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Abstract of doctoral thesis

Advances in computers and improvement in numerical computing technology have led to the use
of numerical analysis in a variety of fields. In the field of underground structures such as tunnels,
numerical analysis is often used for their design. However, it is not unusual for results of numerical
analysis to differ from actual behavior, and, in some cases, the differences between reality and
predictions are large enough to cause serious accidents. To overcome this drawback, in previous study,
the effects of discontinuity and anisotropy of the ground on the behavior and stability of underground
structures have been predicted and evaluated via ground modeling with respect to continuous and
discontinuous bodies.

On the other hand, ground, being a natural material, exhibits spatial variation (heterogeneity) in
geomechanical properties, even within the same stratum. This characteristic is rarely a problem in
cases where the ground is considered a discontinuous body, since in such cases, behavior originating
in the planes of discontinuity dominates. However, in cases where the ground is considered a
continuous body, problems might arise in terms of stability of structures, since the actual behavior
depends on the heterogeneity of the geomechanical properties. Despite this, even in the latter cases,
there are currently very few examples of predictions/evaluations of the effects of heterogeneity of
geomechanical properties on the behavior and stability of underground structures, in particular, of
cases that consider the heterogeneity of geomechanical properties within the same stratum.
Additionally, when continuum analysis is used in actual design, it is common to assume that each
stratum is a homogeneous material, without reflecting the heterogeneity of geomechanical properties
in the modeling, and without a proper discussion of the conditions under which the ground can be
assumed homogeneous. For this reason, the current design of underground structures using continuum
analysis is considered inadequate in terms of assessing risk related to the effects of heterogeneity of
geomechanical properties on the behavior and stability of underground structures. Hence, to improve
the design of underground structures using numerical analysis in cases where the ground can be
considered a continuous body, and ensure adequate safety during construction, it is necessary to
consider the heterogeneity of geomechanical properties, and predict and evaluate its effects on the
behavior and stability of underground structures such as tunnels.

The aim of this work was to gain fundamental knowledge for predicting and evaluating the effects
of heterogeneity of geomechanical properties on the behavior and stability of underground structures.
For this purpose, I studied the effects of heterogeneity of geomechanical properties on the behavior of
ground and tunnel supports during tunnel excavation using continuum analysis while considering the
heterogeneity of geomechanical properties.

To identify the extent of heterogeneity of geomechanical properties for which ground can be



v
assumed homogeneous while performing tunnel excavation analyses, such an analysis was first
performed taking into account the heterogeneity of ground deformation properties within the same
stratum. Using the displacements around the tunnel obtained from this analysis, a back analysis was
then performed assuming that the ground was homogeneous. Next, by evaluating the variations and
differences in the analysis results, the conditions that allow heterogeneous ground in the same stratum
to be assumed homogeneous during tunnel excavation analysis were examined. My results indicated
that when the average of the scale of fluctuation relative to the tunnel diameter, a parameter related to
the heterogeneity of geomechanical properties, < 0.09, heterogeneous ground can be assumed roughly
homogeneous on a global scale. This indicated that the magnitude of the scale of fluctuation relative
to the tunnel diameter is an important factor for predicting and evaluating the effects of heterogeneity
of geomechanical properties on ground behavior around a tunnel.

Next, the question of whether local increase in tunnel support stress obtained in actual field
measurements can be predicted from the perspective of heterogeneity of geomechanical properties
was investigated by performing a tunnel excavation analysis taking into account the heterogeneity of
geomechanical properties within the same stratum using field data obtained from the Horonobe
Underground Research Project. In addition, a statistical evaluation of local increase in the measured
support stress was performed by statistically analyzing the variation in support stress obtained from
the tunnel excavation analysis and evaluating the effects of the heterogeneity of geomechanical
properties on tunnel support stress. My studies revealed that an advance prediction of local increase
in tunnel support stress requires analyses that take into account the heterogeneity of geomechanical
properties. The question of how large the margin of safety should be while predicting local increase
in tunnel support stress is an important topic for future research.

