Pl b e ddde o 2 2 73 1% & R4 Ji s & ik o & B AR
SRAEY D F RS- BRPERG TG M HARB e P L o § b A2

V- 45 B 3fi 8- HAR D AR ERYBER o
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6.

Pressure solution at asperties
(1) Dissolution (2) Diffusion

0 (3) Precipitation

23 2ot 2 AHSBZIEY EREC T H] 27 L B(Zhao & £ > 2014)

" Experimental Measurements of Stress and Chemical Controls on the Evolution of Fracture

Permeability ; (McGuire & 4 » 2013) -

pLF7 3 K- Capitan 7 4 AR A7 2k cndhe H (e 0 BRI A Gkt > T ¥
FADRE FAK-F MR R TR R A R A M ek R~ ~ v ikl pH B2
BIUR o 3R%EAZY >RIZ R E P E AL Ty Y - BE S SECA

4

BN SR T 2 pd 53R 8- HREHE R - 356

T

BUR ~ 26~ il end 2 2 F beni®® > 3]0 8 BcdoB) 2.4 #5770 2
TR BB R e 2 BKE - R e RO TR YR G RO
WOHNERG S TR RS A GRS AR S (brr) ) T BT

SRR T 2 H5l4ecnd Bl ote ke 18 r B A% fE(bssc) e
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ik

of 05 10 15 Xe 23 30 A3 40

Applied stress induces stress corrosion cracking of fracture asperities during
simultaneous free-face dissolution

L4

[

Diffusion- Advection-
Controlied Controlled
Zafne Zone

’ lﬁmﬂﬂn"liilﬂ,} - » mm;sn-l:ﬁ%nn,p

Bl 24 McGuire & A & 112 #7) 2 {3 E /27 & Bl(McGuire & £ > 2013)

THEORPLEHFIERAL N AP F AR R EFARLIEL R W
48P 5 [ Permeability Evolution Of Stressed Fractures Permeated By Reactive Fluids |

(McGuire » 2012) > %% £ A 5= BE & » £ 4csrd BT > 4o f7ik

(1) T Characterizing the threshold between fracture permeability evolution controlled by
stress effects and free-face dissolution kinetics: Experimental measurements and

lumped parameter modeling. | -

(2) " Extreme Sensitivity of Permeability Evolution in Fractures to Initial and Evolving

Fracture Conditions. -

(3) T Contrasting reaction rates for free-face dissolution and pressure solution in carbonate

permeated by under-saturated twophase aqueous carbon dioxide solutions. | °
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CEFTY TP AR o B9 0 % - £ ¥ McGuire ¥ £ (2013)F7 7 4p
Fovr =2 R? FP FHRKXEDAHA BB EE R 2597 %2 K3 P %
B0 Biple h B AR BRI ERY > BBRUN B AN E RS SRS
R AEREE TR S LR A PRSI R FREE 0B 2.6 977
FIROERRRELRY AL UCRARBNRS L § kR B § e
B - HEP ZF PRHGDORD L LR G ol o FL R~ e K-

B F CRLERAT A HORS § ORI B R RS K R AW 2.7 4 -

(4) " Permeability Evolution of Carbonate Fractures: Competition between Stress and

Reactivity. | °

McGuire(2012)# = %4 ? faék 7 22— KA T > McGuire iz (A1 P 5 % k¥
FoARPEESLITIREFRETE TR zlw};%é Yot 3 ERE L LR
e THE Al CERB kY A B AN AN AR RELT YA
WL (R g4 8 b 2 2022) o &4t 2 },% 2 HOAIIRA 0 AT & BlAc ] 2.8 41
70 T & AL A B8 44 (representative elemental volume » REV) » B ¥ ¢, 5 2 1 2
KA N E S Voore() # REV P 003 IR88 AR 5 Avorar » AP35 ff 5 Re 5 /¥ o
L (ERURG M Sl o HEAIY SV LR R e REX T -
R KW s ol e AR ] T RS R AR IR L DR R o B Y Ry
o2 R TEY B2 A d G R Rk B84 %% Yasuhara & Elsworth (2004)2.# 7 ©
S o

stream
Reservoir

Fracture

20 Liter
Upstream
Reservoir

Confining
Pressure

Pressure
Regulators

Working Fluid

Inlet

B 25 McGuire#h > % - HA7 % 2 #5% % ¥ 7 & BI(McGuire > 2012)



Effluent Fluid Collection Point

Pressure Relief
) Pore Fluid ’ Valve

Outlet

Fracture Digital Scale
-8

4
Confining lZJ(:)sLtI:Z;m Pressure L
Pressure Regulators ()

( Pore Fluid

Inlet

B 26 McGuire#h 2 % = A7 7 2#% % ¥ 7 & Bl(McGuire > 2012)

Effluent Fluid Collection Point

$ ) Pore Fluid

Qutlet

Pressure
Regulators

Fracture Digital Scale

Confining

Pressure CO,

o Pore Fluid
had <€ Inlet

® ¥ Pressure solution (PS)

. Free-face dissolution (FF)

MM P derived removal

Asperity
contacts Water film (6<<ey,)

-~ "Local area, A

Local contact area,
Rc iz Alocal

¥l 2.8 REV #3]7r & Bl(Ishibashi ¥ + - 2013)
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FZRAMAMN B EHBAMBRR2 kS S FREH
5 % e

Al

nHFAT R R ARBRE T A2 R AR LR RBIEY > F RS RS &
Jed® fRPE 0 B R fRAE R I F A - R R R B 2 A
B o RBIEYPEOERERINRA ~ WP RS 2 A B2 RBRBENF A PR
BenfBoex 577 ¢ o ZHF (Y +k= % 4 >2010; Ishibashi % 4 »2013; McGuire % 4 »2013;

Feng & Ding > 2011) > /&% % ¢ HRFEF T o ¥ - B2 Ad 533 % A2 pd

B % fREPFET aC i & %% 5 b 2 (Ishibashi & 4 »2013; McGuire & 4 »>2013; Khan % * »2022)-
RAGFL Y o CEFF I EAN AR EEET G F 2 AT PR E > bl - F o
ﬁffgfi’%'}]?% » # 7 Yasuhara ¥ % (2003)F A& - B4 FHEA KK E FIAFTORFTR L S

@ {4 » Yasuhara & Elsworth (2004) %+ Yasuhara % 4 (2003)z i3] » i&—- HFE I H ¢ X
B4 2 ABERDBBEC P LT Liu % £ (2006) %+ Yasuhara & Elsworth (2004) #1#%
N2 RBETEA D G RRERI B R 2EE RS -4 B B HMO) KA Ko if

BT A BAH PN F A R % Y Ishibashi & 4 (2013)#% 1120 & £ A A HFREV)EA]
Ho o e 2 B3 (5% 2 p 4 6 3 fRhF uis o % Yasuhara & Elsworth (2004)z_

RS T LRSS FR N 3 A Y R S R £ 10~ Li) By Ry
- H AR R R RS R R R R R g o

AR 3L & A HEEREY > {W AR FRET RS - T A M R
P ¢ F e X A T EIOA IR S BRI T B T WA AR A 6 UK
2 pd oG4 3R E > B2 484 5 & % Yasuhara % « (2003) ~ Yasuhara & Elsworth (2004)
% Yasuhara % 4 (2006)2-# 3 %% & F 32 &1 7 Ay ¢ R A K AP 2 2
A h e aE- 27 ¢ 3 Yasuhara ¥ 4 (2006)~Liu % + (2006)%2 McGuire % + (2013)

SHTE Y TR RAZ P H S AR F AT
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31 2R ERZT KA -3 L2 BB BB

AP HHZ A R ERET RS - b2 BE B4 A& £ 4K Yasuhara ¥
4 (2003) ~ Yasuhara & Elsworth (2004) % Yasuhara % 4 (2006)#7#7 1 2. %% % > & 7 e hkEiff i
A T WRAIE A AR BEE 2B AW AR A RERBICEZ UKE fd BB
TER S S IR i
RAT Y A REF KRR 2 2T o Yasuhara & A (2003)4% 41 53U A R ORR IR %o 2 B0F] 0 BOF] Y REE

P HAETF N F R ATY G ERAPH s S EH RN L m T

PR T #4038 * 3 Yasuhara & Elsworth (2004)2.# 3 > #-73 B M4 % & 2 fe k3 il e e
BE TR BK 5 REORFRR (B * 52 {5 > Yasuhara & 4 (2006)#-iz A3 * 3 R R P Sk T

TR MR EAT o
311 fe kiR AR (57 B3]

TR TEH & R R R R R B RSP TR R e ah- KoKW TR KR8
MR T A2 pod B OEER - G SIEAE e B A 0 F - ) G BE TR R AR
VERR R D0 AR A R TR KR 0 AR 1 g S B i e R Rl
B e gk A - B F 0 AR RN L R B S BPE SRR

B0 RF E L R AR 5 PR RCIT Y B R RCRL T B

dNRBEYERIDCATRT T RBG 55 B 2.1 Aok s f35 1 42l %

‘(strain rate) > #f 03B 4 ¢ enekERf e 0 T T & 5 (Revil » 1999 5 2 :cp Raj > 1982) :

NS

. 3Vmk
Ediss = RTd+( A ) (3-1)

et

¥ Eaiss b T > Vi B8 3 H 4% (Molar volume) » k, 853 2 F ¥ ¥ RAF W ¥ #c> T

SRR R o d b AR AR T IS S BRI (T SR 4 ] 2 f o

"~

=K

Z2_ B eniv 8 =5 £ (chemical potential difference) » % F&ds B3 (7% chd 4 (X #4 § R 2 3
fBL 0 U= st = —Hinitiar) ° & * 25# K B (Non-hydrostatic) % 2&-T i+ ik # 4 & (Non-
equilibrium thermodynamics) > F]pt X i 4 (8% 2_ 3 ff it B4y ¥ 2 % 5 (Heidug, 1995) :

p=(0qg+p)Vn+f—2Hy Vy (3-2)
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H ¥ g, & YR A4 (disjoining pressure) » T iT#* 33 fF BB 4 A28 #F 7 I KR (hydrostatic
pore pressure)siE o p A ICHERA 5 3B G4 R 30 p d 5t (molar Helmholtz free energy) »

FHF G0 ¢ FEME FH RPN o ENL RS - B(T2HY V) E T B ff e d o 0 B
¥ HE FH - N o enT 355 308 5 (mean local curvature) » y #_¢ % & it (specific interfacial

energy)ed 3T IE* LA FF2 B d G BEG PB4 EIVIRA 5 Fptin B enit § i £ ApdeT
—Ap = o Vi, + Af — 2Hy - Vi, (3-3)

HAAEL s (0% e ddef i pd 6 BEG 2 FenE A G @ B d Lo 50 fithe
Al E > BRI RS H R ﬁﬁvili'f PR R AR e ¢ il A g T

Lo A BERRA 0, F F T AT

Oe
0o =+ (3-4)

B OgrnF 0 ? "RA(O<R <)z o R LE W4 Bd R A RERHF2 o F 4
FIES FIERE PR AL R (YA =0) e B3R R DR o T TR R
3 g, o Fpt o 15 42N (3-3) 2 B E N A2N(3-5)

% — Oeff _ Afed
O0g _O-C—Re ZVHeq_V_
c m

(3-5)

B Hheq & - BT gL o B2 RN (35) 1™ 2 2 AR (3-3) it BSNRE kP 5 B F]
—Ap = (0 —0c) " (3-6)

o b BRR T AR G Y oo 0 B ARG kR R R A 2 R R ¥
Ao A258GC-7) B B4 2 F (2 A2 (3-T) e pxld)d % #icdy £ #F (Elias & Hajash»

1992 ; Dewers & Hajash » 1995) :

. 34k
Ediss = ﬁ (O-a - O-C) (3-7)

i%??iigfﬁfﬁ’%/%ﬁ;? 1a’ﬂd]\/ldlss/dtksﬁ?.i -Q#EF&@B?’? ﬁ:%f’? —”ﬁi;\:édiss%"ﬁ

®Egiss = (1/V)avV/dt » B9 VS WA o - MERT 0 BRIV LK

. 1Ad
Egiss = v (3-8)
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fé * /"; ﬁ;%ﬁ_éké MdlSS/dt Ad/At %\' T ;%» .

PS
E ~ deiss . i . 1 (3_9)
At dt pg (m/4)d?

ooy BRI R de BB AEE T (0/4)d2E A 7 2R B 5 AR B o B8 25
(3-7)Z (3-9)1F 4 f2 £ 1 B dME, /dt4eT

PS
ampys  3nVip(og—0a)kypgdé (3-10)

dt 4RT

312 M & & 33182 FHECISH

BINF IR T LA N e [T B AR R Y i A T

B B endRAeE d 2E50 % - T (Fick's first law)iE {7 45 if
J=—p,% (3-11)

B JABFARLE o Dy A IFpAc B dCdx AR R R o 1352 A2NG-11) 0 LT 5 1 0]

R H TR R ST B L

Jm = —2mraD, (5) (3-12)

X=Tr
B o sAmEE e o VRS R O 2 FoT % x=r PR B R PBACPFE B Do ff o B
as<x<d2 fFRIM 2 RNG-12)EBEHF A HITHFTEEL L - TR TR 2 he 4
Hremg 5o AR5V L 0

] _ dMgifr __ 2mwDy o _C )
m dt In(do/2a) \int pore

(3-13)

=1

‘:J delff/ dt K% (m%ﬁi L‘E%L. > lnt)x:a;' (Cpore)x=dc/2’4’\ E"J {#E*i*‘%'ﬁa}i@% m % fl EJ

3.1.3 %]m % & /Qﬁz 9—»/"-&’%’;'1

R e B 03 R AR T A e kAR 6 X BRI D G 2SR
Vi TR p d m o en3t EE Y o i3 Canals & Meunier(1995) %2 Renard % % (1997)i¢ * 7 &

TR W Bk R FURIIC A d 6o TR G
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dCpore A
2t :Ek ( pore — eq) (3-14)

B AZPAAEES H oML EFE 0 24 Rimstidt & Barnes(1980) 2 % & F]=

9

B Cpore p o m 7234 0 RRTS ’Fﬁm,&)’ﬁ k-8_% f& 4 eni ik s TN VIER KRR
7 ¢ JE 17 (H]4r Rimstidt & Barnes»> 1980 ; Bird & % > 1986) > Cey 2% &4~ £37% f# & (7] 4 Fournier
& Potter » 1982 ; Ragnarsdottir & Walther » 1983) o ik sHE £ 1 & » W3 B P & w 2 F ehdt

MBI pd o de agmg F oo 4oT 0

dMpore

A
e =, Hk_(cpore — Ceq) (3-15)

B2 dMpore/ dt TR TR A E >V, RV -
314 pd &3R4

Bots— BINA P D GAFEEEIE 303 &9 LRI L R B (rdMEL,/dt
2 dMpore/dt > 5B3 22 ik F ¥ B> U E fd G2 BB IEY iR ER ST
Frk R 2 B g 887 A B3 4250 (3-14)18 2 %% Dreybrodt & Buhmann (1991) %

v

Palmer (1991)F % > ¥ B 5

dMFiI;S Cpore n
WMiss — ke, AporePVin (1 — o ) (3-16)
AdMyore Cpore "
% = k—Aporengm (27 - 1) (3-17)

PP Apore » HBF2Z 2 W ff >n 27 F Rl 2 B2 $3F %2 842 > b4e Dreybrodt

(1998)9F1 § # » Ca thF folalicr K 5 — % 0 0 F 5B F im0 4 fom # 4 o

32 AL BEHLEFEHS

Yasuhara % 4 (2006)% Liu & % (2006)2.# 3 ¥ - ¥ 12 Yasuhara % 4 (2003) - Yasuhara &
Elsworth (2004) #74% &1 e/ i3 8% ~3FH ik 2 p o o 3 fEE 475 B Es/m T 2 A4

RAA RO HHBREIEFEARL G - RORR R AR EHES FF Y
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FABFASB PR R0 w i B B P o p gt 2 0 AT g W MeGuire # 4

(2013) 5 3 453 > Ap B PP 4oT o

3.2.1 Yasuhara # 4 %+ 2006 7 § 2 #3] 2 3+ B H =

1.3 @ #3)
Yasuhara % A (2006)F7 3 ® #7HEX 4 A 4o B 3.1(2) % > B B A A E L
ARG L AR S Bleki s 0 2 R LR A T EXENEY

S A B FFALE WA G AL o TR0 fR G ff 1 RV BB AR S FALK
FET_o HMd s B3I(L):- BRfp diighkdl 2¢ » BREFE

EEAZFEAS 0 AR 40T

AL _ AL
Rc :A_ézA_g (3—18)

FRP o R F B AR LS de RE S

44L

d, = [|*e (3-19)

T

R HE R o Zednd (T b RN A4 S RIS 0a T ET S

"

a
OeppAp=0q A; = 0a =" (3-20)

g AT 0g s fid o

Mo RAEY 2 Ad GAfRaps (T% BALCR A M 25 2 a5k 22
Br 52 R0 oMM Gy W58 - 2P OABEC T2 B 0 o
Yasuhara ¥ 4 (2004)i% & # i £ HBEF A 2 B T TR S A L BB o5
B e

(b) = b, + (bo - br) ) exp(_(Rc - Rco)/a) (3-21)
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HBe(b)~br 2 by W E T304 N F ~AAENTE AN T R AR frt 0 a ¥
Bro AN N EARBEGG HE P T2 FOR G UFERIAEY 2 DGR

AR L R ER ARG o

/

V

. !
Asperity contacts Local contact area, A,

B 3.1 2 Moke kil ez, T2 8 1 557 (Yasuhara & 4 > 2006)

2 PEHT

HeRE T X BB T BRI B KRR TR P AR UK
BREREFEL > VI RHABEC BRERFR R 2 847 o AR T

(1) Andpif i T o - H — etz B dviedo B F o4 R R 2 RB TR

WA~ P B AfER UK FEA B 2 4258 (3-10) ~ (3-13) ~ (3-16) % (3-17)ik {7 3™

o TLE FE P od 3 ARN(3-10)3E 0 P AR iR T S S kAR R 2 oG o

YA EHAGF R e BiE 758 (3-13) © Ft 0 ECREAI MY IR Aue A
I AT At 5

c _ dMaiff At .
VE = Tae(Fa) o (3-22)

(2) AT T 3 B et B e

dVE = WLR, (— d“’)) (3-23)

1-R.
B W LAuAgbd TR 2 &R -db)/(I-R)F 7 & TPFE 2 =4 %1t
(3) Y T A4 R AT BB A2S G2 HE G A LA AT

Rclt Rc d<b)
Ve =wL cho 1-R, dR,

dR. (3-24)
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(4) #-(3-22) % » 3 A2 G2 L ATHERFT & gt > X R SR (32003 E FHAKF
g ﬁ"ﬁrT :

(b)cl; = 10.0 + 13.5exp(—(R¢js — Reo)/6.5) (3-25)

B2 (b)cle s o A RESY X 3 32 AR B AATOHBE e B B 2 e d5pd
w A fRE ,rcﬁ;m?‘)]?c °

(6) M B2 f 0 & BEG i3 2 & T 3 TRV 4T
VE = (b)le - WL (3-26)

HP (D)pledmd 2 pd g 38 MKERDEC TR AN BEXRP D G 32z

ABREAT IR 5 ffor 2 2B R R T TR AR L 2 A -

(6) Bt ¥ BRIZTE® PFAT- P d B BfEZ UREBERNTIDHNBEC oo™

(b)lt = (b>c|t + (b)Flt (3-27)

A EEG i 3 3 1% 3¢ T4 4 ~ 2 e i ) adip B

\"1‘

R EER ksl ARenE &R A
ﬁ‘i ’ ;d— ﬁ;gf,/f‘?]‘&r'gl 32"3::;;' ;ﬁ_t{_ﬁ E} %\‘i s m /;RE\‘ %‘ﬁ*ﬂ;\d ')LF}% - ’E‘g/)‘ R E G \:!/(IVI

-t

FenT ek R 2 B afp kR £ 9ri 413 42£58(3-16) % (3-17)) »

(M) EAF T HF o E- HBRBAKRIHY BBERNE BT gL -

25 T L T Ll T
Free-face dissolution

20 LV =
— _/ §
E /
= 15 | Pressure al
_g dissolution
v
2 10} /
o
g_ 5 <b>=10.0 + 13.5 exp[- (Rc - Rc0) / a]
< - (R  =1.0% .

a=6.5
0 ] ] 1 1 1
0 5 10 15 20 25 3

Contact-area ratio Rc [%]
B 32 Br 5o ff 2 b f3(Yasuhara % 4 > 2006)
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3.2.2 Liu % % *: 2006 = 3 2 #-3) 2 3 5 % 2
1. e 43

BRAKWT &7 5 — ko) d ek Bff Ak it o 4o@ 3.3@)417 » A3 e 5B
AR ABGEFHA 4B 3.3() 0 & ZILHF B his IV EESMEA & 0 FLH R
TER k2 S RAPRSI AR RS TR T ER oo 8 SR Flakkdtn 2 Y
2o R RN UKD R o B AR RERDOTAR Gav 2 d NI KA e R RER

R 1 Gro Liu % 4 (2008)9% 5 ¢ # £278(3-10)2 (3-13)i8 x5 Gaz Gp» 4o

dGg B

Ty = CZ(O'eff - O'C) (3_28)
aGg
e (3-29)

B a% B FHeo oy s BIGAT I 2 0 B 5 AR A R E =y 5
k,V,, » Liu % % (2006) B3k % # #c o

A%

<k

>‘lz~

BRICHAGI93 nd TR BT A RRIELY -

TAEE

>

B4 d Ahe 2 Ale % 5% > 4o 3.3(C)% B 3.3(d)#77m o IV HA B B & FL L EEIS 1T 1 4P
B

G
Ahs = G, — Cosf - (3-30)
Alczi_G_f (3-31)

tan 6 sin @
BFREARY I M ) T A € W e~ R A EAE T R TV ) R ETAR 2 Al

TR B E AR PR R R TI B R R RER b iB R
(1) Ao 5%

HA P d G 3R #-Ga=0 % » 3 4259(3-30) % (3-31)F 7|

Gr
Ahp = ——L (3-32)
_ _6r ,
Al = sin @ (3-33)
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SAEN Y AN EALE R B BT REEF A B AR H A o
(2) B i

AR FF 0 B G=0 & » = #25(3-30) % (3-31)1F 3

Ahs = Gg (3-34)
_ _Ga
Al, = — (3-35)

SRS AN Z A IRA R AP BT TREERG AR o
(3) R &% f*

X S HCRR o AR D G AfEE R IEY s W G0~ G0 fipit
T ™ o B AN <~ ] R AEURE R R RIS AAN 2 Al PE o Aok Ahr=0 F
Ale=0> T Ga=Gt/cosO > P v B #-1%4F 3 % o 4o % Ahr<0 ¥ Alc <0 o Ga <(Gt/cosh) »
Br i e+ oLiudA(006)d# 53¢ > T&A R HREY TalK - & ka4
BoiPE G AGREFET AR A AR o A B AT IE 0 HBT A R
i ¥ RAAER o BKAN>0 ¥ Al<0,i.e. Ga>(Gi/cosh) » B v FH#jp ] » T B KT
R ERHABOET B E o d WHBEHAR ARG 4ok B E 2B A 0H 0 Vi
BAF LTS c HWHBST A BB fRERIBIET B FJAPT OFRT o b
A AR R D A ¢ F A M A i M AP & (R EY B BE)

BATR(A G R R R NG FE o R g s W s - e R
PRerin o Rk SR RIR A L A Fl A ) o @ d RIS Ak

35 R EBIREFRT > (TR BRIHRE
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(@) HH2le P74 F

(b)
h 7
G, | 7 A \\\
y AN
,/' \\\ G,
& h N - 180,
f ~ l. »
g h o h, -G
s 0 \ S ' ,—G,

‘/ ___________ ) S T A ———

(¢c) N // : :
i » 7 ! ]
i > rd | ]
i ~ e ! 1
i N 7 I 1
i N d ! 1
i N Fd I 1
' N V4 1 ]
i h I'd | 1
i \\ re : [}
: \‘/ 1 ' [c :
i I ra]
L
i A

(d)

B33 EEAWe A2 EFRAEY Z 4 d G3fEa %27 2 F(Liu$ 4 > 2006)
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2. 2484 HMC 3
(1) A4 A

BRSSP AGR G2 A F A AR e AMECESBARRED
B > AN % lpd hu 2 hpo 4o@ 3.3Q)% % » HH L+ 48k hHH

