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Abstract: It is generally accepted that crustal earthquakes are caused by sudden displacement along faults, which rely on two
primary conditions. One is that the fault has a high degree of synergism, so that once the stress threshold is reached, fault
segments can be connected rapidly to facilitate fast slip of longer fault sections. The other is sufficient strain accumulated at
some portions of the fault which can overcome resistance to slip of the high-strength portions of the fault. Investigations to
such processes would help explore how to detect short-term and impending precursors prior to earthquakes. A simulation
study on instability of a straight fault is conducted in the laboratory. From curves of stress variations, the stress state of the
specimen is recognized and the meta-instability stage is identified. By comparison of the observational information from the
press machine and physical parameters of the fields on the sample, this work reveals differences of temporal-spatial evolution
processes of fault stress in the stages of stress deviating from linearity and meta-instability. The results show that due to in-
teraction between distinct portions of the fault, their independent activities turn gradually into a synergetic activity, and the
degree of such synergism is an indicator for the stress state of the fault. This synergetic process of fault activity includes three
stages: generation, expansion and increase amount of strain release patches, and connection between them.. The first stage
begins when the stress curve deviates from linearity, different strain variations occur at every portions of the fault, resulting
in isolated areas of stress release and strain accumulation. The second stage is associated with quasi-static instability of the
early meta-instability when isolated strain release areas of the fault increase and stable expansion proceeds. And the third
stage corresponds to the late meta-instability, i.e. quasi-dynamic instability as both the expansion of strain release areas and
rise of strain level of strain accumulation areas are accelerated. The synergism is accelerated when the quasi-static expansion
transforms into quasi-dynamic expansion, with interaction between fault segments as its mechanism. The essence of such
transformation is that the expansion mechanism has changed, i.e. expansion of isolated fault segments is replaced by linkage
of the interacting segments when the fault enters the critical state of a potential earthquake. Based on the experimental re-
sults, coupled with data on the temporal-spatial evolution of earthquakes along the Laohushan-Maomaoshan fault, west of the
Haiyuan fault zone in northwestern China, the synergism process of this fault before the 6 June 2000 M6.2 earthquake is
analyzed.
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AnHotarws: OGbIYHO TIPUHSTO CYNATATh, UTO TIPUUMHOM 3eMJIeTPSICEHHH 3eMHO KODBI SIBJISIETCS BHE3aITHOe CMellleHHe B/O0/b
passioMa IpY Ha/IMuuM JBYX OCHOBHBIX YCJIOBUH. IlepBoe yc/ioBHe CB3aHO C BBICOKMM CHMHEPrM3MOM pas/ioMa, Korja Ipu
JIOCTIDKEHHH TIpe/ie/IbHOTO YPOBHS HalpsDKEeHUH OTZe/IbHblE YUacTKX pa3/ioMa OYeHb ObICTPO COeAUHSIIOTCS APYT C PYTOM,