This study provided fundamental knowledge for predicting and evaluating the effects of
heterogeneity of geomechanical properties on the behavior and stability of underground structures for

the future.
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CT D7D DA 2EZ F DL, TOB K SERE I TV DR B fiE
W REEFIRT D, T LT, ik, hrxAi Eot FEEYOSIFICBWTEHSND 2
& DT ipo T I E D REEME A B RE L - il 0T T Ak & 2 OffNT IS B9 5 BETEF
LN TR D,

2. 2. HIUOETFIEL & REOEBIERHFE 299900

AREITIE, bl EOMTREYSER S 0D Lo e R B 2 ' T e T S
Te O DIEARN 2B 2 F ML, OB IS XL IN TV D REW e BB T T
ZPIRT 5.

2. 2. 1. HUOETILIEDEZA

R TR E OM T REEM ST S5 Ml o J g, Helbb e & R i A
SRR S NABEAMREE LD, 20X ) RO N8 %7 /UeT 5 ik
LT, #ulzififgifk & LTl 5 5k & Rk & LTl D HiERH B, —%Ig,
RERORE 7R O A 17338 Wl Hiu Lo LR L7 B 2= 7 b 4, Hlio J2
172 5680 28 R Tl e <, BAICHIL OB EHERVEIC Bl S5 2 & v, Ml 25 i &
LTS Z BB, — 5T, WKL T-RORA NSRS L7 & 2T
IALT BB E, HL o )220 A KB AN L L OB B IE TUdze <, IS RHEEEIT O f1 5451
KOOSR SN D Z L b, Mz Rk E LTRSS 2 L n%n). +
Aot HILPNICAFIET % AT OS2 A T L OFTBHEEVEIC X > THRAR B 720,



#=2-1 HiLioEF v L fifHT F1ED

wLOETL | FEGKEORE| \BEFX
EEAE
0O FELEL AricRAr

b .
() MO KEFE
" BENRTEED | FEGERENT
Y

RAIHFETS

(e) i | s<oFE@mE=
LA | w0, mTmEm

/l‘d W2 DicEETOy | TR

AR | M anis

L | FRESROTE| ERERT
5 | MENEETS | (SESHRN)

H L OREHREIZ Ko Tl LML O ET bR H 2 EBEZ BTN 5.

—5C, WTFREEMNER SN HMILOET AL EZIT 5 86, ik U7 ML oS BHREE 72
iR e <, M OAE e O I & RS ORI 22 2 — v b B LRI U
2HF10, ZOWEDORERIZL > Tl L-HILOET /LR H LD & HIBEZALNTND (R
-1 D, FIAIE, R2-1(a) O & 5 A R ANE & A SRR HIIOSEE, itk LT
EFTMEEND. R2-1(0) D LD RO R E WA e (B AE, WiiE7e L) A s
YO JDAFAE L TO D ML O, A S K 2 Al AR 72255 8) & 2 LSk o fiEll
OEKRR R BERBFSNET MEIND. F7z, R2-1(c) D LD IR A% <, H
THEEWRIDI G T vy 7 BB L TW LIRS, EnEno 7 vy 7 ZRIKEE K
ELRERHRE LTET /MEEND. AT, &2-1(d) D L 5 \TARRE ZE O AR i 35
TET 2L DSE, HlTFMZRELER R L L TET /Mbahb.

DF Y, HUFREEY D R S LD #E, #l o EHRES SO LN O Asdi i o [
&M HEEY ORI Ay — VORISR A BN E 2 72 BT, Dbk (Fffndifeis) | £/

Rk & LTET/MbENS. BIIETIE, ERICRLIEHILOET AbOB IS
&, KR 2 AR & RNEERIT MR R STV DL LIRS, AGERI e it & A
KT 2 s % .

