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Abstract

With the fast development of our national economy, rock project construction
come into an unprecedented magnificent situation. But rock projects are of great
complexity, fuzziness, nonlinearity and uncertainty, thus stabilities of these projects
become a focus and difficult problem cared by many people. However, the failure
process of rock projects is not extremely sharp but a gradual propagation from
stochastic breakage, gradual self-organization to ultimate fracture. It is considered
rock specimen and loading structure as one little rock media system to investigate
critical behaviors of rock project instability in this dissertation. This is an undoubted
significant work, which is very useful to support rock projects.

It is employed RFPA?® that can be used to perform stress and failure analysis for
heterogeneous rock materials effectively to study the self-organized criticality in rock
failure process. This method is based on microcrack producing mechanical
mechanism of rock materials. It can simulate rock failure process from microcrack
initiation and propagation, self-organization into critical state to ultimate fracture. In
this way, we can systematically and integrally study the intrinsic law of the transition
of rock faiture behavior. Therefore it can lead to good understanding of critical
behavior of rock project failure. This method overcomes the shortcoming of
sand-pile model that it can not obtain self-organized behavior influenced by these
factors such as sand-pile scale, configuration structure, outside disturbing method
and so on. It also clarify the suspicion whether or not the critical probability point of
percolation model and invariable point of renormalization group is consistent with
self-organized critical point of microcrack propagation because percolation model
and renormalization group only investigate critical behavior of rock microcrack
propagation but not caring about producing mechanical mechanism of microcrack.
Moreover, it can avoid the inexplicability that how to relate cell broken threshold of
energy and rock mechanical parameters of real rock mass with each other. Another
peculianty of RFPA? can visually exhibit stress field change in rock failure process:
stress buildup, stress transfer and stress shadow, shortened by ‘38’ phenomena.

Several common self-organization phenomena are firstly introduced at the
beginning of this dissertation. Therefore it endows self-organization with a clear
conception, and self-organized critical behaviors are summarized in the subsequence.
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Then based on rock microcosmic statistical damage constitutive equation,
self-organized critical point is theoretically proved to exist. Then self-organization
phenomenon in rock failure process is simulated by RFPA™. At last, the size and
number of damage group are estimated and accounted by virtue of new latest
developed function of RFPA™. Based on these data, self-organized critical
characteristics are amalyzed quantificationally and related critical behaviors, for
example, average size of damage group, are discussed in detail. Some main results
are listed as follows:
(1)  The size and corresponding number of damage group comply with power
law, but different power components for different stress stage. After self-organized
critical state occurs, the components vary from 1.1 to L.5.
(2) Power law distribution of microcrack can mot rtepresent the certain
occurrence of self-organized critical state. It only indicates that microcrack
propagation shows fractal characteristic. But this distribution of microcrack or
damage group is statistically self-similar, not absolutely self-similar.

(3) Acoustic event series satisfy with R/S experiential relation: LG il

S(z)

after self-organized critical state occurs. Therefore, acoustic event series shows

spatial long range correlation.

(4)  Through the analysis of self-correlation for acoustic event series, it indicates

that acoustic event series exhibits spatial long range correlation.

(5)  Self-organized critical point in rock failure process is corresponding to rock

long-time strength. Self-organization behavior in rock fracture is a dynamic

mechanical course, which occurs not only after self-organized critical point but
near it, viz. before or after it, only mechanical behaviors are different, it is more
remarkable before than after.

The innovation of this dissertation is to introduce RFPA®” into the study of
self-organization, It can investigate self-orgamized criticality from producing
mechanical mechanism of self-organization in rock fracture, which avoids the
shortcoming of only studying rock evolution behavior but not concerning about
producing mechanical mechanism by predecessors. Therefore, it is obvious that the
self-organized criticality obtained by RFPA™ is of more practical application value
in the forecast and prediction for rock project failure. Self-organized critical point is
qualitatively and quantitatively proved to exist by these methods of theoretical
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analysis, numerical simulation and statistical analysis, which fetch up the shortage of
judging self-organization critical behavior by single method. The results indicate that
self-organized critical system exhibits spatial and temporal fractal configuration and
long range correlation. It is also found that rock failure process always shows fractal
configuration, which clarify the unilateral viewpoint that power law represents the
occurrence of self-organized critical state.

Keywords:  SOC, sale-invariant property, power law distribution, fractal
configuration, long range correlation.
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Fig. 1.3 Lamina Fig. 1.4 Mineral micro-structure
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Fig. 1.5 Sanxia project outline
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RET “BHZARAE” (B “SOC” WRBR I RERFN THED T REM ik
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FHEUIE A R RSN E SRR Tidi. o
REREN: 2wy aARKRFENAE R EAMER ERMEH LN,
gyt BERIRAVERSE RS TR . YRR R R e
ETUHRTREURBALISRE. SHFRNTLFE, BHAKRRESR
BAEARAR: HWHESBAE, SHREARBFESIFELHRAGFRENS
X $Eh A NMNEH SRS N R A AR R HE G S R A A B
A WSEMEER, #RYRTEARENELR SR, HRGARE
.

AT, WEERE MR EHARRREN—HRELRER, ER
BT ZERARE. ARG, SRRTREASEERNER, HTEA
BHER TR HRBHRRFITA, AT E R TH B AR RAT



et mrrpex 1% 4 i

AHATHR.

(2) EpHHRBENr — fERD

WA E i S. K. Broadbent A J. M. Hammesley "\ F 1957 £ %3N, &
MRRARLGBREEHENEZLARTHRS HE. BOIEIRBEFRER, &
AR EILAEN, JEIALN RO FLERBBEHLLE 2 0 LR BT KRR
—~{Hh, RERERBPTLEETARRLNE. XE, BEETLREEIERE
BRENTATHEE - RANER S, EHRANARN, RERREsmRRLE
BANTL GE-ABBEARE-E) , HEBRERKERENE. EXMIEHR
RS HMAEN, ERBFERERNRURS. ERFXEAR R
W, - IEFERRE R, BIBEE M. S, WA, LLRESEL (8
N IR, 2REYREMERNERSETE, HARERKE
B, AMMEXFHKEBREHNRABETRARBETE, ME@isHEn
W, HRE. WE. LRASHERYERRE p. (EBEE M,

BRERNFEEHUNRTE, TR AL RENGE, TREWE
—MRBBEHRARFAENEE, XBRANTUSEARBIS AT ERLE
HARBBAE. &5 SN T ENEMTERR T 8 RRENES R,
E THERBRMENL S ftER THRBEAN S ARE. HEEBKKDoHM
B, REREDRY. ERFHKS, BBRFEREREE. FEsR5HME
RAEREA—B, RPGEHYEHREANRY BEATEN IS
BHEA, BB ENEMAERNAERTET —ME AR AELN
EBHA, B RIBRMEREEENENREEEEMRRAAZUTAR
EHRN AT REATE HTL, XLER KRR,

3) BRHRHENy =, BFSRN

& iE Ak Bf (renormalization group) 7% K. G. Willson T 1971 S5t #)—
i, BRUEEEneEEN R R A0 RS, RE3-E
RETHWRE, hELERTHEAMNBAMRR T EEAHFERERA SN
SEARLE, TROMBEAHERETER. RAEARLERRSHSR M
TR TEFAMEL. B TRBIEEFUHERNATIRA S, 1982
%ﬁﬂﬁ%ﬁ%ﬁ?Tﬁ,ﬂﬁ%ﬁﬂﬁﬁ%ﬁ%%ﬁmmmk

MESHFRFH—APEEREERTAE, WHRE—RX—TE]RTH
TEs. MBI HARRRALETIRAS, HXBKERERN, 28 —KE



(T BTN BN e | F1E 8 R

EE, *BEET N, RRMNEEER S DRERERLTEAR *
BEELRA, BEAERE, GRMATRASA. X#, BEEBRBAME
KR SRRSO R, EERTE AR REER S, #TTLHES
minAEN. EEXBERE: EHFAXBKEBTESIR, ARNATRE
THTWFENE, EHATIRRETHRTHRESE, AMBERMAFTE
[T T G
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T,

(a)
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E dornf LRk B2 SIRH AR ARERARBNERAL A KA

O} LA
PR N o A e
(b)

