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HIGHLIGHTS:

1. Fault meta-instability is a key observable deformation stage to identify seismic precursor information.

2. Local preslips or micro-ruptures happen in few segments of fault, but there is only one nucleation zone.

3. The preslip areas first occur in the segments of low volume strain, but fast instability of the fault starts in the high
volume strain area.

ABSTRACT. According to the steady state of fault and energy balance, we provided a new idea to observe the precursors
for a stressed fault. The meta-instability (or sub-instability) state of a fault is defined as the transition phase from peak
stress to critical stress of fast instability (earthquake generation) during a full period of slow loading and fast unloading.
The accumulative deformation energy begins to release in this stage. Identifying its deformation before fast instability
would be beneficial to obtain premonitory information, and to evaluate the seismic risks of tectonic regions. In this study,
we emphasized to analyze deformation process of the meta-instable stage with stain tensor data from a straight precut
fault in granite at a slow loading rate, and observed the tempo-spatial features during the full deformation process of the
fault. Two types of tectonic zones and instabilities occur on the stick-slip fault. The low- and high-value segments in the
volume strain component appear along the fault strike with a load increment. The former first weakens and then becomes
initial energy release segments; the latter forms strong stress-interlocking areas and finally turns into the initial region of
fast instability. And there are two stages in the entire instable process of the fault: the initial stage is associated with the
release of the low volume strain segments, which means fault pre-slips, slow earthquakes or weak earthquakes. The second
one characterizes a strong earthquake through the release of high volume strain parts. The rupture acceleration in the first
stage promotes the generation of the second. Moreover, fault instability contains two types of strain adjustments along
the fault: the front-like strain change along the transition segments from low- to high- strain portions with volume strain
release, and the compressive strain pulse of fault instability after the volume strain release extends to a certain range with
loading increment. In laboratory experiments, the front-type strain occurs about 12 seconds before fast fault instability; the
compressive pulse initiates within less than 0.1 second, and then the fault turns quickly into a dynamic strain adjustment,
which appears quasi-synchronously between different measurement points, and, finally, an earthquake is generated.
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JKCINEPUMEHTAJIBHOE UCCJIEAOBAHUE JE®POPMALIMOHHOI'O ITPOLIECCA
HA PA3JIOME B METACTABHWJIbBHOM COCTOAHWU NNEPE/J 3EMJIETPACEHUEM

l0anmyaH I'yo, AuntoHs Yxyo, [IsiikcyHs JIw, lllyHbI0HBb llel-l,

TocymapcTBeHHas LleHTpasbHas JJabopaToOpUsl AUHAMUKU 3eMJIeTpsiceHUN, UHCTUTYT reosioruu, AAMUHUCTpaLus
o 3emsietpsicenusiM Kuras, [lekun, Kutai

OCHOBHBIE MOMEHThI:

1. MeTaHecTabUJIbHOCTb pa3jioMa SIBJAsSeTCs KJI4eBoW HabMoZaeMol crajuel gedopManuu A uaeHTUUKAUU
WHpOpPMAIUU 0 CEHCMUYECKOM MPEKyPCope.

2. JlokasibHbI€e NpeIBAPUTEJIbHbIE CKOJIBXKEHUS UJIUM MUKPOPA3PbIBbI MIPOUCXOST B HECKOJILKUX CETMeHTaX pasJio-
Ma, HO CYLIeCTBYET TOJIbKO O/IHA 30Ha 3apOXK/eHHUs.

3. 06J1acTH MpeIBApUTEBHOTO MPOCKa/Ib3bIBAHUS CHAYa/la BO3HUKAKT B CErMeHTax JiepopMalvu ¢ HU3KUM 06be-
MOM, HO ObICTpasi HeCTaGUJIbHOCTb MOBPEX/IeHNUsI HAYMHAeTCs B 06/1aCTU JlepopMaLuu € 60IbLUINM 00bEMOM.

