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Fig. 1. Schematic illustration of seismic zones and
locked segments: (D rock bridge; @ unruptured seg-
ment in a fault intersecting with an adjacent fault;

@ asperity; @ block bounded by secondary faults.
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Fig. 2. Schematic illustration of deformation and failure
process of rock specimen under triaxial compression, o is
crack initiation stress, o.q is crack damage stress, and o¢

is peak stress.
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Fig. 3. Evolution of AE events from random to cluster
distribution for a granite specimen subjected to triax-

ial compression (modified from Lei et al. [271).
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Fig. 4. Variation characteristics of AE energy for a

granodiorite specimen subjected to uniaxial compres-
sion (modified from Zhao et al. [28]).
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Fig. 5. Evolution of strain (solid curve) and AE counts
(dotted curve) with time for a jointed rock sample un-
der biaxial compression. The five sketches of the frac-
ture patterns show the observed progressive failures of

the sample (modified from Sun [29]).

2NN F7 I8 BN RG] (0ca) I, AN
AR AR e AR, PO IT 4R AR (K13, RiAR
JRIEAETIT AR, BEI RS (AE) i 3h T 46 SR 2
(B 4), PSR A(E T, AR AR B A2 -
[ 00 2 b U SR B T sy B A B A A
IR (K5, B H NI IS A A W,
AR e — W RO AT, L, B s ORI
AN, B S B R RAVE R RE, AN
S RO B R A R, R B R
BALARZR B AT, REEHLUT N, IR
K S AT B H U R A R, RIS — i 7

HAFARZAAET, 2R Z8E BCR A K
R i AR TURRAAE, HoR 2 AR 2218 1 3T 1)
JS2 3 (REAZ) IR BN g i e A Y, AR 50 15 HUE
PERIRAE FEAR 27 54 = AR MK i, B B
IR DURBZR R LA — AR IR R AR A, IR
LR % mi b A — AN AL 4 1) 2 25 v RE 3 R
FF, X2 H AT EOR T BT AR A HE— RS
I 2o,

2.2 FIlwFS(KER)

WL ENE AR P R, R R
PRI AN R, 72 827 3% S e AF 558 52 o5 1) % (1)
FES R A LR, BV R AR A AR AR Wi 9 A
(B2 P). ARREA A AN NA ML, H Al
N 7R A I MR IR AL, IR AR Ak
PR ARG, DAIE 2 15 1 B 1 I 8 4 05 Uk AT,
J& TR 10 Fn AR Y| e AR R 1 IS T
{E SR L L P X2 e W 2 B ] Ui IR R A (CRHR)
M5, I RA R TUTEXT AT /17 20 LU
A, A REEE LA SE M R ARSI dn ] 1 s, B
JZ R B B (RRIRAA) o T, KN T4k
H R AR, JF iR R R DI B2 25 328 KT 2 s o FR R RS
BRI, AR Bl BUIEAT A8 R v B s A
P A A, B B IE 132 7 2 A R 45 M
Tl 5 kA, X SRR 2 A T = AR
INFAE A, A5 B BATHEN: W28 3l x5
B 28 22 e L 5 58 sl I, AT 5597 o R 240 SR AR Y A
/N BB BUAE R AT I (R R R ), BE =
JEVEE Bl A R R AR R, X S T = N R
BRI B, P L B AR R T L W R 55
P E A, BIRHRR R A A VAR 5 S5 5 P, W {E
SR JE RN SR T SR (CRAE AR, XTE 2 R AR 2
B0 R, fERE AR RS, REREMH

206401-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 20 (2018) 206401

R (T B B AR K 25 A1 0 (7 3R FEF 1 A 2 21 F)
FE, BRI R B3 — O R ) 1 R
N T 0 5, 0 (0 3 2 e ) 57 A 1
RN, T LA, B FE A543 47 S S R i A 7 Ve

3 BF—EHEE A RH A FRA

BT, e W B BOA AN B e AR
P, FLEE — il A ORI IR R, 56 il R A A
VAR SR R A REE LN LRI )RR, fE
AT TR B [ B BT V)R AR AT .