B 2.1 Bénard FER KA
Fig.2.1 Bénard experiment sketch map

3Rz R R IS B R — HLBBEERTE (Belousov-Zhabotinsky, B # B-Z) &
R, WARSYEENY—HF. £ BELT, JRLBYRRE—-ZHT
fe RN, SRR - E90RES, HEMNEH. EERE TR
LHERT, —EEB (NFE B, FER) MERELRN, SERH
HAWHEHNRNAFEN A EBRELNOAR. W CexSO4); . KBrO;.
CHy(COOH),« H,80; RILMR TR (BHERERN) BAUE—EHHHE,
EREINYTERYEARE, REETHSRERENRE: WRANL
M4 (E7 CSBR) B (B75 CeVHE) mBEgHe, —&J4E, —=
JLES, REE-RRAERUMNERS. FEXERRERZALEREGH
{2470 IR LR R NP, RRERERER. &K Zhabotinsky
SAELRRXRE, AREAET, BEPHAMRESHIEARBER,
TETURRAM S ESH, BRFSEENELS FEEREEMAT, &
gr & mE OB SERERESTE, RSN AP AR. XREFTBIRE
LA S tY, Kk, RIE 1921 € Bray RRE T HERGHR, H
HEESIBAMIMWEGEYN, BALERERAZEMKANFZE _ERER
Boltzmann 522 (E] S=kinP) MEHH, TRHRBENLEFINER. £
W IR, R4 FEEE RS 6 5 & F R A et E R RR_E R HL A —
HEXE -, ARTHSTHEERZ TR E—Hadey, B4
AT il 2 30 i 23 () R 1) L i — BT 30 .

T Bk SR th AT DR BB BN S . LARMLAR B 00, S
Frine AR R, AR B AR S R AR R R, IR BRI E R
% g EIA F R, R RA R, XHEXFARBHRKK
{(Gunn) .

EERBRNMAERF, B -aREANEERRET, EZEFERR
s, REBIEHRNPHERNEESARERN— ML ERY, X

\
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E 4T AL Fo¥ VA AR HARETRRAIAER L 1A

I 2E A TR R AT LA BB AHR) e 5 — - PR R H & H .

7 60 ERMBIKBOG, R —HHEREFRE. BE¥E Haken XL
TTEMMHR. SARRBERPHAREODEETEMGAE, BoLH
AR OB R S ST, T EoeAE S TR, B4
KFRGLTEFRE. SRADEEIEMEFEN, BEERsrHat
BBt ARRF R B EERNCARESEE T SEF.

AN IEAT, BEFSZTHFENHFF. mTE R TEHITRN
EREN, BRMELERARNNEN. EEESERM, Tinbergen £ 1960 F4&
H— M REHERXANREL. BERLHAR:

N=RDt @2.1)
A NEAE t RBRIMNEREEE, D EREENER, « 2BIENRE,
R BHMER. BTHEENERRSNATER, FHENMETERI%
BE—E0REA, IHRZATERY, XFREEI DI T MEHE P4,

HEANBBEEEED, AFTUNERARERNEHEFER, Wi
FPHEEHHIAKERN ‘D’ RE—MHEFABEH=ETEFHFEH.

2.1.2 BT

B4 LG RPE (SOC, Self-organized Criticality), £/ MR IFE RS
R BEFRIT AT AN RERENERAT—HBAFE LM &
HESI SRS, ®bT—F A RELDE RS K HH A (self-organization) it
fBrh, —MRKEEE “AHL” (self organization) AL ZRAEN B R EEH
A L. BFE bERIhAE ERE . XA AASRREES ¥ ERRE
#1, HEHAEEEN (Robust) B (BIRAMAATHERERWMEKE 22
SEH, XA ARt R EURRD . REFERXNMEFRET, SRS
WABTRSHARNEAKRR, SIEESRNANEIS (avalanche) 174,

HWAXHAMELARGRA CBRRFESMBLEM) #. E-EHFN
HERT, SRRFNEEEAERARIN BT ROBLREMRAE R4
B R SRBEN. SRS ARBLENEAE, NEFEHFELH 4
SURERTY, AT, AHEASHEAEENA, SEABLE A
6 (KBMED o, BRAMBRERNDEMRNERRRE, B InEm e
fHE, BENSANMUATEGR R BT, ERRtReRE.
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@dotrF M EEad B2 SRA AR HARBIARLEBAEAL Y AL

2.1.3 HAS AU FENRE

1987 £, Per Bak. Chao Tang M Kurt Wiesenfeld”'7E Physical Review Letters
FERBRETHAALERRSESE, ANFASREDINELTR, ©—
B, “HYHEBRGEST T KERESEY, HRERRYE, R AdARAST
MR%K, FRHWTHE: XE4EORABRSTEAEHRLATRLR, ENE
% F 2 I I 4EME A “flicker noise”BR “1/f A, RfE] MR EATH KRR
[B]%EE), A AR LR BEH,

(1) FBRSHBHFEI M

R RRAR EEAR SR SR ME Y [ BRI, I mT
*ER:

DV)=KV* (2.2)

Heph DV)AIRBEHHARY, V ZBE4HRE. ZXFENAT, DV)
— R ESCHERMAT v RS HIMER, A VERRTRH, KK, EH
%,

(2) TREEMSTEEN

ARE—FELZBANGHNLARE. BRRFREFEIH GHLUERN
FARAT R, HimvgRE, Uk, 8. BB, B, SERR%EL. BE
HEHBE, FHMB-PELSARETSERE. MM ERERREHR
HNBEMARE. BRFANBER TSV EERERBERTEFHFERE. BHE
ERE, RUARRERAANBEFEERE. BERERENEERR
BREBAUNE. BELNREEESRREN SRR KBRS2H% (&
KEA) A wREBMEK, KEREA4ETE ., BZATEAMEL
mESERA, ERREGE @A) MR, BZA5EHEX L EMAL
B — iR T, BACEE R ERNRALR, TARRBEHRAS—<
EERUEBAMNIRERELES. AR, RESHURRREHNEEH D
AHEH D, HASEABARE N ERETGEH. BHEUETRTRR, HiE
FBE r 3883 o HE BHABERAE, BATRERMBAZYE D, 1 A
BERF, XHRESHNTEERNFERTE, Mo HES SRR
}t[ﬂ]ﬂ

(3) WERARERTERKEEXHE
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Qs ® AL uiex Fo¥ FHRARRHERBRALRRLELS A

VR TR S5k b R 38 R R i A e TR RUBE B K/ X AR TR o VR AR U
EAZE, A RS TERBTRAR S LRREARE (B, RIS FE
R B & AT E BB AN RS RIRSEH 7% EREEHERER
FERR AN REF TR B R 5 Geit RS E . NPT i B B RTARKR Y
(Bt ) PR SR, B R 2 KRR, WA EHREEREEAR
F i’ RS ESRXAANFESHAFFNKERT KBMAXE FE
HHMRAEBZREE4ER. RS 2RXAAEM T N EFHGEH IR
BURR AR AR YE, T RS R 1B R B350k, AT AT LA B TR R BE T R 9 S N
ket ERERE WEEAANRESHNARA T ANERE, SROALH
RETE4TREROBENRBHRT BE.

BERINFROKERXE, RESRANS, TXRENFFMLER
ERRGEEEEM, FEXHEMEMARMEHENRTE. ZHEER
BEATDIAR AR X RECRRN™, ¥TWER x), EXRKEHK
S@=x(®: x(t0)], F oD t MERIEBRKE, RF RER KRR ETE
FARSXBATERAE, RN DEAREPFERERE.

R, BEREEBHELYE (selfsimilakty), E©RBEFLHE (scale
invariance) 143 (fractal) 238, HE K - TR A 042 QAR T HEIE
B, B, BAIETLA ERFARIEATNAL SALIEFENE HIER.

2. L. 4 BARIE TR E

REPENERERREAR MK ASRLNBERIRETNTEL¥
P,

(1) ZARERERTEMESHAEARZANEERESRD.