criocobeTBys ObICTPOMY CMelljeHHI0 Gosiee JIMHHBIX Y4YacCTKOB JJAHHOTO pasjioMa. Bropoe yc/ioBre 3aK/ro4yaeTcs B 3HauM-
TeJIbHOM HarpspKeHWH, HAKOTIEHHOM Ha OT/IeJIbHBIX Y4YacTKax pa3/ioMa, IIpU KOTOPOM MOJKeT OBITh TIPeo/i0JIeHO COIIPOTHB-
JleHMe CMellL|eHUI0 BBICOKOTIPOUHBIX YUacTKOB pasjioMa. ViccieoBaHe TakuX POLIECCOB MOXKET TOMOYb B BbISIB/IEHUN KpaT-
KOCPOYHBIX HeM30eXHbIX IMpe/JBeCTHUKOB, MPOSIBSIOIINXCS TIepe]] 3eMIeTpsICeHUsIMU. B 1ab0paTOpHBbIX yCIOBUSIX MPOBO-
[JUTCS1 MOJIe/TUPOBAHKE COCTOSIHUSI HeCTabM/IBHOCTH NIPSIMOTO pasfoMa. I1o/yueHHbIe KpYBble BapHaliiii HarpsDKeHUH 1103B0-
JIJIA YCTaHOBUTH COCTOSIHUS HATIPSDKEHUH MOZIE/M U BBISIBUTH CTAJMI0 MeTaHecTabUIbHOCTH. B aHHOM paboTe mpoBeseHo
CpaBHeHNe [AHHBIX, MOTyUeHHBIX IyTeM HaOJIofieHns Iporecca Ha MOJe/IbHOM yCTaHOBKe, C (hDM3MYeCKVMH TTapaMeTpaMu
rosield obpaslja M BbISIB/IEHB! Pa3/IMuMs NPOLIECCOB NMPOCTPAHCTBEHHO-BPEMEHHOTO Pa3BUTHS Pa3/IOMHBIX HaMpspKeHWH 110
CTajusIM, KOTZla OTMeueHbl OTK/IOHEeHHsl HamlpsDKeHWH OT JIMHEHHOCTH M MeTaHeCTaOW/IbHOCTU. Pe3ysbTaThl MCC/I€/|0BaHUS
TI0KasasH, UTo BC/IeACTBUE B3aUMOZEeINCTBUS OT/e/IbHBIX yUacTKOB pasjioMa UX He3aBHCHMasi akTUBHOCTb ITOCTeNeHHO Tepe-
XOJIUT B CUHEPreTUYecKylo aKTUBHOCTb, ¥ TAKOW CUHEPrusM sB/seTCsl TIoKa3aTe/ieM COCTOSIHUSI HampsbKeHUH pasnoma. I1po-
L]ecC CHHepreTM4ecKold akTMBHOCTH Pa3/ioMa MPOXOJWUT TPH CTaJWM Pa3BUTHUS: BO3HUKHOBeHHe HeOOJIbIIMX yUYacTKOB, Ifie
BBICBOOOJK/IAFOTCSL HAIPSDKEHMs, PAacClIMpeHHe U yBe/MueHHe Pa3MepoB TAKUX YUYaCTKOB BLICBOOOXKZEHHS HampspKeHWH U
Coe/[IHeHVEe YYaCTKOB, TZe WfeT BBICBOOOXeHHe HampspkeHWH. [lepBasi cTajysi HauMHAeTCs], KOTZA KpHUBas HampsDKeHUH
OTKJ/IOHSIETCSI OT JIMHEMHOCTH, MPY 9TOM Ha KaXJ0M ydyacTKe pasjoMa UMelT MeCTO BapUaliuy HallpsvkKeHWH, B pe3yJbTare
Yero MOSIB/ISIOTCS OTAe/bHble HM30/MPOBAHHBIE YUACTKH, IJle MPOMCXOAUT BbICBOOOXK/EHME M HAKOIUIEHHe HarpsDKeHUH.
Bropas cTajus CBfi3aHa C KBa3sHCTaTUYECKOW HeCTaOM/IBHOCTBIO paHHeH MeTaHeCTabM/IbHOCTH, KOrZia OT/e/bHblE YYaCTKU
pasfnoma, rje uheT BbICBOOOXK/eHHe HalpspKeHWH, YBeMUMBatOTCS B pa3Mepax M MPOJ0/DKaeTCsl X CTabMIbHOe paciivpe-
Hue. TpeTbsl CTaAiusi COOTBETCTBYET T03/Hel MeTaHeCTabUIBHOCTH, T.e. KBa3UAWHAMHUUeCKOH HeCTabMIbHOCTH, MOCKOJIBKY
YCKODSIFOTCS KaK pacIlMpeHHe Y4acTKOB BbICBOOOXK/IeHHsI HAIPsDKEHUH, TaK W yCHJIeHHe YPOBHS HarpsDKeHHH Ha ydacTKax
HaKOTUIeHUsl HamnpsbKeHHi. CHHepryu3M ycKopsieTcsi, KOrjja KBasucTaTHueckKre TpaHC(hopMaLuy NepexofsT B KBasHUANHAMU-
YyecKoe pacIIvpeHre, TIPA 3TOM /IeHCTByeT MeXaHH3M B3aUMOZEHCTBHSI MeXX/ly ydacTKamu paszsioma. CyThk Takoi TpaHcghop-
MalM{ 3aK/I0uaeTcsl B U3MEHeHWU MexXaHU3Ma pacllVpeHHs] y4aCTKOB — paclIMpeHue HM30/MPOBaHHbIX yUaCTKOB pasjioMa
CMeHsIeTCsl Ha C/IMsIHMe TaKUX Y4acTKOB IPU UX B3aUMO/IeMCTBUH, KOTJa pas3/ioM BXOJUT B KPUTUYECKYIO CTaZlit0 TIOTeHLIU-
aJILHOTO 3eMeTpsiceHUs. Ha OCHOBe fIaHHBIX, TIOJIyUeHHbIX 3KCIIeDUMEHTABbHBIM IIyTeM W JJOTOJIHEHHBbIX MH(pOpMalueii o
MIPOCTPaHCTBEHHO-BPEMEHHON 5BOJIIOLIMM 3eMJIeTpsiCeHUH BAO/Ab pasnoMa JlaoxyiiaH-MaomaollaH B 3amafHoOM 4YacTu
pasnoMHol 30HbI XaiftoaHb B CeBepo-BoctouHom Kutae, npoaHanusupoBaH MpoLiecc CUHepryusMa JJaHHOTO pasjioMa Tepef,
3eMJleTpsiCeHHeM MarHUTY o 6.2, KoTopoe npousonuio 6 utoHs 2000 r.