AHHOTALUA. [IpensaraeTcst HOBbIN MOAXO/ K BblIeJIEHHIO IPEIBECTHUKOB 3eMJIETPSICEHUS B 30He pa3JioMa C BbI-
COKUM yPOBHEM HAIpPS>KeHUU, ONUPAIOLIHICA HA TOHATHS €ro yCTOMUMBOTO COCTOSIHUS U 9HEPTeTUYEeCKOT0 OaJslaHca.
B ycn0BUSIX 9KCIIEpUMEHTANBHOIO BOCIIPOU3BEIeHUS MO/Ie/IM NpepbIBUCTOrO0 «stick-slip» B nmpezesiax NoJHOTO LUKJIA
MeJlJIEeHHOM Harpy3Ku U 6bICTPOM pa3rpy3ku AedopMUpyeMoro o6pasiia c pa3pe3oM, UMUTHUPYIOLUM Pa3JioM, Ipe/eib-
Hble COCTOSIHUSI €T0 MeTacCTaOU/IbHOCTU U METAHECTAOUIbHOCTH MPU MMKOBOM KPUTHYECKOM HaNPSDKEHUU OTpeseis-
I0TCS KaK nepexo/iHast pasa oT yCTOMUYUBOCTU K HEYCTOMYUBOCTH CO CIIOHTAHHOM reHepaljieil UMIYJIbCHOMN MOABIKKU
(T.e. reHepanuu 3emyeTpsiceHus ). C mepexoZjoM Mo/ieJIbHOTO pasjioMa B COCTOSIHHE MeTaHeCTaOUJIbHOCTH CTapTyeT IPo-
1ecc MeJlJIEHHOTO, IPOCTPaHCTBEHHO-JUCKPETHOT0, U36HUPaTebHOI'0 BLICBOOOXKAEHUSI HAKOIIJIEHHBIX HA HEM HalpsiKe-
HUU. BbisiBJIeHHe 3TOT0 mpoliecca /1o ero nepexo/ia B CTaJUI0 ObICTPON HECTAOUIBHOCTU UMEET BaXKHOE MMPOTHO3HOEe
3HaueHUe [1J1s1 NPeBEHTUBHOM OLleHKH PHCKa B TEKTOHUYECKH aKTUBHBIX perMoHaX. B BbIOJTHEHHOM aBTOpaMU 3KCIIe-
pPUMEHTA/JIbHOM UCC/IeJOBAHUU NMPOAHAJU3MPOBAHbl BapUaLUU TeH30pa HaNPsHKeHUH B HAarpyKeHHOM I'PaHUTHOM 06-
paslie c IPSIMOJIMHENHBIM pa3pe30M B TeueHHe MeTaHeCTAaOUIbHOM CTa/IUH, a TAKKe TPOBeIeHO HabJIt0/leHre TPOCTPaH-
CTBEHHO-BPEeMEHHbIX 0COOEHHOCTEN 3TOr0 NapaMeTpa B TeUeHUe BCero mpoliecca AedopManuu MoJieJIbHOTO pasJjioMa.

YcTaHOBJIEHO, YTO MO MPOCTUPAHUIO PAa3/I0Ma UMEIOT MECTO CETMEHTbI C HU3KUMU U BBICOKHMU 3HAYeHUSIMU 00'beMHOU
JebopManuu, KOTOPbIM COOTBETCTBYIOT JIBA TUIA HECTAOUJIbHOCTHU. [lepBble 3aK/1a/[bIBAIOTCSI HA yYaCTKax C MOHWXEH-
HOU MPOYHOCTHIO U CTAHOBSITCS CETMEHTAMU HAa4aJIbHOT'0 BICBOOOXK/I€HUSI SHEPTUHM B HAYA/IbHYIO CTaIUI0 HECTAOWIb-
HOCTU. BTOpble, HA060POT, XapaKTePHBI /Il Y4aCTKOB YIIPOYHEHHs Pa3JioMa, I/ie MPOUCXOAUT 6JIOKHPOBKA HAMIPSXKEHUH,
Y BIIOCJIeICTBUU NIPEBPALAIOTCS B HAYaJbHble 06/1aCTU ObICTPOM HECTAOUIBHOCTH.