M E oo RNEEIIHK A RAGK S #] R

TR e TR AT S R

HABBTRERATE2 VY m &5 m=WJ/W> B¢ Wi ] BT R WA

A S ddkhn o ln2 la® & 2 3HM hplpz leitd 234K -

B %N 4T

e _l2_le

3-36
her o el ( )

CEREE Y LE RS

4 L

ra = L1y + 2 (1 - 1y) (3-37)
1 1
(2) HH ¥ dund
BREAP T BE BTG = & BB 330) St £7 11T K 5
h¢/tan @ AP
q=2.2 L2 [/ 0) gx tan 9)? dx = ——ht 22 o (3-38)
He mETWE RS GFEFR  LEHRANER g EnE » APERS £ o
A BHBETREWSI L F B alE &5
w_ L = -
n = Z - (thi/tan9)+la- (I 1’2) (3 39)
'?]LLL’—,E;J|"'}’JF)%E)§W6m/H%/HE‘_ VI
3 hf  APW
q; = qn; = (2hg;) Ttand 1zal (3-40)
ECIEL e B R IV B N2 £/ il S
_ _ N3 P o APW -
Q1 =q1m1 = (thl) 211tan9r” 120L (3-41)
TR I Bl ST



APW
Q2 = (2hy2)” Totans L) (3-42)
*EYORA BT R A S
_ APW 73 )
Q= 12uL (3-43)
PhEBTHB Rk B F e RIRE AT e 40T
Q=0,+0Q; (3-44)
#- F238(3-41)F](3-42) 1% »~ (3-44)18 5] -
AREWry  AREW(A-T)
lytan 6 I, tan @ = bW (3-45)
_ Gr
hfl - hf1|t=0 - (Ga h cos 9) (3'46)
_ Gr
hfz B rhhfl|t=0 B (Ga "~ cos 6) (3'47)

RO T e R G B e R T i e 120 B 0 R 54 (3-45)

FLER]) A 4R R ha

by, = e 3\/4 thllz:;tang — (3-48)
(@) FE§
B (30) 2 (G310 - BT < HH A F AR AR TS S
AVyemovi = 2((la L) 6o+ (354 25) 26, — 2R k) (=12) (3-49)
PRRCI M A B 2 R BARA Vieroy B ¢

Vremov = [AVremovlnlrll + AVremovZnZ(l - rll)]WL (3'50)

—,E! v AVremovl ’5’;}{ 'B‘ );’RJ F}% & ﬁ #E—ﬁ% 7f 7?% % W/”%_gf% ’ AVremovz ’5’;/?/*;“ ﬂ?‘ < ]
A E BB R A R O o 2 230 (3-49) 2 (3-50)% BB R AR 2 ki
e
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4) 2484 3 75"

bR 0 & 4ERB EY 2 RN (3-28) B d 6 R R 425N (3-29) ~ AP ek
RS A28(3-45) 2 FE TG A20(3-50)5 — B 284 5 s S il kAR
HURR T 2 VB EE AU B G R Rk L BT 2 mE o RIZEY 2 pd G 3R
AR R E BEREAYRT > (TR H B kS 2B

Bl F AN ESY KRR 2E S SN REAT

dGg B
— = a(aeff - o*c) (3-28)
a6y _
oy (3-29)
AREWry  AREW(A-Ty) g
lytan@ l,tan @ =b'W (3_45)
V;‘emov = [AVremovlnlrll + AVremovZnZ(l - rll)]WL (3'50)
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3.2.3 McGuire & A ** 2013 &= 3 2. #-7]

™ & B2 McGuire ¥ 4 (2013)#73 1] « W AnkER ~ B B4 ~ R 2 g it
BEPEad piEET™ o A BRBHAMB2 R P TR 2 kR o 3 i & Bk
4eBl 2.4 97m 0 PRl E SR A 3.,5;;);;1 2 mlﬁlﬁ‘ﬁ'#{?&ﬁg L e ;—rgl(c’);; 35 4y

S AR R TR(Z)E Y AREEHAD G A9 Ed S N2 TR B

TR(H) RIS BRI PR Hic s - 2 - AR kA N R
#Rd Ao 63 fE(Der) ~ Bt FREE 2 Fit(bsee)(Timms % 4 » 2010)#7452 4] -

L #Ht & T4

AW Ao e & @Es 4] 33 8 WA R e Ac 2 IV 2 TR g A
Bl HEEEDI AN B9 v (b rmb® Aaind e d S 2AGSHRE A VL
FORARE A o TRV REEREAL > Vo LB AN K0T s5ikE o b g ks p g

8Vars

V= 2

(3-51)

iR 5. % 4 #ic(Pe » Péclet number) £_-F jR &2 40l £ a0t F o 4o 258 (3-52) %77 0 2

VEEIE LES P 2

Vera

P, =
e Dd

(3-52)

TR LR F R ] nFRT ;}7%%{@,@] fE% < 3T 0 @,ﬁ*} Fl o B-IR GO R FF
BB S T IR B A Ve R G R R & £ @ a4
s AL (3-51) P G R (V) ~ S 4228 (3-52)% cnfedt i (Vo) 7 11 2 2.5 (3-53)

PRETRA AN K(bei) 0 B¢ L AR AMHAKB) DS RE KR o p AR GAER 0 dP

3112Dg4L
berie = 2rq = | otk (3-53)

B AKA P RRA AR PR B R R AL T E D
Bl ek p TN TRR B R R TR -

AL RS Lo
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BAMZ RS P AT E P KA BOERT o G TR @il
Bed pd BAETEY c AEREY O BRAG B AR R EJ T3 2K L
B2 B B £ ek o] o ' F A BFRRAM (T pH ETE ) pd G R R
FkeHte o pd G ;‘%ﬁi%lﬂiﬁﬂfﬁ?éii(l\lﬁ)ﬁ NGB E T B AEL A 53
fRz e 2 e pd GRRIRN R RY Cadtd kB (Cop) % 47 fr Ca 35 kB
(Coa)® 77 o HHpd & 15198 B (bpp)d () 2 T 2R (P4

(Csar—Ceff1/2)

MFF == Ak+ Coat (3_54)
bFF — 2’;+t (Csat CCeffl/Z) (3_55)
sat
McGuire % 4 (2013)5#= 5 ® > pd G afEd F kigx T LT A K 2 ¥R 2- 3

Plummer & 4 (1978)* ** /i pH 2532 7 & i+ %

*=

s HiEx 5 10 3 107° kg/m?-s -
Y- A ?‘I-‘J%a‘ﬁ?%ﬂﬂ:i F v+ ehd G f (White & Peterson > 1990) » ¥ BET 4 & # > o § 3.4
2 HA T A BfEE o BET 26 # 5 #37 ¢ $ w2 Tehd g oG 4% - BET =i 4
Stephen Brunauer ~ Paul Hugh Emmett 2 Edward Teller = = # & 72t 1938 £ & 41 32 34 >
FEY Rk T BET 46 i8R &40 FRASEY P2 2 R a ) F 43
1.08 & 152 & » @ Plummer % % (1978)#& J1chp o & 3 f2# F keak 0 70 F Bz 354

mﬁi L ]’ﬂJ z_L‘\;: °

o 0% 10 L5 o 23 30 A% 40

B 3.4 McGuire & 4 3% 212 #7357 & Bl p McGuire & 4 > 2013)
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3. B4 Far

& McGuire % 4 (2013)#7#& 1 enficd] P > BRBRZ T 2 € WS MA 4 HF o
T2 £ o Ft > McGuire ¥ 4 3K s 4 48 #L 4 (Stress corrosion cracking » SCC) » &_#-
3¢ - e R AR BB N X S R ) - B KRB AL TG it
f Rt AT F R R TR B BRI Rt I8 2 0f 0 PN T b R enfe
R At o =Y B FRAN PRI TELE - Y FRANLFTEI G

(Mgee) 2 0 2t A2 B B & i# B (bgee) ™ 4258 (3-56) % (3-57)° % &

. _ (Csat_ceffl/z)
Mscc = ADqg (Reos[sin(&)]+ra) (3-56)
Dgt  (Csat=Cerr1/2) (3-57)

bsCC = T(R cos[sm‘l( )]+rd)

He AZ2 bl FaA. Wi o 7% Dy E #4~ cnfic e R Figt B Lk ajsge
MR g A LT B A a3 B 230 R4 W hk S R A M B (ho) > h H35 4
B

At S N7 N sl S

Bk R ERY Fs e MB R SRR BT L ks
AR R R R AUKB R Y o Ca g kR AR 6 B 4 o

4. FERHEA

PR Bk Y SRR BB AR kY P T HB P S # B (Do) I v ehid
FHFE X ZE F LIRS o APt B dekE R i ) TR A
B R beie 7k 4 PR B4 il W A IR - 4] o R &
WERR AN R beie kA NE o pd B AR FRAGEG 81T B4 KRB

VAT E ERAMF L o Flot > o BRI L BEREFEBHB 2 K4 N TP 3 4

ERR
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Fri AHARY I ROCERFESRRR LY -4 FHOER
AR

¥R OAPERELE IR CERET RS S FREBRFY ¢ F RN RKE KE
HoAR M2 2 5 8 2 UM R BIRen b SR TR PIA R BT 0 SN
BIEHE 2 2RiF 13 A3 8- HEHFLEHEFFA > SERERE ST B

i
SET RS EEE ST R = U EAE IR FE

A AR ML xS Polak ¥ X (Q004)2 A7 0% it E RS RS RE
FIRFLREHETARL E AR ACRALE IR B BT PR AEFD
935 /] BF 5 b TR 5 18 555 ) PEG EAR-OKZ AR B 0 BB (6 B Xeray CT #F4 » i&
FHRZRC i 2 Bpen A& RSTHFT2 2 %7 > Yasuhara ¥ 4 (2006) # Liu % + (2006)
2 #3444 Polak & 4 (2004)2 2 p @B DE R - HEEREFCEFER B EY Z 0
3 4 B> Yasuhara ¥ 4 (2006) 2 Liu & % (2006)4- 483 €% ~ p d o 3 f& ~ Uk £ 840
% %% Yasuhara % 4 (2003)% Yasuhara % 4 (2004)2_ 77 % © F]pt > A F A 53 B X H|E 7
15 5 4.1 &% L &4 Polak % 1 (2004)2 77 § & 7 f & wfif » # ¥ #7147 Yasuhara % 4 (2006) %
Liu % £ (2006)3 & #% < S 5 % b » 1345084 & 51 5 “rH4E2 % % 2 Polak ¥ 4 (2004)2 % p
W EFEF YR 42 SR McGuire & A (2013)587 7 o B fs > 43 &4t 2 3

% G2 WS R R T A L o

4.1 %k t)-

% |- B3 Yasuhara & 4 (2006) % Liu & % (2000) & Bl g2 75 » 5 (AT g
Polak % 4 (2004)2 % N 22 FT 5 % 5 A AU F 7 B BT 7R - BP0 k&
B A B Polak % 4 (2004)2.F7 % >4 T fEH F M RER LA AR LR BHEE KT A
%] 4%+ Yasuhara & 4 (2006) % Liu & 4 (2006)% & & (74747 8~ H A 478 A B3R 2 By

> & 4T oo
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411 EPHBBRESTAE

Polak # % 3t 2004 #2777 > E% P &£ MW 5 # W Bellefonte # 7 B2 FlHL 7 & £
EotRA o FRAINF R I MBI A RE D > T8 Viton®E F R 3T E % Xeray
CT % "%kt RN EFNMAH R - BRI HYP FnE 5 2om?/min LR EF 5 1500
D RBRYFHRALES FEH P2 TR R FETR > T 935 P L  Tok 0 (8555 PR
Ak Bk s Xray CT #s RBEF L2 P cdhz F o

WS ERT o Cax Mg+ ER( v 2 I 0 SR % it 4oBl 4.1(2) 2 B 4.1(b)*7
T HP P ERABRAPN TR XA FRIEY 5 K20 BN ABRANBIREY L3R
T% o FB % - [Ff Cat Mgek R Z R 4 B 5] 22 2 7 ppm > 3#5% B 43050 100 ] pFp
FAR R 0 EN SRR PR R TR o B R R 2 A 500 o) BERE o
L R Cafidi &P AT N deB 41T SRS 700 L L BT 0 R e Mg
A o W ARAI IR A G AR AR AEF > LR R e e T R
pH EHEPF ek F 34 (B 4.1(c)) > &- HEFH A7 hCax Mg fer kb s o iy
% pH Edf4cen PP AT AR FARFFTELAAF a8 BERF L 70-190 /] P2 640-890

) PE o BB E - FEE(935-1490 o) )P A T Ak B P Ca o

JRAEEFEFF NI BT - FFE(0-935 ] )R P B TR TR 0 kA
&+ £ % 67kPa 2 3] 172kPa> -k 4 N R 24 mm ) F] 18 mm o Bk ¥ - FEELE dhie
(7R RDER > FREABPIT A AT b inde (75 550 o A B4 L & 139 ] PR 84
kPa BF= T 520 kPa » #Hs>t k4 N 54618 mm j& -] 3| 12 mm(B] 4.2)  Efs ik £ 4T
gt T > R4 4 400 o] FFR € S20kPa A5 T ' T 11 kPa o #0535 8 4 100 1
Er0kA P T A4 E 43 mme Bis 200 PER 5 oK A N U E ) B 0.075 mm ih
HRB A o JRA L2 CT £ Bg7 » 3T A& 2% F in#%38 if (wormhole) c%6 &

o RABPEE Y Ay HH T AN R
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4.1.2 Yasuhara & 4 (2006)#-%¢.2% %

Yasuhara % 4 (2006)2- ¥4 = 7% 40 32,1 &7t A &4 4 S Bk T2 B R R R FiHho

L3-8k T

Yasuhara % 4 (2006)z-#= 7 ¢ » $i$% Polak % 4 (2004)z. ¥ M R ¥ AT hiE % o

2 7 Mg 2 Capd kR en®it 2 THAMBEC TAFEAY BRLIDFN od TP BHLEE

FAR Mg aF ER ROl o fRRlEEY 2l f 10ppm =+ 0 F 2o Ca g kAR

- PR TR PRI T R (R 40) c Ca B RR R T R LERE U RE

i eni & ¥4 o ]t > Yasuhara & £ (2006) %% Plummer % A (19787 3 » 2. [ %3 f#
HEE X R 4o GV

R = k+,1(aH+) + ki (aﬁzcog) + k+,3(aH20) —k_ (aCa2+)(aHCO3_) (4-1)

HP kigvkio?2 ki EBER G M-3RV KIEERE CO23 RS 3

Bkt F ¥ Bccai ko ¥ IR GEE - ZEN LY gm A A NI HZ2 COr e

FUHRA 2 FERE LRSS R OB o FHT BB 47 Li and Gregory(1974)2_# 3 o i
F ez #cip i) Ca 3+ 0T =k & (Harned and Scholes » 1941 ; Harnd and Davis > 1943 ;

Jacobson and Langmuir > 1974; Kehew > 2001) » #4237 20 °C 08 B T » B 3 & s COs
FURRA 295 1077 atm(< F &4 ) pH EH 5 8.15 0 2 Polak £ 4 (2004)z. F P 5%

PR TORERYE v T 32 pH B ARIT -

AW 5 e > 2h B4 oc s 20 mPa FEERT » T A EE phiuR % R Y &
10 3 100mPa 2 g=RIp o ¥ b > e P2 %o > H-KWER o~ 8- B2 % 53R
2 % ¥ BB Bt a5 e e 4 ()40 Mullis > 1991 5 Heidug » 1995) > # &5 5 10°m -

Yasuhara & £ (2006)F7 7 ¢ > BXE R © 5 4nm > FiEAp R S BT A 41 ¢ o

WA GZBIFE D R -PRREY B TOREFRER  FRFFLF 01 932 B

N Y T ,i\:-fﬁ?’}iﬁf‘?i#% y ¥ 3‘21’9:113;?;3: S ER DR RRIEERZA R %P
BB R 5 % 932 3 1082 ) pF > 24 o i 7 TR R DR RHRER A

1082 % 1487 /] P& » 5 Peii e d0 3 3f ) = eifF fo(Polak & 4 > 2004) o & * 3= TR (T
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# 4.1 Yasuhara ¥ 4 (2006)z_ fic#g ¥ > %

SR - PEEC 0 24 Polak % 4 (2004)2 3 P RS ER R ek 2 CadtT ER R
FCadp+ % 20°C 3 - * F BT ehTmAfER 5 40ppm - ¥ - ~ F = AR Cadp3 kR
KESE

+ Polak %

L (2004)2 %

NIRRT Y ik

BRE | Gk | RARA | BARATR | Wit | AR SV B | okEF VB | CadipfER
T(°C) | cer(MPa) | o (MPa) o (nm) Dy (m?s!) | Ki(mol m?>s!) | K-(mol m?s™) (ppm)
20 3.0 20.0 4.0 6.93x10°1° 1.15x10°® 1.21x10® 37.4

2. 3

% 4.1 4= # 2% %27 Polak % 4 (2004)7:85% 5 B A B fFE i 0 A 8E % - K> TR
B TR B NS - PRELE R FARKE IR NS - B R - 5 @ B

SR (LRSS BTN AEAE > = BIFERZ Slicick 42 97T o Bk T SRRl 2

CakR~ BT 5402 Oppm > H¥EpHEHZ 82 % - 2 pHHE 62 5% - ~
FoFRE o UMk F W KR ARE IV E kA R Tcdk 41 Ao 0 gt BB R

% ik 5 % R 107 6 1R Mg
% 4 5 1999 ; Martinez and White » 1999 ; Brown and Glynn > 2003) » § [/ R R T AR

IR R A 3R Tk ik F g 8 (Gautelier

KB pH B7E B TR ik G B 4 200 8 0 n0 8 HUES s 4 o

HIEE e 2 2 Mo FELiE 7 g 4> Yasuhara £ £ (2000)#-3273 B 4
BAL G DR 2R 0 F REF EREFE G B 4 HIEE 5 ff Ac
IR R T R R o CHMIH TR M Ape K E 5 R Z R 0 1/200 -
FERZACE P Apore=Ar—Aco b i

i T e $do Polak ¥ 4 (2004)2 %
:3-& 2 (2006)—7\ %iﬁi%%_& Fé& Eﬁ@ 3 %;_ ~ F,!E I E—ZK Ca %ﬁ; /%f;% it E:ﬁl’L ﬁ&%—%{ir’%} 43 ":Li_

s B3R

N 3% % Yasuhara

»

cH P 5 2 d P ML Polak £ 4 (2004)2 F N EHALEE > 2o FEE 2o A2 AL

T

W % Yasuhara % 4 (2006)2 #cE Y > B fEon 2 B fHSL B o £ 42 7
Yasuhara % 4 (2006)%*> 3] #7135 B 2 %8 0 # WAL % AR & Polak % < (2004):0%
Lhopee & H0AY R A B RR R
NFEE M2 AR T H AR % o

o BB I ek o

[ S S
i 1082-1487 ] P2 % = FA £ 8)

e R R A i
1030 /| pF > i 4

# 4€_1/200 3 4 60 & T 60/200 > & #& & 1% % o & Yasuhara ¥
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4 (2006)58 3% > B8 - TR LG i o A DR FIAG
ER L RS SR e B

242 AP R e R E 2 2k

i 7 F Jis Polak & 4 (2004)£n

DS L
I 1I 11T
-k ik & (Ca) ppm 40 0 0
ik pH ~8 ~6 ~6
ki ¥ Bk k(pH~8)x107 k.(pH~6)x107? k.(pH~6)x1072
k.(pH~6)= k.(pH~8)x200  k.(pH~6)= k.(pH~8)x200
B S Bk Ki(pH~8)x1072 K-(pH~6)x1072 K(pH~6)x1072
K+(pH~6)= ks(pH~8)x200 K. (pH~6)= k+(pH~8)x200
e fF Ac Ac Ac Ac
HHI S Apore  (A-Ac)x1/200 (A-Ac)x1/200 (A-Ac)x1/200
(A-Ac)x1/200->60/200
(ﬂ) 600 Ground vTvaler " Distilled water (b) 50 Ground :Ialef . Distilled water
~— Experimental data — Experimental data
= 500 | —0— Prsd@ction —O— Prediction
E —{O— Prediction (best fit) 40 |-—0O— Aperture
2 400 | €
2 = 30} i
§ 300 [€ No free-face dissolution—3> A L&—— No free-face dissolution—»]
;g 200 g 2t 1
:
£ 100 < 10 | ]
[a)
0 e Stagfl Ft?ge 1l Stagelll
9 s 1000 Stagelll 1500 ' 500 1000 1500
Timefhr] Time[hr]
(c) = Ground water Distilled water
—— Expedmontall data :
T 20 [-—Oo— Prediction 4
8 —O— Prediction (best fit)
- 15 | B
Z’t 10 |- -
§ st |
E olal
g A
8 SF ~0.01 ppm ~0.1 ppm -
o i ’ Stage | [stagenn  stage m
0 500 1000 1500
Time[hr]
B 4.3 Polak % % (2004):73#5% 7 412 Yasuhara & 4 (2000)#-2] Bt g % vt g2 1 (a)/& 4

(b)) Br AR () Cadd kAR(IKT FE xR T )ERE R g i
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2. B F W

BEE R R AR O TR 80 S BRI S H AT R e
B o d Polak ¥ 4 (2004)sk ¥ LRW T R A kB TS 2dum o EF RK T
B BT REBME G FER P AR EI SR TS c SRR L Y
FREA G RBEY S P d G LG BELFRLNE S - BAIHTRI L Fr T2 Ca
ER(IRCFEE AR )R ES 2 FP RARPEE PR F AR 2 417 p 2
Sl il Sl AREFBER(F 42 T RE - RS B FZFRA BIAE

7R St
(1) % - re&(pH £9 5 8)2 gt is &

Yasuhara % 4 (2006)#-4~4o3eff & A% 5 1% BHIEF 2 B o TRt ez
PP BRI % (Polak % 4 0 2004)24 ¢ & o B BT 5 A i 4 5E A R
A RCE o B - FEEL(E 0L FEE R 932 L PR AR HHAR G AR 0T %

Br %24 um - 5 18pum-e

FNFRPIE ER BHESEREZ CadpF kR %1 2 fdc R 4.3(0)r o R
FRRETVERS (IR B3 2 ko) 5 0.0lppme d S5 7 UEF R RS SR
B¢ A igag s (Polak # 4 > 2004) 0 fFFIHCA Y AL RS iR
BIEFAZ AIVE-E 32 o TP FE%RPIE B2 Ca 3 ER %10 v X R
B ERZPERZIHEY NRAPH R 0 - HERABE T TR o P
BoE sz B e BRI R TR ] o Ft o HORTERIER B P E&REIE
ERZEFA A EFH e LI % o 4eB 4.3(b)5 1T o

— =¥

o TR AT ARG 2 fR 7 (CaCO)RMA 1R R Nk B R
5 0.86 mm’ > #434% % p Rk R VR TR S 202 mm' 2 B R FRELE
dod 439 A BV A A G AR hIRA BBEIA 2P A nF 703 F
190 - 52 % 640 3 % 890 -} I > d F NGRS BRI kR B R ETE R

BRI BRI R T A AP



%43 P RFHEPIZEEHT] Y 5 E 2 (CaCO) ¥ da A o 2 1A

WERIEE | R i (h) 53 M A% (mm’) TR % R (%)
Aot e e | B d BB R
1 BTk 0-932 262 0.86 100 0
2 A AL 932-1082 33 53 58 42
N 1082-1487 127 176 0 100
2 %= ~F=zFEMPEPHEN 5 6) 2 k%
"EEF R B TR D FaR o AHBPE A B ed o B M % 1082 )

PRl 4 36 15% 0 2 3 B R v F 12ume 2 & £ )5 5402 pH E otk i< E R

B EH e FlP e B TP Ao ded 429 PR EF K ke TH R
Flse %2 MbE o RBIET S 288 oo R g F AR RE B B A F
b B ibid B (T AT G 65 R o 2 Rk Yasuhara ¥ 4 (2006)#5e 5 ¥ =