Knrouesnie cnoesa: MeTaHECTa6I/I]'IbHOCTb, COCTOsIHHE HaHpH)KeHHﬁ, yCKOpeHHLIﬁ CHUHEeprusm, I/IHCl)OpMaL[I/Iﬂ, CBUAETE/bCT-
ByHollas O HeU30eXHOM HaCTyIUIeHWH 3eMJIeTPpACEHNs, KpaTKOCquHbIﬁ Hen30eKHbIH TpeJBeCTHUK.

1. INTRODUCTION

In recent years, due to disaster threat on human caused
by major earthquakes, it is increasingly desired that scien-
tists should offer definite information on seismic hazard to
public. However, it is often noted that “the predicted quake
is reluctant to come, while unexpected seismic events
caught Earth scientists off guard” [Zhang Guomin, 2013].
For example, after the December 2004 Sumatra Mw9.1
earthquake, China Earthquake Administration held a meet-
ing on future earthquake trends in mainland China in early
2005, and all the researchers attending the meeting ac-
cepted that major events would occur on the North-South
seismic zone in central China in view of the geodynamic
context. Intensified studies and monitoring were conducted
along this potentially hazardous zone. But such expected
shocks did not happen in the following three years. An-
other regular meeting of the Administration was held in
early 2008, when some people began to doubt the previous
prediction and thought that an expected major event was
unlikely to occur in the near future. Unfortunately, several
months later, the 12 May 2008 Wenchuan Ms8.0 (Mw?7.9)
earthquake hit Longmenshan, the central part of this zone.
Among the complicated reasons for this failure in the ef-
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fort of earthquake prediction, one is that the experts usu-
ally provide answers as “possible or impossible” rather
than “yes or no”, i.e. cannot determine which fault will
surely generate a major quake, or what time such predicted
events will take place given its location and magnitude can
be estimated in advance.

Actually, people know little about regularities of earth-
quakes as seismology is a young science. During the past
nearly 30 years, models of quasi-periodicity and character-
istic earthquakes for some faults were suggested [Fedotov,
1968; Sykes, 1971; Shimazaki, Nakata, 1980; Nishenko,
1991] and served as a primary basis for long-term earth-
quake prediction, i.e. forecasting the occurrence time of an
event in the future. The actual events did not, however,
coincide with the expected cases. For instance, M7 events
occurred at Tokai, Japan in 1707 and 1845, respectively,
showing an interval 138 years. Following the assumed re-
currence model, in 1978 Japanese scientists inferred that a
M7 or greater shock should occur at any time in Tokai
[Mogi, 1981; Matsumura, 1997; Science..., 2007]. In fact
such an event, however, did not appear by now more than
30 years since then. In the Parkfield area, California, US,
six M6 events were recorded with a maximum interval 38
years and minimum 12 years, 22 years on average or larg-



est variation +45 % ~ —72 % [Schwartz, Coppersmith,
1984; Bakun, Lindh, 1985; Shearer, 1958; Ben-Zion et al.,
1993]. This observation led to the characteristic earth-
quake model and a forecast in 1984 that claimed a M6
shock would happen in Parkfield before the year 1993. In
fact, such an event did not come till 2004, implying an er-
ror as big as 11 years. So many similar examples reveal
such a common truth that the prediction of the occurrence
time for a future quake based on quasi-periodicity has a
large uncertainty, although it can help estimate the earth-
quake trend for a long-term period. Laboratory research
shows that in the same conditions, including driving force,
loading rate, fault plane and experimental sample, the
yielded quasi-periodicity of fault stick-slip has errors 5~11
%, which corresponds to errors 15~33 years for a 300-year
cycle in nature. In fact, recurrence intervals of earthquakes
are affected by many factors, of which the most important
is that a fault is not an isolated existence, instead merely a
boundary of a block, so its motion is jointly controlled by
other boundaries of the block. For crustal motion, such
errors are tiny, while too big to be acceptable for hazard
reduction in human society, much less the errors in nature
should exceed far more than that in the laboratory.

With hindsight to previous earthquakes, it was stated
that some abnormal phenomena appeared before earth-
quakes, which were summarized as “seismic precursors”.
Unfortunately, such claimed precursors did not occur in
subsequent events, instead other distinct phenomena were
observed. Is it possible to find out diagnostic precursors
that are bound to appear prior to earthquakes? To answer
this question, much effort was invested in studies involv-
ing many observational items such as crustal deformation,
underground water, seismicity, geomagnetism, geoelectric-
ity, and gravity. But the diagnostic precursors that have
been rigorously confirmed are quite a few [Wyss, 1991,
1997; Cicerone et al., 2009; Chen, 2009; Johnson, 2009;
Beroza, Ide, 2009]. The possible seismic precursors that
can appear at one place are associated with geological set-
ting and stress field conditions there. From other angle of
view, the stress field will change correspondingly after a
major earthquake takes place on a fault, so that the next
event on the same site may be different from the last one.
Probably this is just one of the reasons why the search for
diagnostic precursors is highly challenging. “In spite of
extreme difficulties in earthquake prediction, people do
not stop or give up their efforts toward this goal” [Chen,
2009].