B pamkax npoiiecca HecTaGUJIbHOCTU pa3jioMa BblZieJIeHbI IBe CTaZMU. B mepByIo cTa/jui0 MPOUCXOAUT pean3anus
HeO6OJIbUIMX Me/IJIEHHBIX C/IBUTOBBIX CMellleHUI Ha pa3JjioMe B IpeJiesiaX CErMEHTOB IEPBOTO TUIA, UMEHYEMbIX B JIUTe-
paType npeacMelleHUIMU, HU3KOYaCTOTHBIMY, Me/IJIEHHbIMU WU TUXUMU 3eMJIeTPSICEHUSIMU U T.J. CerMeHTaL s pas-
BUBAETCs C YCKOPEHUEM, UTO CIIOCOOCTBYET nepexoAy AedpopMallMOHHOTr0 Ipoliecca BO BTOPYIO CTaIUI0, KOTAA MpoucC-
XOJIUT OBICTPOE AUHAMUYECKON 00'beIMHEHNE CETMEHTOB 000UX TUIIOB C peau3alieil 60JbII0ro CMellleHus 0 Pa3aoMy,
YTO COOTBETCTBYET CUJIbHOMY 3eMJIETPSICEHUIO B IPUPOJE.

B yc10BUSIX HeCTaGUJIbHOCTH pa3jioMa 3apUKCHPOBaHbI /iBa TUMA JlePpopMalUU BJ0Jb €T0 MPOCTUPaHUsL: GPOHTAIb-
Hasl MUrpanus JepopManuy B10JIb CETMEHTOB MTepPBOro TUIIA PU CMEI[eHUSIX 10 HUM K CErMeHTaM BTOPOT'0 U UMITYJIbC
JebopManuu cKaTHUs Mocje peaansanuu 06 beMHOM lepopMalLuu ocie CMeIleHUs, PaCIPOCTPaAHSIOIIMICS Ha onipe/ie-
JIeHHOE PacCTOsIHUE B YCJIOBUSIX POCTA MPUIOKEHHOU K 00pa31y Harpy3Ku. B BbIOJTHEHHBIX 3KCIIepUMeHTax GPOHTaIb-
Has aedopmalys BO3HUKa/Ia MpUMepHO 3a 12 ¢ 10 6bICTPOI HECTAOUIBHOCTH Pa3J/ioMa, a UMIIYJIbC CKATUSI HAYUHAETCs
MeHee yeM 3a 0.1 c 1o Hee. [luHaMu4eckas gedopMaliys Ha pasjioMe MPOSIBIASETCS KBA3UCHHXPOHHO MO MPOCTUPAHHUIO
pasJjioMa BO BCeX TOUKaX U3MepeHus.

KJ/IIOYEBBIE CJIOBA: MeTaHecTabUJIbHOCTD pa3JioMa; npoiecc Aedopmalnuu; TeH30p JebopManuu; uHGopMarus o
npeJiBECTHUKE 3eMJIeTPsICEHUs

®UHAHCHUPOBAHHME: VccnenoBanue puHaHcupyeTcss HanjoHanbHbIM GOH/OM eCTECTBEHHbIX HayK KuTas (rpaHThbl
Ne 41911530111 u N2 41572181), HauuoHanbHOU K/I0YEeBOM MpOrpaMMoi uccaejoBaHUM U pa3paboTok Kurtas (rpadT
Ne 2018YFC1503301) u donzamu pyHaMeHTaNbHbIX McClef0BaHUN NHCTUTYTa reosioruu YnpaB/eHus 3eMJeTpsice-
Huit Kurtas (rpant Ne IGCEA1203).
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1. INTRODUCTION