By CRHREAERS -2 5= EFR  CTFpd a3 2aF L2

L

4y

e e s BB o B 430b)AA B T e m R BRI %

USRS ACRSHULE KDL v RE SN S0 et A S

F ot 1082-1487 (] PEH R B xi e A PF 0 A v vr £ R P BERBEED R v TH
drig & oo

B o BHRIVHe B HRT o RS R R N %R
um 3 4e 3 943 um g e & oo

e HeB T LA 12

BN D PEB ARG A ALY 5% b 3 15% 2RI B A0 PR

Co’ T3S dafio B2 FitE R LR AFRBRBZTYEF > TR-HREC R
Bl cRBRFHSMEZAYd A AER - TERAWER > L HEEF D G

9% 1082 ) B TRsk N HHEE B2 PR Wl R F A A

EP &
BopE TR eh Ca 3+ B B T 3 0GRk 2 Rl R i o % - RO B W T Ca s A

Fael A e 2 WA S 53mm’ e B P 58% s e kbR 1 ALY A 42% K B MV Y A

PN RERRE CaftF AN A2 WAL 3Bmm’ dedk 43977 c AR Z IR R

TN RKER CadgpF A Hendif 5 127 mm’ o 5 kR g % (T F ehE 176 mm’ 4p

o R R ARZ RIZRARERE AEE A b oo
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(3) # I B fF 2 B %

- HEEE R PR R PR AR T TR R
Biboo § fp Tk ﬁ%@Hmv]p&’pdm,ﬁ?%ﬂ%%ﬂﬁﬁﬁﬁ%ﬁi%
A AR A PRIR (T o F A FAKZRBEPE(QH .5 5 6) 0 #-te i@ du keI g Ak
Pl ZHERRES o Bl 44 SRS E I BTRFARCEFRE e TERR
Bl Z RS S S FRERD T Y L ¥ T kRS

BRI Y L A KREQH 95 6); () FRHERD T L (% 0] 3

\‘-F

(PH 2.9 % 8); (b)

%032 )L B TORBE(H B 5 8) L E(F 932 ] PF2 15) 3% F A kTR B (pH
BX S 6)o Wi B304 0 ZFAEE P A WEE F P E% AP (2 co/min) ~ H 4

— 1 #cE 5(20 cc/min) % B0 A B #E % (0.02 co/min)z Jn B B T HE D B o

B 2 ARR T B TORRB(PH 9 5 8)2 B % 4ol 44(a)c L HRAKE ¢ FiE
Bl o BRBE DT R IR FAR 0 p oG R fRE S
PE TR EE LM ABET R EY LFF I FERE RS
A e AR ez TP R - HRRBR RS EFILLEAH
BB EHS S R HARP E TG B
et S clapdle M2 B oo B F RO R R4ek TORB (T LR G p
Tk BERGESODTIIZR)IFETART I SRR T P LR
2 RR et oe fTEE] -

SRl R HER RS

v Bl o BRGNS R S R 2 d

B D AR % FAKIRB(PH B9 5 6)2 % 4Bl 44(b) 7 e B 2 BB
T P REERL D R RL R BRFLOFFL{ S o A& 42 pH BT
o ERR R RS AR 5 RS 2 At M E AL B BT
Fde X TRB AP OB AR > L& FUFERA RS oottt o §RT
Bol BT R I HP EEF By R R R T AR
Bl pd o pfERE S Vgl gnd T RS BERE AP g g RTBRE T
BEofa o AHERSS §ApE i

AR
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413 Liu ¥ 4 (2006) 5.2 &

Liu % 4 (2006)2 ##8 > i2 40 322 & orit » A & H L BK T2 HREFEFHG -
1 38K Z

HEA A S ek bt B 0 AR 2 1 & Rl4c®l 3.3 #tr o AR iR
(W) 2 £ B(L)~ % 5 50mm %2 108 mm - Bk B I EEH & 0=30° B v %+ =15 i&
B l* 0c=6.65MPa - T3 sz > TR G 4 5 52.6% 0 B[ IHAOR TR Y
B M A B m2 0t 5 rp=0.8 o Liu % 4 (2006)2 ¥ -8 ¢ 5 % pEseent 54 5 35
MPa 5 » 4278 & #f 0T 50t 5 5 10% o d 38 (3-45)¥ 35 B 4] 3V A B hp=17.3mm ~ +
% B hp=26.0 mm~ ¥ & 3 % A 1=66.7 mm~ HE B+ 3L} & & 1,=100.0 mm - %
M2lm 2 44 S Sliched 44 977 - FRRERPEF > e chCadpd 2 Mg+ kR
A w] -3 A 40-60 2 20-30 ppm 2. ¥ o> 10°C eBF 2% & 3P 3 f2407 2 7 A Ceq(CaCOs)
=273 mgL™" pr i 3| g=(Palmer » 1991) - Ak 427 JRRE N Gk B A K > F ok
B3 ¢ BRPEAMEG 9@ A - B > FBBE%RA, L= B S
—FFER O b T ORBETEKOPFEES 0/ FT % 9320 BF S 2 FFE A B G % 932
L % 1071 ) pFZ % 1071 /) PR % 1487 o) BF > 1€ F FAGOKE TR o

£4.4 Liu% 2 (2006)" *+ a2 B2 i s 5 o S i

o i it
&% & W(mm) 50
# A £ B L@Mmm) 108
PR TRERED T2 m 0.8
B kEG M & 0(°) 30
B gt 1.5
T G i 0.1
/|3t e % & hp(um) 17.3
& & # on(MPa) 6.65
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2. B F W

B AP B 7 L B4R 45 70T o BBk E - FFE O M TR F RS R
%03 % 932 )P ¥ Been= o) 5 0=0.018 » B=0.4 > y=0.030 - e k5 fF ik A
Sfd B2 T PR R R B o R R T AR R P $RT R 45
# T=0h 1 T=932 hz %% > A f&° F 2 WL RG] g% - "TF 2 o - 3

Sv oo B 3R ER € _35.0 MPa iZ jires o] 3] 11.9 MPa o

Ry ZFFE O M EAEREFER PR LS 9323 % 1071 /) F o AW B
5 0=0.049 > B=0.54 > y=0.012 - o *>:Eskim k82 pH & S > do bk i AJR A (£ 4oid

2

@ﬁﬁz#iﬂwﬁﬁﬁ+°%¥w%ﬁwaﬁﬁ%ﬁ’@*%@%ﬁ“ﬂﬁ%ﬁ°¢
ERPEESRFF RBITY BRI L > Top e F 3 4 50% 1 o d B 4.5
¢ T=932h % T=1071h ¥ 3 » 37 S e G5 Hrtw- BREFEL ] ] T3 HE
S nkEA B E(B0% 1 )R Ve (Tl o 2% 1071 ) BF > 0er=6.745 Mpa > @
Tiofp e f 5 51.9% 0 F 2kt BRITTHRARS o
RERER Z PR A R KRR PR G5 1071 1 % 1487 ) pF o Sl ¥
#eeh~ o) 5 a=0.0 > B=0.0 » y=0.067 - &% 1071 -] > /]38 & 5 8.69mm> 2 5 - /]
B4 (142 200) 75 R D ] 3L B TR o F 0 W IR IR 2P S AT IR A
AFLRAR TR o A 45 ¢ T=1071h e o o SRR (P BB 24 o g A3
AR chp d mARB R pod BB RS S (y) s hE e 150 o) pEp jE_0.012 3
407 0.067 > RS G adE t y=0.067 c "EF XL HP P o G A IEEY B4 AIHP D
BG4 e HERAWKER > Bif i sl f 57,2 > o§ 45 ¢ T=1350h 2

B o LRFEE A (B 45 ¢ T=1487 h)pF » s ey ds il i hB o B8 5] 100

“1\\-

wm o % 45 BIZ A e HERIFE AR S e Sl o
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%45 7 b HERPETE F DS e S 8(Liug £ > 2006)

T(h) hi1(pm) le(pm) hra(pm) lco(pm)
0 17.3 6.67 26.0 10.0
932 13.34 20.49 22.04 23.65
1071 8.69 36.60 17.39 39.76
1210 8.69 36.60 22.35 22.58
1350 8.69 36.60 35.38 0.0
1487 8.69 36.60 49.64 0.0

T =0 h GOOOOGCOOTOCOCOVTOOOOTOCCOOOOOO O OO OO 00000000000 OCOOCOCOOCO00CO000

T — 932 h S-LH-O-O00C0OOCO OO OO OOOOOOGO OGO OO OO O-O-C OO OO 00000000000 000000 00000000000

T: 1210h oooooooooooooooooo-oooooooooo—o<><><><><><><><><>ooooooooooooooooooooooooooooo

T=1350h

T: 1487 h ooooaoooooeoa-ﬁoaoococ—oacoooomooc-oooooooooooooooooooooooooo

B4.5 Liug £ (2006)H2] Bt 2 1 i ? b P FF e 1

Fo PEEE Y B TORBRE IR Y Cadd AT e s £ 4 360.7mm3
BE PN RBET ST A hE 360mme - Ko ¥ o S H Z PR R Y A RIRBPE
Bt B Cades 3 ik dat g e £ 5 1311mm° > 3 P ks 2 %4 160 mm?
81.9% o #-A| % & H A% EIp T AR 46 TR 49 7w o d TR EEHET o RS S
SREBENGR Y 2 BEX SFBC TR AR PR Td BATZ A48T 40 4

Mig-kv 2 A ke 2 PB4 LERC FRERF VOB G - FEBC TXRB Y
PEESRTHARS > a RS AFER VA SHT SRR ABRBECTEETE A

RN ST S N U S SR I SN Sk CETIET S Rl U SRR A
Boig e T ' o HokE Ca At A AL G chiR R R N R BRI 7 S - R(E 4.9)
LARIEBFT G Rp IR TR L BA492 Z P BB EEEET T MR A F

REIT KA TR REE S A R Cadi Akt B A WAAT SRR -
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BB ALY o T a5 skt % o] 4.6 fT7 0 B BT Ak iEALL B
A ARG RS B AR RO RS R B e B bR R 0 ¢ 5D
Bipier I QIRERBIETE A G QRBIEY DA RBEe LE - BFRR
BTk 7 kg e 150 ) (TR 4.6 ¢ 2 5O BB ER £ b4 HK s
FEE2 TR T R o ekl BALE-E A D Y AL G o € de Rl A B A
deo iB- HERF A BRTE o B - PR eh% 150 3 % 932 ) (TR 467 2 5 Q
FEE) > oels Bl BRIBIEY 2 p 0 G B IER AL TIT e RIB I eSS 1

Bz Tolc Rrrgh o Lok iRFLI2MPa oo e 95 29% -

BF D PR T EAKE TR T 140 ) (TR 46 7 2 RO E) > d 4K
SPH g 0 B TR S h D o SRR TIEE TR 38 12um e fe i
B R Dy oA B ITRA G oo BCFEERB T B o JRff o A 3 4o T 50%14
b X SO LGt R A R T TP A SRR Y FARE
Fiksken® 1071 2 % 1487 -} pH(TH 46 ¢ 2 S @) R F B d 5B RS 4 A T
SHERILIE P o BEF B INHR L I BRI fE W 4 ﬁ’f;ijrﬁ,%ﬁ_f - RTIUE S R 1T
FCHEFIR d BB fRIR B A Pk el s o

®© @ ® @

e

10 A \__

0 T T 1
0 500 1000 1500
Time (hr)
@ Pressure dissolution dominates; @ A balance of pressure dissolution and free-face
solution is almost achieved.

@ Pressure dissolution dominates; @ Pressure dissolution ceases and only free-face
dissolution occurs on large-sized pores.

Effective stress (MPa)

Bl 4.6 ZH - T4 scfe4 iw(Liu £ 4 > 2006)
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Model Results
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Polak 3 4 (2004)2. 3 P A& FIIRZ % 2 f d 6 3 fR {412 B e 2 3 - 5 B
A FORBRE R RGBT & o RIS R DUH] 0 e PR MURR (B ik 0 Bofs RO
R0 3 FV iR B B A S i i B il i o T f2 Polak ¥ 4 (2004)2 F P RS i
ﬁag%m%w7w’vuaap@H&mW§W?W*’uﬁmem®%’szﬁﬁ%
PR ALTA A B R s B G 2 6 EAHI0 X AHARBI B A s K A BV K
R AR R aERT > §RBAR LR TAY AN c SEEHARET T2 &

o AR AR MDA IS P iR e AR R R Y RO 1 R A @ o doap B

Yasuhara & 4 (2006) % % — B3] RfER Api e B A2 M P TR N E IR i
AAFAKE A T 2 2 A REBY > BB ok FEE RRARE % (Polak % 4 >
2004) c FAIZ BEFEFER R ZEC TRCE TP FRBES S - R g g P T ki 4
FEE(S - BE)P iRy hCa g+ ERAMME o $ - FFRR Y ¥ TREFREKF 02
¥ 932 ) ) MBI T bR o SRR Y RB T LA BEAEE c R o R F
A7 RETERBR(F 932 3 % 1082 ) pF) > jidlde S pH B a3 R (pH © 5 6) HREC F
Bl A P BT S 1082 f o d TR IR E 0 pd G R fRENIEY F S ATERG (P o
Bois o R FAKZ $ZFFE(Y 1082 1% 1497 [ pF) > R4 A RBRTE S B FRBHS
Lo R R RRLTRA GOl R b BB Y- BE- B Fy
e hadr? BRI B2 E RSB EML 5 Far i WERF % 0 F A G
FRACHI A FUF Y > MBS p d BB R R HA st SETIET S 3k ?‘}‘k

Liu % % (2006)2 #-31 ¥ > %8k o~ B 2 y @A R E BB T R o Rk Y -
FEEL(F 0 3 932 ) » SRR AL (B R LA R B T R £ R % 2R
Bhve L Zfico B E y A B 5 00300400 % 0.018 - 3# H - FREES TokE T KA
Ko R RERY AR o B L kPR AR EPLGRL > X RBRY LK
5 R4 pETE O ERRIEFPNBHRREI DR NG LERL PG - SRR A
RIR RS LA e R G PR - K SRR - R oy PR ek B
SE L A 0 Sl acB F oy i@ A w5 004950540 2 00120 kil o % % = FEE
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FHRaFer FaAL BAGENNER AR I O EFIRBNBELFEDFE RS LERT

cTBIFERY Pl RIATRES A ER = A RBAEY R TR ok BHEL 000

Ez?*m‘:‘

:5“"_

wo- FEECB 0 Sy PBcE S 0067 0 & 464 B BREER P a~Pry B o BB R
FlF o bldcfed AR M pH o AR B R R HB A G B e s G2 A
WoAE a4 TR S S P I TR R R R DR A 2 & Liu £ £ (2006)2 £
TP S ERBEGEE AR TR ML a-Bry BEFE -

346 Z BRSSP yiE

o p Y
Stage 1 0.018 0.40 0.030
Stage 2 0.049 0.54 0.012
Stage 3 0.0 0.0 0.067

4.2 k)=

McGuire(2012) 4+ $44p B iR BLE FA7 7 > & P Sk 8L “f AAGERE LR 4B 2.5

#7512 McGuire(2012)#-3 f Fk R B 7:2 2 > ¢ 78-S BAMER AR BRI ELE

(B 2.6) AUV RANBERBOZEF RS 2R R K- B F PRI R
FU(B 2.7) Em k- §F MR M R B P ATy AP M 2 A 7 (McGuire

# 40 2013) 0 % 1 ¥ Capitan Mk 7 4 4 A2 17 3 N sk BLBRE Y PHBBS S

3
o F] G @ 2 et Bk a itk A H R MR FEREETERENER B8
p

BUR ~ R M6 f# ~ in a3 5 2 (LT BgE AR T2 5%

Y

2355 ot lBF ZE2 PEEERLEF R AFBEHTRBRESE K

i

BEHEBEES BIMABEFHRD -

421 P HSRESTA

McGuire % 4 32013 a2 3 ¢ > @ % & 4 Ek A R I 1 A=

#2 RS EBERP -
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IS 3 e

WEHRBEALESOSA BT 25 002 B E > BEIER R 2293 K(H 200)
B AL HM o BRI 0 R PR 60 2 T 1R B (T IR ] S
423 pm>o @A G 2 de kA 5 827 um)R A L 150 M E B (T oL ) 5 169
um o @A A G oz dekE A S 3.80um)iE AL B & G ojekEt o BgE A RAT AN > RS
BEERATE A- BHFHE AP o I AR RARE F o SR PR EF LK
BRI TGN (R 410) F bRk e LS e PET AR L RS B
2.5 1 10.0 MPa > < $5 A 4% 4.0 MPa/m ShB Rk 4 Ho R > T~ 2 G
02MPa > i Hish2 RSt 5~ F B4 > kB g MR RARIPHES 55672

8 R S HA Aok 47 ¢

Effluent Fluid Collection Point

O Sl
Outlet

20 Liter

Pressure
Regulators

B 410 FHEEGRY Z T £ B(McGuire & 4 > 2013)

64



# 4.7 McGuire & 4 (2013)2_ 3¢5 S8 7| £

RGP | W44 (MPa) | B pHE | AHG & G EmR (um)
1 2.5 7 3.80
2 2.5 5 3.80
3 5.0 7 3.80
4 5.0 5 3.80
5 10 7 3.80
6 2.5 7 8.27
7 2.5 5 8.27
8 5.0 7 8.27
9 5.0 5 8.27
10 2.5 6 3.80
11 5.0 6 3.80
12 2.5 6 8.27
13 5.0 6 8.27
14 2.5 7 3.80
15 2.5 8 3.80
16 2.5 7 8.27
17 5.0 7 8.27

2. #FEE%
(1) kA p i

HEAEEFZEF 2 NK3% CadgF ERRIE 0 &3 F g 2 RR - 4
W AR 2 R R pH EHARZE IR o8 E - Bl 4.11 5 McGuire ¥ £
(2013)it (7 e g P RBREPF R chf sk 4 TR 0 H ¢ B 4.11(a) ~ B 4.11(b) 7
* 2 R pH @5 56 Bl 4.11(c)~ B 4.11(d)*ti#¢ * 2 ;=48 pH & 5 7 B 4.11(a) »
Bl 411(c) i * 2 pLA o & 5 BBk 5 150 2 " w oy BoRAT Bl 2 BLA & (e
B L 3.80 um); Bl 4.11(b) ~ Bl 4.11(d)*7i¢ * 2 Bl s & S B EERE S 602 e
ER ARGz AL e (kR 5 82T um) - Amy B FR - M pH E L T > &
B R R 2 BB G ook N R R OTRAR R B 2 ARE - o] 4.11(c) % Bl 4.11(d);
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RdE S pH 5 6 32 SpF > S fide kR 2 kA N T RIRESHTH A8 o H P
pH & 5 5P > k4 p R &l ol 4.11(a)2 4.11(b)#777 o

McGuire % 4 (2013) % 7 { i&— % 7 2R B & 2 -k 4 ] B o8 pH & 82 B
Flo F o MR pH B G T RSk e TRk E 2R N E g ek
feoB4128 T pHE:Z 72 3skez 2% 29 » Bl4.120)5 5iE R 602 4%
Bl BB ts 2 LB 5 RS TR A2 EFREREE D 4120) 5 SERAE
150 2. 1 L BB A i s 2 BB o 5% % % > TR 411(c)2 HFR%E% opH & 5
T2 MR 0 kR 60 2 150 2 Bl et i ch B M0 k4 P BRIk 2

WHE X E R A EARR o

(a) a5 I (b) 5
£ cmmme |l E ¢
— . ® 25M = r
g 30 - !‘_ 1 EEMmﬁ? §
b u E . m U
<5 t < g >
o o g m
3 B oale @ °
w 1]
= X + % p T
I & o 25 4 ¢ @
@ o 4"["'__ 1]
ﬁ 15% @ O 25MPapHB
§ O 20 O 50MPapH6
& % ® 25MPapHS
W S0MPapHS
10! i ' : : i : 150 . : I I N
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 a5
Time (hr) Time (hr)
C
Oy @
= 5 MPapH 7 =
E B SoMPapH 7 E
= m: + 100MPapHT =
E e T, E . L ] » o
£ N 3
a9 g 1-. = . s ® * -
2 2 _ oo
S 8} ¢ = .
g - g :
r 7y » £ =
o oot = L :
i : o
5 e s o
0 10 20 30 40 50 60 70 80 Yo 2 4 & 8 w0
Time (hr) Time (hr}

Bl 4.11 McGuire % % (2013)2 2 P R ¢ > B evk+ p g
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®l 4.13

()% : (b) ————
—— B Grit 2.5 MPa Distilled Water 14 —8— 150 Grit .5 MPa Distilled Water
"é‘- f - 60 Grit 5.0 MPa Distilled Water | s - 150 Grit 2.5 MPa 98% Saturated Water
= - 2
PN o 12 ]
2 3 - .'l. S . )
2 [ % ] E. 106 g ]
L | Tam
% q"--. ‘_;) a8l ..I L ... ]
g | be ,"‘* £ . i LT
1 L] e
= 2 . o I | |
’ - L THE e ?]
g " *I. Rallh 5 ° : L ';ﬁ"'i ~a8%
I ] |
201 : : . ] 2 . , , .
0 =] 10 15 20 25 0 100 200 300 400 500
Time (hr) Time {hr}

B 412 it pH &5 72 K k4 ] BER T2 % (McGuire $ 4 > 2013)

(2) Cadp+ kR %™

57 L% > MoGuire % 4 (2013) & B i2mkifAze @ * pHE 5 7 % 5 i

B> TERRN S CadgF kR > BE4oB 413 977 o B EE KT LA FAETR
H- Zremntiz pH €7 MBS AHAG 25 33043 g3 FE - -

zZR? Cadp+ kR Y BMWEBFET héefo R REECIMPH B 5 72 &

'fr”k AR & 325 mgCa/kgsolution SR i pH & e S5 éﬁ"f‘-"’}‘ ARG = 114 mgCa/ kgsolutlon)

8

1L 25MPapH 7
- S0MPapH T
= 10,0 MPapH 7

-4 2.5 MPa pH 5
B 5.0MPapH S

- #— 10.0 MPapH 5

0.01 0.1 1 10
Velumetric Flow Rate (mlfs)

Effluent Fluid Calcium Concentration (ppmy)

o2
8
=

el Cadpd kR &R AR S 150 2 Tl BORAT 2 A 6 ain R DR aE B

(McGuire & 4 > 2013)
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3) M FEHKESE 2 HBAHH4

F A pH BT ST 6 IR FIHMR ¢ TACH R SRR (R4
413) inB pH @i — H5 5| 5- B v BRM hik 5 pH E 5 6 P4 7 - Bk

s B

Ponhietz CadrF kR pH E 5 7 2 iR eiTA BHREL-FIR A

|l
w

3 10MPa™ > pl® pH B 5 2 7 annfindiEses chCadp+ kA > Cadpd kR &

SEA AL pH Een A (Bl 413) 0 27§ d i fR FUR v B T

HRP &2 aintl pH G - 2 P L4 52 P EREF S 4SS n
B 4e 0 3528 McGuire % 4 (2013) 5 H54] ¥ Bk U+ R p B f31F 5 4 & 84 Ko
A R R B 6 R 0003 R 5 Y fked 00l Bl
B 411 % »intl pH B RS Em T o4 FaBA PR EE a4 RIGTHBE L)

BERTIEHE & 3 - R o McGuire # 4 (2013)F i/ H 4 F X2 m % d

AR A R N RIS T YRR B2 T ik
flre £ B BT AT L BRFLH DRSS BHIEF @3@] ' P AR

SRS A PrS ?/I«L‘W?}rﬁ#&}@ E NP R T S - g kA R ﬁ’i‘g oo

422 Wie %
kAP FRC

B 4.14 5 McGuire & 2 201377 ¥ » P FHR BB E w2 A R4 N 78
ik o B9 5 FlEE G ELL EPRRHRTIZEE BREFRIEEHIRL LS - B
4.14(a) ~ Bl 4.14(b)*7i2 * 2 ;nd pH & 5 56 Bl 4.14(c) ~ B 4.14(d)*7 & * 2 /x4 pH
i 75 B 4lda) s BAld) it * 2 BB e A 5 BB R S 1502 "in, B B
W2 ph B e (kR L 3.80um); Bl 4.14(b) ~ B 4.14(d) i * 2 LA & A S B EER
60 2. "de o BoRAT EriEz pLA G (kR 5 8.27um) o d BT HF IR A M kR Rt ik
AOFRBEEFZZPFHRPEPPHAARS AR FIEMPpH E 2 THF £ R 5 150 2
im o BT B2 HBBCRGE R 00T R N R Y BB TIE F P L o EF A

#EpHEG62 5pF > apviBitR2 4> BHAZ 3 P 2% T ARERE S
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Btvo A o A pH A T ERAR G 602 e BT e