ik, 2R VU3 S D20 R R AU K AR 2 R A
REFE AR E A R HEAT KRR, HIHESL T
PRAR I i A i 82 A8 ik 2K, SR 5 25 T 1040 A 1
BT HE S 1 U 0 R Ak 1) N AR SRk 5, e &
R g 7 WA AR 5 R S AR I K A T R AR e B
WR RN, IR b, B 7R X E &L
Gy 327340 3 7B 5 i B AR 55561 | B R 4 ] B
£ Benioff 4% (cumulative Benioff strain, CBS)
550 P) AR S it BT 5 8RN R RE ) M, 3T
(R HU B ] AR Ml A f) 7B R 5T %6 )
M I % AR 62 AN H R X () FE 81 4 T 192340 4 H
72 DX b 25 Pt 7% Ay T T M AR R A 2 — 191 A
B ARG U A TR R AN L R SR A

Se(k) = 1.48%S., (1)
S¥(1) — 1.48S*

A:f(h% X @)

|Mg — Mc| < 0.5, (3)

Mp < min(Mp, Mc) — 0.2, (4)

Etr = By + Ea, (5)

Ec < EB, (6)

P S AR ZERLIE 5 55 100 B R B AK %
(1) CBSH; Sp(k) NizZE R IE JG 5 kANt il B 0 {8
SR s R CBSAE; SF LSy (1) 73 BAR ZERAR
TE I 5 1B ] B AR g K R U A iR B ROGT R )
CBS1H, A A 181 [EH BURFAZAK i 2 7T CBS i
FEAE; Mo A My 53 500 B0 ] B AE AR AR R K R U
(B 50 R AR B AR EVE LR RE G, Mp N8 [ B A
I R AR PR R, Er N E R AT i = X
S SRAPE N AR RE, En N R A SRR TS 554 B AR
e, Ea NARTEREUN SR N AR RE; B N3 b &
PEHO R (B[] B Ve 1 98 B2 w0 I PR b 7R ) R A2 T

R IX I RN ARG, Eo NiZbs S IR A S
RERBIR AL R AZ RE, 0 2 (6) 3N, AT 58 145 &
PEMURAN R, WU, fERRE R
DX R AF N R IR, HR PR RER 1E N
SR N AR e A e B

(1) 2IE P T4t 3R A A L 2 48 i B 8 77 65 e
YRR KRR S i PR R SR B ] B O BB AT O,
YB35 kA B Bt SRR E LA Il
TR, Bk -+ 1B B S AL R A — 1l Y
s, BIVER ke ANBIIE B2 I 5 5 S 50 b+ 1B
B3 — I F s A 0] i 2 4 R g g (20,4041
R MR B2 iR B, (1) REHT 2
& . B E A% U DR, WA148 2
Fl R AN R RUE A3 I BN T A0 24T 9 i) W0 B B AT B
WAL A TR 100 E B B B S S H A
A, T HERE (1) 208 RALBE BRI 1 7
RAAT NG IE A

(1) 2 —(6) T #0252 W J= 2 B ] B e 1k
PR BRI A Ty 2Rk 5, Horp (1) SO bR S 1k
R BE R, (2) SO IZRERR ZE B IR
A3, (3) R (6) KON R R, 5=
bR BEETE DL A BT MUK € 3 5= X R 1 51 o
RS VERRR, AT AR BRI (1) 200 XU,
A B K = TN e N i 3 P

4 FEWESEE B ERATH
BT

mERTR, B —ImR S, BALUT NI
GH I, bR R S IR S R A B
B MEHSS RRE R R, BIAS IR R
MORAERR, HbrE R R AR BE R
HFE . AR SCHOL B [ B i R RN T AR A A
S 7 e B AL 2R - ST N RRAE, FEER T AR DR 11
i n] R

4.1 AMEFR/ZENHICEULITER
BRSIT AMS?

DLES IO EX B, X e RET
SUbREMEHFE (3R 1), BI19244E7H3 HM14H
HraE R R Ms7.25 XWUE . 1973 4E 7 H 14 H e
ALER Ms7.5 HiE 52001 F11 H 4 HE R R
PG Ms8.0 HiE (K16), iX Lt i (1) 20 & M