(2) BHAESEREWERES “THEZHL” (cellular automata)JELeHE
PN 8

(3) HTHERERNTXBEEEE. T EHAREI A RBAT
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EdorsE irFanx F2F MIRE R G0 ERERARMRREAL A%

B4 Ta k), TEE R LB EThE N R BN . 2E e
F R0 DR 45 R 5 (1/6 PR ) 4 B R 2 A RN S B &% LRI BR 41 $8 4 (Finger prints) .
ESR A ME, TRZE A LN EHRRY AT SRR LR, B
WKERR “KBEKBE” (correlation length) . FEIFE, FEMRS AMIIL, AR IE
5 I B e JEARY KT S A [R) L “ SCBREIE] ” (correlation time) . BT
W67 A nd, SE EMEE LR XBRERARKERARRE —EBERRERM
i I “HFErd 2 5B (long range spatio-temporal correlation) . B JFFR “4&
BB (long range connectivity) . IE B 5 s BRI RN G BRI ST (]
MEBGERRERE “HHL” MEMEFHHTEN.

2.1.5 BHSAEFEMNAE

EAARAYEARATE REARGEN—MEE. AL RS
EXEEERENEN SRS A LTSRN, INSFENEINER, W
HAXBBRMM—EHARPE ARSMEFRAR, BUHT2HOME. L
Bl — AR AR R TR ARR S AERTES B HARA .

HhE:. BTHERRNERES, LA EREERBTRT EAE,
T E R AR, RRMENRSE/LBHARRIR. £ KRN
B RFEREARBRAR, HAGVNSHRAN o H. FTHREAS, o €
HET 2.

Aok FITEAK THRKEHE, BREBTHRAIKSERENER
8K, ARk JOR MBI SRS A, o BT 13~1.5 2.

Wi BTRNARIAER, SEEAeERK, ERERN R PR
BIEFERNOMHEARERESN, o HEAT 2333 ZMA.

2.2 SRSHERFEHALERNSELFE

ERN ARG BRFP—RENE R EREENFRE, WRAA
—H A EFEUIEAEH AASGREE. IMEEARFARHNES AL
BEAREEERORR N, BRENEHATEREERXHLIE ©FA%E
FAEATENBENREEENMEA. AT REMRAERY, 4, K,
WY, AERERNEENRE RSN BARERT HETE R, AT
BRI ENMEE - DRERNRRSR, H3TE R RFRERENE
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EdornF s Faat F2F SARE R A QAR TRRBIRRA L A4

WITFRHTRREEAERL, AL RS ARBRN AR 1T, X
s AR AT R AL

2. 2. 1 ‘HARFMIE S

sk B B KM R BT RN 2 i, T i RGisEEshN
T, FENNAEARNEE. Y. BEESHAHE. KEHE GRE)
GIFETE, TRERE TS EMRARRE, R H N A R A A (R AT
RN FABLELEREERORRECEFFEE. KOF—. BRES
NS AERE, WEYARE. M. RS, R, BEIRSAE
M. WNRRBEERRS, SHAHEER FER—FIEYINE, &
EAFRHBEASE Y RIS, BRBOFuERE, BAMIEYakE
WRR— N AR, /R MR B A S P S TR R 103
R, EEENTES SRR RERE, &FMRE N ERT
£ AN ER P AR I R A R — S R A T S A SRR
RSB GNFR, BTHBNER, SRR YR SR M
¥953 AR SR AL 4,

S A R AR ST MR IR b R R A ekt X
PO AT M R R A DR R, (AR INREA B RIATEE, AT LUR
FIE G A R AL A . W 2.2 Fiw, RAID-SRRBNEE. ¥
HYSRETET V. SEMRE, Kok v WREBEHA, AR A

KT A WA RS, MR

T BT, AR, SHRRIEL, Eiik
MREXERBA, KIMGBEEEBSHTY
Rk, REYIR AT, FETA 7 ANX
SRR B R RV AR T S T LU
BRI, SRR, EETTHRIMER % R AT L
AR R SR AR R T, A
B 22 EiTEE IR S R 2 A DUB S R FRIS iR RN

Fig. 2.2 Element skeich map wsEw, 1 BERARN R TN R
WESEA REL KRR, BTETRAFEST Y. REWRMEGIYE )%
PRI ER, EBNME SN E CGRIEEE. BE. HRINEES)
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E 4 F AL FERX F2¥ PAEM R %G ARG ARAIEEA L A2

ARBRE—H, BHHH. UHER, JRELENMRATESH LRETELS
B, XHERAVR AT URAGH kg e St iR 7.

1939 4, Weibull ZERE T AGHH MR M REAEY K. thil
AR R R E R B, BRESENANKFFREBTMEER
BATE M. BTRXEMBAE, HEdABNRE, Weibull BiERAET)
WMENBERERERBERES AME, EREMBIAES T ZPHEEN
Weibull 2375, ©X REMN, BEBRSHHAREHTEEER. s, %
FEARXFTEMT #E-— 58 THE (Hudson, Fairhurst, 1969; BFE %2, 1993) B4,
B FEEL Weibull S AR SIERY K.

7E RFPA R, Tl TA DU 31X Lo B A B T A B 1 224 R 2> A EL
B4k, A SIA Weibull S5it4070 B Sk sk T /#E, &

¢@z)=lfu(fijmd-é{ir (2.3)

aD aD

EXE o RRELMAETEMENFEER CRE. #MEEE., mfR
FEE), aoREBMTENERRFE, v 2T HARENER, KRR
XEBTERSFENGRYE, EXTAEANMFRNHIERY, o (o) RELE
TTENEMR o AW REE. L (23) KRBT HAERAEE RN
MRS MEEHERRE n KN, BRENA2EFIBET T - MERTE
Mz, RF\ERFRAERLCBINS): T A8 RE m EE, T
HhHEER AERAER, RUESE M RMEREEIESS. B 23 80 TAE
WRERE AN RIEE R EREN SR (o ARBEIBRERESH
FHHZHO.
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E 4ot AL EaRX F2¥ SRRHEGHRRSIRLBIERE L A4

a
23 EEARSEEREHHETEDERRIAHX
Fig. 2.3 The distribution shape of element mechanical property with different heterogeneity index

AT HEERRMIER SRR, RFPA R4 RE Monte-Carlo J5iZ%H
GevHR M A X BRI R TR AT M AR LIRS, 1 R o A R T B
BEKEMENE, o E>RETEAEHHEE FETMSME BT Q3
SR Weibull 2045 BB AR (2.4):

#E)= chp(E)dE =1- e[EL] (2.4

He, o E) AEFRMEER E NETHSEHEE. X Q4) FKitah
MR TR — AR, BME B, AR T, BT m ERER, BT
AR —R . KBTS A EMEEER L BT iR E—
(B MDD, BRATARSHHERM, ERETKHZEAT FRAEEENA
A, XFHEW ST EF AT AR MR B R, B 24 (2
B Weibull 3% ¥, (b) & Weibull MRS R. —RyE < HEEVLS
A HT AT LT Monte-Carlo J7iRseBl, Er-4miER, EFH Q4
PEAE—EE (0, 1) KEE¥S5a0mngrsliv<ti=1, 2, .n}. T
]y MSTREFE 24 (b) B E, TREE-P5{yli=1, 2, ..n)MH%
N RIBYLE SN EN=1, 2, .. .n}; HEESTWE 2.4 () BAFRB A
VLEFFIEN=1, 2, ..n}. HASBEYLEFH (v} —EBEEESYT
Fl{E}. B—@BETRUEESHEIFIE R THNETHE M40, ’
EH¥SH CGRE. Bk, BRE) AEALMFERE. ZREEF5RH
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O g Fib it F2% SRR AR ERIERAIARERLE LA A2

%, XAEMHE (TR BETHESERETEERL T R hEr h
S ARSI ER.
1 o) -

10+

oh

044

24 (a) ETHUBE Weibull SHEERE, b)) BHERY
Fig. 2.4 (a) Weibull distribution function of element elastic (b) Integral function

P 2.5 R PEFF S RIS SRS BRI 3R 77 12 58 B RFPA®® (9 R LI (e i 30
PERS AR, BrETHRERE T RERBEN LD, Boms, B
HEREER, R, WEE. BTHREREEK, () TEIBRUEBREBERE
Rk, RMHBEHERYE: (o) PETZMBEERAZED, BELRE
BF—#".