2. 2. 2. ERARER

ol 2 ek & U CHUY % 9 G IAAEATIX, APRZEZEYE (Finite Element Method ; FEM)
(2 X DI 1960F- I AT BHTE A S D K 9127, h o pL7p & O IS
MO THHWSLND L 9127 o7, BIfETIX, FEMA& 0 A R 72577 (Finite Difference
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Method ; FDM) <°HEA 3535 (Boundary Element Method ; BEM) 72 &3l R &) D%
R ETHH SN TN D). 236 OWGHAIRHTI, NN T E A LRl (R2-1(a)
Z) e, ML JFRY 22 @) 8 AT H L OR BRI Sl S v il (B 203, #0a Hi L
OWE LRMILZR E) 7 E 2RI LN DT FIETH LY. —T5T, Wit Ot
BEClXd 2723, R2-1() IR T L9 RAFFEZ IO AN ERE A EET D HLSL LT M O AR
EREHREDMFAET DML (BT HERLL) 2 kf5 & LT, Ml A S5l 20 Hifee (A0 |2 1 & 2 2 C A
Hrd™ 2 FiETh 5 FMEGAT b Z < HRESN TS, DLTIZ, ESN TV LHER
7R S A A AT 2 TP OB R T 5.

LK) OFEMFNT COMILANEE, D D WITE AR T MEE T L TR S TOTNR
12, SinghIEE B OBEERIC SN T, Atz AT 2 LD A & 7 M (i
EEER) HEATELFERT A AEBH O 2 T IA T o Az EHRRDED 2 L
(&0, BIGMEZ A DML A Sl 2R AR O & R DR (2 T AT U RAET L)
AR L. £0O%, 0daid, FEEEOAEBEIZIW CTRUER = L5 At o & P ek 4 &
LT, Rfmaa oMoo' 47 27 v ERMNT 551 (Crack
Tensor Model'®) Z42ZE L7z, £ L C, 18 5191, % DCrack Tensor Model ZFEMIZE A L,
AL AL 2 A3 D ML 2 S AR R IS S WX DRI FIEARE LT, £, mE
LMIERD 7 ) — 7T HREFERICEESW T, A 2 M RN O A T O & 2 T
O 2B T Vv e LTRBLIT 251k (Damage Tensor Model) Z#:EL7-. %
LT, # ®Damage Tensor ModelZ FEMIZ3E A L, ¥ D A8 2 A3 2 Hiu L 2 S 7258
FEIRICIE X AR DT FIE A TR E LY.

A U 7 S e (A AT 1, £ & U CHLOZTBAHEIZE B Lot FETH 523, Hil
DR (ﬂﬂlJJW@/f VB NIRRT ﬁ%ﬁ@@ﬁﬂiﬁ) tE)l_“ﬁ CERBLIIT FIE B IRRE S
TS, BRI, fix RENE, Rlifimmz A3 521 2 7 Ny, EEmEo
Wy 77, ?EIFLH%@TL%@Z) WO IND 2 EEE L, ENEIUCEIRE & iR
FEME 2 5% CEVIICER S O - E A ERE T L (Multiple Yield Model) Z##2£ LTE D,
ZDET VA FEM O BBV ORERCEUEA L7z, bR 5200, Asdbfeim eIz = > 7
BV FORIEZMATZa L T T4 T o A EHINNOA 27 NeflinDar 77347 A
rERGDERL, vy 7 AL NORE RNEfim OE A ZE L7-ET /L (Equivalent
RockboltModel ; EQRET /L) #HELTEY, FOETNAEZFEMIZEA L. £/, HH
O, AL OMEE (HABT XD BLOBN) 2558 Lo RNdfim 2 A3 5 il ok
D€ 7 At (Micromechanics-Based Continuum Model ; MBCET /L) 2~ A 7 1 AT =
7 A DRI LS W LT Y, ZOMRAAFEMICHAIAAT. 2T, K
B, ANl & AT S HILBS SRR OW Ny Ty 7 Gt A B 7 RElsy & — T

\CEBT D R DA S D ERGE L, ENEILE OT AEALAE & s 2B A
Bhe LT, A &7 b pisy & ASdim O 4 & 8 L 72 &7 /L (Nonlinear Analysis Program
Including Softening Model ; NAPISE7 /L) %4 LFEMICHAIAATS. Z D%, HiH: 5292
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1%, AELGEE A AT D HL R R R R AT AN R S BR O BRI R A g L LT, bk
RRIS R U 7o &S M AT 2 i U, SR TR Mgt 2 S8 L T 5.