BFLIRRIE P R E o

(a) 35 . — (b) 50
E i o L5 MPapH 6 E i
g I | EEManE £
b= 30 * sf ® 25MPapH5 =
g o B 50MPapH5 e
= T —— 2.5 MPa pH & Model .g
& i/ - — 5.0 MPa pH & Model
5, L R A PO 2.5 MPa pH 5 Model 2
25 L d H sssnes 5,) WP pH 5 Moddel
o 2
= =
o o
= >4
I I Fir}
@ o 3 it
ﬁ % = 2.5 MPa pH & Model |
2| =
ﬁ ﬁ —— E.DW:::HEMDCIEI'
158 . '
0 05 1 15 2 25 3 35
Time {hr)
¢ d
© @,
£ : B g
FaRL 2 éoéomn::%rrm 1 <
g . —sfonpagu?umg € 30f * e o o ——=
E g =====10,0 MPa pH 7 Model | « e
., .+9,
2
S5 8 2 5 = 1
g B
[ ]
% Tt ol L]
g 20 m |
o 3 ([ hma *
- —— 2.5 MPa pH 7 Model
5 . . . . > w ik — 5.0 MPa pH T Model
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Time (hr} Time {hr}

Bl 4.14 McGuire & 4 (2013)2. F P 2% S BB A M 2. R4 p B8t

2. it
BRI RN HIE pd w3 RHARBE PR Ed Bl 4.14

2% T UFRpH i T 2SR 60 Bl R iE 2 A I ol > McGuire
EAQROI)THA F 5 BAETRR TP B ES o T RAFH I BINLETHSG

(1) mipiv* 2 g4 FEBH

B e WFA ARAIME A NREARES DRB (VAo 2 fRE G5 199 MPa) -
Flpb > BN RBPF O ORZITH VL ERBHREY cEFHAMPF L ek
oz Ff B AR e s ot Rl 0 FI 0 BRI i RS 4 KA T
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Fod R A EEAE e Bl 415 ¢ F R 412 chE PR EE > DT RR R G R
4.15(a)) ; B3 ¥ * i ¥ (pressure solution dominated » PSD) ~ J& 4 /i 4 B4 2 ¥ (stress
corrosion cracking dominated » SCCD) % -F jit i #(advection-dominated » AD) % » 3t 3fe
WEF Y o= FERL B TR 4] A 6 (B 4.15(b)) » & 5 i 4840 1% e fb 42 1 s
T kR A (B 4.15(c))

BE A2 2 N FRP BT L R T RERERA T BRI T B4 40323
& 47if > McGuire £ 4 (2013):5 B2 (£% 4 ¢ BB HA 2 BF TR
¢ TR RABH AT - SRR AR R P (BA L BT
WekeIta o ¢ IR (pH=T)in B 60 20 T o BORL & B A > ek E]k
AN RBCERART F o A BCEHCRINA 0 R R T el AT SRR 5150
2 Bl g 2 B E o BRI A AR R R R T A R

PRSI R P RIEDT EIR fRE R ST RI(B] 4.15(c)) 0 - A R ECFFERIZ
AR RERER SRR A FapH B 5 TP 3 N RRBLE T 204
AP E o 7 FPe s e e i s FIB 2 = mE Aok > 4 R A FRpit

o no #g003t Karez & A (2008)F7 7 ¢ #TELZ I chIl % o

ek
7

A
otk
=

(2) pd iRz

Ad G afEt i AapH 5 52 6 EBE A Bl pH E5 6%
SBHER K o RA o WHEREF L0 B F N RBRBERT| I R S & H
Al o BR AW D B HEAAK LG - B T 54 White &
Peterson(1990)F7 3 ¥ H et F 9% 1.08 1 15 B2 T35- Ko d 257 ivo gt
Fo kb EF RMIAHNK R G 28 g By ook e fF R BB

5 f PR f S D o
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(a)3s : : (b) ; ;

& 60 Grit 2.5 MPa Disiilled Water 14 | @ 150 Grit 2.5 MPa Distilled Water 1
= M- 40 Grit 5.0 MPa Distilled Water = - 150 Grit 2.5 MPa 08% Saturated Water | |
§ [ ] Critical Stress at .5 MPa g = Critical Stress at 2.5 MPa i
= | + — Critical Siress at 5.0 MPa 2
3 o s 3] |
£ 30 .'. n w1 Pressure Solution Dominated |
-4 % 3 10 ]
ﬁ . . 'g: \ k. Stress Corrosion Cracking |
= [ [} = . . m_Dominated (SCCDY 1

[ \ 1]
% i | .!!., oot 5 L BT TV
I 25t ] £ Advection Dominated |
s | i # . i D
P 1Ry
K ;____._qi#_ 12 ”Jvh
w L 1]
1 [ . 5
20 L L 2 " . " 1]
o] 5 10 15 20 25 0 100 200 300 400 500
Time (hr) Time: (hr)
() Pore Asperity Pore
Mineral
Concentration

B 415 ZHABE»HpHERZ TRZB3EF2 FP EkEE N2 HZ 2 RHHIEF 207

4.3 &

BEHREOAITY AL A Rl B R A MA R R E R
A2 k4 -4 Fig b gl B9 A B 4345 Polak & 4 (2004)2 F P R R o P
BERA LA B M LB TOK(pH B9 5 8) SR FAK(pH X 5 6) 4
HradAReERR TRFL LS P T2 Ca #p3 kAR % © Yasuhara ¥ 4 (2006) %
Liu % 4 (2006):5#7 5 ¢ » ZfhH BB E 2 2% A S 0A 27 b2 JAE FHHE e ¥ -

B _McGuire % % (2013)547 5 » 5 &+ b pH B2 it~ A P AWl R 2 2 FERT 2 2
Lo SEHENIRE ERE R B H UTRESSEFTRAEL R
1. BE W+

AL RE - 5'14)3 BRI MR A e B RB T k4 -4 Bl S AR 2
BRI G R R R ROR (00 ) A A 5B IR 2 SR B
4”’?"4’-%’5(@ UL E pd B ANAREE e BE R ] o XA > McGuire ¥ £ (2013) s
)¢ o T - BAKMEMY L E I s YRS FARE > GERET S
#F Karcz % £ (200877 7 ¥ 2. 7 L. B & a2 -
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Bl4.16 5 = B BRZIFHE DT LB S AR PREY Y EWE R T
T2k FERE G EMR AL CEF B2 Y o ¥ - AR 4.16(2) 0 2 K
A AR Y E-FRM O X ARSI A e Tk B ERIRE R T
BT BRI RO BT LR RERAROF £ F - AR 4.16( )
PRERRR IR S AR FRE R BB R T REBE AR Y > BERENE LG A
BRE R R B R o R NAR T E AR ET A o EF R e F R
B He 0 DA R(RM)SEACEL) . F =5 R ERT] > 4oR 416(7 )
Sz B A f ki o T AzF M p o el R ALY 0 Kb
BT 02 % - fE(R Tk ® - PR 2 B Z B(EA KBS Z BFR) > A E

® » McGuire % 4 (2013) R0 Bk B3 (% 0k L7 BEE > B 24 % - AR o

Channel and Island Free Face

Bl 4.16 == R A7 & Bl(Karcz & 4 5 2008)

2. HEHIVR
Yasuhara % 4 (2006)c -3 4o @] 3.1(2)#77 » H B A MATEE L 5 Ll kkiflo L
FasReahd Bpkd o > 24 TR SR ARd BB R e (R 3.1(%)) -
— L BB e B e Rt o BRI REBLRA Y A B d G AR
OTHK e PR A o R A Y KB AGE F RO T DY TR
B Bz o 2 B p o G EEG R RS UK R TR 0 {ATR G A 0 B
B X RRBET e B O B pfRE KA BIBAST RN KE C F
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Liu % 4 (2006) ch#cd Bk M T &7 5 - & 71 d de B ff As R ehit I 0 4o
3.3() "7 o A M2 H 518 P SHCE 7 4o B 3.3(b) 0 Lt R HORNE F e R AR
23 A R RS UKD R BMERBITY 2 A 6B EBIRARA R bE
B A L AT G A BT T F ot RS R sl A 2 AR Y R g
HY s~ B2 v ZA LA EBFZ BAE o BERREF T AT M -7
PRAEES VEG M AR A G BEERDOTREN

%15 » McGuire % 4 (2013)en$Ea] 4o ] 2.4 #5757 » BRI (£ nF R £ 3 BF o

Rt B R ¢ o A R AR A B IR L R R ) 7 AW
AW ANT(L) ERAR kS R R AP SRS D P & £ S A

el o M hat g dEd kR A 0 pd 6 B iR(R 4.17(2)) ¢ FRATE
e R AE (R 417(%)) 5l A2 i g ERAMPF & o Flt o ea BIsFI) &
REREBHAB KA P TR FH AR o

cl‘.‘h
Diffusion- Advection-
L Contrelled | Conirolied
Zofne Zone
{171
L]
B0
aa

i Reoslsin (2] )
& n ' —ll+r,
Y /
af E L 5
!m"n,' : i ! Aspei ﬁ J .. 1

e iR cos]sin” LIEIH b

Bye = b
P (Reossin ‘IE!IH,I

B 417 pd w3fR(2)2 B3 FEBHGE)Z T & B(Gcp McGuire & 4 > 2013)
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3. B REER

% |- 5 Yasuhara % 4 (2006)#2 Liu % + (2006)% % 7 % » &34 Polak % 4 (2004)z
FPRBHREAIR AR RS S BE S S - E(5 01 % 932 )k pHEY
382k TOREFEREK S I FFE(F 9321 % 1082 [ BF) 2 % = FAE(% 1082 1 % 1497
JERRE Y pH BN EF 6 2 ZAREFTHEKR - BB ATV MBFR S W5 - [FR2
% - FFELPF > & % E_Yasuhara A (2006) 7 4 S Bt 2 ek S 8cis 0 2 H_Liu & 4 (2006)2
Be % BRSSP HE%RE % & - 2T T % = FF £ > Yasuhara & £ (2006) F 4 %
BB RS R A LG o Ayt > Yasuhara & 4 (2006)3i% 8 03 skt 5 F Bok - 3 2 ¥ 8Kk

2RI G A Apore 16 0 BB R SRS e £ o 5B % % &7 Ishibashi % £ (2013)2
F T pH EfMz FRATHROG RN BB r B F VK AR * 2
BRERERAD cABRFT R AL AEY PO fRELARE I F B AR PR T
PlACRR B R “E?"fi(Chou % X 5 1989 5 Arvidson % X » 2003) > F]pti% iR 2 2 Ap
B¥ B 3 &R E%k2 %% o i Cadps k& ¥%4 > Yasuhara ¥ 4 (2006) Liu % 4

(2006)$1>* Ca dt5 kR it » b T K EHRMBZ iR S L TR R%R LS HFLE A

McGuire % 4 (2013)0#7 5 ¢ » 3 P 35 Rl £ 5% % S HE A HIRE S re & o L
pH B3 7 iR T o WAl AR A T R A B AT o pd w R
BRI AR AEERT A B2 B ohliin - EFRHEHF OF R
0 T pH R4 0 B 3 & 15394 F R HRIT R Y KRR 8 i A R
RF@® S > bR A2 kA N TERRTRE o § AR A e HE 5
RSl IR ALY S ALETRR B4 0 TR TR L HAKRY - B2
A pH 5 TP kR 60 2 e s BREE MM R P RKRRIF vk TR ek

BRI RS S 2 B ampd -
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PHFEE L ERRA D B TORIREZ RS S F L P RPN 2 JOE 2 P
FERZFTIGRE 2T A5 - A SRR M Y P AT 0 DA E
Bo B E2 T LHERFET 2 b TRRB 2k -4 gL 3P E5% 2 BoE HRAT
FFE Ak o R AR HREAEPMBETEEZ 5T TEFREL BN G
PR ALV RIRGHE > PHLEPN B ORISR § R RPN PR E 2
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P TR B EE R

5.1 & B3
LERTR

AFFF2Z BRI H G EE I E oL R By ByEp 9 52023 £ 107 20 p -
§REAAA BL AT o HHE A ST I P A ] A3 FEr o HHREL T
bR P PGE e AN LKA - B E R R, TESH LA
WEBFRFFEREEE ST LRBLFCEGFRFE D S 5L ) I ains
FlAFALFEM FEALIRTIRS FAEER RN 2 B2 BRE L4
Rz FIAEREREEIRTI N TAMEE AL WIT § R EMAS JIUN
Hb g AP REHFLMERIBP LA F 2 A1 RE ST R
AFEVREIBPRUSFEERE TAEF A ERREIFA DS TR € R o
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Abstract

The current low-level radioactive waste disposal plan in Taiwan employs a tunnel-type
disposal method. Its design principle aligns with the "multi-barrier" disposal concept embraced
by countries with advanced international disposal technology. This approach utilizes containers,
buffering and backfill materials, along with engineering structural barriers within the host rock,
to obstruct and contain the release of nuclear elements. The geological conditions of the host
rock of the disposal site are the fundamental factors affecting the planning, design, construction
and long-term operation safety of disposal tunnels and disposal facilities. According to the
current low-level radioactive waste disposal process in Taiwan, Daren and Wugqiu have been
announced as proposed candidate sites. However, the relevant formal site investigations
(including drilling, rock sampling and testing) have not yet been carried out. For the proposed
candidate sites, there is insufficient data for further research and analysis on the mechanical

properties and in-site stress measurement of the disposal host rock.

Considering that Daren is situated within a region of metamorphic rock characterized by a
foliated structure, the rock exhibits anisotropic properties in terms of strength and deformation.
It becomes imperative to conduct site investigations and engineering designs that specifically
address and accommodate this anisotropy within the rock mass. Hence, this project collects
literature on encompassing site investigations, tunnel excavation cases and the research about
the failure criteria associated with anisotropic rock masses. In addition, it also includes research
findings on the mechanical properties and failure criteria of local anisotropic rock masses in
Taiwan. The purpose is to provide a comprehensive reference for forthcoming low-radioactivity
disposal endeavors. Drawing from the gathered literatures, Posiva's expertise in characterizing
rock homogeneity or anisotropy, including the understanding of foliation structures and
anisotropic rock features, stands as a valuable reference for future parent rock disposal
investigations in Taiwan. When the disposal host rock displays foliation characteristics, it

significantly impacts not only the numerical modeling for engineering planning and design of
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tunnel-type disposal but also the site investigation phase, particularly in-site stress
measurements. Special attention is crucial in these aspects. The construction of anisotropic rock
mass failure criteria must consider the number of parameters, whether the parameters have
physical and mechanical meanings, how to obtain the parameters, the verification of the failure
criteria and test data, the applicability of post-peak behavior, and the feasibility of its application

in numerical analysis must also be considered.

Finally, this study held a domestic expert technical seminar on "Anisotropic Rock Mass
Damage Criteria for Tunnel Disposal of Low Radioactive Waste", inviting experts in related
fields to discuss and provide relevant opinions. Finally, based on the above-mentioned research
results, the key site investigation items and tunnel disposal safety assessment technical
recommendations for low-level radioactive waste final disposal sites with anisotropic rock mass

characteristics are put forward.

keywords : radioactive waste disposal, disposal tunnels, rock mass anisotropy, site investigation,
safety assessment technology
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$2% REEGMEEARLIIUN AR PG R R0 Ay

B A2 e IR AL E J2 (foliation) f3d - FIH B e o # & H i3k 4 B R
TR R B e P AR E B 7 4o3F 8 (Bewick & Kaiser » 2000) i ¥ A& 42 4

RAGTRE R 6 AhTA ATA AN RPN AN G0 RAFREF G MR
AR A A (F RGP R ER%) 2R RRE I BER RN NIFL AR
FREIERBEIMIRD EET 2T 2L 5T o

2.1 B REIRSE 2 O R

BT SRR ‘W?Mﬁ%%ﬁ)mﬁmw(w‘wmw
) ¥ i FIE L - B3 (cleavage)® & o (bedding plane) » & A M2 3@y b0 HRH

>
e
i
W
\TOT)
=

i F & & % 4 (anisotropy) ° 1 & ;‘rf S0l BEEHRBERETEY ¥ F
(E3Z) BHZP sk 2w 5] REE2ZRh28Be FLORFT LR S5

SN

L AA

7 7 BF 32 (slaty cleavage) ~ 5 ZZ(schistosity)~ & fir # ¥ I (gneissic foliation) & & (i£ 4oix >
1997) o £ 3F E o R FH I AZDP R EAoin(1997) M FEFR A1 42t 2 1 & 0 4k

BTz 8

® UEAEPFRIP fREPTLHA AT FAES 6 FEA LI FRES G

FRLZREGHEELENEE S o FR AT TR e o

® LG 2 P4 AR, 1R F) S RS FR SRR TR A g

Ao BFI g F H G TOEA kR Ft 0 LB G 2 TR H K

® FHMIfPEFZ Ao, UREFRL I O BE I BFE2Z LR Big2 i
PAZRS A A AR B NBR2ZHE O BRTEY > BEINEETA G
IFARZE > Fpt > Bz (FE2 02 L3F QPRI S s R BT

AR IR LA o e 0B IR T (FR 2R 4

¥R RERGHE SR A B R g B R b
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T TE L b ALE B B 2 A5 F o H 21 f2 Olkiluoto % R p 1980 #
B4 > LT ER T ° MO AP R S22 3a B b1 v FF R T R
Pl lkm e # 7 60m I 100 m 2. 5§ H45aEid ¢ s B R $ B EE (VLT Ak
B)o LB Bt 1987 & 11 7 B e 51991 # 5 9 %103 1992 & 5 0 B hniE
FFITH 2060 E R 0 T * AR Olkiluoto TR 40 EiFHH B AT A 4 e M

Y %

BRAy o FPREVREISFEM FIFR -FLE LR 2 MBI R R oo

Rock
stress
_’ ‘_
_' ‘_
Intact rock
—> // <«
_> ‘,___
—> Q2
)
L=
o <«
- 8 .

B12.1-1 Fuaf 38 e 3 P Rz BB WA e AR - 2 ¢ > R-structure 'é"l’F’
Olkiluoto % #+ # ¢ =g 4] F (fracture zone)(Posiva - 2006)

1235 Posiva (2006) HiF3E 2 %%k 2006-3-T Olkiluoto *TA % hEL G # T §
274 B R £ 43 4 (Foliation Geological Background, Rock Mechanics Significance,
and Preliminary Investigations at Olkiluoto) ; > 23t Olkiluoto ¥ M 3cét{ B d B ® H-2
B vkt P e BldoilE puE R puE oy B > PR LA ET L BE TiECY
B3z 2 '] > Posiva BB — 4 S hfic BT T LT AP B S R g I3
PR AL TR BRERRE R NE R P H L RERT Y TR ERER R F

CEE N T R E R BRIy Nt Y
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FEAEEE AR A T~ » T a g e die £ FF 211 L FSEF TS
B AT o

GHATIR L N R R RO R KRR TR NE R Sl P ER AR

o

Olkiluoto ¥ #* £+ E4iE2 2 & FF 4 2 - ’i'*#ﬁ NERHRELELE LR
(Posiva > 2006) : (V¥ -~ = #H 2o hERe » 7 i § M P2 R L H s B - %
A T D R (stiffness)~ 3 A& (strength)~ £ @ 3 5 (thermal conductivity)~ & F2 3 (resistivity)
TR BRFHER e IR HEHREETF 7L o Tl H30l oty
£i #1922 fi(thermal modelling) ~ 3 FE T A 17 % > & FFn HEDE ey » A
A FHCAL () 0 R B it Al R s(fractures) ik 12 % ) T 52 (brittle
deformation zone) ™ & _$ciE i) el 4 e 2 304 > 4o] 2.1-1 0 pt ek > & E,-in.%ﬂ e
AR EBE Sl BoBHERRR CRE RS BERERLES F(EDZ)R L% I 4p

=N L F SUSTIEN
(1) # ittt 38y 2k

4L sl |4 4 #ic(elastic parameters) & &7 R4 A 172 £ & HRL 4 B S¥co )Ihia%‘f T
#(homogenous material) @ 3 - #7 7 & cosf{d S 83t 5 32 #8(Young’s modulous) £ 4p 4
+t (Poisson ratio) ° fe i]*uﬂ v A T o BlAe R RRET R ERIIF AL LG - 2R

HH > T2 ARG e £ v 4k (transverse isotropy material) o  PFE & T B4R 4
Bk E R LR s RREEREE & E ot v &2 v 204 i G
Bl 2012 3o hfe X g 2 Ha 5 o 8k E/E'~G/G” 4% 1~304p

b oy By Pl E_ 43 0.15~0.35 (Amadei & 4 - 1987 ; Gerrard » 1975) »

FoF RRTIME LRI SRR S B R A

7 -
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3 Es t 1
E

Zm f rotati
NPE axis of rotation =E
= — n 2
AR

Uns = Unt = 01
Dst = D2
Y=(f)2 Gns = Gnt = GZ
G, =G= Es/2(1+ust)

X(s)
i

plane of isotropy

B2.1-2 o %o b2 7 2 58

[+
i
g

2 BoBHETRREPPE

Pt BMFTE BP S AR T T 25 FORFHEFEREERR
FEREEER SIS PP e BB P et A RB)ZREAF TR AR
213> = F2 MG EMR U 33,587, % 1 o 1395 Jaeger ¥ - 33 5 T3 (Jaeger’s single
plane of weakness theory)(Jaeger> 1960) & & & f /% ¢~ m/2 (¢p; 7 33 o T BHL),
AR R e mER P HERAE f=45°+m/2 FAEFREL RN E

A

2

=

Bl R 2 ER R R

Plinninger & Alber (2015) # & 14 # ~ Fic B P X LB R i ?Lﬁﬁbfi‘ﬁ
HREF OIS WEBRBERYE L L2 M GE R 214

B (UCSp/UCSpogoe) ¥ (F% 3 2 w2255 4 & B enitaj“r2 B 4% B =0 &
0°-HERBRBAEVEFTERAE CHY B =0 FFRFREL B EL LG RGBS
(i)F 30°< B <50° » HiEd ] » 2 A3 0040 £)~0.65(Z2* F )

FoF WERIMERAMI NN B R R R L R0 R
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Rock mass strength (MPa)

-10

112 & s e b g Al 2 B v i H ORI R e

Failure of mtact rock

/

\ Failure caused I,r
by foliation /

L

10 30 50 70 90

Inclination of foliation normal to major principal stress axis

213 ERMERHEFERBRDPE KT Phi LA w2 p B Emg 7]

Relative Unconfined Compressive Strength [%]

®2.1-4 4 ~+

referred to 100% at 90°

bk kR (R) o ok s

EEeaw AR U REd S3a Ry e

(Posiva » 2006)

ASlate 1l
(Slatalla & Alber, 2014)

Slate 2
(Slatalla & Alber, 2014)

4 Devonian Slate
(Brown, 1977)

Quartz Phyllite 1
(Thuro, 1996)

# Quartz Phyllite 2

(Thuro, 1996)

® Mica Schist
(Slatalla & Alber, 2014)

@ Biotite Schist

(Nasseri et al., 2003)
® Chloritic Schist

(Nasseri et al., 2003)

® Quartz-Mica Schist
(Nasseri et al., 2003)

@ Quarzitic Schist

(Nasseri et al., 2003)

M reference: ideally isotropic

Angle between foliation and loading axis [°] rock

HE S AR R R e T 2 H PR SR 5 % (Plinninger &

Alber » 2015)

FoR FASRIME- AWM S50 A2 B 2002 J‘Jeﬁ:;‘;_f
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B215 Bt d M2 MUFE G 2 F 282 X4 T LB - B o 2B R
Hg o Rt FL R QLS 2R FRAEER S 52 LD
(Posiva » 2006)

MRIAEGE B S b R 2050 HMERR L R A R EREITAE
PILERBEG AR IR B SRR S EHCBP 9 ¢ BE) TR B o B
BEHPE  PERVRBEBES AP ROk BEEFRA 0 TV IR P AR LT
A Am o § AN AR e PR aERG 1T I

Boengrid o

(3) 1R #’Za‘%@—:#ﬁ',’% _ﬁ—,_g;/_zg_g

BB A G AEIA BB G PR B KRR A R G R 0 T i
MicERF o g8 ERAR® Eg R e R BSR4 o
BB B s 6l SRR BB R H T R (R £ )
B m ook d BEREN L 1070m/s (blhom s SKB 2 2 Aspd 4 TAH E R %R E)H 1L
Mo FHRPAFREFRERE RS A OB MG RET i 24 0 ok B GERY

%2 108 m/s -

%

% AERIME AN aN A2 R B R e
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WEeM AR e B ERMEFRERZF > BB ST 2 FERE

¢ 3£ 7 4 § iv* (Mechanical effect - M effect) ~ -k # i¥* (Hydraulic effect - H effect)# i
# i * (Chemical effect » Ceffect) » 258 2.1-6 > ¥ % & T 5|w 8 : ()£ 4

FEAWFER LB L > e BE > B Eier (B REFRS £

TR P EEG o A B () TR nE o kA B (V)R BRI IE

ET A Y w5 T 2 ek IR % (chemical precipitation) 3k 882 S Mg B0 F

#

T o d9 L R B AMER VR TR DRTL A HEE o R R

_\‘

A

%‘7’\/’5 FevE A o

Autio % * (1999) # *t Olkiluoto #= 7 *%if (Research Tunnel)® - 448 B ¥
YT AR IVEEG AE B R AT 0 & BB s p B B ke (autoradiography) 4 B
TERFEARFECEN AR 217 - B2 5 HT 0 SRR BRREZ 2 oEMI P
PERBEEHANE o P FEZOG A ERAMFTEL SREF -

M effect: principal H effect water Ceflect eg.
Rock M effect rock  stresses parallel and moves into or Pfe_Cl_D“a’ﬂOﬂ_
moves into perpendicular to out of _ inhibits flow in
excavati excavation surfac exca\ﬂon fractures
e — | \

Excavation AV Air/water/bentonite {/

a) Isotropic rock (properties are the same in all directions).