B

Bl 25 HRNMEEBTEAEER (2 m=1.5; (b) m=8.0 (RFPAHHIER)
Fig. 2.5 Spatial distribution of material elastic (a} m=1.5; (b) m=8.0 (simulated by RFPA™)

2.2. 2 A ARG EMB RS

RERHZ A “HEMEREN HERRETES N RE-HELEER
B+R 1 AR MR- A WA B R AL TR . FEXA BT MR
ABTHERE. HERBUBIESTHE, REMTHR/LARR. RO
RBFMZI T INEAL RSB FRTUMME (8. MA. M. EH. 7Y
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AT BIPNA Fo S G 92 S U OXY-UUY SR L DV-EE LT Y

), BRI R S TR R AR AT BT i‘f++rrfil
BREERTERMOAERN., BLOBENL— AL TR !
A REHIAREE E T RL. A O
meE 2.6 i, @il FE Monte-Carlo BEHLEL m}}f

{3 Weibull -7 3 B B S0 B 275 s
HITVHRURERHEAREE—EBE LT
wREEONTRAZRESSHER. EEHYE
R0 T A R R I ER L B IR 3,
KU ESBaEER T ARt B
B, BARETUEBER—AERKEANER
%, F—MHARHFRRET. IEGHEHERR
B L AR E AR R I ALK R B A, T L

. " L E26 HEAHTARARS
EI U\Eﬁﬁ %ﬁﬂﬁ%ﬁﬁ%ﬁ » i“:ﬂﬂ%ﬁ%ﬁiﬁ Fig. 2.6 Simulated loadigg system

Eﬁt’ﬁ: ﬁ’g 1][! ﬁ s . of rock specimen

2.2. 3 ARG RE B AL AR SRR E

£ RFPA™® RGP AR PRICE A R op 0 R fes, vt AT IR
A, HHERNHPERERATZ MR HHES, SRS BRI AR
AR TREZ RMAARR, SRRGREERN THTHEIHR, F#
BRREBEEIN. WEHWERT L PON A TNAT T, WREHE
EAEE REHA— BRI PR, RFPA™ REKHAT T — M8
IR AR TH AT . B, 78 RFPA™ R&iP, S—PMinBE g
BATEAVEEIE, B B RN T R TR B RIR B e B TR
ENARBHEE, HEEANNESAEHMATER, ERAEANT 5
BinEk. M RFPA™ A ENM SR TH AN RANBTIRS, £ I8
FIEF RS L, B A RN PR T R AR, X,
HEREEED MBS E P BRFE NIRRT, — BSR R TR/
W RN, BRECIENDHEBAMRGRT, &R R ITH
R R AT, XEER N BT, DRSIEE TR NEN RN
RERBE, HEEVBRE LA
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EdorrF ML 2Rt B2¥ SAHRMA R A RSN ISR LA R

2.3 ARAWHITIESHT RFPA REATHEEEDLA

2.3.1 RFPA &K H =

RFPA RER—NETHRERGEE, URHHEINNSTTEUES
EFHIES Coulomb BIFMERA N ABHMBE S IREHBESTRER
%, HEREREREN, :

(1) EAEERNERE LR EATT, RE Monte-Carlo FEMLIE
A, B Weibull 240 % B R LR TET B S BAHARE, A
AR ESTEBERE TS AN AN IS RRER.

(2) FABERITAEASN KRR SETHITR A HRUTHE, SHT
B e ot 72 A R h A

(3) RABEENES (Coulomb) # M (&-&Fr{HE N Tension
cut-of ) Ve b BOTHEI AR RIS, MR onHATRBAEE M, TR
FEWAIEEEEL (RBESE) RREER (EEM MAEHTEE, M
TSI T & i T R a sl

(4) [EEETHRBERGA, TN DR R LS AR GETE 64
FFHm, Eg R B SRR S R RS, FIR TR N
FERRMEF AN MEERBR, WIS TERRY H¥RESS R
A MINERIE BRI RS RS HRHTIR.
2.3.1.1 M4

RFPA FEHEBETMNY SHTAKERITR LB TEN R T
B RS 2, RFPA RETRER P MR HIN B0 A8 2% b (X
WAFD, AR BRI R B R AR SR BENEEE A (BE -
THENT HREREYER, URAEE., LRSRA N, X —BEk:EE
ATRIEFHSEHETHERRERIAE CHE. Eilk, EATRAREITE
Br £ T ER SHORZ BARAR R E .
2.3.1.2 EUBE (B 221 HELR)

2313 R AHHE
7 RFPA™® B4, BANoHTHERR EENAE ST RRGEH#HRM
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EdorrF g Fant B2 SIRA R LRERAIBETAIL ) A%

BT, HTREEIETHIRN S, NERE, SETZEFERZ KT,
BRHBEM—EN . BEXR (WEHE). EASHHERNA. HENHE
HEHED, HRITTER—MIREANSETE . TR T
N RS SR HEE N R ERE AR Ead, REELHKF
AT, LA HRMEFIERESN B TEN 2R,

2.3.1.4 BT

7E RFPAP RE0F, SSREALHNH. BRAER, BREEEAHEZES.
AR 4T RIBEM BN R BB P ETEETHE, HREMZR R
TR TR ARSI (CESE) RRFEER GCEEM KEiT
REE, BEERFN. BT TSR aiiEERRH s 225

(1) FAEE:

BT, o TOTERRRAERN, TRE AR, ZEH
EREREMENBERETRES., B8N, UERNBEL N THERE,
KA TBIEGRES (Coulomb) HEM (&% R ERWT Tension cut-offt*”)
VKBTI R, MHXRNE27. P CoREETCHEEMTRE, To
FETIAAATEEME. HEFERE Q5 WT:

g 20, 1_1+S1.n¢.l
1-Singp A

- _ (1+Sing)
' (1-Sing)

sor

(2.5)

0, S$~0,0, % o‘c[l— L+ Sing l]

1-Sing 4

i\:qﬂcc (o= CO) %I%fﬁ@éfﬂﬁ: G (Gt"_"TO) %II%*H%F&J@: Q%g}%%e ﬁ
oo, A NREH. FREEEENR: BRI ZEEEN, X
M R A BAHE 020 HXF, AHELWEBER. FUATS ooy
wfq@-tgx}ﬂ>Wmmﬂzn,EQ@MﬁﬁmﬁﬁcW§m$ﬁm
PEAME M AR T L AL B R .
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E AT AL FHRX B2E SR F 5k BRETARAIUR LA L R 2

03

o /

.__.:/Co ’ Oy

K

B 2.7 FReRsE BT EE
Fig. 2.7 The sketch map of Coulomb criterion with tension cut-off

FRAE SR AR E — 2 PAATHRNR R ER B REF R TAE. SHE
ExRARERERL (BFELESE) ANBER (BRLEEM) Bk
HATALE. 7 RFPA™® R RS- BB, BB RHTHENT R4
oL

(2) HeTTRed b

RFPA REFAEESFET: ERER, FREL, BMEL, FHEER
Hot, MEETEER I LRI EEN R, . TR HEANEHXER
kiR, FETSET REFEOERE PSR IEEREE. SET
IR R AW B G, RFPA R0 20 M BARME RO o R ARUR B USSR T
YRR, HTFHFRECHEERRK, LRI AN BT A AT,
Prifgpi o, MERERECHBE, LVEEENT RAEENER T
R, WATLLB SIS TSRO0, EEREEN, BRERNSHER,
{HREAE TR EBERN ), MARERRN . SFEAERN 6, B
TR EENRTRET.

AHENNAORET, SHETHNFETHE 2.8 kTR, BRESEN
B9k o —BAAERE, o EHETRLEE, - TRETEE, o1
FATRRBE: s BRENTE, g MRBENTE, BETHEHTHBLEA
Er, BETHRIEEEN, TREMET. sBABNE, gu RBRARE, 3
BEHh R R MER, BT ERBRET. X8 ¢ &H THAER.