—J5C, FEMUA ORI O—> & LT, Cundall 523 HRZESENT = — K (Fast
Lagrangian Analysis of Continua ; FLAC) Z#2% L T\ 5. FLACORKDFHHIL, AIRESR
DB BN THRER X OFDMIZ S W - EH) 2 72 TA72%, FEMO X 912~
N w7 ZERKRT DHENRVETH D, £z, BEEAT v 7O TEICH A2 5 LUOEE
PICERTDHZENTE, REFRE#HZ2L I 2L — b TR LHBMEVZD. ZORES
Nica— R, T—/b - 7 —n » OEEFNERZ B RE U 2R iE 7 0991 2 & A 72 257
PEE7 /L (Ubiquitous Joint Model?®) 23HHAAEALTIS Y, FFEH 1 O RN 2 A9 5 Hi
W2 SR 7 A AR S S 2 TR T2 2 & TX 5.

R L7ZFEM & FDMIZ, %5 & L 7oz ARRE ORI EIT 2 880E & T
FETH LD, —FHT, BRAGREOERIZHE L TR T 2BEM & FEEN S
FELH 52D, Crouch 528X F OBEMIZF:SUW T, A i OB E 2N BLHIIE L il 2 825
PED WK CHTEL U 7= S figr (T T L) 2E L. BEMIZER OB EET
T %728, FEMSFDM & Bl L C A v v a ARl A I CERMEZ D TE 5 L0
STRERHD. LoLaans, —i%i, BEMIZFEMSPEDMIE ¥4 < O 7 58Ik & £
ZENTERNED, MEOREEMAZ T # 5 BRIZIZFEMXFDM & Hik L T Tu7R
WE WS EMEENRHD. £, BEMIZL - CIEBEMEIO%8% > Ial—1a T3
B, EdRE ) A B 2 FE S BB B D78, FEMSPFDM & Hille L TR Tidzun & v
SRS LB D, D=, BEMITHEE D ORIEHIMER ORI 2 fiE DIk 5SS b L
WEBZHRTND.

RS U 7 S E e (R AT & 8 5 IS B L 7 M & B2-11 2R T

FfE G A ARAT

[ mmwmi || AREREGW |

AVTSATURETIL

Crack Tensor Model

Damage Tensor Model

Multiple Yield Model

MBCET L

oL L L1

NAPISET )L

- AR %% (FoM) || UbiquitousJoint Model (in FLAC)

|
|
|
|
EQRETIL \
|
|
|
|

L mREREGEM) [ EAEET I
2-1  SEfidie A iEtT o 735
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2. 2. 3. TEGIKREN

AHGARARAT I, LN O R 2 BARANC R 2 2 LIk v, R o /1 et
3 L OIS R & <Ak AF L2 ML O ZETE - IR 2 BT+ 5 FECTH 5. fl 2T, R
MR OREAHEE O~FiE & A —F—icE L (R2-1(), R2-1(c)2H) , Hlins
SR 72 2B 7% SR 00 ) AR K OVE O 4y A RN S X 2 T i L 7 & A
LITHON DB FIETH 299, — 5T, LRFE2Z0FEE7 /L LT bl
BB AT LT 0, SANORRE Ty 7 & LTEF /ML L TEA TSN 00
HNOEREZEHR L0 T 55RO bNAITFIETH L. LTI, #EShTVD
R 22 AR 2 R 5.