R R R
\m§hl effect: prmmpa&\H effect: watN C effect: e.gR

move_—. int stresses parallel an maves into 0 Dremmtatlonh\
p erpendicular tq\ ul of R Ifnhll;JItS flow in

excavation surfa excavatio raciure \
\§§§N‘§§t§§ “““§§k \\%\

Excavation Airiwater/bentonite .

b) Anisotropic rock (properties are different in different directions). The shading repre-
sents foliation.

F12.1-6 3t % 5 P 2o 5 12 ME 7 PuE B 4 ST B 42 B 2 2 B S (Posiva »
2006)

¥R RERGHE SR A B R g B R b
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OES 3 XX I

A5

BI2.0-7 £oodlA W B RER S A BRER ST 2 kg BB RS f(Autio ¥
+ 5 1999)

(4) Mt EplnpE

Fet »

*ﬂ{-
ﬂi‘;
4.,_
m‘
N

W PE Sl 2 B AR D AR E R E T
ERAEZ OHIRA R TR A A ERE R4 ER
P B Ak BN S AR R o i ARG EG I RATRSPE
Wy st BRIGx A Fw Y § L UDEC £33 & w L B MY > 38 6 R4t &
Evsld)z e A RO)R VR BAZEHBZBE FHR 218 it d £ 2o
D (i)s/d<0.6 > 0 <45° k4 BB FEHE 2 M E5 6 B 5 % 0>45° £rEF 5
FARFFOBFLABEE AL RS 2 e F 0°~15° 2 A o (ii)F s/d>1.000 <30°
kA BAFAE NP F S PE 0 >300 FHELHAMEER LA RS G 0°

~10° 2 A o (£ &2 L 24 2022)

FoR AR MR RIS NN 62 P R R P
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s/d >1.0 weakness control Gy and weakness control Ty control
90
30 ratio of s/d
—=05
70
06
60 810

S0 <15

Orientaion of induced fracture to 6y(°)
.
=]

134 &
10 20 30 40 S0 60 70 80 20
Orientation of weakness plane to oy(°)

4 4 4
» « » a » «

* t

[—]
= &

»

B12.1-8 35 & FF BE(S) 2 467- 2 /o (d)! 2 55 6 & B ()%Hk 4 BAI 5 A2 BB £ &

Bz 2 2022)

(G) Hik»wZRREZE

cl 4
fmpe
=5

d R ez 2FrnRALlF et AR I FSe 2T A AL, HEF
i FA TR R B e B T A EREMETY O B BRI AL
24 E PR FRELEY R AMY T35 0 i o Posiva(2006) i
% f ¢ Péijinne ﬁgﬂ] RIS G T EFIZZ EIR XSG Hrug SRR T LR
Péijanne ﬁ%r]i BRig T 1982 &gt > > & 120 km o I 3t R %k © @ 2 (Precambrian
granite) ¥ ;2 & 2 F(migmaty)® o Rig @ 2Bk Pdijdnne P £ A f ¥ A (Helsinki) = "
€+ % 0 BHE R A 4 AKX o Piijanne %] CRRIE P P AES 0 Tl TR HM Y iR

R pUE ¥ A A 4 7 b 1 (weathering) ~ ¥ 4L 2 (swelling clay) ~ %48 (erosion)

PR RERIME SRR SRR A S B R

- 13 -



112 & Mo A ) 47 Puf el 2 B oo 2 8RBT OE RIS B i

TR R A ORI R G XaE AR EEG B HEF J8 e Lipponen ¥ 4 (2005) FIL 3%
LU

R R e R R RS BRI A % b2 B0 TR 219

70

60

50 A

40 -

30 A
20 1
10 1
.- l l l I_

; 10- - - 0- - 0- 0- -
20 30 40 o0 60 70 80 90

Angle between the tunnel's orientation and
cleavage strike (degrees)

Number of block fall locations

F12.1-0 % fFPéijanne By ki s 2 A ¥ R L B do0 R i AR EFIE 4 % 2 B T
(Lipponen % « - 2005)

Wi 167 e PR sl 0 35% E R R E A Ak kA A 100

58% i BRI A Bk b [N R E 2000 80% hE R E R A Ak bR g0
s H M

40° 2 fE i oit— H A TERTE T £ B S 41% A AR B REE B & %3 70°
M 88% e Al E FHEE B A X3 50°-
E-4t LS W ek 2t S 2 23T > Posiva (2006) 4% 41T A Z BLE & 248 (1)

2x 2t
| Rk 3¢ (repository opening) ¥ Bl 7 4 e 4 G () EE T 3 § F
BN T4 PAE T Pl 75 A G AL S ()L R T § R (EDZ)5 T
Pty MERSE TR AR LE % EDZ B 2498 2 6 8 5 Posiva (2006)

BOER - AT LEARE A AR e Hn g1 (Feng By ¢ £ ¥ 3 H3 % (orientation

¥R RERGHE SR A B R g B R b
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of foliation) ~ £ 72 e & & (intensity of foliation) 2 ¥ 32 73] fk (type of foliation) » 34 2.1-
1o

2211 i * 22K ~ %A 24 EDZ #E 5 B2 ¥ 124 #(Posiva > 2006)

E 12 H3 % S REFERN p (R ot AR EHFEL LT R
(Orientation of foliation) w2 R AHIRAREB AT e c FR DT
By I“’L”T'\*? - HH A
EFRag ki BEAAROELG > EHEME NP TEHTF -

(Intensity of foliation)
¥ 12 07 fg OEHEA A TR A FIHHE B ehd B8
(Type of foliation) -2 N

22 3 & >H & — 1 Olkiluoto 34t 3 &

#4t Olkiluoto Hryk eHE = fi 34 4 > Posiva iF 27 #4034 %5l OL-KRI12 & {7 4p B
F1 3 0 % 1 e # o (oriented cores) & e i 47 B 5 B i (digital borehole-wall images)# 5~
P> Bldhedt p B o2 i Si(Borehole Imaging Processing System » f§ £ BIPS) 3¢
M #&F2 % su(Optical Televiewer » fj f£ OPTV)» H # Tl B 2 v = 2 F "2 fE {7 2 st

Eo B GEACRE] 2.2-1 0 b it e A R B L s FESF S 3B o e F’ Mg

g i o 5 Olkiluoto Bl #* B3 FiFitEsa s FHHLIREAE S 22— o
Hop i AR B M- ST EE T~ g8t > 0 LED L #fer kR f#45 & & 360 (BIPS) & 720
(OPTV) % % 5 CCD #e b f » *0 5 §) 1/50 tieng & 2 T2 74 o P> ¥ 5B
& 1% (inclinometer)(BIPS) 2% &4 |4 = #hez il F* %47 (magnetic 3-axial Fluxgate compass)i& {7 Z_

o A

$-oF PSP I MR AW BN 42 s B 60 Ry
¥ j i
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a) The down-hole tool assembly b) The OPTV functional arrangement

Video Camera
Lighting Ring
“’% MAGNETOMETER A
e s A\
# AOCHLEROMETER \ A1\ /
/ A
/ \
m———) L LN P
7 Black H
NON WAGNETIC / Nsa:dle Hyperboloidal
CENTRALISERS Transparent Mirror
Window
coumrs il of - oo
Tm“,ﬁggaqu 15 ) AEFLECTOR
c) Image arrangement
c) Screen (camera) view Azimuth
N E S w N

<— Camera field of view

H Image of
circular mirror

- Sample circle

Central masked area

ydeq

- Hypothetical X-Y
pixel grid

Cross hairs

Fl2.2-1 Hcizgeit Beo F7 1'3\:}%’;55’»3,14% @ T®¥a ~ (b)OPTV 2: i B~ 54 it
TAREB OB AT 2 (C)F BE T &g& JLEER t o (Tammisto & 4
2002)

FH3 B T RGBT E R 4 1 1F > Posiva 3k OPTV 2 & & =& cge
FUEERE RII30~T0m EF o R UEFRRE R TERNT AR EFTEG P
ok 4%

(i) #3'RERfmA I EF & A ans > &3

A

N

FERER LS &~ B RLHFYUD
Flfte b KR12 ¥ {9k o 8 8 AR B R R F 5 10~ 100 om -

¥FoF FBRFIHECEEARMZINBEEI G R R0 I‘Jeﬁfi;;f
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FUERE 800 m o TE EA DK 4000 B A ARG BHE B AL G
i fy R F50E iff!’? W) Tl B Rt A s F R R 0 2

AT Bt Bk (massive) £ F & £ F 7 2P (irregular) 2. £ 7% & % (vein) ©

o
ﬁ

W
zﬁ”
%

e
‘T\
FOow
ﬂ

I

\

t

(i) 3= ¥R S % F & (intensity of foliation) » #& =1~ @ %=2- F=3(0 * £ R L2
i# o T ;}L BT )E T e o FOE ik TIE AR A KR e - kST A e A PR
CRREET AR FER] 222 TR 224 HEtedg o FREHERER B E

I g ? J_Et (development of foliation) » F_13Jx E 3L % A5k B @ T_o

‘3\\-

il A :tl ) i t = N ’ f = 1 S N = T ~ .
(iii) & &g ergg ) > S & F 12K (schistosity) » G * & % Jir # 4% (gneissic)® B i+ 4 F
A (banded) > C %2 & 7| (combined)# 52

WOﬁFiﬁR&ﬁﬁﬂﬁ’E@?ﬁ£¢%%€%*ﬁ$i%,%@ﬁuim,w%
ML AR~ AR R SR T AR A 2
P AR Rt B FE T2 R R 2 BB REA ST TR
PHBTLFIOTE Lo A 2 HRRHEL A8 Posiva BTS2 HFEE R E

ooy B AR Aok 2.2-1 B

HA 95 & # |+ (isotropy) ~ £ = |4 (anisotropy) ~ 2 & {# (homogeneity) ~ £ F %

(heterogeneity) ¥t = 5 # % & 17~ 5f o

HA2 I RFBIGK S T 5 AN ® AR e 47 0 ¢ 45 L i@ # (L-tectonites) ~ S ¢
# (S-tectonities)¥? SL & # (SL-tectonities) > 7 B L~ S &2 SL fig 2 3P ¥ FEIL 30 Fijdde

A o

HEIPRBEL OB ERLIRTEATAEERE L EERERA L PER
(gneissic’ G)~ % # (banded » B)£7 ¥ 2 % (schistose > S) » ¥ {345 F WL e 25k & A (1)
PRQERQRERETRE AT S FERQO BT FEE RS LDRE
FPAFREHTAREP A RB) I A PR A ERRO) G 2

P/ P FHY 2 LHET L QEFF ER- ThP w7 2524 B P asig o

Wapt 2 Br g Zag s RS 2 7 4 & F 32 Sdc(rock mechanics foliation

number > RMF) » $5 #* 3% 41 - ¥ 32 5L (foliation matrix) » 4[] 2.2-5 #777 » d B4 & &

CEENCF IR R R B RS L LAY N
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P27 RAERFRANT - SEE T4 FERLHERME) 0 TR EIAREF T fF

4~

BB A HEILAF B B SR T DA IR R A R
4 17| (Discrete Fracture Model » DEM)iE $i-2_ & & 44 > (40 RMFO 3 “Bu k™ 2 F s
A WA Ea T T RAM ~EFRZE258 0 T 3 B £ 74§ F 2 %S 8#(rock mechanics

=2
foliation number > RMF)2_ &~ 3 f &2 g % » 4k 4o @

RMFO: 22554 27 ZEL >y “BuRk™ H70 ¢467 £ BAOFHEF ~ 3 A& 8

’F.fr,bt_%;. o

RMF 1: #7575 MRERZFKk ¢4 Gl -Bl~G2- T‘w’% >R T o T AR
PR RALERCE R R e s F L S MG

RMF2: #7254 ¢ REEE ¢ 32 S1~B2~G3 - £ Olkiluoto 3 ¥ L eh# 7474 »

LA FREADZIIREE NG A RANEEFE TREITER S I3 F R IR

RMF3: #7235 BREREFH ¢ 5 S2 B3 ~S3o g A 297w ¥ A B 7 & ML

£ APk THIE S F RS 0 DR AN ERES ]

Fo% MG MR AR S B R 0
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#2.2-10Olkiluoto 7 M # % & » ey i (£ % = & 1~ 10 m)(Posiva > 2006)

% K # % (intact rock)

(heterogeneity) ¥ =

FEHARRFAN

# 2 1~ Rz % » M (isotropy) ~ £ # |+ (anisotropy) ~ 35§ {+.(homogeneity) ~ £ F &

drB R A E TR

5

PAEE AR T
B AL M

e BPFEET

F v (£ & % (isotropic rocks)

® 1A =27 4 (homogenous)
® 1B £ 7 | (heterogeneous)

&k T

(fracture system modelling) 3=

bt IATE

£ » £ # % (anisotropic rocks)
&35 F 5 2 (gneissic) ~ F % (banded) ~ 12 R
(schistose) Hi& 2 3¢ # (tectonites) » - % & 11T = 4 !
® 2A =% % (homogenous)
® 2B £ 7 | (heterogeneous)

HI2 S PRAGR ST 5 BHAUS TS L

M %
ST Y

1 (Linear
anisotropy) £ %
e Lo
(L-tectonites)

w

H

PR R
SRR
N SR N
= #-  (fracture
system modelling)
AL L
EA I

£
sL
E
4L
Yo

e Rl FE T AR Y
(Planar and planar/linear anisotropy)
T Fe A UTE 2B

® S i@ # (S-tectonities) » & #
TARmER R YL

SL #i$ # (SL-tectonities) » %
BT OUFE B SR P nER
& EE

FRFRAERRAEE

R EFRafbigd
G : ¥ Jfr £ (gneissic)
B : & ;% (banded)

St 3 32k (schistose)

A

FRGELS R R A
1 2:.¢ 3: 3
Gl G2 G3
B1 B2 B3
S1 S2 S3

HI A dpEE 4 FEEFERME)

RMF =0

Gl ~BlI ~G2>RMF=1
S1~B2~G3>RMF=2
S2~B3~S2>RMF=3

(L~S~LS i # 2

FoF RERIMERAMHBA A2 RERR S0 AR
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F12.2-2 Olkiluoto #f3atz. ¥ fr B (ER4EA G A 1@k E § 7 FEE
#(RMF=0) (b)2 MER 2 EAGL: RMF=1)-~(C)EL* S ¥@% & R (G2-
RMF=1)+ ()& % £m= % & & (G3+ RMF=2) (Posiva » 2006)

-3 m%@;Mﬁ@ﬁ%ﬁi%ﬁﬂﬁﬁﬁﬁ&ﬁ#ﬂ@@ﬁg
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®2.2-3 Olkiluoto #73at2- &k £ F(E25A) B) £ # < @ (¥ k2 7 (RMF=
0)-(b)e “EF®BEARMBL> RMF=1) ()L * $¥m@ %8 A (B2> RMF=
N-~dEexsE2BERB3 RMF=23) (Posiva - 2006)

$o% REFIHEv AN Enn 42 iﬁgﬁ%%#fsqégkﬁ%&
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®2.2-4 Olkiluoto #7435t 2. % %(ﬁf KA S)REAMEC 1 Q@QFFEZHAERL LA
PO hEm r 2 Bk EZ(RMF=0) (b)E MEEDBE B (ST
RMF=2)-(C)&* $¥®% & A (S2> RMF = 3) (Posiva » 2006)

FoF RETIME AW A R R R B0 K
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rock mechanics significance of foliation increasing
from left to right

rock mechanics
significance of
foliation in-
creasing from
top to bottom

G3
gneissic/high
App. 1A(d)

B2
banded/intermediate
App. 1B(¢)

S1

schistose/low
App- 1C(b)

Legend

foliation of low rock mechanics significance (RMF 1)

foliation of intermediate rock mechanics significance (RMF 2)

foliation of high rock mechanics significance (RMF 3)

B2.2-5 RpEFRF T L Ed 22 F@EL (Posiva - 2006)

23 B %l E MR 5

kil

(=
=

B
¥

FEAEELZE
IR
B e R
Pl R F] 0 A

WE2Z2* P4

R A TR

I

Pl GEETEIFHFrE R R g TERT M ok EF
s bl ok sk 2 B4 % (layered silicates)5g 2_ 4k 2 Fhfr 4 22 Hi > H &

T BREREFAFFHER P ad e lFHHFE - T
& R AUfh AR FIM Y 4 e SRR 4o 231 523 A

AR SRR [T R R BT Y

CEE RS PR TR RG] £ 0k A S

o AR T AL HE G R et KA o TR S e
wﬁﬂé%ﬁﬁ@%#ﬁ@ﬁ%ﬁﬁﬂéﬁo

FoF RFETI MBS AR AR R B R A
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B23-1 mEMKEFET 2 EZREREI2Z 22 FEZ 247 c ax 7 B R

x
¢ 22 (0 22)R o ¢ F® & £ & (Plinninger » 2015)

FHE e ERRIRER AT HFAE T 2R R cRBARE R B

fhvt 2 B itk o s il deis
(1) 58 & £ % 1445 #(Strength anisotropy index » Iacso))

5% R B o 247 f(lago) A9 Broch (1983)%14% ) » A BB~ ® #1T (53055 5 2 B £

BB ERRI AR AR LR G B AT -
(2) 2 = 4t (Anisotropy ratio * R,)

B it (R,) A9 Singh % 4 (1989)%7#% 3+ H 1288 40 H I G B2 3w 2R Al
FHMRGEE®R  EF2ZERBR(0c9) 2 B -PHRERATEFTZIRB A | E
(Ocmin) > B-= F 2 ERE SR o By (Re = 0090/0cmin) © % Re AR 1> L5 A%
WEeM O EF R, ,é’}”‘ PIE> R w4 o Singh % 4 (1989) B~F # ~ & F i e =
ZHRBEHRZEF I TR o s34 231 B f EhB it 423 1.0~40 £ A

3401 ~6.0> FHE L 60 BAER B o

%

PSR RER G ME R S b2 P Bk b
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2231 % b £ 748452 & % Pt (R, (Singh % 4 > 1983)

R, = 06'90/ O min /> %7 (classification term) F B
1.0~ 1.1 % (shale)
1.11~2.0 (e F. # (shale)
2.01 ~4.0 PERERE T. # (shale)
4.01~6.0 BREEwE # (slate)

> 6.0 B=AEE et -+ 4z £ (phylite)

(3) £ & I+dp#%(Anisotropyindex » A4

£ o g tR(4) &4 Plinninger (2022)#74& 1! » 3Zdp 2 TR P E TR ot

v oo 0, [ ;e g Y o P ¢
(Re)I & | > T Al = c,mm/o_c‘max ’ ELWLFI Ocmax & Ocmin # ¥ 5 2 L- PR g

BRTEEZEREER S BEE] B 2 2ot fUDE B4 00~1.0 F &

AT RLAERREEX e M K 2

(2022) 32

(massive limestone)Z

(quartz phyllite)2. Al 4>+ 0.4~0.6>

Al =1}

R A

B PR e A B PR ez fr

=3 @457 0P E w14 A 3 7| ° Plinninger

PREFZ R iR 54 2320 bl BEHR T A2

# (mica schist) ~ % & F T £

(slates with excessive foliation) 2. A7<0.2 > B> {&A B w44 -

#2.3-2 7 b # FfEag2 & v {24545 (Al) (Plinninger - 2022)

Al = ac'mi"/gc . 4 % (classification term) il R
1.0 Ew i T B HRE A
0.8~ 1.0 R VR S B EH SRR S
0.6~0.8 S RN R ALE)
0.4 ~0.6 AR et BRI AR R e
0.2~04 BREPE FHE ~FE
<0.2 wRE e e e s

_ 925 _
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% & R v ttdpik(lace) ~ £ w2 (R)Z2 & w dgih(AD= A L2 &1 (7303585 2
PRPAWEFERARRE > LR LT R BRI TREFE 2375 c AR » ik
(laso) FIB-iF £ 3% Bk (Ff H ¥ RHAFAAHF S 2 BB P REAIDE2 54 -8
R (R)E R v g R(ADPH E R w5 Rk kdg o 29 0 B o g iRAD®
A 0.0~1.00 23T EABIT | R A S ol 4B 0 A Bwii g (i

FRIIBREPFRETE S VPREARCETECHFLEME e L2 £

OO

smaller diameter
n

orientated specime
/ 45°

}

)

90°

«_ larger diameter
drill core

:

(

(a) (b)
Fl23-2 B2tz B oR WPk (QEFRI2ETe o geE > £ {1* 2402 &
HEHTS b2 M (D) AR ERA PER2 1 T L REFTs E

HFIF 0 rL g 1 3R S 8 (Plinninger - 2015)

M B R TR L LA S b AT AR A R TR e (L PR
1 f¥(Plinninger » 2015) @ ()& FIRF- Lo o dPfF > WEF T L L ShE vk ™ o L]
AR EHECPRIFRERP > ERA KT G 7 A R ()R TR B HRFE(-

2

daE S w0 £ 1% R dRovercoring) B 1B R B LD L FMPF > RS 0 LT
Fo BT > 120 mm o T4 1800 R AR 2 e B (LR E 2 50 mm) 0 PR
2.3-2(a) 5 ()RFP-EF L iz 18> ¥R @7 e FoghF - EFRRITF P
R > #F 2.3-2(b)

Fod RETIMBE RS AR P B R P
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24 Bl U RE R B

Bl M- R gﬁg‘%‘m@]% _L*# ﬁ*’:“)ﬁﬁ ;—,"—J%Fﬁ‘ /'Lﬁ% ﬁ_‘iﬁﬁ
ALY TR F R AR AR A E R A R0 2R AR
oo %?%E'J{ﬂ%?l%? R RBS F IR - 7 w2 PR doB] 24-1 997 2

72

B12.4-1 2 B R4 2 7 4 # # W (limestone stratified rock mass)(Fortsakis % 4 - 2012)

241 B AEWMBRIKR2ZBHEF B

ek

2

PRI AR s X R G i B F L2 R g hE A E AL Rtk

P ORE RS BT A B e PR R R R g

g

MAERY > LA mREruE 2 BPR R SHA K EMI R Y L2148
7 % > Fortsakis % % (2012) ™ E 7 PRI L T R R b B RS R

WFERERLT 5w AR AP BT P o) 2.4-2 0

- % RAER yMﬂ@ﬂ%Wi%ﬁﬂﬁiﬁﬁﬁﬁﬁwéﬁﬁg
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Case A : 3t 3 7 42 &) # (siltstone) & & 2 K T 7) #(? 2 B K ki) Frag Bip -
H R i T RpiEA, Uk (wedge failure)m H IR TR o 4 FIA R B ORoK T
AT A AF B EALFR LB Bt R (SOE 1 IE 1 .

)

CaseB: 12 3§ BRI B/ 27 H > L & AL A > s i) £i6 #

BP A ie FA LG a3 3% S Ep 0 e i A 2 AR (W) 3l & -
MR EEE LR BEFEAAHERR e d ¥ F 2 bR R B2

R oo gt b CaseA & CaseB »° T (7R o § o+ ehfigd (5% g 7 58 4 7)) 2

R crRy B o

CaseC: § AHMBRBMEPF > blicB AR B2 BF £ > T AR A LB v

B HgE B g %55 5 T hBE e o

CaseD: &3 B ¥ *» ik 4 4572 # k& (heavily sheared clayey flysch)® - H ‘e = #pc i

¥R E-AB2 OB E B & F) £ (siltstones — clay shales with spare sandstone layers) > #* 5§

HE VAL ZE v R & F (pseudo-isotropic mixture) » FIR H I REH o FHBE

ACCILCESE RSl SRl

¥R RERGHE SR A B R g B R b
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N sheared zone : ”{
\~

Rock mass types

\

A: Horizontal sandstone beds with thin siltstone intercalations
(medium to thick bedded structure).
In great depths britile failures, spalling may occur:

B: Inclined sandstone beds with thin siltstone intercalations
(medium to thick bedded structure).