It is widely accepted that earthquake prediction can be
made in long-, intermediate-, and short-term and impen-
ding time scales. It is, however, not clear how to define
such scales using a certain criterion. As different faults
have their specific recurrence intervals, they can have dif-
ferent behaviors in the same time scale. In laboratory ob-
servations, on a stress-strain curve, the meta-instability
stage begins from the peak stress point and ends at the in-
stability point, which is the key period prior to the fault
rupture [Ma Jin et al., 2012]. For some faults with long
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recurrence intervals, the meta-instability stage can exceed
one year; while for other faults with very short recurrence
intervals, one year may account for 1~10 % of the interval
which contains the stages of stress deviating from linearity
and meta-instability as well as the transform process into
instability. Therefore, it is more reasonable to study the
seismic risk of a fault from its stress state than from its
time scale. The key problem is how to link the field infor-
mation with the critical moments during the stress-strain
process in time.

The laboratory research has such an advantage that in-
formation from the press machine can be compared with
observed information of physical quantities of a field,
which allows us to find out the features of the meta-insta-
bility stage from observations of multiple physical fields.
Following this approach, we have conducted observational
studies on temperature, fault slip and strain fields in the
laboratory. Several individual experiments [Ma Jin et al.,
2012; Zhuo Yanqun et al., 2013; Ren Yagqiong et al., 2013;
Liu Yuanzheng et al., 2014] show that like specimen
analysis, description of the regional overall stress state
should not be based on data from single stations, instead
the overall evolution of the deformation field should be
considered. The instable slip of a fault is a transform proc-
ess from independent activity of each fault part into syner-
gism activity of all parts of the fault. When such synergism
reaches a certain degree, the fault enters the meta-
instability stage. Meanwhile deviating of the stress-time
curve from linearity marks the start of stress release. From
this moment, isolated weakening patches begin to appear
on the fault and increase gradually. In the meta-instability
stage of the fault, stress release becomes gradually domi-
nant, and synergism is accelerated and tends to be com-
pleted.

The precursor prior to the impending instability is one
of the target issues in earthquake research. The laboratory
studies mentioned above are of importance for understand-
ing mechanisms of faults and earthquakes as well as seis-
mic precursors. When the stress-strain curve deviates from
linearity, stress release on the fault begins and increases
with time gradually. The key issues include how to recog-
nize characters of stress release in different deformation
stages, how to determine the information indicating that
the earthquake is inevitable, and how to combine these
research results with data on real seismic precursors. In the
following sections of this paper, these issues are addressed
based on our laboratory experiments and field observa-
tions.

2. EXPERIMENTAL CONDITIONS

Experimental specimen and arrangement of measure-
ment sites: The experimental specimen is a 300 mm x
x 300 mm X 50 mm granodiorite from Fangshan district,
Beijing. It is cut along the diagonal to simulate a straight
fault plane. Thirty strain gauges are stuck nearby along the
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Fig. 1. Specimen structure, loading directions and arrangement of strain gauges.

Small black-and-red boxes along fault denote strain gauges. Black numbers S1 to S30 are serial numbers of strain measurement points.

Puc. 1. CTpykTypa MoZeny, HanpaB/ieH!s IIPUIOXKeHHsI Harpy3KH 1 pacrioioykeHHe JaTuMKOB HarlpshKeHui.

JlaTuuky HarpsDKeHUH, yCTaHOB/IeHHbIe B/O/Ib Pa3jioMa, [T0Ka3aHbl Kak uepHble MPsIMOYTObHUKY C KpacHoi rmonocoi. Homepa S1-S30 o3HauatoT

cepuiiHble HOMepa TOueK 3amMepa HarpsUKeHHH.

fault to measure variations of the strain field (Fig. 1),
which have resolution 1 pe and a sampling rate 100 Hz.
These measurements enable us to analyze the temporal-
spatial process of strain nearby the fault prior to its insta-
bility. We define that shortening (compressive strain) and
elongation (extensional strain) of gauges are positive and
negative values, respectively.

Loading conditions: Experiments are conducted on a
dual-direction servo press machine, of which pressure and
displacement are controllable. During tests, a constant
pressure (5 MPa) is applied in X direction and controllable
displacement at a constant rate (0.1 um/s) is applied in Y
direction. As the included angle between the fault trend
and the loading direction is 45°, an average shear stress on
the fault is

where 7 is an average shear stress on the fault plane, o,
and oy are average stresses at either end of Y and X direc-
tions, respectively.
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Measurements during tests on the press machine yield
data on the average shear stress-time process of the fault
(lower right in Fig. 2). An enlarged curve of its last stage
is given below to show details of its deformation from the
time 660s to 700s (Fig. 2), on which point O is stress peak,
N-O denotes the stage seriously deviating from linearity,
OAB; is the meta-instability stage of which OA is quasi-
static release stage, AB, is quasi-dynamic release stage,
and B, marks the beginning of real instability.