1) ¥aA v FEEEZHWZFEM

19604 AR T 225555 C L S ALEA D 72 FEMAENT CIE, RilfFHim D30 2 L2k 5
BNLRONS T DA HfGE R L OV O A ZE T2 Z LN TE o7z, £ 2T, TOMEE
R 2 72012, AR OFBKT TH DV a 1 FNERE HOZFEMOB R S vk
7. Hlz 1, Goodman’?|IFEMENT 1 C, At 2 /E A DRVl mE B EE LB %,
Aifge i O VWL & EERIEEZ BB LY a A v NEREZIRE L. £7-, Zienkiewicz
530>Ghaboussi®?l, Goodman® DR L7=Y a A v MEROUEL B E L, BEOMT
EEETEDLV aAy MEFOWMEIGRICE S YV aa v NEEREZRE L. BIET
%, ER L7y ad v PEEOMICHEEA Y a A4 FEZEN/REIN TR Y, MLNIZHE
TES DA PWIE 72 & 2T 7 /LT BRI I KN BTN D,

2) WI{&IX4E7 /v, Finite Element Spring Method

FRMTXI G2 % 2 ORWRER CTET MU L, SR EFEM 2 #iE - 7 X ofia L
W {A&iX4E7 1 (Rigid Body-Spring Model ; RBSM) 73Kawai*?|Z X - CTI9704-ICRE S
7=. RBSMD Al A B3 o0 JE @) 3000 1 & [\lHEI1C Xk > TR EH, FEM & BRI TN S
DBFHE T 5. RBSMITEPEE TG PHIEDO AR E T T RV ICH D LWV I BRITHESWET
T DT, Nz A3 2 HIILOMTICHEH I TW5D, —F T, RBSMIZEFE
RN L AGET D720, Auemm Lo CIHAET 5 ML EHE O b O OfiEE BB E T X
RN VWS TEN D ST, 22T, EEOIXEROEMICFEMA, EHEMICRBSMA W
7-fi#HT % (Finite Element Spring Method ; FESM) ##2£ L7=. = L C, #A53DL, FESM
DR % AT D HILOE T L & ERER & O A 1T\, FESM2SRdifim % 45 2
IOMEHTIZEH FTEECH H Z L 2R LTS,

3) R E
19704244 S 4L7-RBSM & [RIREIIC, R A2 ZE L - 8hi 7 R (R ig b < & 2 @

BFEYE  (Distinct Element Method ; DEM) R X vkt 7-. DEMO i HCFRI 2 FiE L
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LT, B2 XCundalP 3, AB0G AR A MDD L A7 0y 7 OFEEGKLE LT R T
ETTMEL, &2 O7 1y 71Tk LW & [BlERo#E#) A 72 TC, BRI S EE
WCRRINCHIRS FIEEZRE LT, T0%, ZOREINE-TEE, “AREREOFREH
Avvallkb7 ey ONFBEBILEZHWD Z EI2k - T, BEAEOT v v 7 MREHT
X5 X o IRENT?. ZOPRRE NI FEOffT2— RE LT, ol Extg e L
7~ Universal Distinct Element Code (UDEC) “O3BHRE ST\ 5. X512, ZOFEEF=RT
RIBEICHEIR S 404, 3DECPARBIR SN TS, ZRHDOFEICBWT, 7a vy 7o
FHEAERINE, HERRJ7 M O1X Al & 8 A Wi B2 35 I ONERR T [0 O 1Ll & 5 R e % H
WTRREND. Bz, I HMWIX, UDECEZ MW TR 2 A3 A Hilo b > R LHRE]
IRF D 258 P RIFRAT 22 FE0E L T 5.

Ak L72 X 512, CundalP¥23DEMA 4% L 7= Y9NERIEDZ A7 v v 7 WS T
Wz, LIDLRG, BT LT XAR TN THD EWV I BEHNG, HEDOERIKT 7
v 7 (ki) IZEADEMB WSS K 51272 - 72940, ki -z, ERB IO
AT ORI B ONCEEERERIC L > TR IR TV, A OfiEssh<c
DOREEEEN Z S 2 2 L— 3 T 572012, RiRICHEER (Bond) 2NEASHZET /LA
RENT., TORBENTETTNEEVTERAC L HDEMONE 2 fiifr=— R & LT,
Bl Z 41X Rtk X OV Skt A x5 & L7 Particle Flow Code (PFC) 477233 % . PFCCIE,
B[R DR US OfFEE 2 B9 55 /L (Contact Bond Model) <oki+1-[a] L DH45 H3[aldx
I P35 E 7 /L (Parallel Bond Model) % 5 Z E X A[REL 22> T 5D, Wi{AD
EIE7 v 712 X HDEMZ IV CHE TREEY) 2 5t 52 & LTt 247 5 354, Lrbinl 2 %t
Gl L, BEA D= X LCHERE 2L 2 21— a VT 50BN Z EREZL.