206401-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 20 (2018) 206401

i (1) 2, BRI KRIEIEE (3) M (4) A
M 6 7] LUE 1997 4 V453 J& Mg7.3 78 & 1%
X 585 2 B[] B i 2B 2 A 2 T 10 1 IR B35 T R, 1%
R B PG R XA F IR FUIRES, 42 2001
5 Mg8.0 KFE R, CBS W IME B A4k, B IEAE 55
FE 05 PRI AR RS T (1) A o 0, X
e TR R R VA B B AR T AEE. BT E
B BB — Il T AU B I SR R Rk
T4E, BRI B H ST 46 31 It R R s g FE A
BTN

BAVT R R 62 M EX P23 BB T
THE F P R MR Y —— PR P P 1 i 5 RROTE b 78
7, AHOC TR 43 M S5 2 B, b 25 i R 2 TR PR I (]
RNEEZ A FEEE LEE, X785 U NG 5
MR IR AR, MR IR K G K.

1.5
Si(3) = 1.24x 10°
2001-11-14 Ms 8. 0417 PR

1997-11-08 Mg 7.3H15%
1973-07-14 Mg 7.5407%

—
(=)
T

1924-07 Ms 7.25307%

CBS/109 J1/2

0.5

< TG S CBSE
<« USSR CBSA

A=3.83x108

1900 19l50 20IOO 2050
t/a

6 Rl F 7 AR X 1924.7.3—2015.11.21 Z A
CBS 1 51 ¢ 16 5 (B3] (Hudf - Wi i i Mg > 5.6
(M, = Mg5.6) HfZ; REEIECHHEIE)

Fig. 6. Temporal distribution of CBS in the period
from 3 July 1924 to 21 November 2015 in the seis-
mic zone of west of Kunlun mountain pass [33] (The
Mg > 5.6 (M, = Mg5.6) earthquakes are selected for

data analysis. The error correction is also considered).
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Fig. 8. Temporal distribution of CBS in the period
from 1 August 1629 to 24 February 2016 in the Jakarta
seismic zone [?2] (The My, > 7.0 (M, = My,7.0) earth-
quakes are selected for data analysis. The error cor-

rection is also considered).
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Fig. 9. Temporal distribution of CBS in the period
from 15 February 144 to 24 February 2016 in the
Hokkaido seismic zone 32l (The Mw > 7.0 (M, =
My 7.0) earthquakes are selected for data analysis.

The error correction is also considered).
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EARG R RE R, B L (6) 2, UL Mw9.0 Hh
RRAEFFAEELR, T AR R B — e R S

H b R AR P SO ER A
Ly 117 S R X A, A i 72 X i A7 e 3,
B b 7 X3 5 1969 45 7 H 18 H ) #g ¥ Ms7.4
AT RE R A JE A Tl FOIRAS, 2074 )5 1976 4F
 Ms7. 875 A4 (1 10). FEdn, 301 4 7E X [39]

4F < - FG R CBSIE Si(5) = 3.48 X 10?

<« G $CBSAE +---
3r 1976-07-27 My 7.8317%
1969-07-18 Mg 7.4H15%
2l 1888-06-13 Ms 7.8H17E
1679-09-02 Ms 7.8}15%
1668-07-25 Ms 8.0H15E

CBS/109 J1/2

1597-10-06 Mg 7.545% <+ Si(1)
«—
l—A:222x1W S,
0 L L
1900 BC 400BC 1100 2600

t/a

10 LHhRE X A S AT 1767—2015.11.21 2 [7] CBS
5 e ok ZRB3 MR AR B Ms > 5.0
(My=Mg5.0) HfE; BZEBIECHHE)

Fig. 10. Temporal distribution of CBS in the period
from 1767 BC to 21 November 2015 in the Tangshan
seismic zone [33] (The Mg > 5.0 (M, = Mg5.0) earth-
quakes are selected for data analysis. The error cor-

rection is also considered).
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B 1976 4F 8 VY 1A —F ik Al Mg7.2 &
FERE, SO L RE IR B, A0S 32 4F 2008 4E X
NIl Mg8.1 HE KA (B 11).