B 2.8 AT40: (1) EECATZ A, ERRIEROTEME, EKEHES
AAZMENERREE, LE 28 MEIME,: Q) EEIHEZEN—T
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EdorrE AP B2 SHRHE RGO ERERARAIE BRI A4

HEP (6o 6% ), ERBRHERHROME, ZRR, CAER
KEESYE, TE 28 HBINE: ) MRETHRENAGLE, WETHD
WHFESF RN, RERARRES, BECBMEETNDNER (26m
WMEME 2 JEHBETAZHNANER, WABEETERREMARNME,
TR RBLE (26w 0. WRBEFERNEEEME, BT BREEH
ERMAEEHFENHE, BRESERETEERANNMER, RLE 28
S TR B :

AL e L. a I o - I—# 18
g 5y 554
TS EERR N5 4
g .
a1 A R
7 £ fmx?c ( £ )
14
HE -ﬁﬁ&

B 28 HAMEHFTH

Fig. 2.8 Element mechanical behavior

2.3.2 RFPA Tt ERER

BT Ll R EWIAGK, RFPA®D (M T/ERF B =84 TERM: (1) LR
ERPE RIS, B PR RE R, S CPDR B R R NAT O AT
SEARERE R R BISys (2) ReAy. REAEAMAT. ARHEF P A AL T AR RN
BESH, URBAGET R, BRRIBER, fHHERITTER (N
. WALB): (3) BoMESN. ERAREENNE RTEERSRETR
AR, RIEAAEETEATILAE, BEAT — i ERIERE AT 8
BRSO EATHERETRE 29, T8 - PHeEmiBEe, HREmn
HE. ARG, RBAEEENRK TR REFRERET. WREH, R4
I —AMIBME, T T BN E. WREAAEET, WREE T
SRAHTRIEBLE, REEFHAT LSRN ITH, BEELHNIHE
FHETHI. BEEATE, AR EERBR. £ RFPA RERLS
S, HE-SERTIFERASENE, HHESZMNHERTTERHE
.
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Frek

| SEHREARENS
BN TNRIE. RS ‘

T

Y
Eh—AFHAREE |-
]

L R4
o T AF R R

WHERYRAES | SR RIT

3 RS

TR
REGETHE

H 2.9 RFPA™ B R EE
Fig. 2.9 The flow chart of RFPA™ program

2.3.3 RFPA XE Ik

BAABBIERINRE (RFPA™) TENRAEN HRAPR B4
.

(1) BEA4r4R

RE A oA R DB ROCHEOEERY, SRR E R, RAKE £ TRt
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o nF B FEnX B2F HIHH R QLR FRIARRRAL BN

—RORUE, AL BB B LA T JLE R B R R R Y s R i
B, RIS ES RIMNTHARERER, AHSFHEMENIESES
HAGR, A, ARETHERGE R, EHRATESFREAHT BN T
TIARK RFPA REEAN a4 TR, RABHAS M. B 210 45 TFY
HIEMEREREERSREERY () WS hmREE (B) HEER
£R (BAFAFEASEEEAZLEN015: 1.

ol
70

B 2.10 FropE G R B TG R A 3 R 4 A R S LS R (RFPAT MU )
Fig, 2,10 The shear stress contour figure of surrounding rock for circular tunnel
after the cutting of unload groove (simulated by RFPA™)

(2) R J1ar#r

WEBOMT & RFPA™ RGEE B4 R4 A L4 A RFPA™ RALHIAT
SHEEER TR A RGBS PR NN RS B R R4S IR
. B RRT AN A E R RS R RAREE RN S,
PLFERETT . TBEE T E SRR AT TR .,

B 211 BRI
Fig. 2.11 Failure anatysis of rock grain
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EdornF st F2¥ SRE AR ARERATRERBAL N A4

2.4 INEK

BN BRAFILFE LK BARISREHEFE N (Bénard)
SRR, LERHEME, EPAEBERHKR (Gun) MR, ARERHE
R AR, BORBFAER R AR, AFRKREEMLRBRERS
¥ RAREEROER B JATMENRT, XERSTT AHAARS
B RA R RN A YU FRHE- A EARMOERS, RPLARN
A AR R KRR B R G4 SRk A R AR R RS, REERET
AEHIEE LB T ERANE], T T 84U TR R A LA A

BTk, EY RFPA ST REF LKA BRE TN HREN DT,
o LUBE ME M AR R R R ARG RIS T RS, £ RFPA
g, HTR—-MEMRRE, EWERCHAREERT, AEOHERER
FANNETHERREROTRE (BNMEARGMBERL A ITH 2 ITH
MR ABBRE, ATES RFPA REGEEMMRIE BAAH RIETE
W, XENBFRMITR T RFPA R HRULN BAR IR FARU
T EBAL.

BJEREAE T RFPA ST R G AL R AR BB SR 5 5 5E
EEN RHERNERTANERES, SHREURNHSHRERI R
AH R EREE.
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A F R EanT  F3F SaELUR A RE RRAY ARBAR S

¥3E FAMATEREAARRARGE
BB E S

EEPMBEERT, EAHRABATBEARFEFRS DD RAPA—,
R E RSB SR, SREARFRARISRE, KR RS ZHN
B. W GRE, XSt s A R R R e BT,
AT B R AN RAZHETLE P ER RN EEERE. BAA¥5T
BRALCHEABRBARNESMTHRTTIENRE, B THEHE
BRI, BN ETENBRNCERER, ERANFRTHIES
WL BN B R SRR AT 0 1 S R R I BT ST AR 0 AT e

B e BB SRR R A B AR RS MEBR AR
5 RATHRARRRESHURBNEF . T RINRKETRX. BHE
ERMFOERGBHE, BANERESHRPRE THRARE. KRN
ERRAT, RATEMHANHRBFERBUNALFINE. FTEH
RFPA™ (EHHIRF B, WA G RMERBERRAR, NEaBFdRTE
SR T R R YERORTSY, DR R RS R R N Ak
VAT, WTTEEIERE SRR R E BRSNS, X THREE
FIRRRNEFEHEU LRGN, BRI ARAT TAEENEX.

3.1 ARMAIENBHAIGRFHE

T REHER T, BB O ERBR TR & R0 R IRkt
i, Hr, BchB B R R RERT RGRARIBRLE L
Ry st B R Bl B B RELGERMBRAHRTAE, HRERL
BOE PRk, FHL e I A SR ET T LR
BEAROEEENMA, LESETE B (KRR B, ER0E
BB MBEWRM BRAATREHE, ENBREYABIRER LS 6
HHAENLENRNANER, MMERNEFRFEE, RIS ML
AR B AR BT, AEAGERBR. ATHRERT, RIM
BB AG  B E R F LB L bR bR R RN TT HE R

.28 -
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RN AR TR, HEEAOHAN T RINHT, TUUER R hE
ERIEEEIR, MNHBE (Stress buildup), [ S1¥ B (Stress transference),
[ /1B B (Stress shadow), {8ER “3S” MK R HETX £ RRATY
BE, ERABRBESENBERATHIED.

3.2 ERMABELRRTHERI

20 42 70 KM, Lemaitre ZVNIMG A H A A, B EIFHEERSG T

B, BUTEENFNENES, FBEYT S,
o=(1—D)s. =E(1—D)e
B o, =0/ (1—D) (3.1)

R, o ANENADSMETHNY; o HHMNS; EATHER T FH
BHEE, D ARGEER, ERMNAORET, RortbHaTRE T h M
el (HILBR. B Kbk,

B3 (3.0 ATE, BEFInEkitfE b Br InSERR i T AR K (o k), %
ARG PSRRI RO (BF D AWK, FHEEFEER, #88 G.D
THFARMEKR, 2 FRKEAD, BREBERPRBRATTRRSHEE (I
HRND o) BIEEMEHEKBER. HTARRESHTBE MRS, 4
B 2 FE LB TR R AR T B 20 oo BY, HERAMH . RFPA™ R4l
BRI RS, FHEBPCHFE kB ATy BN AR, #ifE
SHEATH ARG GRIBEZ MR XER, 5 R4 45 80 3T 85 7T
frARAE s, MM TREEENR. WEH WRLERIT ST 4 MR 4 H R4
AT, MEREWENSHRAHEAN—DFHN D PERS, RFPA™ 2504
HAT T — SRS ST AARE ST, Futk, FERIFFR SN, S
T AZHA RN ARIBA, BTAsx B TR A R R,
BTN EN M. TMBEEARAROMEM, SasmnN Imemy, —
BERIHER, MEBERERNGER, X o s AR B Bl 8 T
BEIREN, T HESBREEAARRRI R T, BRKEXBENS, Folggi
B P PRTEE — MR FRE, — B AT TR IS (),
MR B ST T ) B S A AT B TT, 1 B SR M T R N R Th T R AR A,
IR AT, SIRERHRMAESRNNAR, HEEENNRmN
. HILENR, HHBMRTHEINRE M AT, M4BT, HE

-29.