PHETIE, SAREORES I 21— a v ZHE LEET A TIEH 54, UDECIC
BT, KiTI2H-3< UDECET /L (Grain-based UDEC Model) & FRIEAL 2 /N e 24 FE 28
BT vy 7 ODFEGIRICEDEAETANREINTEYD, T X LR w ) A 58 %%
J& L 7= Grain-based UDEC Model®<°T v % L7255 1 —=— =438 % % & L /- Grain-based
UDEC Model®72 &4, 5%, R B TPFCIZE W I, ki s L CREE R
(Clustered Particles) % ZZJ& 3 2 TR 7[R L3 [EE 2R 78 (Clumped Particles)
% ST CHLE 3 5 15D, Flat-joint Model & FFIEN 2 8T LUEEilE 77 15070 PR R X
naTnsg.

4) REHERE, ~=74— /L Rk

Shi 53, HULSE A RIEEEREOL AT 0y 7 OFGIRE LTET/MEL, FHI
BN & RN OB EE F/MET 2 Z 2 Ik o T2 D7 a v 7 ORHEEN, 0T HB X
ONIARIEIES 2 W i b9 2 BT Fik Cdo 5 A 2 1% (Discontinuous Deformation Analysis ;
DDA) Z#HE L. 22T, 7y ZNIZBIT 20 THE—EL Sh, 7 ry 7 WO
HLOOHIAZENL, OF 736 K OHHARE CRBLE L7z, £ D%, DDAIE, Bkx ettt
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FHER LI LTAT vy v X — 2 FoIMET 5 2 & TIRIE S 45 2RI R
R, &7y 7 OBERETICIEREEA U CEMSGAENTT- S b £ Rt
DA THND LD 700 K LEEMThND L2220, EfTATEx5 L 51
YR S 725, DDAIFARESRE L LS BITE Y, BFEE AW TIE» LD Z &R L7z
UDECS°PFCE K& B 58 Th 5. NAMMNT 2332 TE 5 X O ICDDAMYRER S izik,
DDA (3 (L D AR et 2 ARE L 7 FAEIE o7 LV EBRICET Sh, MNlEfrEa A5 2
IO FELE LTAHI TH D Z LR IFLTN D),

Z D%, Shi*IIFEM & DDAZ WA LI FIETH L~ =7+ —/V FEEZREL. ~
=7 =)L RIEIZAREREZ L L72boTH YY), LERBIMKOER S 555007
M (e Ay =) | & TR RAEN S T RS YRR 7wk (EEA > v 2) |
ZOHEL TEETXD20ONRRRKOBMTHDL®. 2F 0, ~=7 4 — /L REFHFEA v =2
(B 7 NG A AT 5 Z LIS kY, Rt A AT S UL o T ICE T 5
TENTEDLEEZLNTNDY).

5) 7 u v 7B

RHAREIC K2 (HEEDRZETE L72vy) AEGHAIRT & B%E S TR Y, Goodman &2
Lo TRESN T u vy JEGmRH 5. 7 a v 7 BE, itk o TR ZRIEDOR
BT O BT FIER N DR LGRS A 7T a v 7 (=7 a v 7)) it L, MERE iR
HEMWTEDOEAT vy 7 OBENFREMEZ T T 2 FETH L. 7 r v 7 BRI ERED
R ZE IR SN TR Y, BRENEX—T 1 v 712k LTl 2w (& EEH
ZHEMTH & THERIE TN RRETH D Z EAREI TN A,