3. FEATURES OF STRAIN VARIATIONS ALONG THE FAULT
IN META-INSTABILITY STAGE

The curve of average shear stress with time (Fig. 2) il-
lustrates several critical moments, N, O, A, B; and B,, of
deformation on the specimen. It is noted that this curve
based on data from the press machine represents variations
of all portions of the whole fault, while each site records
strain processes of different portions. Below we analyze
strain measurements of different sites at the critical mo-
ments on the curve of the average shear stress versus time.
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Fig. 2. Curve of mean shear stress versus time (lower right) and enlarged view of the final stage (small red box with blue arrow

above).

Letters denote moments of significant deformation. See text for detail.

Puc. 2. KpuBasi cpefjHero HanpspKeHHUs! CIBUTA@ OTHOCUTEIbHO BpeMeHH (Ipadyik B HWDKHEM TIPABOM YTJIy) U YBeJTUUeHHBIN Tpaduk
rociefiHel cTagauy (KpacHbIN KBaJpaT C ro/y0oi CTpesiKoi B BepxXHel uacTy rpaduka).

BykBamu 0003HaueHBI MOMEHTBI 3HAUUTE/ILHOM ieopMaLiiy (CM. TIOSICHEHUSI B TEKCTE).

Overall, all site strains (hereafter abbreviated as SS)
along the fault accumulate in the beginning stage (positive,
compression). After the average shear stress-time curve
deviates from linearity (about 500 s), strain variations at
different sites begin to diverge. Some sites are of acceler-
ated compression, while other portions turn into relaxation
(negative, extension). Their variation amplitudes range
from O to 65 pe. Profound differences among the sites ap-
pear relatively later. After ~660 s, the stress-time curve is
in proximity to serious deviation from linearity. Therefore,
the strain value at moment 660 s is set to be zero to high-
light variations of strain increments of different portions of
the fault in the meta-instability stage.

After moment 660 s, strains of all portions along the
fault can be observed in 4 segments: sites 1 to 8, 21 to 24,
9 to 19, and 25 to 30. In terms of similarity, sites 1 to 8
and 21 to 24 are in one category, and sites 9 to 19 and 25
to 30 are in another category.

In the upper segment of the fault (sites 1 to 8), com-
pression strain is observed as slowly increasing and accel-
erating; then it rises up suddenly, and this sudden increase
is followed by inversion and final instability (Fig. 3, a).
Specifically, as shown by curves 6 and 7, compression
rates increase at moment N, and continue increasing fur-
ther at moment O. At moment A, the distance between
curves 4 and 5 reduces. At moment B, curves 1, 2, and 3

all rise nearly vertically. By moment B,, curves of all sites
exhibit instability with large stress drops, of which insta-
bility of sites 1 and 2 is behind that of sites 4 and 5 by
about 0.2~0.3 s with small stress drops. As sites 6 and 7
begin to release strain, strain accumulation at sites 4 and 5
accelerates. And when site 5 turns into strain release, strain
accumulation at sites 2, 3, and 4 speeds up. These proc-
esses imply that compressive strain between the sites
propagates along the fault at a rate that accelerates after the
stress peak (see Fig. 3, a).

On the middle segment of the fault (sites 9 to 19)
(Fig. 3, b), strains rise (sites 9 to 13) or are stationary (sites
14 to 19); then they drop slowly, invert, rise fast close to
instability, and finally reach complete instability (except
site 19). At moment N, when deviating from linearity,
compression strain accumulation on sites 9 to 13 changes
into strain release. More sites experience strain drops at
moment O. Moment A is the time that many sites begin to
speed up their strain release, among which site 19 is most
obvious. By moment By, strain on most of the sites, except
site 19, lowers to the minimum and then rises again. And
after the culminating moments, the sites enter instability
state (see Fig. 3, b).

The lower segment of the fault can be subdivided fur-
ther into upper and lower parts. In the lower part, i.e. sites
25 to 30, strain declines steadily and does not recover till
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Fig. 3. Variations of strain increments (SS) along fault after moment 660s with time at points in the upper (a), middle (b) and lower
segment (C).

Numerals above each curve denote measurement sites. Letters are moments.

Puc. 3. V3MeHeHus ripupocTa HarpsbkeHui (SS) B0k pasnoMa nocie 660-1 ceKyH/pl ¢ TeueHreM BpeMeHH B TOUKaX Ha BepXHEeM
(a), cpenHem (b) u HIDKHEM ydyacTKax passoma (C).

Liudps! Ha KaX/0i KPMBOW 03HAUAIOT YUaCTKH, I/je IPOM3BOAMIINCH 3aMepbl. BykBamu 0603HaueHbI MOMEHTBI 3HAUMTe/IbHOH leopMaLiii.
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instability. Strain of sites 20 to 24 of the upper part, like
that of the upper segment (sites 1 to 8), rises slowly, and
this increase is followed by slow decline, then sudden rise
and abrupt drop take place, in which the amplitude of de-
cline is larger than that of rise (Fig. 3, ¢).