Oduratmrains A3 FEREE A AR RRLS LIRS

RAEBARGNHTZE, HEEHFDRANHELIERM, CERSBTEEBE
AP RAhENL. AE AR BREBRTAR, AEFRAEFRLNHES
T4, BERIAREREE HERE DAL HREBRRMBE AN TR
BEALR BDREEFRE RN AAF ERRKERE FaTRERENE
RRIAR .

3.3 ERBMHIBHALERARFERA

3.3.1 HEIE

FREATFHS AR RERE DR EEEE T OERTRE, BB R
3% 120mm X 80mm, 3ERI%H 120X80=9.6 X 10> MEM BT, RFHH S H
BB NE 3.1. FERRNPERERT AR T2 10mm X 100mm FImERE,
HBPER D SRR 10 48, RERENEL BN 20 5, XHEHIEEL
W T E AR SRR TR MR, BERENRLAE
FEREIRE B h A A RN . R RN INBE R A B ER
EgmE AR, SHEMBAEE As=0.001lmm.

3 ANIFERSN
Table 3.1 Material mechanical property

BERERE m 15
Bt R E 60 GPa
TR v 025

PR A ¢ 30°

MERE £ 150 MPa

WHRE f 15 MPa
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3.3.2 HHIGR
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EvrrFaEFabx  FiE 2ERAE A ERIETIL R G SARREL S

T e

L
.

B 310 R MR T AR

Fig. 3.1 Rock failure progress under uniaxial compression
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@At mrpant  H3% HEKIGE A BLRERA R AERAEM

20 2000
16 RumERTE |
&
% 12 1
N 1000 &
A 8 B
. 500
0 0
0 30 60 90 120 150

m#F (50. 001mm)

B 32 RmBRagamBxR e
Fig. 3.2 The relationship of element failure event and loading step

FERMERESAEAT, SEBRWEEREYN 1% (B, HREREAR
HNARA) ERERETH-ERERS E42MEL (T, HE-ICGE
ARRBB GRS WHE 31 R, ETBEREASMBRRMENE3.2
B, BB 32 WA, SRERE N mMETES, T AmANEY: (1) R
EHBRERRERELRNE (0A B), SR RGENBINL TR AR E
(stress buildup) BB, UAFMNR R A AEIARAERN, EM BN 5
PG ESR. BEESMSMBAE BT, ARRMELE 25 20, WAL
Hb BRI TR T A7 AR, R AR E KRRV B, (2) BT
B (ABBD, A FRERRHNRN B R ERERARR A, YRR,
MBS 52 PE, MNTEAKNANEENS (RRER), HEh%
BEEAH 75%. RIFARREEYBRE, R8T A M. 2804,
W 3.1 58 72-3 BRm. MERTREBREN, SRBERILNHSEHHLS
£, WHEFHERATHREABBRABARREE, WA 3.1 P5F 81-5 LHHE
B fa B E R EK AR . IF2 B TA0 AR A7 a0 B4 T R r
AR BB L R, &R IRGHREERENRE, MTERN— &
S HEHEAN T IRLHE B, EARBR LSS, HERAZR 3.2 I ELE B £
ShERAET EUATHI5E 81 b, BB MBI B ERS, NMAEA 19.14MPa,
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EHAERLFLAL B3 HARIILE A MRS RREH RIS

B ER T TRERSE. (3) MERRWME (BC B, BEEMERakLt
7, ERERNE, BTHBERBBMITANIRERR, ENREIE 82 S
ET—ANRRLIFE, HN TEERRMMEET 8%, WA 8223 $HR. &
RFPAT REEH, B— NSRS TAGHTE M ERR, HELWNELA
BHABITTEA, BHRARAT—PHEME. HitE— SR HER T
TR BURRON R R B TORIE P A I 8 (stress transference) FFSIEL, M
10 RFPAZ® 1 4 B BR T 4 A iy BB RIS . & — M Inb PR IR
HRERE, REZINES AN R EE. BRE 2 SR~ 4ET
RHEAINR, K— o WA 3.2 MEBE T/, 25385 AN
BRUALERE, ABRABEARIRIERE, BABAERNEE 975 (N
HE 32K C R NRESAHKMRE, ZthlanlBdEnga45R
Ao AAKNET—HIFRERIRES, RENARES T 2305 (IBH
#O, AAMENARIHENREANRIE, PERDEFARHEE, B2
SAUH LA TR H KT R T, AERAREEER. XREARL
D REMERSIBAT, BaRENRTAR, HARROBETR, )
CHEEER 43%, XENESAWHAERLHHRNKERY. 2RE 1
- BOSBHR BT AE, BATH LU B HE BE ARBLI TR 8 AU A
BRETAERZEZMBERAAE, SRR EALEIBAR, A IXRY
B, ARLRRERHN AKX, EFEEREERNTHRER (stress
shadow). (4) RBEEHBRATEHER (D HUBER): BEREGHERTREEE
REREEERERS, ANAE ER8RH. TERATRRREEB=E
HIBEE

3.4 BRAMRBABRIRRIFER TSR

ABFRRE T AERNIRNERET S E RS ARER TEMEE
BE, MEFTRABEHEESEORMNTRIE. mF 212 EHFHE, §
AL R G T IR S i R G B R L AL, FER I b R B AR 7
(“flicker noise™=% “I/f BRFE”, & (8] k- H4% B Mk AHCFE T 18] 9518 ) Fn e
LSRN, RAOTUAR R EET: AEATHAKEREY, &
il RRRAE: AR, SRYEHUEB R4 R B4l S R E AR,

AT HE IR B AL RIS, 7E RFPA™ R, RATRIEH
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Edrafattant  F3F 2EREULEAERBRARGARNA LS

BFRT—TUINEE, sLRAUAHSM M~ LR R RRE S BE
B B REFE R ERENNEE, TARRUIEUESMENF
BT R R R TR, 7E RFPA™ fYSLIRIHEE S, HF AR 5 thfr=
ETHER, BOWUEXENRTR-—BRER, RERTGETZET 04
MR EREEY, XERIB T UMEB SRR AN KD R R ERERR
VIR AE A BT R A B A SR S .

3.4.1 BRI H

BEAAgEAERL, 2TRHARTRENESL, 2P EM—
ABNEREI A AT R R A B A “B B AT A, SR BARE
RIMKKEMED, PEHE, B A NRBRIEMEREHENTURRN:

NecA™® (3.2)

He, NEEHEMANEERY, ARZEHNOME, o BTE. KB
BEEMBHXRNAREE, BIRHEFSMIREE, NMEEEARAEL.

FXE, BINEEH =123 RRERERANK D, NOEFUHERX
AR S HI%H. B, RS TERKXNSEAK (32) THRME A SHH
BT AR MRS E NOBIAE (3.2) FIREIN. ®R3-32488T7TED
BRAREEE 3.0 MXRA LA FF A R B TR RN R A
g, B 33 ZXPEFSHA SRR B _RERINTEREELLEH
%,

400 | ; -

350 | [ ik fl| |I | ||

300 AL A R e S i st : sl

2o o HEIIIEL ‘H ‘

# 150

100
50

] 1 2 3 4 5 6 T

BERER RS

(a) Step 72

o

Y
e

0
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(a7 TN P RS PRSI 5 FITI IOV P EY T Ty SO

450
400
350 y = 367. 954~ 5350

= 300 R* = 0.9893

> 250

o 200
150
100

50

0 2 4 6 8 10 12
BREEKAS

(b) Step 81

450
400
350
300
250
200
1580
100

50

FEN(S)

0 5 10 15 20 25
BRRE KRS

(c) Step 82
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500
450
400
350

@ 300

= 250

& 200
150
100

50

0 20 40 60 80 100
RERBHE RS

(d) Step 97

450
400
350

360 y = 87. 8RGy - 1500

250 R = 0.788
200

# 150
100
50

BN (5)

0 20 40 60 80 100
BRERKAS

(e) Step 98
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4ot paat B3 LEREGEAERERRLGIABE LN