Since the Brace and Byerlee’s proposal [Byerlee, 1967,
1978; Brace, Byerlee, 1966, 1970] describing shallow earth-
quake mechanism with stick-slip phenomenon and Diete-
rich’s description [Dieterich, 1978, 1979] of the sliding law
with rate- and state- dependent friction constitute, the sliding
friction feature of a simple fault has become one of the most
important fields to extensively study earthquake mecha-
nism, including theoretical analysis, laboratory experiment
and field observation. Many researchers have paid more at-
tentions to the instable process of fault friction and discus-
sed occurrence conditions on stick-slip or stable slip, and
their influence factors.

Some previous research results are far-reaching. For
example, the change of friction strength involves a direct
effect on sliding velocity, the constant @, and an indirect re-
sponse b, with an exponential decay function that formu-
lated the strengthening or weakening parameter during the
transition phase of fault instability. The results reveal that
a stable friction coefficient increases with loading velocity
increment as the value of a-b is positive, which means the
velocity strengthening of fault, velocity weakening as a-b
becomes negative, conversely. And there is a critical stiff-
ness [Ruina, 1983; Rice, Ruina, 1983; Scholz, 1988], which
refers to a certain value that the periodic stick-slip event
would appear when the system stiffness is smaller than this
certain value. Otherwise, stable sliding occurs in the case
of small disturbances. As a-b is negative, the instability of
fault slip nucleation is produced [Dieterich, 1986, 1992].
Thus, the value of a-b during the steady state becomes an
important criterion for determining sliding stability.

Based on the understanding above, many researchers
studied the conditions and mechanism of weakening and
strengthening of the fault zone under different tempera-
tures, pressures, loading velocities and pore pressures, etc.
For instance, Moore demonstrated that the serpentine con-
taining talc is a factor to induce high-speed non-earthquake
creep of San Andreas Fault [Moore, Rymer, 2007]; Rice
[Rice, 2006] systematically studied its absolute and rela-
tive weakening process, the expansion effect resulted from
fault instability, the influences from pore fluid to earthquake
nucleation and dynamic earthquake rupture. Furthermore,
other authors discussed the action of normal stress during
frictional sliding and the problems about periodic-doubling
and the chaotic properties of sliding [He, 2000, 2003; He
etal, 2004, 2006, 2007]. After the Great Wenchuan Earth-
quake occurred in 2008, some researchers investigated its
seismogenic conditions, and emphasized the effect of fault
gouge and water to the fault instability under high-angle
thrust faulting [Zhou, He, 2009]. These results above only
answered what some probable conditions to result in earth-
quakes are, but concerned the precursor features of the
great shock.

The precursor of an instable fault is one of the focuses
in earthquake research, especially the nucleation process
of fault stick-slip relative to seimogeneration. Small speci-
mens (about 20 mm in diameter) were usually used under
high temperature and high pressure for testing. In this case,