Before instability, amplitudes of strain variations differ
in the specified segments of the fault. They are the largest
in the upper segment, up to 37 pe. The rise amount of the
upper part of the lower segment is comparable with maxi-
mum 12 peg, and decline amplitude of the lower segment is
also relatively large with maximum —-25 pe. Such ampli-
tude of the middle segment is the least, merely 5~6 e for
both rise and decline. The sequences of strain variations
between the neighboring sites are also variable in the spe-
cified segments of the fault. At the early time, increasing
compression is observed on all the sites. When deforma-
tion intensifies to some degree, differential variations ap-
pear on the fault.

4. STRAIN SYNERGISTIC PROCESS OF THE
[META-INSTABILITY STAGE

As evidenced by our laboratory observations and analy-
ses, it is difficult to recognize the stress state of the whole
fault from strain processes of its single sites. Variations of

Puc. 4. Bapuauuu HarpspkeHuH (SS) Ha TOUKax BZ[0JIb Pa3/ioMa C TeueHHeM BpeMeHU B riepuozbl ¢ 660 no 702 cek. (a) u ¢ 690 o

the stress state of the fault can be more clearly revealed by
integral observation of all the segments of the fault.

In the time interval from 660 s to702 s, sites 26 to 30 of
the lower segment are the earliest to start strain release
(665 s) (Fig. 4, a). This process firstly begins on sites 29
and 30, propagating leftward to site 26. With more release,
its range also expands gradually (1.25 mm/s). Meanwhile,
the upper segment, centered at site 8, starts to accumulate
compressive strain. With increasing accumulation degree,
the compressive area expands firstly and reduces after-
wards, with gradual leftward shift of the compressive cen-
ter (1.34 mm/s). Afterwards, the second strain release area
appears on site 19 of the middle part of the fault. And from
moment N, its range also expands toward the left (2.47
mm/s). From moment O, onsite 10 in the previous strain
accumulation area, compression is replaced by extension,
implying one more strain release areas. At moment A, this
new area expands to the right rapidly (74.1 mm/s) and
links with the strain release area centered by site 19.
Meanwhile, the earliest strain release areas centered by
sites 29 and 30 also expand at moment A. With a further
increase of compressive strain, the compression center mi-
grates from site 8 to the left, rapidly reaching sites 5, 6,
and 7, and, finally, instability occurs at these sites.

It is clear that as early as the stress curve deviating
from linearity, slow release of local strain begins. At mo-
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ment N, when the curve deviates more from linearity,
strain release areas increase gradually. From moment O,
the strain release areas start to expand. Such a process ac-
celerates at moment A, leading to linkage of the release
areas. By this time, instability is irreversible.

We use the term ‘synergism’ to denote the phenomenon
comprising expansion of the strain release areas on the
fault and their linkage with each other. The occurrence and
increase of such areas indicate that the fault begins to re-
lease strain. Their expansion represents the start of the
fault’s synergistic process. And the accelerated synergism
marks that the fault enters the quasi-dynamic meta-insta-
bility stage, which is also an indicator that an earthquake is
inevitable.

5. TESTING THE FIELD CASE

As stated above, the laboratory experiments of faulting
reveal a synergistic process including expansion, acceler-
ated expansion and linkage of strain release areas. It is de-
rived from strain measurements in the laboratory condi-
tions that instability slip occurs on a strike-slip fault simu-
lated by a cut rock specimen. The Laohushan-Mao-
maoshan fault, being a part of the Haiyuan fault zone, is a
strike-slip fracture whereat an M6.2 earthquake took place
on 6 June 2000. Here we attempt to review and analyze
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small quakes before the major event to explore the syner-
gistic process of this fault.