450
400
350

o 300

< 250

I 200
150
100

50

0 20 40 B0 80 100 120 140
BRERAKS

(f) Step 150
33 BRI RRRNER NS KA S E BRI s

Fig. 3.3 The relationship between damage group size and corresponding counts

ME 33 SR TREREFR X DNMITEERE RStk RO
EHRERARNPRBEEREA—HY, FAENOMERMNARRESHE. &
WA, BATEEMEMGETHHBEs A EmLARES4, BHA
MG K TR, HEREI AARIRAREN, HBEREINELF L,
RETE 15 A4, BEENAEN, HEEEEFRRD, EEHAT . X508
¥ FIBBIETE WK o B 1.5 EARESM—BM. %X R=0.7453 if, AR
FRHFR=0.8633, A LEBI G RIERTY.
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BI3¥ 2oa A 5ues ARG EAERA L 47

%£3.2 STARTERBMEAT DR RBHRYE
Table 3.2 The damage group size and corresponding counts in the whole failure progress

Step 72 81 82 97 98 150
S NGS) S NS) S NGS) S NS S NGS) S NS
1 338 1 39 1 397 1 438 1 419 1 423
2 43 2 66 2 80 2 91 2 93 2 99
3 9 3 19 3 25 3 27 3 3 3 30
4 6 4 12 4 20 4 27 4 21 4 23
5 4 5 6 5 9 5 13 5 9 3 9
6 | 6 3 0 5 6 6 6 7 6 6

7 2 7 2 7 11 i 9 7 9
9 2 8 3 8 3 8 3 8 2
10 1 9 3 9 6 9 4 9 4
10 3 10 3 10 1 11 H

11 3 11 7 11 3 12 3

12 2 12 4 12 5 13 2

22 1 16 1 13 1 16 2

17 2 16 2 17 i

19 2 17 2 18 1

22 1 13 1 20 2

24 2 19 1 21 1

46 1 20 2 27 1

50 1 24 2 28 1

8O 1 27 1 30 1

32 2 37 1

35 1 31 1

37 1 67 i

38 1 77 1

50 1 78 1

63 1 88 1

77 1 04 1}

88 1 123 1
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dorrtateart  F3F HERILE QARG RS RARNE LS

3.4.2 HERMABEH

SRE-FHEHXNLARE, BERRFEENRO/AREERSE, M
HRE EANGHNTRLARGS BRSE. —NRENBAUEERENS
W RN RMNZERRER B REREHLE ML, RNFEREREH
HREE RS BRREHSEARED. B, ABESBEZRERSEESZ
6], tLefEdE Eiabitk.

BHEUERIEEEXRBERN— a8k, EERSS% EUkET) 4
Fl. mREEHK, KBRS REEE—#, RZATSAaMLL, nRELH
K, EBREMAS (EAHES) MA, B2 A%HEX LR aRp=,

HALWET RN, SIERE r A a HEAHEMSRAE, RAdR2
BoRBIBARSG D, VVRAIRERET, XPRETROIERFIRERER,
g R RSMRERIR™,

B ERFR ARG AR A, BRERXNREERERENL
R

D(V)y=KV™ (33)

BITH W RBRER (33) BV, 1EWTEH:

D(AWV)=K (WV)
DAV)Y=KA*V*®
=)KVe
1
ZFD(V)

MW EHEZHRBNTUER, ARSRRBAEERETREES M RB R HE
FEREATRTE, ARTEBERGABOASRSE N, ALEERE—FBELER.

T E A E AP T RIR AR AR TR AR B AL,

BRBHERAL IR ERERERHEFER: =

TFEEATE LA SRR ERE RS AR B (DR,

X 1
y 1
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b STYR S BT ST £t F TS EUR VI SR T E SRR

B4, LRERIEEHEMNL BHEBIRE.

EXARMERERERET, SAHRBARETENRERER (BIRO RL
WRESEESN, BRI EAL, EARTEAME. dik
R, BABBIBRFENUMOIERNIEY B R E 2L, TMBE R
R ATETEBERR AR, ARANNERHEN o ERARFE,
EEEQAARAS (BAENKEEE) o, 4BEHEVHE, Ko EEE
L5, KELRKRASHKEEIRAGET TR sHRERE L2 26, B
EHIE 1S £A, BPRT 2. dkT i, ARERBEABINSREEE T
P8 R E—BK.

3.4.3 W _E AR AR MERHCEM M

RS A RS A AE R 3.4 B, N RATATLUR R T M 5 R 51 50
HERES KR,

300

250
= .

e
B 00 [

50 A | e

0 q_~4JJNMwWANJMN A, N

0 50 100 150
HR)E

B34 RS AR X RS

Fig. 3.4 The relationship between AE count frequency and time step
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4 A FALFERL FI3F SR AR BN B SIS

BN E 3.4 ERHEMEMELIN, ROTUET, SR BN EHE
B 7 R B A A LR R A ORGP B A, AN Y PR R A
EE. ENENANRERRBEREERSENRE, SRR RERITTS
BNERE B, HEERERSE4RL, MERRERMNME, FRHY
H#EpMm. REBEERER, FRABERANERNEHEL, BEN
HBEERA, HEHANETRUNR. SEBEAKBBERE, AFRETE
MR, MABBME, RN E TR E R EY.

TERAE R L TERE B R R S L AR AR R KR
AR

@ R/S FriE o it B EROERE R R

Fi 1438, TR BEAN SR PE A R 4 e 1B) R A K /N U IS T B 18 B BT HE R,
AHZERE (R/S) FHERGFIRTIAE LR E AN,

R/S 7 AL 1 B 5T 2 TEAT A TR R BEAL BT B 5 AT TR St T 1
TREB KT FFMHIHE (Hust) PUSR SN MRk ERER R B, ©
R B B 1) R M AN SR SR (RS P e AR R AR AL . A AT
PRI R AR, BEHRRRECRGKEMRXE, WS
HRAGRTENAE 22", RS ZBRARANFANRMEMHNEER
HEBEAXNE, FEFCORESZIMHBIFNER, PRI R E
PR L EL AR, RRHIA X IRE. RS 2RI FARRT i
SIS B AR EA Y, B — BT R EARERIARE, F5a4Ee
PARRERRRER. B4, BsERENTE, BNATLUGNERE
EEMNMEEAAXREAREER, SFHFAKXNRERE NIRRT G
REE. HEAFERE THRET 8§ HRGHFRIEMR T BHC,

BB RS HIEF A LRER. %& MHONAER L, EH
B < W EE <& >
<&>, <HEO1=2340) (3.4)

F ¥ RIAE E(accumulated departure) X(t, )T
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OFAF AL 2ERK BIE LA § ARG AR S

X(t, 1) = 2(5(;4) <§>) (t=1, 2, 3..1) (3.5

u=l

RREE Xt yPHBRESE/MEZEAHE R() (Range) :

R{@)= max X -mm X (3.6)
BN AES A
5 = [ T Ew-() ] @7
AR FARRMSEGEE 1. TEABE RS HRENTE2BELERR.
R (1) H
S(r) ~ 7 (3.8)

EB8)EA R/S &8 A3, H#RH Hurst 384 MR TERA R/S
ik PR

I A
a. FHE: <&> —TZ§(E) 12.66667
b, BREEZE: Xt 1= i (§(u)~—<§>r) (=1, 2, 3..7)

X(ts Thet. 2. 3. ... 150=—12. 66666667, -25. 33333333, -38, -50.66666667,
-63. 33333333, -76, -B88.66666667, -101.3333333, -114, -126.6666667,
-139. 3333333 , -162,  -164.6666667 ,  -177.3333333 , =190 ,
~202. 6666667, -215.3333333, -228, -240. 6666667, -253.3333333, -265,
-277.6666667, -290.3333333, -299, -311.6666667, -323.3333333, -335,
—344. 6666667, -353.3333333, -358, -368.6666667, -376.3333333, -383,
-389. 6666667, -399.3333333, -400, -407.6666667, -416.3333333, -423,
-418. 6666667, -427.3333333, -437, -444. 6666667, -436.3333333, -442,
-441. 6666667, -442.3333333, -447, -440. 6666667, -436.3333333, -445,
~445, 6666667, -449. 3333333, -452, -456. 6666667, -461.3333333, -463,
-470. 6666667, -463.3333333, -467, -463.6666667, -465.3333333, -459,
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o Famtpunz