an average parameter for a fault surface was taken as a single
value discussing the constitution relationship of fault media.
As the fault is not uniform in reality, a modified assumption
has to be made for a better reflection of the reality. There-
fore, some larger scales of biaxial experiments were car-
ried out under confining (or lateral) pressure condition.
These experiments characterized large specimens, and the
common observations of the multiphysical fields provided
some plausible clues for analyzing the distribution proper-
ties of earthquake precursors. On the base of experimental
results [Peselnik et al., 1976; Dieterich, 1986, 1992; Ohnaka
etal., 1987, 1997; Ohnaka, Kuwahara, 1990; Ohnaka, 1992]
proposed the nucleation conception before fault instability
and the relationship between pre-sliding scale and insta-
bility. They also pointed out that the nucleation is a short-
term and impending precursory of an earthquake, and em-
phasized that the instability is caused by fault weakening.
Moreover, other authors discussed the nucleation process
and nucleation phase in homogeneous and heterogeneous
fault regarding to geometries and medium factors [Ma et
al., 2002, 2003]. Ma found that the action on the friction
stability from the heterogeneity of faults, and further pro-
posed that the scales of the weakening fault segment would
also affect fault instability. The large-scale of weakening
section accorded with the rate- and state-law of friction and
earthquake instability in accelerating sliding was finally
caused by fault weakening. Furthermore, the wear of the
fault zone, the roughness of the fault surface and the loading
velocity were also studied in large-scale biaxial friction ex-
periments [Aochi, Fukuyama, 2002; Fukuyama, 2009]. In
addition, some authors simulated earthquake sliding ve-
locity using rotation friction devices to study the mecha-
nism with controlled weakening methods [Chang et al.,
2012]. Meanwhile, Reches et al. noticed that melting due
to friction heating and fault powder has an influence on
fault weakening [Hirose, Shimamoto, 2005; Reches, Lock-
ner, 2010]. In recent years, with further research, some
authors paid more attentions to the influence of earthquake
nucleation and fault geometry on fault sliding under non-
plane and non-uniform stress conditions [Aochi, Fukuyama,
2002; Dieterich, Smith, 2009; Dieterich, Richards-Dinger,
2010]. These studies are essential to understand the me-
chanism of fast fault instability (or earthquake rupture)
and to analyze earthquake. Also, these studies have become
a footstone to probe earthquake mechanism. However, the
further scientific question is how to combine these research
results with the analysis of actual earthquake precursors.
Although the long-, middle-, short- and impeding- term of
earthquake prediction is widely used in concept, the stan-
dard of distinguishing these states is very vague. Here, we
tried to conduct some discussions about it in the labora-
tory. For example, in a stress-strain curve, we defined that
the sub-instable phase of a fault starts between peak stress
and fast instability initiation. Thus, if the key window be-
fore fast fault instability is probably observed, the meta-in-
stability phase would be identified [Ma et al.,, 2012, 2014;
Ren et al., 2013; Ma, 2016]. We also found that fault nu-
cleation and stress release initiated while the stress-strain
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curve deviates from linearity, and the deviation gradually
increased as time elapse. Therefore, the key to solve the
problem is to find the way to distinguish a strong deviation
point from measured data and the characteristics of stress
(or strain) release in a sub-instable phase, and to determine
the starting point of stress (or strain) release, the critical
size of nucleation zone and its critical slip distance of fault.
In this paper, the characteristics of meta-instability phase
will be analyzed by comparing far-field stress from pressing
machine with multi-physical factors in the sample surface,
including volume strain, shear strain and acoustic emission
in the laboratory. Our previous experiments have proven that
temperature increment is proportional to the volume strain
increment under adiabatically elastic condition and have
discussed temperature field properties during fault meta-
instability. Meanwhile, the corresponding finding showed
that the temperature increases with volume compression
while decreases with volume expansion in rocks. Here, as
an example, we will continue to discuss the properties of
meta-instability phase in volume strain for comparing the
results from previous temperature observation.

2. EXPERIMENTAL CONDITIONS, OBSERVATION
METHOD AND DATA PROCESSING
The experiments were performed using Fangshan grano-
diorite specimens (L=300 mm, W=300 mm, and H=50 mm).

A straight fault was precut along the diagonal of the sample.
In addition, 57 strain gauges (14 groups of strain rosettes
with every three gauges) were pasted on the sample surface
along the fault line to trace fault deformation. By calibration,
the resolution of strain data was about 1.0 pe (1 pe = 10)
with the sampling rate of 100 Hz. Meanwhile, eight acoustic
emission (AE) sensors were distributed on the specimen
surface along the fault strike to record micro-rupture signals
during loading. AE signals were recorded by the continuous
sampling equipment at the rate of 3 MHz and the sampling
resolution of 16 bits (Fig. 1).