C: Weak siltstone strata with sandstone intercalations

D: Heavily sheared siltstone - tectonic clayey mélange

St (Stable): Stable tunnel section with local gravity failures

(Wg (Wedge failure): Wedge sliding or gravity driven failures

San (Anisotropic deformation): Development of deformation
guided by the anisotropy of the rock mass

Sq (Squeezing ground): Large deformations, due to overstressing
with the development of shear failures in an extended perimeter
around the tunnel, an almost isotropic behaviour

F2.4-2 ¢ A et #

e

242 KA EH L B

7kig R 472 B 42 9 & i (Fortsakis

AL

% 4 » 2012)

AR B REFRGE R - R R A S B E E 1 (equivalent)
SPEAE 0 K2 T S B i o @ KRk B Sl E B K R B S ST

# Y (reference rock mass) > H %3 % ¥ 7 # # (internal rock mass) £2 2 4 7 i § 5

(dominant discontinuities) % 7} 2. % fr » 4o ] 2.4-3 #77 ©

-3 m%aﬁwﬂéﬁﬁﬁi%ﬂﬂﬁaﬁﬁﬁﬁﬁwéﬁﬁg
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I4

7
XX
\ S

Reference Internal Dominant
stratified rockmass discontinuity
rockmass system

W2.4-3 Bkt B2 R 5 0E @7 L H o BRARBHARL 24 B 28

= HF AHEeEE T e ¥752 Bfc(Fortsakis ¥ 4 > 2012)

¢ 357 R F (intact rock)¥? =x 4 7 i& 4 & (secondary discontinuities) °

1 1 1
= 2.4.1)
Em,ref Em,int SpXRnn
1 1 1
= (2.4.2)
Gmref Gm,int  SpXKss

Em,ref & Gm,ref {9};“; %%ﬁ m%ﬂjﬁ:&_&f"@' 4 ﬁ:gt’Em,int ] Gm,int {'}7}4}; %fﬁ

SRR T A Wl kyy B kg R G hE e RO e DR S, 2556 R E

PR RERIME SRR SRR A S B R
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243 ki EW2L B HIRA T

¥Rk EMEERE R 2 147 B 7 5 oFortsakis & 4 (2012) % 5 A~ F &
17 #0488 Phase2 & {7 & Kk A2 Wi B g E 247 ,%”ﬁ."l KN EL Tk B R ¥
Tl RS ] o B iraE 2 ok ok HRGE B 03150 B 2.4-4(a) 0 MBCEREER 2 6 H
—100m # 300m > ® @l B4 Al K=12 WA B 503° s 28kt 4
Fp A I e AR e R o A F £ % (intact rock) & £ £
8 (reference rock mass) - #cif 4 » R FE L FHRB R 5 o6 =20 MPa > m; =7 » ficfit
(modulus ratio * MR) 2 500 ; 7 %% 248 83t s > B ¥ mensig & 5 05 253030 4%
(good) & 24 A (very poor) » B BH A BT 3 42 WX IV HEF 2 = 2 H Rk (very
blocky) » % I kw7 2 2 X #fde 5 Mk (blocky/disturbed/seamy) i i » H 3= f7 55 & 35 1%
(Geological Strength Index » GSI)4 %] 5 18 ~25 3522 455 22§ 24-52. GSI Bl % - &
B2 Re  F2 e 2 AREEL(9) 30 BB FE0Sm2iFiE™
- Y g2l R (ORC=2-6~10~14) > &2 P k2% B (JCS=0.1~0.60¢i )27 55 &
A (B=0°30°45° 60°22 90°) « H ¥ » 35§ & B % kiAo 2.4-4(b)» T B=0° pE -
B3 EMARTAF B=90° FFo ZEEALAF LG o FE P S e BEAITFE

A MI~M6 > 344 2.4-1 2 ] 2.4-5 -

I
Plane 2
Ny
7
9909
Vs S
(a) (b)

Bl2.4-4 115 B~ %~ 478088 Phase2 & (7 & ki 2 # 2 B 42 st~ 47 (Fortsakis %
5 2012)

PR RERIME SRR SRR A S B R
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#2

#2.4-1 K diid 42 B ke 17 9T % #c(Fortsakis % 4 » 2012)
Reference rock mass Dominant discontinuities
Model Discontinuity GSler @ JRC JCS (MPa) Sp Bedding
(Figure 5) surface quality ) (m) angle 3(°)
M1 Poor 35 30 6 0.3004=6 050 0,30, 45,
ci
M2 Very poor 25 2 0.100,=2 60, 90
Cl
M3 Good 45 14  0.6004=12
M4 Fair 35 10 0.500,;=10
M5 Poor 25 6 0.300,4=6
M6 Very poor 18 2 0.1004=2
GEOLOGICAL STRENGTH INDEX (GSI)
(E. Hoek, P. Marinos, 2000) E 1
From the lithology, structure and surface conditions of the 8 E £=4
discontinuities, estimate the average value of GSI, Do not try to be w £ =4 2
too precise. Quoting a range from 33 to 37 is more realistic than § z £ £
stating that G51=35. Note that the table does not apply to £ = =
structurally controlled failures. Where weak planar structural planes ¥ S § g 2 g
are present in an unfavourable orientation with respect to the 2 B = EE £
excavation face, these will dominate the rock mass behaviour. The ‘g = 2 = Z
shear strength of surfaces in rocks that are prone to deterioration in E o ® g 2
as a result of changes in moisture content will be reduced if water E 5 % E B =
is present. When working with rocks in the fair to very poor % 2 - g £ g g
categories, a shift to the right may be made for wet conditions. § § w § - 3
Water pressure is dealt with by effective stress analysis, E % 2 S L g
2 2 3 ] £8 54
2l 5 | ¢ g | B2 | B:
[*] a ,E é’ o g = - Y
8 85 | 2 | £ | %5 | 883
I s x% g§ £ >5¢
= g ES3
3 EF |82 5 1888 | 458
STRUCTURE DECREASING SURFACE QUALITY ol
“| INTACT OR MASSIVE - /
Intact rock specimens or massive in situ rock with g N/A N/A
few widely spaced discontinuities y
w|/ /. /
BLOCKY
Wery well interlocked undisturbed rock mass 70
consisting of cubical blocks formed by three
orthogonal intersecting discontinuity sets
60

VERY BLOCKY

Interiocked, partially disturbed rock mass with
multi-faceted angular blocks formed by four
ar more discontinuity sets

/

50

/\
A/ /

BLOCKY /DISTURBED /SEAMY
Folded with angular blocks formed by many
intersecting discontinuity sets. Persistence of

re bedding planes or schistosity

NONNN

4
od Vo
A7 F

5 6

7| DISINTEGRATED

Poorly interlacked, heavily broken rock mass
with mixture of angular and rounded rock pisces

-ff=— DECREASING INTERLOCKING OF ROCK PIECES

LAMINATED/FOLIATED/SHEARED
Laminated or foliated and tectonically sheared
weak rock mass. Follation prevails over any other
discontinuity set, resulting in complete lack of
blockiness (this drawing scale is not compared with the
other's drawing scales)

No distinct stratification
in these areas

The persisting stratification is lost
due to microfolding and shearing.
In addition the difference between
the strength of discontinuities and

intact rock is often small.

[8]2.4-5 Fortsakis

g 2

S AR R GSIR £ 9T R

2% e
iE &

(Fortsakis

L

x5 2012)
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Fortsakis % A M@ A T HHIDT 2 B o P2 ML TBRE BRI RPEH 6 %
o VR 246« JISTHCAID T 0 E BTG B RIDS D ac )0 AR B e LR
ol B e ot

TooOLESTE RS G A ERZ A RS G TR 0 2T 2
T2 R fRR

T kimE EHE - XA 2 BREE TR R ERLE NS

o BRSO RE R 0T P R ALY e &R 2.4-

ST

¢ |+ % (plastic zone)sA # 5 X 2.4-8 > RIEF A B PR ORI H

/

|

#A5(Rlwe B4 i

F12.4-6 17534 30F 2 B o i E WAL Flbg B 83 R PR 8 6
k=1 z %t 7™ )(Fortsakis % % » 2012)

- HAFHIBEE o RO Pl B RO TG ) A B R e
PEZ PR AREEe RFTEEOL 0 A T)ZRE v B ows 2v B w o
T LR TG TRt ) T R B BT 1 AT R e BRI A T2
UG R RRF 0 RAME RS R RF AR AR oM kTR A L0 =
0° ~180° % %kiF A= > 0 = 90°~ 270° % £ i F4L > & LA S R) 0 B LG

it By skwitz Bl 244b) a 2 EdBERLIZ GHE T a=|0-B]|- M

Wk B =45° 500 4eB 2.4-90 F a=0°~180° 74 % g Fle 2 @ ART (7255 6

o

Fa=90°+270° ZFTHEF 2 GMLE IHEGH

FoR RRERG MRS EM A B2 S B R b pr
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/

F2.4-8 F1A)3F 3295 2 B o B AR T BRI RDE P F AT (Rl B4 Gk
k=1 z %7 )(Fortsakis % + - 2012)

$o% REFIHEv AN Enn 42 &%gﬁfﬂ%#bq%};kﬁg

_ 34 _



112 & s e b g Al 2 B v i H ORI R e

0=135", a=90°

/

>

Yy ’// /,

”

tratifiedtion p=45°

A

7/
0=0", a=315"

0=315", a=270" /
V4

Random Point
o=0-p
0°'< 0, a< 360°
0°< B <180°

N\

F24-9 a k Bz wd(@= |0—PB|> ¥ a=0°-180° wkif 855 5 3 7 227 w2 i

MTF5 e 0 Fa=90°-270° plE-e 333 5 ) (Fortsakis & 4 > 2012)

2.50
2.25
2.00
1.75
2 150
El
1.25
1.00 ¢-
0.75
0.50 - - :
0 45 90 135 180 225 270 315 360
angle o (degrees)
() # I errgif #75 ¥
2.50 ; :
225 ....................................... ;. ------------ ;. ............
B e Fomnmmoome s o
I'}'S .................................... é. ............ E, ............
B 150 e R Rt e
3
(WY CECECETEEETS! CERPRRFRTERE ERRERT | ........... 1 ............
I e I b b ¥-ooroeeoe
R e R R
0.50 :
Very Poor Poor Fair Good

Discontinuities Quality

(©) * F ehds & &

Rock masses have the same G and my values

uw/uy
i

25 30 35 40 45 50
GSI (Reference rock mass)

(b) ) P\?' éﬁGSIref

Model M1 - GSI =35
s Model M2 - GSI =35

u/uy

135 180 225
angle o (degrees)

0 45 90

(d) # 33 & 65 % B 8T G =B

B12.4-10 7 F 3831 F15 65 4 7 2 {12550 % B 42 %5 jcact (Fortsakis % 4 > 2012)

¥oF FBRFIHEE A2 30D 42 iﬁiﬁflﬁ%?’gﬁd%[f’%ﬁﬁf
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s Tunnel

Axial Forces

Bending Moments

6.00 ; T T ; ; T T
i + : i Lo
IS MR
4,50 ruregecgerrgBoPocecterarictniiigadiiag e G grrasionens
IR LN TS T PP S
. “,:!l'} SRR RS E
p AR I I
= NL- % p-i--§-a. 2. % 0. §. . 8 8- 8-§-g-P--g--p--
-53.()0.‘lli'=:i!.!’ii|: l'lll
H R RN ] ! C¢ E : : H .
.
i!'h"”i- IR HE
PO I 4 "' : - o hy Max|mo
1.50 "rt';--'----,t---l- ‘"'a",".“'r?'.--r'_'--,--l--;-i-'." g
! HEE I ! H H
0.00 ! : : ! ! : :
0 45 90 135 180 225 270 315 360
angle o (degrees)

(a) (b)
B2.4-11 E4p72 F1A3V F B %o Jeact S a & 2 % i (Fortsakis & + > 2012)

TR R 4T % T 7] g

a &2 i HEAE D=

(1) B 2.4-10(a) 5 EARFFEE T 2 B 885 J2 a0 u ws)'E

WAL 0 T A @ A BJRIT 90° £ 270° > WETH % 2 A8 G @R EE

LEBE 1.50~2.00; B oa %A B[3ET 0° £ 180° 0 TETe = £ A ET

3% E 43 1.00~1.40 o

) v (u/ wis) > Bor GSI B

B 2.4-10(b) 5 GSLer=25~358 45 i &7 2 B i3 %o | ag
FRMETAEHRD > W EL] T EEF TR R R4

SR AR 0 T TIRAPR SABHR R 0 LF) 24-10(c) ©

& ™

7 e efiR o bldrd 2.4-1 e M1 & M4

() 4 %L F Ak ch GSler & > 336 i 7
H GSler 325 35: e M1 en3i & m R RG>0 % B b Y 2.3 2(poor)if it > M4 3%
PRLR M2 Fd(fainiFER o - FARTHG HE =300 2 ET O H wus Vv E
o b2 R 24-10(d) 0 BE B 0 FIB A S F T T 6 BRI Be o
BT A5 (u/ wis) o
® 2.4

FOBFARRIE TR T 2 B ETo TR0t (W) a A R D

140 #{+c 1 1.80«
(4) “11(a) 5 of 522 AP 5T 2 175 B 1 EP G J A0 o ARECT ] 2.4-10(a)

SR Lk

PR RERIME SRR SRR A S B R
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ARAERREMFT ul u *ERF 0 AR R R E S LRl 8
Prf ek PR TR B E Ry o

(B) § MARFr S iherbhd HPEA T A EI G A G Mo I E f=30° AR
Bl BBoAdhd boa=00 Aur Bt BEF 2 ha=900 A TBEEG fcack

B oo 240 2.4-11(b) o

CEE LA R ERLR T B R R R R LAY 2 ¥
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»
I
4y
Y
3
T+
e
o
B
+#
™
o
P
b
it
Y

PEHEAEIRRT AT RE PO R SR FEM G
BAEE S ERAGREHG 0 A FPRTE X560 PRI $N

Ly

ha
o

HEeh1 2R EZ rFLA T'E‘v-lzr'f?é:f?i*)' R LR ERNE S EE

-
.‘_

AEPN R AN EER SR A F T2 RN 2 AR R 2 BURE R > B S

THESH MBS SN AR RIS o

3.1 R % {2 f WA
311 B Hr A FREAY &

1395 Mclamore & Gray (1967) cuEzk > H ¥R o 4% » 5 T a 4] £ % 4 (planar type
of anisotropy) # E & 3| & = {4 (linear type of anisotropy) o ' & 4| & o 4 fhdy d BFIZ
(cleavage)#t ¥ JZ(schistosity) #7515 eh R o 44 » 22X ¥ F 5 EFIZ A £ {2 (cleavage type of
anisotropy) > Hl4r ¥ HE F H O P FRE S B A2 B AFBRBEEF S Ak AR HEE
Bk f=090PF B ARAR » it kdgd K 5 (beddingplane)tg = 33 & - 2 x FL s A G
7] B v |4 (bedding type of anisotropy)e » R et H F 2 A A BB EF 4 & L =00
BB A 5 2R & AU o 1395 Ramamurthy (1993)e%7 7 » ¥R o (L 402 % &
WAR(TRBRBREEEE B 2R RY R) EMBeBEERAS S U A kA
) 2Edof] 3.1-1
(1) U 3I(U type) ~

PREEOREYARER U A+ > A B EF5- 2T FmklFRg e f75l R
PR o bldedr F(slate) 0 H B A EBBER Opgmany F 2 Bt 14 BEEG L4

B =90°R% » durl BB % B Ooinimy 2 & f=30° fhu

(2) 5 2)(Undulatory type)

= F P A HAURER 2 BURR T
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WA REY MERAFAL T > P - FADEFFRRE G - B2 2R
33 % 4 (coal)E # & 2 (diatomite) ¥ 3 L A E T HE S HBRBR oconaxy F 2 EL =
90°FF » B | H R R Ocominy F 2 & f=30° fee
(3) % *#7|(Shoulder type)

PEE AR R Y RARIT B=90° FERA SR TR o R R M - KT
T o PRI SRR A A LB A ERRER Ocgnan T AL =
0°F% » E | 8 B3 B Opminy & 2 & B =15°~30°-

Types of anisotropy

v v
Cleavage or planar type Bedding plane type
Exhibits maximum strength Exhibits maximum strength of §=0°

at 5=90° and shoulder near 5=90°

' l
v ¥
U type Undulatory type Shoulder type
ag c ag c G c
0° B 90° 0° B 90° 0° B 90°

B3.1-1 ot B82 % &4 A5 (Ramamurthy - 1993)

312 BEB AW

B B2 BB 0TR H B R RS R e L AR R B
B l@ifjﬁﬂﬁif@ﬁ?ﬁ%ﬁtﬁﬁéﬁ’ﬁ - A fR e AFEY L FR(2006)2 %2 2

P

I

ER R R 2 SR R § e
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7 > %325 Donath(1964) ~ McLamore & Gray(1967) ~ Allirot % * (1977)£2 Niandou(1997)
FHEREE TR 2 A8 AP ¥ W Tine ¥ £ (2000)2F7 7 = % » — H g

dris o

(1) Donath(1964) 2. A #g

Donath 12 Martinsburg # #£i& {7 — % 7|l 7 = fhidsh T £ HHE v & o 4
LRSI RAF L AR B REE RS AN e R B
H A PRI G M A(B)E R & R (0)2 B a0 Ao 3120 F BRI G ME 4 (B) 4
15°~45°p% » 328~ 5 FEFIL G A 4 F BB o ) PRenBUR & R (0)2 BFIZ G M & (B)4R
F-ReF BL=0°2600~90° F HFEM AN LT ARG A 355 7§ 5 Bk (shear
fracture) o &€ ¥ BB 3 4v » “,f TS AR T AL e SRR A - R
2. % {4 (plastic flow) B3 » TR G § B F AL A AP =002 52T 5 B G
FIZRE A - B P EEITY 2 20 (kinking)B3% > MR G BEFE G 2 4 4 T

* - 3R

Martinsburg slate

0 Conjugate shear fractures
8
75
Fault P
.A - > -
o A 3
g 60 a ba
g & 90
5 as =
8
o
)
2 é
o 304
2 a
s Confining pressure
4 3.5,10.5,35 MPa
© 50,100,200 MPa
i ] 1 ] ] |
0 15 30 45 60 ] 90

Inclination of cleavage, B (°)

®3.1-2 Martinsburg 4 £ 2. BF72 5 8 & 22 XMk & & 2. B 7% (Ramamurthy > 1998)

2R R R HAURER 2 BURRC R T

n
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(2) McLamore & Gray(1967) z_ 4~ %
McLamore & Gray(1967) %= 82 5 £ w1417 5 2 B o ff £ 8 7 BRI E
31 > # 4% Austin 4= # -~ GreenRiver 7. #(I)& GreenRiver F #(Il) » £ fFip i = & & |4

BREAA RS T A2 FURGERT oz /83 & BURHS o HE 3130 & 42

a. - %A o (bedding plane) & 7 A% & & 2. T 4 ¥k (shear fracture) o

b. - F A& s A2 ¥ ik (plastic flow)2 F o » TP S ¢ ARBHFRB R

(vielding strength) » # 272 2 » 75 » ¥ fpdvm £ R A REBG &R - K o

C. kG FIE RS FEEREMP NS L G P BT (kink band)2 = ¥ 53

. SHEAR

0. Along bedding plane %%/Frocture
b. Across bedding plane
F:octure—’@

2. "PLASTIC" FLOW or SLIP

0. Along becding plane B
3. "KINK" FLOW Kink
Boundaries
Consists of a rotation _
B.P

of bedding plane

% 1. All thres typss noted in sicte lests
2. Failures ' 8 2 noted in Green River Shele -1 test
3. Fatlures 2 & 3. noted in Grean River Shale-2 'es!

B3.1-3 ¥ &t 22 AR 4 %7 & Bl(McLamore & Gray » 1967)

2R R R HAURER 2 BURRC R T
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(3) Allirot % % (1977) 2z A %8

Allirot % £ (1977) %18 3 § & ¥ o (LE (et 7 £ 4 #3817 % o RERS » 512
TR G OTE R T LR A R RAERA B EF 304 ERE S R e S
Bo() B0 BN R REL LI RS S e A2 PR RS ARG
S e [ 8 5 P2 0 R AR R A MR 2 S ETLAR (i) B = 90° pF - EAE R
RPEE S e ieTazZ A0 0 GEMEA50 v IRF R ;5 (1) = 30°
PR AT % o R AR E LR A (distortion) T A2 FE P E w6 d A a2 PR S
]}ﬂﬂ/ o

B=0° B +30° B =90*

(a) (b)__ (a) (b) (a) (b)
"‘-u._.L el

B3.1-4 Kk 7 F% w BAEDS 2 FAMEA 0 (@)% 2 (b) sk 4 (Allirot %
A 5 1977)

(4) Niandou(1997) 2z & #g
Niandou(1997) 4%+ Tournemire F. £ 2. * B 7 2 B 74 » B2 B apl A i % 4
% 9 4 Pl (extension failure)¥? § 4 B 3% (shearing failure) » 3¥4c @] 3.1-5 #151 » H =
AT A B8 (1) f=0°0~15°% AR EEE T R 4 sk MR B RIRE
TR % G A A (shearband) 0 T 4 B (DT E P e B K G k& f=15°~65°>

EMFREET ML FR G AL FERE S PR ER NI R TR

5

n

¥ R R AU R 2 BUR S AT T
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EogBREST > gk ¢ B4k 6 0 Niandou #-p B8 8 1 4 pU%
(iii) B = 65°~90° » m#H FIRE R 5 @ > H AR & ¥ PR TR &

(AP

5 EE

B3.1-5 Tournemire |. # z_ #3358 2 H &7 v & 22 )R 2_ B 7% B)(Niandou - 1997)

(5) Tine % 4 (2006) 2. %~ #F
M E e R H T G R AR G T 2 B 3 60 1295 Tine ¥ £ (2006)
WY o k3B e ARV BB T A L8 e 316 -
() % & L3 3¢ (sliding or split across inherent fracture mode » SS)
HNAFRF 5330 P HEAFE I w22 0380 « PEARRKRI L RA S
BE g4k B=60°75°+90° 2 ixit o

(i) 7 &= B3 $03 (sliding along inherent fracture model » SL)

ﬂw

4 B B ENSE e e T AR ¥ B MR R g A% S

She

A% et @G oA E X R S 4 B =15° 300 ~45° 2 it

FZ2F% B EAHARER R BN AT
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(iil) A& 2 B3k #5378 (split along inherent fracture mode > SP)

MICERF BRI EFEE O Y ER G s RSB G o b A FE
B=0° 2 ifi o

(iv) = & #-3% (mixed mode » M)

B R AR A e AR R 2 LS RS A
& =15°+75° 2 iE it o

B° 0 15° 30° 45° 60° 757 90°
Tien et al. ’/"
(2006) \/‘

Cho et al.
(2012)

This study

Fracture
Parameter ©

K=o
P,=1(m")
D= 2(m)

RI3.1-6 H e % o i R H R ESHT 2 UK (8] 7F 0 2009)

Bl 3.1-6 77 Tine % 4 (2006)2 F7 3 A #8227 %) 7.3.(2009)2 #c & A 4557 715 § £
£ 5 H R F 4 Tine % 4 (2006)2. A 48 %1245 A 2 B o 14 8 7
TR BRI 7 (2009)2 FF 1 M AAT R E iR
H % BB A R B R & ST B AR R
AR T RS (M S R B
o F EBHERRZ R TR o

2% R HMAURE R 2 pURH A 4T
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3.2 B 72 B ER

WH AR PR AE SRR R MRS NE 2 04 F R eEa e R
AR BIBARPFIRAEETEEG 24 TR QPR ELREI N SRE FR R
PR TG B Rl Bd %G BEEHA N E N RS SRR

SR R AN A B T RURE 2L 2 AR 0 S RSN BURER] o DT s )
BAB Y R ER] > 2 F R e BT B 2 RO R R

3.2.1 Mohr-Coulomb =t 3 # p|

“

",

.,
7 AN
~ X

bl

Mohr-Coulomb gt 2 B T dp HH4L & PR ITT Gk 5 AR 307 - T3 K5
et ARBH N KL 2T 4 g R TF LK T2 A BN ek ¢ pH phir 4
S B GREER S Z R GEk 0 T L BRERE S T T ARB AR L R
SRR B 4o ) 3.2-1 - Mohr-Coulomb #L3 2 B X 42 5 = ~ & 4 M ehiair

AL TR A N3 A e 2 HF o PHRERN LT e RS 2 Sk 4T
T =c + o,tan® (3.2.1)
MAJEA KETFICH S AT
0, = oztan? (45° )+2c tan(45° + ) (3.2.2)

B i #HP BEE cl FWARY 20y o3 AEEERAEE] AR -

= F P A HAURER 2 BURR T
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qV

83.2-1 Mohr-Coulombz 3% & B[ (ISRM)

3.2.2 Griffith g3 % p|

Griffith (1921)#% &1 7 42961 2 7 Ml chpl R B B > 96 8 7 R E_ 7 H 3R
BB F A T ERAMA IR A B IR R RERE TR RN
TEuWFE B FHARFELI - TARRESHERE/E - 27 3 3B R LEX
DA FF AR AR 5 WFF] > AR AR JFE 3 T AR 18 % 2 Zoad 4o 30 ehsg B 1 5 (DIFF A

LR BRI S )/ S 2 A

BIREE LT D Ak EWRAER 2 2 BRI LY RS R 8

e B FHACE 322 BBERT AT 40T

7.2 = 4Ty (0p + Tp) (3.2.3)

HY s Toia k4 %R ropat o B4 o

2R R R HAURER 2 BURRC R T
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T

stress,

Sheor

Normel stress , O

%13.2-2 Griffithet 3 & p) 7 %, Bl (Hoek » 1968)

3.2.3 Hoek & Brown &3 % B

Hoek & Brown (1980) 143 7 as B g #R(GSI) 5 A& #-2 F a2 5% & F&Lig &

33 P RRREFITR BRI - B AL OR R SH O 0 40T

0, = 03 + \/mo.0; + so,? (3.2.4)

=
W
‘L_“B
(A
N
gk
fmk
wn
[l
[EEN
T
T
A
3
Jimi
ey
e
=
o
B
fBb
€
e
/\~
3
=

2% R HMAURE R 2 pURH A 4T
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160 -
s 140 - m= 30
&
S 120 R
p S
g 0 m=75
2 80
(7]
© 60 -
Q
= oo
w 40 -
7.
-20 0 20 40 60 80 100

Normal Stress, ¢, (MPa)

Intact rock strength:
m; = lab-determined
8=

......