F3% 2ol g ag s R AR A L 547

-433. 6666667, -441.3333333, 442, -437. 6666667, 4453333333, —436,
~429. 6666667, —-417.3333333, 411, -351. 6666667, -348.3333333, -358,
~333. 6666667, -340. 3333333, 334, ~306. 6666667, -312.3333333, —308,
~77. 66666667, 5. 666666667, -3, -0.666666667, -12.33333333, -5,
~14. 66666667, -27.33333333, 80, 67.33333333, 67.66666667, 112,
100. 3333333, 96. 66666667, 1300, 325.3333333, 536.6666667, 534,
531.3333333, 518. 6666667, 506, 493.3333333, 480.6666667, 469,
457.3333333, 445.6666667, 433, 445.3333333, 435.6666667, 423,
411.3333333, 399.6666667, 391, 382.3333333, 370.6666667, 358,
347.3333333, 334.6666667, 322, 310.3333333, 207. 6666667, 298,
291.3333333, 285.6666667, 275, 262.3333333, 250.6666667, 238,
026.3333333, 214.6666667, 202, 190.3333333, 178.6666667, 166,
153.3333333, 140.6666667, 129, 120.3333333, 1176666667, 106,
93.33333333, 81.66666667, 70, 58.33333333, 45.66666667, 34,
22.33333333, 9. 666666667, -1. 45306512
TREFEEARARERNT:
- 600 N
5 400 f \\ ,
B o0 | : |
& ™~
-Eﬁ- 0 b 1 L _ S W S
= 30 60 90 120 150
ﬁi ~200 | - |
Sl N
~400 | —
~600 -

i e 25
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c. $RZE(Range): R@) = max X7 -min X0

Istsr 1sisr

= 536.6666667 — (-470.6666667)

=1007.333
r 12
d. PRHEXIHZE: S() =EZ(§(1)—(§)Z)Z}
=234.90018
f. R/S1{H: % = 1007.333/34.90018 = 28.86326

3.3 FRAMEWRRETHAR—LERE (R/S
Table 3.3 The rescaled range value (R/S) under different time scale

t 30 45 50 55 60
R/S 9.067078 15.57395 18.20201 20.53093 2232722
t 70 74 75 30 81
R/S 24.6629 2242142 22.7315 24.1892 24.49078
t 82 85 90 96 97
R/S 14.78576 16.3817 17.11226 18.05056 18.36447

t 98 99 100 103 120
R/S 19.4487 19.602G5 19.75613 20.77903 23.50174
t 135 150
R/S 26.19862 28.86326

R ERER, BOWNT 22 M EEESEAFARE, WHENsHlE 7
H—{Lr iR E R/S 4047, R RSEFITER I F, WHM&ELE35. &6 x
M 98 B R/S EEREE (T) SMBHEUE (Logio(R/S)-LogcT) HIEE
B, B37HHT 22 MRS ISR BN 2 E, AR AL
RS IEL S TS A B, AR 3.8 B4 Alge T HT 30, 60, 90, 120,
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ERrATAL AL F3% ARG ABRERARG RESAL

150 B[] R0 R AT R RREZ ML, AP RITTLERR I — 2K T 5 R
] 7 U AR
35

30 o /
25 |- Step 98

20
15 {—

R/S

10 ~ Step82 ' 1

5 e

0 ) i 1 I \ : L

i 18] 22

B35 AEEAFARETERSHEA—ALBEE (R/8) L
Fig. 3.5 The persistence of AE event time series through rescaled range (R/S) analysis

1.5

ey
§
|
ot -

L45 Py =0.9312x - 0.5657 /
2_
L4 |— R =09999

g . o
13 v . o _1
1.25 - L : i

1.95 2 2.05 2.1 2.15 2.2

Log;o(T)

H 3.6 FEFFF RS BEREE (T) WXEEEEG ek (RFRH2N 08 23] 150 F0
Fig. 3.6 The logarithm relationship between R/S value of time series and loading step from step 98 to step 150
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Hurst $63 H 5088 D FEM T X R
D=2-H (3.9)
R/S HEMSBHELIREAMEE RS FE A RFET R EE
FEe P, A, BAFAASKRFRENE 98 B, HodEN
1.2503, T H{EN 09312, EEHE LIREE.
@ XEREBAES R EE KBRS
A REERBRE X
HP—IEERMKENERFERS, B x IEKERBNER, AKX
FRB—UMBONEE, LFHEH (Ax)FT, ELEKED SAK), W
SAM)=A(X)- {A(x)) (3.10)
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p O T & A A(x), T SR T30 B s TR B k = xd - xj AU B SR04

BN, #THR—{BR G XEREA
Cx)=p (x) /p (O (3.13)
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LASH G 75 25 A IR SR B 75 2 5 B ] R AU B AR S R B

a. FHME- (A(x)) =12.66667

b. # &: SA(X)=A(x)- (A(x))

R MRGEMEWE 3.9 Bin. NPRATTEES], BEHMBRE M
BHARNTRERIHEHEE Y 85 H LR FPET 12.66667 8L,

250
200 , -
e - |
2 150 i
§IM)"* L%
j}!&é 50 N i I — |
0 1 A A;..Al.r"AAA \ .\HA Aot E
p———— AR e A A LA (AN 4 P A
o ¢ 060 9 120 150
ialLEg

B 3.9 BRI IMEKEME
Fig. 3.9 The fluctuation figure of AE frequency
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¢ HEBENE:
p(x) = -]1\7 S 64(x,)64(x,,, ) = (84(x,)84(x,.,)

X=X

p(75) = 715 2&4(ri)d4(xi+75}

Xy =X,

=%[&(xl)afi(xm)+&A<x2>a4(xn)+.‘.+a4<x75 J(x,5,)]

=-142.564

L
p(0)= 1 XEZA(x,.) =1218.022
150 &

d. EAHERRE:
C (75) =p (75) /p (0)=-142.564/1218.022 = -0.11705
R FREER, KEARREE S, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 7S WIEMKXERE, WE 3.4 Fixw, HEHEEWE3.10 xR,
AR B AR RS R B E G E 3-3-11 FiAR,

R34 FRARBRETEEHFEFRISHEXAK
Table 3.4 The autocorrelation coefficient of AE event time series under different time delay

X 5 10 15 20 25 30 33 40

C(x) | 0.060066 | 0.046251 | -0.12602 | 0.032856 | 0.056191 | -0.06529 | -0.06231 | -0.11591

X 45 50 55 60 65 70 75

C(x) | -0.13706 | -0.11806 | -0.1427 | -0.12602 | -0.14652 | -0.12435 | -0.11705
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BIOKAD, BESTE, BEEERE. HH MBI RESE TR,
B X efB TR EHER. EXRREHT, SITROMBRKE
RETHETHURT, EME ST EMMEREERS, SMREEAN B
B BN A IR MR ROk E . RHERNMBEILT “USFE, &
ENER. EdE” R, WUAESRERMTETUR BBSERT M
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4.1 BHEEBAKXNTHNE)-S

F 417 TEMRRIE/LAXBERBREAN DA . B p BREPH
FETSBNMAFRTENA ST, S REBABBRERKRAD, NEHETEK
WEERS, R 41 5T 58 3.1 RS ERECBRER ), WEE
FAESE. B4 5HTERABERBERRD S, RABRAL p SMEPZ
AR R .

F41 BXNRMBX N ENTERRRIBRHZRAE
Table 4.1 The developing law of the higgest damage group in the whole rock failure progress

step 72 81 32 97 938 150

p 0.0522 0.0748 0.1001 0.1619 0.1852 0.2294

S NS 8 NS ST ONGSH ST NS 8 NS ST NS
6 1 10 1 22 1 80 1 88 1 123 H
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Fig. 4.1 The relationship of the biggest darnage group S*, the percentage of element failure between loading step
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Fig. 4.2 The relationship between totat damage group, the scale of the biggest damage group and loading step
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Fig. 4.4 The relationship between average scale of damage group and loading step
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F B A REF I NEH N R ER RSt 4.6 BTk
4.2 WAMBEBSFRENHRS b B

Table 4.2 The b value of different stress stage in the whele loading process

Step 72 81 82 97 98 150
b 1.2771 1.3727 1.3635 1.1208 1.1108 1.2211
1.7 [ .
1.5 y = -1.2771x + 2.3197
~ 1.3 F R® = 0.946
e
= 1.1 ¢
=]
0.9 r
0.7 -
L
0.5 . -
0.5 0.7 0.9 1.1 1.3 1.5
logS2
(a) Step 72
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