The Haiyuan fault zone is a large-scale strike-slip struc-
ture located west of the Ordos block. It comprises nine
fault segments in the NW direction. It can be subdivided
into three sections that differ in terms of active behaviors
and geomorphology [The Haiyuan fault zone, 1990; Zhang
et al., 2005]. Of them the middle and western sections are
left lateral strike-slip, and the eastern section is left-slip
with thrust component. The 16 December 1920 M8.5
earthquake ruptured the middle section. In the same
month, an M5 event occurred at Baiying northwest of Hai-
yuan, followed by a M7 shock in southeast. Another group
of faults arranged in a left step manner is located west of
the Haiyuan fault zone, nearby Jingtai (Fig. 5). It includes
Laohushan, Maomaoshan, and Jingianghe faults that are
reviewed below as comprising the Laohushan-Maomao-
shan fault zone. These faults are striking nearly east-west,
with an included angle about 5° with respect to the Hai-
yuan fault zone, and also a left-step pattern with a 10 km
distance between fault ends parallel and perpendicular to
the overall strike. In view of their proximity to the Hai-
yuan fault zone (also left slip), the impact of the 1920 Hai-
yuanmajor earthquake on the Laohushan-Maomaoshan
fault zone and its seismic hazard are issues of high con-
cern.
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Seismic activity of the Laohushan-Maomaoshan fault
zone in the period from 1920 to 1958 is unknown as earth-
quake records are lacking. From 1959 to 1961, three M5
events occurred at the extensional jog area of the right part
of the fault zone. As the earthquake catalogue since 1970
is continuous and complete, the following analysis is pri-
marily based on this dataset. From 1960, both the Haiyuan
and Laohushan-Maomaoshan fault zones were character-
ized by moderate seismic activity, except two M6.2 events
in 1990 and 2000, respectively. In the period from 1970 to
1990, seismic activity of this region gradually increased,
while after 2000, it continued to decline. The relatively
active period started with the M5.1 event at the Jingianghe
fault on 7 December 1984; afterwards, moderate-size
events migrated from west to east. A seismic swarm with
maximum M®6.2 occurred in the Laohushan fault zone on
20 October 1990. Afterwards, M6.2 and M5.2 took place

in the jog area of the right side of the Laohushan fault on
6 June 2000 and 27 December 2000, respectively, in ad-
dition to several M4 events during the same period.
And since 2000, seismicity of this region turned into de-
cline.

The temporal-spatial migration of epicenters (Fig. 6)
shows low seismicity along the Haiyuan fault zone, while
seismicity at the Laohushan fault and in the jog area east-
ward of the fault was relatively active in the decade of
1990-2000. Before and after this period, frequent seismic
events took place at same locations, very few migrating
along the fault, which is indicative of independent activity
of individual fault segments. But close to the relatively
active period of seismicity, especially before the 2000
M®6.2 event in the extensional jog area, there was a syner-
gistic process of fault activity. Around 1990, an M3 earth-
quake belt (shown in cyan in Fig. 6) propagated from
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southeast (Laohushan) toward northwest with time. After
1997, an M3 and M4 belt striking from west to east ap-
peared at the Jingianghe fault; its pattern of epicenters was
dense. Thus, activity along the Maomaoshan-Laohushan
fault entered the synergistic state, which provided the in-
stability condition for a strong earthquake, and the M6.2
event occurred on 6 June 2000. After this earthquake, the
activity level of the jog area east of Laohushan became
relatively higher. It can be inferred that the synergism, that
propagated westward at a stable rate along the Laohushan-
Maomaoshan fault, commenced earlier and was acceler-
ated by the eastward propagation of seismic activity at the
Jingianghe fault after 1996. As a consequence, the M6.2
earthquake occurred on 27 December 2000. This process is
very similar to the strain variations prior to instability
which were observed in the laboratory studies described
above.

6. DISCUSSION

1. One of most profound characters of faults is com-
plexity of their geometry and heterogeneity and anisotropy
of rock as their host media, which yields the complex me-
chanic nature of faults at any scale [Konca et al., 2008].
Like other materials, rocks obey laws of mechanics, but
exhibit highly variable behaviors [Jaeger, Cook, 1979].
Usually, in a non-uniform medium, a fault consists of rela-
tively weak and strong segments. Under stress, its weak
segments are first to become area of strain release, while
its strong segments accumulate strain and, finally, become
the areas where instability starts fast. Nucleation of a fault
might begin by connection of multiple points, rather than
necessarily from one point toward outside.

2. The laboratory research shows that as strain accumu-
lates to the stage deviating from linearity, strains on the
fault begin to diverge, resulting in segmentation, i.e. seg-
ments characterized by high and low strain values are
formed. Our studies indicate that when a small quake or
slip occurs at one segment of the fault, no matter a quasi-
static action [Stein, 1999] (displacement) or a dynamic ac-
tion [Gomberg et al., 2003; West et al., 2005], it can cause
strain changes in other segments of the fault. Usually, the
process of deformation and instability of a fault takes place
in three stages as follows: generation of strain release ar-
eas, expansion and increase amount of these areas, and
their linkage. In the first stage, small-size strain-release
areas are formed. As stresses become more intense, the
strain-release areas are expanded, and this is indicative of
the second stage. Such expansion proceeds slowly within a
limited range. When the stress reaches a certain level, the
strain-release areas become sufficiently long, distances
between these areas become very short, and these areas
begin to link up with each other, and this marks the third
stage. In the stage of deviation from linearity, both the
strain-release and strain-accumulation areas are generated
along the fault. And steady expansion and increase of the
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strain-release areas are associated with quasi-static insta-
bility stage. When subsequently the fault enters the quasi-
dynamic instability stage, the number of the strain-release
areas is sufficient, expansion of the existing strain-release
areas reaches some degree, and interaction between these
areas is enhanced, such factors jointly make them expand
at an accelerated rate [Du Yijun et al., 1989].According to
the laboratory experiments, in the three above-mentioned
stages, the rates of expansion of the strain-release areas
along the fault are ~1 mm/s, ~2.5 mm/s, and ~74 mm/s,
respectively. Apparently, the rates of the former two stages
represent a stable increase, while that of the third stage is
an increase of orders of magnitude. The accelerated syner-
gism begins when the quasi-static expansion transforms
into quasi-dynamic expansion. Its essence is that the ex-
pansion mechanism changes which means that independ-
ent expansion of isolated weak fault segments is replaced
by linking of the fault segments during their interaction.
And from this moment the fault enters the stage within
which an earthquake will be surely generated.