3.6 Si(3) =3.52% 109 €----

2008-05-12 Mg 8. 131575

i o4 F 1976-08 Ms 7.2305% S====5,(2)
2 1937-01-07 Ms 7.8Hb7%
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121,
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A =1.09x10° <--- HiiG R CBSIH
<+ W R CBSIE

0 Y Il L L
320 1020 1720 2420

t/a

11 B HLRE X 638.2.14—2015.11.21 Z [A] CBS 14
S A ¢ % & B3 (SR i My > 5.5 (M, =
Mg5.5) HifE; RZEBIECHHE)

Fig. 11. Temporal distribution of CBS in the period
from 14 February 638 to 21 November 2015 in the
Wenchuan seismic zone [33] (The Mg > 5.5 (M, =
Mg5.5) earthquakes are selected for data analysis. The

error correction is also considered).

4.3 MHIkEEATHAERIGFRIRES?
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2001 4F Ms8.0 #i % & A4 Jim, B il 1 75 1 7% XMt
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3B ] B 4 40 A A B I A R, % XK TR
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PEHIAE.
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Abstract

Each of the seismogenic locked segments in a well-defined seismic zone can accumulate high strain energy to bring
about major earthquakes. Hence, better understanding the physical implication of self-organized criticality in the locked
segment (rock) failure process is crucial to achieving insights into such issues as earthquake predictability and so on. We
point out that there exist two critical points in the locked segment fracturing process. The first critical point is volume
expansion point, which is the starting point of self-organization, at which a rupture event with high energy occurs. It can
be regarded as the only identified precursor to macroscopic rupture of locked segment. The second critical point is the
peak strength point, namely, the instability point, at which a major earthquake which is able to generate obvious surface
rupture zones takes place. According to our previous research on the theoretical relationship of strain ratio between the
two points as well as the constrained expressions concerning earthquake magnitudes and elastic strain energy, also known
as the theory about the brittle failure of multiple locked segments in a seismogenic fault system, we can predict some
characteristic earthquakes occurring at the first and the second critical point of locked segment, e.g., the 2004 Sumatra-
Andaman Mw?9.0 earthquake in Indonesia, the 2008 Sichuan Mg8.1 earthquake in China, and the 2011 Tchoku Mw?9.0
earthquake in Japan. This was obtained by retrospectively analyzing the earthquake cases in 62 seismic zones covering
the circum-Pacific seismic belt and the Eurasia seismic belt. The present results show that the self-organized process
before the locked segment (rock) instability must arise due to its heterogeneity; there exists a causal link between the self-
organization and criticality; it is possible to predict some large earthquakes (e.g. characteristic earthquakes) just because
of the existence of self-organized process. We emphasize here that the damage process between the two critical points
is not transient behavior, usually a long-term process; the evolution of characteristic earthquakes follows a deterministic
rule; there is no probability with which small earthquakes can cascade into a large event (e.g. characteristic earthquakes).
In summary, this study can help to comprehend the evolutionary mechanism of characteristic earthquakes, provide a
physical basis of understanding the generation process of earthquakes, and clarify such issues as the identification of

earthquake types and predictability of earthquakes.

Keywords: self-organization, critical instability, sandpile model, locked segment

PACS: 64.60.av, 91.30.Px, 88.10.gn DOI: 10.7498/aps.67.20180614

* Project supported by the National Natural Science Foundation of China (Grant Nos. 41572311, U1704243, 41302233,
41877218).

t Corresponding author. E-mail: gsqhope@mail.iggcas.ac.cn

206401-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180614

	1引    言
	Fig 1

	2岩石(锁固段)变形破坏自组织-临界 过程
	2.1 第一临界点(自组织过程起点)
	Fig 2
	Fig 3
	Fig 4
	Fig 5

	2.2 第二临界点(失稳点)

	3第一与第二临界点的力学联系
	4孕震断层锁固段的自组织-临界行为 特征
	4.1 两个临界点之间的破裂演化过程是 瞬态行为吗?
	Fig 6
	Table 1

	4.2 小地震能否级联性地发展成大地震?
	Fig 7
	Fig 8
	Fig 9
	Fig 10
	Fig 11

	4.3 地球是否处于自组织临界状态?

	5讨    论
	6结    论
	References
	Abstract