Rock mass strength:
m,=rock mass adjusted
s =<1 (rock mass varied)

763

o] o
Geological Strength Index § o] o §
for Jointed Rock Q % 8
(Hoek & Marinos, 2000) > 8 w a >
Decreasing Surface Quality =g~
INTACT » |90
ORMASSIVE & | baca bl I o
— 21 _s0 //
pe
“S; BLOCKY é’ 10 / / /
e 5 /| 60 /
‘< | VERY g / / 50/
BLOCKY § /
— 3 40
k. : BLOCKY/ [ /
[ .| DISTURBED o / / ad
v vl
— @
Y o /
2% DISINTEGRATED g / / 20
A [a}
e / / +
[ ] Laviareo: l i | b /|0
|V /A sHEARED /

%13.2-3 Hoek & Brownsl s & p] 2. 2 48 S dic m Haldk & 28 5 (ISRM)

B132-4 #H%Hcs N4 AWBREREZ HHLAFRENTY

X
—
%)
Y
<
N—r

%=

_ 48 —
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3.2.4 Barton & 32 & g8 #50

Patton(1966) 4 4 1 fig 2 $3Le WA - &7 R Lk TR TREOHT A
BRZPP T RED G A TR e AL BT 4 FHRERY T 08 TS
KT Gk & A 3250 AT RERYPF TS T S EEMEE =4 (Av)E K

T g £ (Au) 0 F AR (32.5) E 2

tan (i) = - (3.2.5)
1295 Patton(1966)s7 47 7 F > & ILEM & M » B4 iF 2T 5 R F T HERD F
eEFEEG A > T A LD PR ERM A (Av)IR G o L TR G o T 5 & (Tf)

dOEIL A AR (0) R YRR T A AT
T = optan (pr + 1) (3.2.6)

BREFLEwEA T FSEG P2 ES EXTAEMERTRR GRS - LET 4 A

§OHTIG L 2 HARER (O)M R ST A B (@) A T A AT

Tr = C+ optan @, (3.2.7)

T=0htan ¢, +C S —

T=cptan (¢, +1) ——

Patton i ip _in i
A< T

i83.2-5 Pattonsk 3 #i-5¢ (Patton » 1966)

n

2R R R HAURER 2 BURRC R T

— 49 —



112 & st A R 4 Ul 20 B oo 1 H R BRI D fE e

Patton sBL - B * 0 A T W PSR G > @ p R EFHESEG 2 PR
A2 T FELEEFXTEP M2 B 4em %] o F Barton &

% > 13 1 Patton(1966)#7#% 1! 2. B3 H-

i

Choubey(1977) #:iE 130 22X A E F & § 85k 2.
Voo T Frapl R BN

7 = oytan [JRClog (X2) + ¢, | (3.2.8)

On

H ¥ » JRC i £ % & 32 v k& % #ic(Joint Roughness Cofficient) » ¥ i i Barton &
Choubey(1977) # 1010 B & & {2u iR 3] % & 70§ T ipi ol 8w g 1
% % JRC > ptE8 4 1978 &4k ISRM 74 * » 2£B] 3.2-6JCS 5 £ 7 & 10 H R B
(Joint Wall Compressive Strength) » i dp & IZ B S A PR 82 7 2 7 H pR Sk
B §_3% iF %6 B F4E(Schmidt Hammer):& (7 I H-385% > §d w ﬁma‘ﬂ B REEFETER

HRBR

TYPICAL ROUGHNESS PROFILES FOR JRC RANGE:

1 — —] 0-2
o -~  2-4
8 F — 4.6

4 b 6-8
5 jp———— ] 8-10
S s e
7 ~—~———— 1 12-14
8 F—0 o~ —1 14-16
9 P~———— 16-18
10 |~ 18-20

50 100 mm
T — J SCALE

~o

#]3.2-6 JRCHf e k& & 21| % B(Barton & Choubey » 1977)
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338 E AR R 2 W RP T

G455 w7l R e 2 < 3 Hd(anisotropic geomaterial) ¢ & H B i@ ih 2 on
GOV RAEEH %2 2 @ e BR = < 4 (Duveau ¥ 4 - 1998) - wa i
Yo

(1) A #c % > 2 (mathematical approach)# B 2. #icE 5% > AP 52§48 > 2 B B
@R B HRT 0 B $ 77 (mathematical technique) 2 1 # A

(material symmetries)$s it 8 & {44l end F i o

(2) At > % (Empirical approach) B 2. S5 #; » BEXR A S 2580  7 Z 44
SRR AL e i %“ﬁ“»“ F s B cnd o ft o dp B inihf Sodicr H o2 e i

e el e PSR e Bl T Sl 2.

A\TET
=N
\v

)

(3) 7 i 4 @ & p|(discontinuous criteria) » % Bk £ w4 L4 5 B 0 FEARS

agER
et T 3 ez A dk o mT G FS G (BN ELG )R & HFEE

ik
2

oo o B N Aot 0 Jaeger % 1 chH - 355 B o
FH IR EHRERER > ¢ AR PR HRANF I RO R e R AR
P > Duveau % A (1998)4% 7 it = SpAk 3 & P ek 5 > 3530 & 3.3-1

%3.3-1 £ % {4 E ] 4 47 (Duveau % 4 > 1998)

Continuous criteria

Mathematical approach Empirical approach Discontinuous criteria
e Von Mises™ e Casagrande and Carillo® e Jaeger (single plane of
e Hill'’ e Jaeger (variable cohesive) weakness theory)*”
e Olszak and Urbanowicz>> strength theory)™ e Walsh and Brace™
e Goldenblat™? e McLamore and Gray'? e Murrell®?
e Goldenblat and Kopn(g}«' ':j e Ramamurthy, Rao and Singh®® . Hockf’_:;
e Boehler and Sawczuk= e Barron
e Tsa and Wu'’ e Ladanyi and Archambault®
e Pariseau®’ e Bieniawski®®
¢ Boehler” e Hoek and Brown™-**
1o 5455 et i35
: Efl?;(l;td:md Boehler' ® Duveat and Henry
e Nova and Sacchi®
e Nova’’"®
e Boehler and Raclin®*
e Raclin™
e Kaar et al®®
e Cazacu®®

RS Y8 S FIER:E S tt

I
_‘m
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331 2R EH Y ERHKAYT

TR e eh R e R R B R g 22 2 &> Duveau & 4 (1998) 142 B B £
(Angers)™ i % c® R 5 # (Ordovician schist) 2. i#5% FALE (TA747 « 41 P R 13
2 5 $ApMA B B o L ANDRAGE BRI FocbHHLA TS HE) A 0 A SPILR K 1
FRE L FRTEF- SRR o 2P BRBRTEr 28 3 ki s

3 P EEcn i 12 G (schistosity planes)£? & & (stratification planes) o # % (73 & Tt = & 2 %
& % (chlorite) ~ ¥ Z # (muscovite)f= % & (quartz) > % > € 15 4 Fh(pyrite) ~ = f# % (calcite)
e & 1 4~ (chloritoide) » %4> % < j&_ 10 I 20 pm7 % - Duveau % 4 (1998)& #3127 4p R
AR K 0 f3T F G BTG A E£(0)43 0~90°> 2 BB A 0~40MPa if i
T2z phiESk S (R L AR R ST 22 Ry 0 i W S A (Angers) BB i Sk
Hoer w Bt d 3320

#3.3-2 2 W # (Angers) 7 # @k R3] e di(Duveau ¥ 4 > 1998)

Preliminary 3 Ultrasonic measurement tests
tests 1 Hydrostatic compressibility test
Confining pressure a3 (MPa)
Loading
orientation ¢ 0 5 10 20 30 40
0° 2 1 1 2 2 3
10° 1
13°
15° 1 1 2
16° 3 1 2
Triaxial 30° 3 2 2 1 1 1
tests 45° 2 1 2 2 1 1
60° 1 1 3 1 1 1
74° 1
75° 1 2
76° 1 1
77° 1 1 1
T8° 1 1 1 1 1
90° 2 2 1 2 2 2

I H /R e R ERER v BEI2 T B #u(Angers) B B gAY 1 (1) 8 =

0°, A iEREET > S Fia DB HAME ) ARF DEBRIEET > AL F G

FZ2 % R elREp 2 Bk R T T
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SRR BT T R E F R £ BUIR 0 FEE] 33-1(a) 5 (2) 6 =30~60° » H LKA L F

55 5 i 85 BRI 0 3L 3.3-1(b)5 (3) 6 =90° A5 T 5 %A H T ehpkdk o 35 3.3-1(c) -

Fatlure planc Schistosity plang

% 7
/ A=

(a) 6 =0° (b) 6 = 45° (c) 6 =90°

B3.3-1 ¥4 3 # Bk ;8 (Duveau & 4 > 1998)

350

50 r
ol - ol - 53) MP
o= (Mpa) ! ( ) MPa + .
) +
300 ¢ 300 + t
* +
|
250 i 2% +  + f * *
. +
APc=0MPa + * sop °
x P =35 Mpa Qe 15°
200 . 200 +
G Pe=10MPa ° * Aewp 30°
0O Pe =20 MPa Y wewp 45
g{ 1% Poe =30 MPa I o |xewe6r
150 0 Pc =40 MPa 150 .
# o g o |[cewTs
o ° . o LteP S0°
* o]
100 X 100 | =
O
ok x o B
A g 5 0
| im] ¥
50+ Q © 50 + m] B A E
x B % X = X % % '
a ﬁ (] . % 3 X
: R 0 ende| 53 MPa
0 . F } } i 0 } i } i
15 P 45 00 T3 %P 0 10 20 30 40
(@) * FRIR T2 0, —03vs. £ 4R (b)* & BT 2.0y —03vs. BIRIEZ

F13.3-2 Fodt  H2 = fhsh S % (Duveau % < > 1998)

P

I

$ OB E AR R 2 BUR S 4
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o3 MPa
() d—  E— i - of— 'l i } —

0 5 10 15 20 25 30 35 40

F3.3-3 4 F BIRE T 2 3 4 B % 4 (Ro) (Duveau % 4 > 1998)

phoh s s ElT R (o) B ERO)IFETAAEFE SRS AR ZE
(01 — O3)(2 2 % b L i ) WS F) 332> 74 5 (1) 0 =0~30°% 0=60~90° 2 &
BfERP o XLt (0p—03)EF 0 LR ETRAPT AR DN 1 (QF 0 A Bag
0° 2090 'R AT PN B RELT DTS BUR > SR RFEE T
PRRTA AP EFRRAR HRRLE AT 0 (3)0=30~600 xEpLk
oy —o3) B Wb B BAEBRBIILF S G B B ERIN O RIRER RS
BEAEECL () RipE - 2RERE 7 BERFET2Z RS FHERS BR
B X B (Ocmax)E B B (Oemin) 3-8 5% & B % {242 & (the degree of strength anisotropy)
Re = Oomax/Oemin * ¥ BAHE 03 =0 B3 R dot (£ DALF 0y #%0  3 impis
M feac 6.8 0 FEH 3.33 -

332 #w A WBER

AU E AR PR EAMBURERNZ LR AE SR L 32-1 R
FLERE R » A ] R HER SRR R 7 S R £ B 0 o g
i deT™ o

2R R R HAURER 2 BURRC R T

I
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(1) #5050 -

2 Pariseau #% M e#cE N A B B2 Hill R e B EBE R G RA O 2
HEFRBEFRRAEEBFENAIZELATHMEE 2B/ PR g TR

(mean stress) =82 58 > H 3 D ek #4050 (3.3.1) o

[F (022 — 033)* 4 G{(033 — 011)* + (011 — 022)*} + (2G + 4F)03% + M(03,% +
01,)]M? = [Uoyy + V(0p, +033)] = 1 (3.3.1)

FPEF FCG-MUNV-Ens B SE 0 SR RECREY SHon>1
PR AT P TIERA EETE G MM B PR ST ML
BT FAS G S e b W H pR 5 ST (pure shear)i#H R T 0 i LT 7 H

SCRC TS (= A B R

2V =%ﬁ—%ﬁ (3.3.2)
ZU:ﬁ?7i (3.3.3)
26=%Qi+£?2 (3.3.4)
2F—§ib+ébﬁ—za (3.3.5)
IW:Qi+U+VY—{F+G) (3.3.6)

Top £ Copm Bl 43 830556 2564 R REFERRBR Ty & Coy » 554
P T a0 2% BREEMBR Cps 24P w2355 2 & 45°RFET 2

H R o

= F P A HAURER 2 BURR T
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(2) ‘g H5"

McLamore & Gray {345 Jaeger =1 [ ¥ % g B 4 5 & 572 % (the variable cohesive
strength theory) ; 2 Mohr-Coulomb B3R ER] » L EApM 2827555 & B DB %

I H B 0 358 (3.3.7)154(3.3.9) ¢

T=c+oXtang (3.3.7)
c=A,,—Bi,Xcos[2( —O)"] (3.3.8)
tang = C;, — Dy, X cos [2(&, — 6)™] (3.3.9)

T 2T 4%R 0 S0 w kit e SRES P B BEL A B B i 0°<O<E
FET2RES FH A, B B, 5§ <0<90° ERT RS S80S R RF B
AR L PP e ABG bR C B D B 0°<SO<E FEETpBREELS

B> Cy 82Dy 5 §,<0<90° FET2ZPBEEE SR Ly LG R BERLPFEL L

4

i\‘"?’bb’ﬁim“r* bR - FLEREFEG om¥BEn 2EA4 =30 FE A R4
5~Gopt H TR S E G R E R A RRAUBRELT R A e85

ook ok 2 R o RS T AR B g 'fﬁgi%ﬁrﬂbz [
(3) # @ 5 R
a. Jaeger H - 3w 14

Jaeger(1960)4- %t 3 3 - B - 2T 7356 h& M LHJE N [H - 35 5 T % (single
plane or a system of parallel planes of weakness) | » &-¥F* 7 5 5 = & o [ H 4 HplR B0
P ERA R RERTOT A BOURE L F g UF &R AP M B PR AT e
(@) R 7T 4 B

=R E T 4 B %195 Mohr-Coulomb .3k 8 P23 R H e & :

FZ2F% B EAHARER R BN AT
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o, = ostan® (45° )+2ctan(5°+ & (3.3.10)
&

T=c+ o0 Xtang (3.3.11)
C B EREHFLRRS BN EEL -
(b) 75 % 35 6 i & LI

BBEVLFS G TF AR 0 MR R BB g REY ¢ BN BEE ¢

Tj = ¢j + 0, X tang; (3.3.12)

Op 53w Fenit w4 o Jacger(1960) # J1en¥ - 3535 WA HE ¥ 5 B BURER Z 4

HFHL RO EL A 0 BTV SEZ R REN -
b. Hoek & Brown &3 & f

Hoek and Brown 1345 ~ € 0 Sk T AL > 1 2EM P gk ¢ 2 AP % Mohr-Coulomb

MM e %R H 2 R R T A o
0y = 03 + (mo,03 + s03)'/? (3.3.13)

O PREATLEPRERR m # s S AMHHERE LY m B AT HEPES

ST Mo BEMARERET M =0 FAR AR s=1 RAREEE) L
BHEG - 05e B AN PR AT A R T PR A (m )
255 chp A R m, 0 s) c BH AR T (s = 1) 7 56 E R EREsk E 17 B PR
B0 TRAZ Wid% ™ BEF2WAR mo 9> hs whFlR(og)%E 0 =45 if

A
!
o&x

14
Ee}
han
ey
=1
\\\Xr

#(m; > s;) - % Hoek and Brown &L # ] 12 Mohr-Coulomb

BEERAN A7 > T EN(33.14)

2% R HMAURE R 2 pURH A 4T
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T =c"(m,s;0,) + 0, X tang*(m, s; o,,) (3.3.14)

3.3.3 BUHCS 2 v A

BiE- HAFE A P AR ahig * > Duveau F A (1998)# 72 7 %o 44 (Angers) * #
EFER SMPa 2 40MPa 52T 2 $hA B4 (0p —o3) g w & R(O)Z Fitd R %A
AR A TR TERIE R 0 FER 3340 TR B2 PR R G HAE > 2 B v Sk
VR RS R FERY N REE 0 - HEEAA 3330 3 MRS 5%

NG RN 2 ;Lﬁ,;;ﬁ.lgggﬂg« 334> Tﬁ’r ;f%ﬁ_&r—r ;

(1) Pariseau #3882 R B % % - R 0 FEH 3.3-4(a) > £ 2 & 0 =30°~60° F & i HFE R 2%
o e d a2k pEalh 0=0° 8 0=90° 2 5 R IEPR o

(2) McLamore and Gray ;% en3g Bl % &2 3 % - R 0 3£F 3.3-4(b) » 1258 #r4x S e
PEFRFOSEAS FR A R FEEA RO RTAT L Sl ik

(3) Pariseau #ic3' 2 McLamore and Gray #3725 & SRR SI94p T > &2 F )
A BT HPOT S BRI 6 FERARZERFTS -

(4) Jaeger #-;% 2 Hoekand Brown 253 B FpR|d ¥ P E T A 2 £ -8 4 gl
233 G e B3R 0 ) 3.3-4(c)(d) ) RN Y B Rl E G R B A

# >4 Hoek & Brown 3% #7 3 $-diclic® 5 B 5 778 dhw A0 Ap g

¥ % B MAROE R 2 BRHEA R

_ 58 —



112 & st A R 4 Ul 20 B oo 1 H R BRI D fE e

500
(o1-03) MPa
450
400 * exp 5 MPa ‘
num S MPa :
350 1 !
) O exp40MPa ! B
d H
300 J\‘ ........ num 40 MPa '
250 Q1 't
. 4
004 P
L rof
150 - B oo /
N =7
oo d S0 o ! X
@ » )
— v ©
. | —t—_._ ‘ 6en
0 15 30 45 60 7 %0
(a) Pariseau
350
(1-03) MPa é
300 ;
& op3MPa
250 ———num 35 MPa : 9
D exp 40 MPa ! 3
w04 | e num 40 MPa
L 3 : [ ]
| l
150 4 | o
3 R -}
| =] F
| i I}
wo {1 |
| -
[ :‘ .'"’
oo /
LTR A4 o - 2
R e
—_* .
) 4 - Oen®
0 15 30 45 60 73 %0

(c) Jaeger

7
“~

F3.3-4 Mg 5 H

(Duveau

3
(o1-03) MPa é
300 ’
* exp 5 MPa
250 — num 5 MPa *
O e 40MPa T
w0t | num4) MPa "‘.
L ] iy /|
150 \ a
S =
. & Py
AN &
a y
50 - t\.\ o a A
. e »
~:“'-f — 1] o
en
0 . } -
0 15 30 45 60 75 90
(b) McLamore and Gray
350
(o1-a3) MPa é
300
250 g
¢ epS5MPa : ¢
200 4 — num 3 MPa ;
& ‘\ (=] exp 40 MPa ;' [ E—
!
150 |\ -------- num40 MPa b
\ Y o fﬁ
\ i
wet N\ / Py
o R4
I g
50 .3 ] o .
— i
.
. * Ben®
0 15 30 45 60 75 %20

4

(d) Hoek and Brown

_fhE 4 (0p — 03)5E53 B & B (0)2 ES Y R BB AR %
4+ 1998)

P
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#3.3-3 2 B #(Angers) ® #2538 e f(Duveau ¥ * - 1998)

B ER Pariseau Melamore and Jaeger Hoek and Brown
Gray
"R Sk F G M-U-V-~ Ay By~ Ci~ Dy~ | co~ o~ oo mes s op s my
a&ki , . Ay~ By~ Ci~ Dy~ | oo '~ ' 6 Do
N % 6 & o , sj £ 5
m-~nx 10 B i
FEFET|E R o 0= 1KY AR 0] 11 4 =% 1 JH 6=
3 & 0° ~45°¢ 90° R GEET 2= | 0°45°¢ 90° i | 0° ~45°¢ 90° i
TEET 2 Z phiR | AR TR e | BT 22 PRk | BT L Z ihid% T
PR Rl | BERE AT B ERBERE | P BREKERE
RO A3 A A7
S BciE n=1 m=n=1 co = 26.10 MPa m = 10.80
F =8.8x10-4 A =094 tang, = 0.94 s=1
MPa™ B, =-0.70 C9o = 40.04 MPa o, =158 MPa
G =9.6x10-6 C, = 23.29 tange, = 0.86 m; = 0.27
MPa™ D, = —18.78 ¢’ =4.01 MPa sj =0.32
M =0.0237 MPa? | 4, = 0.87 tang’ = 0.30
U=-0.012MPa! | B, = —0.63
V =0.0212 MPa! | C, = 39.02
D, = —34.415
035G H it bR
= F P A HAURER 2 BURR T

- 60 —




%3.3-4 #B 50 -

112 & i SR ) duif

B2 B b R O R e

SRR SRR AR

BT R

=% BN

ST EL LR VAR T iR
BR300 i 16 ¥ B 77 (mathematical

GERMAA L REN o P R LR S
o e ahd o S F RS R E B o Ap M

& technique) % 4+ 1 # fL 2 (material | il Sl 2 B & P2 B ha ik e | 6 )ifd 0 S AR EHR T DB -
symmetries)fs it B w R Y B o | BB R REHIL T SR o AR ¢
xR A F A -
B5 Y A& R e iR #cd 5% £ Hill | McLamore and Gray #% 1 cn 8 o 435 & 0] > | Jaeger(1960) 4 % 2 3 — B & — 2T (733 6 h§
& 4 4o 1295 Von-Mises % v 112 %% 112 & B ¥ | £4345 Jager #% 11 ¢1” the variable cohesive | 2T £ 4 % 11 7 [ H - 35 5 I % (single plane or a