3. As stated above, the temporal-spatial evolution of the
earthquakes along the Laohushan-Maomaoshan fault zone
shows that the fault remains in the stage of deviation from
linearity within which dense moderate and small quakes
that occurred at many places were not associated with each
other at the fault. As these events propagated steadily to-
ward northwest along the fault from Laohushan, the fault
should have entered the early meta-instability stage, i.e.
the stage of quasi-static instability. The accelerated propa-
gation of moderate and small events at the fault from Jin-
gianghe to northeast marks the later meta-instability stage,
or the quasi-dynamic instability stage. The accelerated
synergism of the fault is the indicator of entering the later
meta-instability stage. It implies that this fault will surely
generate an instability event, probably manifested as a ma-
jor earthquake, although its time of occurrence is unknown
yet.

4. Our experimental results demonstrate that during
strain release at some fault segments, strain accumulation
takes place at other fault segments. With the expanding
range of strain-release areas and enhancement of release
degree, the range of strain-accumulation areas reduces
while strain accumulation degree increases. As the range
and degree of strain release reaches the maximum, mean-
while the strain-accumulation areas become reduced to the
least range with the maximum accumulation degree, dy-
namic instability takes place nearby high-gradient zones of
strain. It indicates that the synergism and instability proc-
ess is just the interaction between the fault segments, that
have different mechanical properties, and during such a
process, high strain-accumulation areas are not of pre-
existence. Besides, the length of the fault segments that
cause dynamic instability is much less than that of the fault
in the state of instability [Jordan et al., 2011].

5. Such events take place in a cascade mode, i.e. they
are triggered by previous ones in a continuous sequence.
Through many episodes of stepwise amplification, an ori-



ginally weak input signal changes into a very strong output
signal [Ellsworth, Beroza, 1995; Ma Shengli et al., 2002,
2003]. In the experiments, the weak segments of the fault
firstly release strain, which cause stress variations in the
neighboring segments through stress adjustment. The
strain release of some weak segments of the fault can lead
to strain release in other weak segments as well as increase
of the strain level of strong segments of the fault. Under
such repeated chain-mode reaction, the total length of
strain-release segments reaches the critical value and the
stress level of the strain-accumulation segments becomes
extremely high, so that intense instable slip occurs along
the fault. Due to extreme complexity of faults and their
behavior in the cascade mode [Noda et al., 2013], many
factors are uncertain, but need to be taken into account in
earthquake prediction.

7. SUMMARY

In this publication, we focus on deformation features of
a fault in its meta-instability stage and draw the following
conclusions:

1. There exist relatively weak and strong segments of a
fault. The former are usually firstly weakened, as ex-
pressed by pre-slip, slow temblors, or small shocks, indica-
tive of the start of strain release; while the latter are the
places where the fault is locked and ruptured fast in an in-
stable manner.

2. The difference between the stage of deviation from
linearity and the meta-instability stage is as follows: once
the stress-time curve deviates from linearity, strain release
and strain accumulation areas occur successively on the
fault, which are relatively independent from each other. In
the early meta-instability stage, strain-release areas expand
and their number increases, while the ranges of strain-
accumulation areas are reduced and their strain level be-
comes higher. In the late meta-instability stage, the strain-
release areas accelerate to expand, link with each other,
and finally occupy the entire fault. The accelerating expan-
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sion of strain-release areas is an indicator for an impending
earthquake.

3. The expansion and linkage of strain-release areas of
the fault exhibit the synergism degree of fault activity and
indicate instability of the site and temporal proximity of a
seismic event. But, actually there are two kinds of insta-
bilities during stick-slip of the fault, of which the former is
related with strain release of weak portions of the fault,
while the latter results from fast strain release of strong
portions, exhibiting a major earthquake. And accelerated
expansion of the former facilitates the occurrence of the
latter.

Our research is still underway, and many problems re-
main to be studied further. For instance, we suggest that
identification of the meta-instability stage and accelerated
synergism can indicate that the instability event is impend-
ing, but it cannot specify its location and/or magnitude.
The occurrence moment of a major quake means a dy-
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between different boundaries of a block can influence in-
stability; different dynamic conditions may cause distinct
variations, and these are only a few problems requiring
further, more detailed studies.
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