RN U7 A AT 2 (8 5 00203 L 7= M &2 R2-21 9. BI2-2N O fkT Tk o
flll, T, NERitE 2 AT 5 HILIC T 2 BRERDO A I =X LOHEZ A& L,
ﬁ@fyyn%ﬁgkbﬁw,&5wiﬁf%%ﬁb@w%yy17J—$&ﬁ%éné
FiE Bz, =LA77 Y =TT —=F 4970 ) X, FEMIZEIT H1055%] (Partition
of Unity ; PU) FEMEIZEH L7c —BAbABRERE (21X, JRRAAG FREERILSDS, FR
PRI L) BREIN TN D,
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—  Ca urEZR |

TR — MOERRE | BIEERET L (RBSW) |

L BEREBERE (FESM) |

—  BEABREOEM) |

| RERRE B8 | FEHEREODA) |

] w=Tr—nrE |

| miRE | JovoER

R2-2 AT O 534

2. 3. MIUYHEDOTHEMREEE L HILDETIVIE &£ DOERT

AT, 1k, Frri EOH THEEMOSEIZIB W TERSND Z Lotz
Hi L O RN & B RE U 72 L & 7 Ak & 2 OFENTIZ B3 5 BEAEAFZEI DU Tk
5.

AN B LND K12, h 7 EOH FEEY O3B IC BT, Al &
OB G, HuL O ARHGEEC B 1 2 5 8 L 7= ML o€ 7 /LB T, RS
VTR = 7Bl (RAREAT & REGEREAT I &> C, Hl oA EgerE-C BP0 1 &) 00 26
L ENEC RIAE T BB 2 T8 - FEM A NG S v C &z, —J7 T, Hulnk, RIME
TH DM ZIZF—HENIZE W T HHLERERIMICIE D > & CREEN) 2HF LT
HEVIHIFELH - TVDD (B1-228) . 2070, [FERZRHLED HRB 28I L C,
i e OFENERRRAATOERRECMEREZ ROTZE LTH, ZNHITEL &N

F®2-2 TR D —EERTR S OZERE (AR

. —BEMRERSO &M=
Fi(MPa) [{B#ERZE (MPa)| ZEEFRE
EE 2.28~3.21 0.371~1.07 | 0.162~0.387
b 111~200 | 0.700~1.39 | 0.332~0.463
BIRE 87.9~113 23.3~26.1 | 0.231~0.385
ma 6.94~98.0 5.87~60.7 | 0.619~0.846
Pty e=] 59.6~93.0 243~569 | 0.408~0.678
TEEPiRE 10.7~94.3 9.23~47.2 | 0.448~0.836
ftEE 0.057~140 | 0.021~57.7 | 0.227~0.888
FERR IS 36.5 28.9 0.793
SRIRAYE 7.88 3.03 0.384

KESEOMEEICHE (~) BNEFEETHOF, HEKDOERR
RAEHEET S, FEFRMLFICEVTEREFRN
BB -0THS.
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FAEL TS, BlxE, JHEOOIIETE « S Bk o A AR O — il ERERBR A 1T,
FOMBIITHOEXNHHZEE2WME LTS (R2-2BM) . Z0 X 5 R, Rk
KOG TRENT L 2 2 HLL OB 4, AEfm RN 2 2 08\l 2 2 Lo bl s 72
D DD IR, AR O FIE THEAT L D D HUL OB AT, HuL O RS RTE L
TEEhE TR0, WEMOREN e EICWEE RET AR 59, 0w, iR OHE
TREST L S DML (i x0F, WE LR E) ZED D 2 & NI - TEEY O 5y
BFCIET0, ML 2SASKAT B [F]— HUE NI 33 1T 2 LB O R A BRI & 0 X
INCBET B E Vo ERABIERN SIS TER. ZOERFIEO—>2L LT, Hil
P OZEMBRIESSE 2o LI — K (B RO L 2ENZEMEEOEL X
HELWETHWE) 2IET HEFESE LTIV Y, FEMSFDMZ: 82565 < s A fif
BT O F 71X TR (BT 285 0ER) [CHLEiiE 52 5 2 Lic k> Tl
YORLEEMNEBRT D HERHLH. ZOHETHE, £& L THFMEIC K> TEEEN:
SR (F 723K Fro LM o) (L SRR TEE AR T 2851,
R R), O (FREEESMRE) LA — O LD X HPH L OWH) e & xR
L ED RSB BN B R S NET b3 b (B2-328) . Z 2 C, Z#h A —/L (Scale
of Fluctuation) & 1%, B2-4ZR"T L 518, RELOEONT-T — % 26 LBy
PEAE O T — 2 ST _RCOEY (7201 F LY R) BLEFFIEFNL T E ALK O X X
Thsb. B2-442ix, HENGELNTET —Z 24 L7T2BEO LB R Fr— L ol &
RCOEMAr— VO m LTV D,