%R

EERERCE o Al BE 4R
AL BEFEOIRERTHEL 2
s e

> Pariseau & - # %

IR 0 @ 3%
Pl E 4295 Mohr-Coulomb 3k % R B @ %

strength theory” % & p* -

system of parallel planes of weakness) |

“F

* 1 Pariseau il 20 Z & 6 B

o

'
v

* 12 McLamore and Gray fi;% 2 &0 2 &

o Jaeger i F & 6 B Sk

& 2% ﬁ;;o 10 4L S8k o * Hoekand Brown #-5' % & 5 444 S
FERIN | FRT IS SURE AT * WEF RS RELE AT 0 * RRF PR SEE ST
. %ﬁxf—“ﬁ it B o . st”?;‘ﬁ?ﬁ??l‘*%*”’"%—ﬂ“f e A S T LR LR EE S
e i 0 =30"~60" FHRENTERII | SR LG FENFEAAFY N RS L ;;g L7 oen T 4 BRIRR 53

&

Foed @izRpARE 0=0" &2 0
=90° z_ 3 B IEPR| -

i B Rk

H e
. %ﬁﬁﬁf«”ﬁ’? m”?%%ﬂ
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Frd  ARASH BN FEE BUREREHZ B EKEL
52

#09
BEFF A KR RTHE 2 fr;i%étﬁjéﬂ@Q%if

e
\4
=
~
-~
&l

B e I S &%&ﬁﬁégkmﬁm<ﬂ% b W TR BLAE fE Y

,
37 Bs

1B
-
1+
B

AP B R ERGEESN > ARAREFFHRONE ~ RPEIfRE > T
PRt TR B AR R P RAL ) R AR TR £ AR
FORAFARAL B o b BT ApM %< % ~ R BRI SR FE B A HEL B

\m
ey
.
]

,
P
had

1At 0 MREEET MR e A MruE Al T 2R FREFTITL £ o
41 RE# %

THARK B o R e MBS % AR A C(021)F MR AER
BOERER 2T o B A SR A B A6 L TERSANREEL EF
BEE DL RAARRGRAF LA 3 RF R B REKRERRR N E TP REOERG
B PRGBS R A AP OEIEA RS o AR T

A2 RN FERG > PRSI FERER B E o

411 EH H

HESEGED TERMAR R BB BN gARY e FRAAIRZT g A
Z- R -2 2 BF1991) ¢ 2 22 K A E A 0 HEH 4.1-1(a) o HHE BT R
B gy g =

Fo ERG e P D - RO RFE D AN R B FEER TG FE

BuR R T R 41-1(0) c A HRMAE R ERIART S
70mm & FE 0 60mm o T PEA R EITe B RIVTAE R KG T FEILG 2 B
BBCR o AU S o R ALLC) c HARY FARB RS B TR RER TR A
R (2021w g » HE = F 4 9% 253 kN/m® > 23 B % % 3.97% -

Frd ARASEEES TR BREREHEE S EEES T BT
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e

)N
/%/Fé’%ﬂ%

e e N e\

WETEEE

S
3 "}ﬁ?/,ﬁ

N

w0024 $
RE(ERBIRR)

‘-, by ((

83800 a0

COman
2020.01.03

H{ ommano2e o

EXYETITIETY

(C) (i % # 2 B RA

Fl4.1-1 o 5 HAHEP RS B2 B A (R = 2021)

Frg AEEeR AN FEE  PURENSEEE B ERKES TG
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112 & IS bh2 A 3 4 i Al 2 B o 42 4 AR RS et

412 X G Rp R

R AP cARMBEARFRANIE A e B RY AR A
SR P HERAL2@) PR PRSP LIRS DGR L KT G S e r U
ERG 5 - 24 REPR2Z EFCEMAENECRT R BERTG & &5 5 RA - A
FRAPEIRTAFR2ZTE FHAFGREELS THERENLRT L6 > UEME AR
7 AZiHE 80mm o E ST 5 50mm 2 FlHiE i 7 0 3R 4.1-2(h) 0 e w2 B E
27.0 kN/m3 » 3 ¥ &% 3.00% -

0]
Qe
*r\{-
b‘a
m*\
s_J\
Wi

(b) ~ 3R #EHT LH

Rl4.1-2 ~ 3 85 B 4eFP-1i 3 BL2 2o @ (U = 0 2021)

Frd AR EAS TR BRI R R B A RS T2
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42 ER G %3 BRBHRET I AR

RS R TV A S S S SRR R R R S
Pl 3k 23R AT £ R 4 F Slee MO R B AR SR T B F B i % (direct
tensile) ~ = & A ;2 ik :E 5% (Brazilian test) ~ %% & #2% (bending test) gk iz & :#5% (point
load test) 7 = 3485 (Pull-offtest) & = ;N E(F » B4 3R ~ N Bt 2584 75 ER 4
FREFR > B 2T RAVEBEFIRT S RRET - SHLG ER LG
2R R HERG R GREATIRR S FLES G PIZF R T AR w

LF&;? % #E] Fﬁ;g;é,'fﬁ'g pES “*ﬁﬁ 'fi\—"w o
421 E2q &4 %R B%

FFGE% (Pull offtest)fp B 2% *T £ pliZ H 0 2 1 A2 L endusk 38 B o 385k R B 24
42-1(a) GlHoR 2 SRR o W R 2 ¥ B 3TF © EF Y AR AR 7Rl adask
5 & £ | o Pedro & Macros(2018)11 7 e fasfcnE £ ~ 2 b * + 2 FWEFLIGE%R 0 T
BN S N 7 a0 g DIz FRURESG C(DF S EFHE o BRe T a2 A
BRI (i) F Bo P VR S g A4 BUR ()R HY A H TS

zi_
F S R e G A 2 B o i Ap B BORBC SRR 4.2-1(b) -

LR R N RIE E RS B E Y (74 > Pedro & Macros #-4 iR L S &
TRIRPEHRE T O A R ERTIE LT gt 2 B R M R 3
Bl 422 VB RE Ve BIRFEHZEFDGES R F AR T F A BRI N2 BRE €
BRI A NEE RP Y REHRD 12 BRI T PRFRTI PR R LI E
$4FSR 088 B o TR B AW IR ARAM TR TR e S 2 R HHER
RERRZRFLAZE I P EIPFZRED LS, B PIGERL%RA AP &1 27
IR T dL 2 R B o

Frd ARASEEES TR BREREHEE S EEES T BT
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POT device

* Swivel
joint

EPoxy| Metal disc

Partial core™

Substrate

(a) 4z ®

= Likely failure surface

m Unlikely failure surface

Bl =

(b) F a5k sk 50
B4.2-1 R E S 2 B T R Bl(Pedro & Macros - 2018)

(a) 200 (b) 200

© Marble BDT © Marble
18.0 ® Marble POT 18.0 o W. granite
¢ W, granite BDT a R. granite
16.0 + * W. granite POT & 160 T 0o Andesite o
- & R.granite BDT 2. &’
£ 1403 a R granite POT 14.0 o8
e © Andesite BDT N !
£ 1207 @ Andesite POT g 140
|§ 10.0 3 10.0
E g
5 80 S 8.0
| L .
" 6.0 0por=0.880prr 6.0 95p1=1.370p0r
R? =099 R? =098

4.0

awr=l.200,m-

R? = 0.99 20

0.0

00 20 40 60 80 100 12.0 140 16.0 18.0 00 20 40 60 80 100 120 140 16.0 180
pTT (MPa) Opor (MPa)

B4.2-2 FL3E R 5 5 % v #i(Pedro & Macros - 2018)

45 >

w g AR R R BURE R R L A 2
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SEE SRR R FHESEL FEG BUROER] 5 EF =(2021) 1 SR AR
L2 CERRE CARBRRGRANL A B FEF - KPR EREE TR
T4 %k P HGERIA 0 RN I AL B RR RS AT R 423
ToRERRE kY T2 ek B EFRERE%R A RRET e E
B L GRS LR S R A R B 424 TIEA YL 134.69kPa 2 155.90

kPa -

(@) *» 215 2 2% 48 (b) #1385 & 2464 A%
F14.2-3 #4485 R M A 5L & (K = 2021)

350 700

150

Foliation tensile strength (kPa)
2
(=]

Foliation tensile strength (kPa)

RA1 RA3 RAS RA6 RA9 RAITRAI3RAISRAI6RAITRAISRAI9RA20 LUl LU4 LUS LU6 LU8& LU9 LUIO LUI1l LUI13 LUI4 LU15 LU17 LU18 LU19
@ =E"# (b) ~ 3252
Bl4.2-4 Gefrin P ERFMPIGEK 2 5% %A = % (MR = > 2021)

Frd ARES R EEE BRI B B A T2
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422 EB e e ¥ 4 5% R 2%

SHEHEDS T4 A Sl M -(2021) I B 4 B F 2 f

VR E R A25(a) HARERFF L TETE o RERE L o E Ak
e

FERT

s

Tid H A MTS &) ks wlipd|dE T wd BRI o @@ o ARMEAK N
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Shear stiffness (kPa/m)
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2431 v EEFE A E Y E B e g B H2 F0 G BURER Sl (M =
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¥R & 0.011 0.941 134.7
KéiRR 2 0.125 0.746 155.9
W #RR 0.023 0.836 131.9

so00

4000 }

-

& 3000 }

=

—

o

wn

%)

.

S

wn

-~ 2000 }

o

QL

-

7
ok

1000 F A&k &
Afr¥ER B
et @HiRE
~1000 0 1000 2000 3000 4000 5000

Normal stress (kPa)

F14.3-3 F LG gL P2 R S i 2 v (PR 12021)

432 R w4 WA E R

SR R A 2
BosS o IEL SN IR G

o BWOBURER o R e L AMBURERIT & 5 ()8 AR ()53 e ol

ZRFEAFFL O NE LR E e L B2 4 B 7L LR
BAERESG L R(0)2FF > 2 Ag2021) A & 0T AT

B 487555 0 R 4340 B¢ L ERG 2 FRpURa @ p R AT (019K 2 TR A R

Frg ARES RS B BURRREEZE S ERES T Y

~ 73 -



112 & Scsbb s B b 2 Ak 2 B b 42 2 AL HOR A1 44 R v

HER] > B335 & R ()T &R 4350 7 242
Iz BLE R o

e ke p Tien & Kuo(2001)#
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(1) FFC Jmodel
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m W 34 B %4 (1/m) m Wy 53 @ 9 Ak f (degrees) | joint-dilation
76 SR Pa/
" 3 Sy & £ $(Palim) § c & BER 7 (Pa) cohesion
? L6 %) B 4~ $(1/m) 1
{ @ 2% R4 A (degrees) friction
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#.4.4-3 3DEC = #/B 4535 W33k =2 $d(¥) &8¢ » 2022)

Parameter (unit) Value

Rock (Mohr-Coulomb)
Young's modulus [E (GPa)] 7.63
Poisson's ratio (v) 0.22
Cohesion [c (MPa)] 4.79
Friction angle (degree) 344
Foliation (FFC Jmodel)
Tension [To (kPa)] 131.9
a 0.023
B 0.84
Residual friction (degree) 19.1
Shear stiffness [Ks(MPa/m)] 281.360, + 183.66
Normal stiffness [Ky(MPa/m)] 3K
Dilation angle (degree) 5

a. Cmodel 3

Cmodel #3] % A FRPEA TS B » L3N 7 5 7 A 3 a8 > 31H 44-8 >

e 5 08cm> % 3262 Bt o A AR FATEF » T HFMEF S HAT
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(0T & AcH] 43-5) THENEPHA AR FIRE 7 B33 g & R2 R4 & - T2
HAlae R F et WS e &R & 0°0 Q0°pF A 4 2 R AR > TR 55 $hE? 53 fh2
A FEACF 449 F 5 AT FRREET B AR R A FERRER TR 2T
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3DEC 7.00
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Major principal stress at failure

Major principal stress at failure
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F14.4-9 H88F B4 B% 55 R I % B 2 Ho 0 (3 28 0 2022)
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Major principal stress at failure
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e D REFGHEDE

ERERCRUE AR W e SN A Ll T WATR L ® B - U
Bl * £ A& 2 37enB a2 B 24 § % (excavation damage zone > EDZ) > ¥ it ¥R
FHBRE S RVPAZEBEI G Tarcg o 8 PR Fd FRUE 22
BEBFPAABERY D s cEDZ MIITE G A AT RARS CBER G fg
B AMA T RREG ] FERID-1(a) 0 2 3 BRUEETG AR NEDZ A~ F Bty £ R
FEHT BB TG 005 0 TR b B AR AN LR B ARG
FHFAPGE %5 0 7 4 ARA%E A2 2 2T % (SKB>2001) > 2R D-1(b)- 7 B EDZ
HA A FEBTLIED > AN ARN DB D2

e TRl Stress-induced excavation damage zone
7 EDZ
i _cadiaEaae +  Zone of stress induced
’ . ireversible damage

*  Major property changes

Construction induced excavation damage
zone
+ Damage caused by construction
method
+  Significant property changes

]

P

! }<— Excavation influenced zone (EIZ or EdZ)
i) *  Zone of stress induced
reversible changes

+  Minor property changes

Blast-Induced damage zone (BIDZ;
+  Zone of blast induced
irreversible fracturing
«  Extremely significant property
changes

Hig ghly damaged zone (HDZ)
Excavation induced macro-scale
fracturing or stress induced
spalling
«  Significant property changes and
instability

(a) (b)

FID-1 #R:7 puif BEw E&%ﬁf % (EDZ)F ]2 7 Pﬁimlg $75 25K $EDZE B 1 ()7
& Asp6 Hard Rock ¥ ™ 4 2% % 2 EDZ*» 2] & (Hudson% 4 » 2009)% (b)7 I $
ﬁ%a%%ﬂ%%ﬂﬁ&%%ﬁ%’5ﬁﬂﬁﬁ%a¥&ﬁ#’l%#§W§ﬁ

B A st B MGG ISP STe b AL P 2 T g4
%) 3% 3 % (SKB » 2001)
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D1 BRIFFHLHBAE> 2

\\\?{Ir

¥ Hudson ¥ + (2009)% 322 EDZ % & 3 » 34 D-1- 4 M EDZ o &> i3

iRk B3 T IS8

® Fuif | R (tunnel scale)
% 8 ¥ PI(AE » Acoustic Emission) ~ & i#];# (Seismic investigation) ~ 7 i # /pl# (Radar
methods) ~ ) 3~ B % 55 3] &Kk iR e %‘r JLIP|(Geological observations of fractures,
rock types, water flow) ~ % #L7% 1% 72 % (Dye penetration test) ~ B # & 1% @ £ B
(Geometrical measurement of the excavation) ~ # 4F'F i# (D&B)*s *F {8 2. Rt 7 F*iR] 4g
(Mapping of visible trace of blastholes) ~ #£ iB| 3¢ e73-K /& & it % jB](Monitoring water
pressure in probe holes) ~ # T -kt » $Lig (88 % (¢ (Water flow into tunnel) ~ 35 /B]3
Aok 18 e # KR B13E (Pressure build-up tests in probe holes)® i+ f 7% 15 M p| 3
(In-situ gas permeability) & = j*

® i .ugfit- . P-4k (Core boreholes-core logging)
# 5 b B P (Geological mapping of cores)~ # = 3848 2. P A &2 S ik 4 i £ P(Seismic
investigation- P-wave and S-wave velocities in core) ~ 4€3“ 3 b #&F2(Borehole television
logging » BIPS)# %% 4F3- & i£ £ il (Directional borehole radar) ¥ = j2 -

® F5% % ¢ & (laboratory scale)
Pep B BRGNP RR R BRI TRR BRI P ERETFR TS
g oA, 3% 7 1 (Mlicroscopic and SEM investigations of thin sections) ~ X-ray 74
s (X-ray tomography) ~ ¥ §h/R 5538 5% i 2 7 2 4 /8 4% i?|(AE onset under uniaxial

compressive loading) ~ 3t [4 ¥ &

i8] (Porosity measurements) 27 4 L % % & 2% (Dye

penetration) %
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i 3% (Hudson % « > 2009)

Measurement method

Uncertainty aspect

Mitigating the uncertainty

Tunnel scale

Acoustic  Emission  (AE)
during tunnelling (requires

The location of the AE event

Use no less than three AE
sensors in the vicinity of the

extensive pre-excavation event.

installation)

Seismic investigations (P- Saturated, unsaturated  Verification of conditions and

wave and S-wave conditions in tunnel wall, structures by drilling

velocities) in tunnel wall interpretation of the results

Radar methods Saturated, unsaturated  Verification of the structures
conditions in tunnel wall, by drilling, hydro-chemical
interpretation of the results, analysis of water, general
salinity of water, electric investigation of fracture
objects - minerals, minerals, remove disturbing
installations, orientation of installations, measurements
structure from different orientation

Geological observations of
fractures, rock types, water
flow

One-dimensional or generally
two-dimensional information,
and the limitation of sampling
area

Geometrically link the
information to the three-
dimensional structure,

increase area of sampling

Dye penetration test

Also, the
penetration

See previous.
conditions  for
might create bias

See previous. Also, several
locations for sampling

Geometrical measurement of
the excavation

Only surface information

Additional complementary
investigations into the wall, as
in drillholes

Mapping of visible trace of
blastholes

Qualitative investigation,
strongly depending on rock
type/explosives

Geometrical information of
the drillhole position from the
collar

Monitoring water pressure in  Packer  position, packer Alternative positioning of
probe holes closure effectiveness measurement, large amount of
measurements
Water flow into tunnel Capturing the volume Compartmentalization of the
inflow
Pressure build-up tests in Manual water flow rate In-situ calibration,
probe holes measurements, ground water information of the related
pressure measurements  status in the pressure reference

(insufficient evacuation of air,
etc.), evaluation of test /Almén
&

Stenberg, 2005/.

system, correct ground water
model /Almén & Stenberg,
2005/.

In-situ gas permeability

Small  volume  sampled,
interference of rock matrix

Several samples, both in- situ
and on specimens of the rock
type x-rayed and found to be
without fractures
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Core boreholes-core logging

Geological mapping of cores

‘One-dimensional’ data, core
loss and orientation of core

Core in different directions,
alternative orientation
identification

Seismic investigations (P- Determination of onset of P- Larger amount of sampling in
wave and S-wave velocities) and S-wave velocities, the same conditions,
in core pseudo-elastic parameters  verification against geological
calculation, arrival time of data, alternative orientation
signal, position in rotational identification
measurements
Borehole television logging Color, dark wall reflection, Control of light source, clean

(BIPS)

orientation and deformation of
image due to eccentricity of
borehole, depth location due to
cable elasticity

borehole, alternative
orientation measurement,
correction of geometry using
image analysis, information of
elasticity ~ parameters  for
cables

Directional borehole radar

Salinity of water, electric
objects — minerals, orientation
of structure

Hydro-chemical analysis of
water, general investigation of
fracture minerals,
measurements from different
orientation

Laboratory scale

(measurements on core samples from different depths in the tunnel wall)

Microscopic  and SEM  Proportion of  fractures Control of preparation, several
investigations of thin-  induced by sample samples
sections preparation, two-dimensional
investigation
X-ray (tomography) Resolution, small volume of Increase number of specimens
specimen
AE onset under uniaxial Controlling of loading and Determining appropriate
compressive loading displacement, location of AE loading conditions, enough
event AE sensors surrounding the
specimen,  with  optimal
sensitivity
Porosity measurements Imaging of pores, two- Image analysis, many samples

(PMMA, He-gas diffusion)

dimensional information

Dye penetration (UV-
sensitive resin into fractures)

Penetration of dye, evaluation
of area and structures observed

optimize preparatory method
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FEW EDZ A Apd 50 AP EE MR RLME R KR
L(2019)F1 % Az ik 3RSk 7

F&gim@/{ by EDZE‘%E‘% E R T2 9}‘4;

POSIVA(2008)41* 3 F ifit 72 £ H2E% » 2 Tao %

EDZ 2 ‘g » 11 AR A

(1) &» 3

POSIVA # 4% %3 3 i (ground penetrating radar > GPR)** ONKALO i {7 & ¥385%
=y ’f’ﬁ” PR D20 H TR R
b BRI RIZE )% F o2 A FRPF BT ER(TE

AT R (B

f# EDZ 55 5 0 B-5 Rl g 2
Ao I TR
A P3G - ZIFEHAM)A L F SR SRR AR
PP F SPAUBLLS 0 B (T IMBLAJIE 87 A 45 o POSIVA Yk 22557 7 # * 5 GPR £ i)

g FRE XML A D20 ¢ 35

® SIR-2000 & B % sigppe 400 MHz 2 1500 MHz = 4%

® SIR-20 &% figzpe 1000 ~ 1500 2 2200 MHz = &

® Geoscope #Hi FE KB e 100-2000 MHz 2. % s %2 &

#. D-2 ONKALO #:* &1 GPR £ p] s ¥(POSIVA > 2008)

Svstem Antenna Type | GC/ AC | Antenna Frequency

SIR-2000 GSSI5103 GC 400 MHz
GSSI4100 GC 1500 MHz
SIR-20 GSSI14108 AC 1000 MHz
GSSI4100 GC 1500 MHz
GSSI4105 AC 2200 MHz

Geoscope () 3D-Radar AC 100-2000 MHz

B0607

1} Mamufactured by Geophysical Swrvey Systems Ine. (GS5I), USA; 2) Manufactured by 30-Fadar A=, Norway.
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BID-2 POSIVA ** ONKALO :t{7¢ EDZ L EEs%k - HE* 2. GPR £ ,% % & (a)
GSSI SIR-2000 #f= 400 MHz * % % (b) 1500 MHz = 4 ~ (d) GSSI SIR-20 45 fe
1GHz 2 22GHz = % % (e) 3D-Radar Geoscope # iz % #f i % 4 (POSIVA, 2008)

F1* GPR # iR EDZ *7i& ¥ chi % > 1 Geoscope 3D-Rader % ] » GPR 4% #L
2 @i A 15 2§84 EDZ SR B 315 $54cF] D-3 0 B izl P o0 EDZ R AR
2 02-04m %% o 4% POSIVA ** ONKALO it {7z £ #ER%FA T - fE4H 2

L L

(i) GPR ZLphiig 4 4& Rl 215 8 7 3 3 (electric conductivity) e iv » 7 E oL fg P 3R
MW ~avF ~ 2R ks 2 BAiFR 8 ABP T ) 7Y 23 REEA
2. B AR SUE (7P 0 12 SIR-2000 & 7B % 3L % B #5pe 1500 MHz = &5 3 2| §3
EDZ i % o 4pfr2. 7 > 400 MHz = & infais & i< > &2 § sy EDZ =% -
(i) SIR-2000 &Rl 2 =t 2@ £ 8 ig > vd 4 B &F F (T 32HE D-
2(a)(b) » SIR-20 % Geoscope 3D-Rader 2 H ez 2 &t 2+ £ 8 RE v 7

Fed mPiE o B 3L 0 A Uk D2()d) -
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(iii) Geoscope 3D-Rader *5 pli# & B-F E x> (e & F A R iBATH 5 4F 2 ¥ 42 pF > A 47
AR JE R A EPLT R o
(iv) i£ 7 GPR #i#] EDZ P¥ > X SRR PEITRE * HAEG - 7 B B 4 S0 e 2

“#
\lﬁ"
i
4
N
¥

Ao H g R G A

vstsnco vy

o 3
T 3 f...:.e.x.lo.l.{mr.as.dﬁ"nl::',-... R e, SO, ¥ 57 VR Y é
i’ Fracture Fractwe 5
= g
.4
2 z
¥ i
: :
|

- EDZ(lel)tll [nl] de e vsane s aRALCansaRastatasSASLLS Eas ANt esRseadanates nanas L

o
’

i
mmmom Wi [NOn e P e ES | =

BID-3POSIVA ™ i 3 3 it it FEDZE pl2 2 % : (@)(b)A 4l 5 GPRIE @ R 454 B2 & -
R f? 62 rE* ko ~ EDZE ¥ 5t RNk jJ');—kJ 4. FEHE X P 2
Fm o~ (0) & EDchfi%J (Ml 2 EER 5 2% 6 )(POSIVA, 2008)

(2) A5 hRE®
A2 7 A % (ultrasonic testing) & 1 * Az F &k 37 5 B £7 4% |0 B A 5 i (acoustic
wave)il B o JF o A SRR LA B L 2 ¢ feeiF UEHE L B R - d 0
hEREHAOGEEAZ T AR A BREAR  FIERLEV R B
P8 EDZ eha g o AR Rk 7 EDZIFRI G g F v AR AR
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PR D4 e ET AW R R AFFEHARE o Howp 2 N F AR
FEREEWHAGEPD » T RRFFFRE EBIFRE 2418 LRI HL
Bl R BHETEEG PEE o BERA AT RS 0 2 ¢ R B R B
A BiE R - Tao % 4 (2019) ¥ FU* 42§ A FRIFR S REE LB R 69 EDZ A%

PR B A ruE EEG A BT T ERRITY 2 MALERRIGY LA a0 FRRlAL IR S 5]
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