WHl, ERROFETE, HILPEEOIZ S DX (BESAR) 2 BIZIER AR EOER 5
i, TA TINS5 T EOMERSFARICHE DO L, TS OFERSARITHE D Lt

®2-3 $SRE A OHIIMVEE D EALEED A A =P (—EINEEILE) 7
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XEENR T —IL DIY=1.78m
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$0E K FAHREZEE O FE#E(m)
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K75 ) EE Rk (m) K75 ) ARk (m) 7K 75 1A B B (m)

B2-5 flERANIAE O MM 2 5 2 2 RO IR S 2 2L S 2 T IEOMEX

8 2 AT OB BRICT VXL HE 2D 2 L2k T, HIHEO REEMZBE L
TG AARAT & FEh L T BiLZE, JIARSTNE, BRI D Yo TR A7 v v
HAFEMDOAEHRIZ T X WG 2 Tohk 2 7 BN 2R FEMRAT 21TV, IS IRRE T DIX S
DEFERF LTS, ZOXIRFIHEICEAMITTAETHIEA S TR Y, #lx i
Tang’®"Di%, FEM% R L L7 OB BRIV A TADARICHE D Yo TR ERIEL
VHENIHEZDZEITL ST, HATBIEINDBEBS 2 LKBLT 5 = — FRock
Failure Process AnalysisZ #8423 L T\ 5. F7o, WERSAMITHE O HLVEE A 5 % 5 BHREED
IREEERSELIE (B2-528) Z2EbREINTEY, 20X Lo RYE
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PEDE L O T RICKITTHEIC OV THBET STV S,

ZD—I7C, WERAITHE O ML MEAE 2 2 s M O FBIRRE (B 21X, B AR G
T2 LEBOHRESZT O LIc T — 2 L OfER) 72 ) 2B L TERIZHEX L HELR
RINTEY, Frz2MmmHl kwfm%ﬁﬁ%Méﬂm%ﬂ%Kﬁ%<0@%ﬁ%mén
TWo. ZOHFEPHWLNLHE, FHHEIC L > TEE I HLUDMEE O EHEYEE

— XD, mm%@m@%+\ﬁi IER GO B ASAPME SN DEE RS
<, 2%5ﬁwmﬁﬁﬁ%ﬁu¢6%ﬁ%&bfi BB, B ARBHWLND Z &N
280 il 21X, Fenton &3V, M LIAPEAE DO RESR G370 Z ScHOERL AT, 205 [ o0 AR B AR
ZHEO OB CHEBRE S E Lo iR A FEMICEA L, ML REMERN 7 —F 7

IZEBIL FRICKIFTEEBIZOWTHRFTL TV A, AT, Griffiths 58X [FEE 72 715 % H
T, ML O ANV PSR OBEEIZ KITTRBIZ OV THE L T D, £z, BHHD
ik, ML OfESRSAT 2 IERL AT, 2 R OFH BRI 2 SRR o B CARBERI S S L
TR 2 FEMITE A L, LM D AN EME DS+ D MR IR S T &1 T 2

DVWTHRIL TWD. Toficdy, EREEHE LTI, MILYPEO R K
PRI N RIE T IO T HRET ST 58989,

AR U 72 fE=R A3 AT (2 E O H I PEAE 2 R (R OB R REHEHEIS T X D2 HE 2D
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