In the experiment, the displacement and load of specimen
platens are applied by a two-way servo-controlled loading,
and X-pressure is constantly kept at 5.0 MPa, while Y-direc-
tion is applied with the platen of the stable displacement-
controlled rate. Here, in terms of quasi-periodic stick-slip
events, we select a typical one (the loading displacement
rate is about 0.1 micrometer per second) to study the de-
formation characteristics during the fault meta-instability
stage. The full differential stress-time plot of the event is
shown in Fig. 2.

A complete stick-slip event shown in Fig. 2 lasts about
702 s. The key time points during sample deformation are
markedasL, M, N, O, A, B, and B.. Specifically, L-M represents
the linear deformation phase, M-0 - the deviation phase,
and N-O - turns to the strong deviation phase corresponding

Fig. 1. Sketch of the specimen structure, observation points, and locations of important phenomena that occurred during the
experiments.

Solid black line in the centre - fault that was precut along the diagonal of the specimen; thin black rectangles (red lines inside) - strain
gauges; black dash-line circles (1 to 14) - strain tensor points along the fault; black solid circles (A01 to A08) - acoustic emission
transducers.

Puc. 1. CxeMa, noKasbIBawolas U3y4aeMylo CTPyKTYpY, paclosiokeHHe ToueK HabJIloleHUsl U MeCTa, B KOTOPBIX B X0/le 9KCIIepUMEHTOB
Hab6JII0la/INCh BaXKHbIe sIBJIEHUS.

CrnjiolHas yepHasi IMHUA B LleHTPe — pa3JioM, BbIpe3aHHbIH 10 AuaroHaay o6pasia; NpsAMOyroJbHUKU, U300paKeHHble TOHKUMU
YepHBbIMU JIMHUAMH (C KPaCHBIMU JIMHUSIMU BHYTPHU), - TEH30/JaTUUKH; YepHble LITPUXOBbIe JTMHUM (1-14) - Touku TeH3o0pa Aedop-
MalluH BJI0JIb PA3/I0Ma; YepHbIe CIIolHble KpyKKU (A01-A08) - npeobpasoBaTes iy aKyCTHYECKONH IMUCCHH.
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to the previous linear phase. Due to a gradual increase of
stress deviation, we take the time point as an identification
one that the stress-time curve starts to turn flat (or non-in-
crease), and is accompanied by a stress decrease, for deter-
mining the key time N of 688.0 s. Thus, OAB is the meta-in-
stability state as mentioned above. Point O represents the
peak stress point (694.0 s), while OA (Point Ais at 697.5 s)
is meta-instability Phase I where the release of quasi-static
stress initiates, and AB is meta-instability Phase II for quasi-
dynamic stress release. Here, we mark B, (699.5 s) and B,
(700.4 s) to explain the deformation difference between the
two phases, respectively.

3. THE STRAIN FIELD PROPERTIES
IN THE META-INSTABILITY PHASES

Fourteen groups of strain rosettes were used to inves-
tigate volume strain, maximum shear strain, normal strain
and tangential strain. The strain rosettes (dash-line circles
in Fig. 1) are arranged along the fault trace. The method for
processing strain tensor data is explained in details in Ap-
pendix 1. Since the trend change is similar between them,
the evolution properties of volume strain (Fig. 3, a) and the
maximum shear strain (Fig. 3, b) in the meta-instable phase
are also similar. Thus, we focus on the analysis for the vol-
ume strain in this experiment.

In the linear deformation stage shown in Fig. 3, a, volume
strain is generally compressive along the fault (the value of
the compressive strain is positive). Since the stress curve de-
viates from the linearity (at 460.0 s), volume strain curves

(@) 28.0f

275

270

265

Differential stress o,— o, (MPa)

start to diverge indifferent fault segments. Some of them
begin to release (Point 12&13); others continue to strengthen
with strain accumulation. In addition, the differentiation
becomes gradually distinct with the further deformation in-
crease. The lower points of volume strain decrease, and the
upper volume strain increases, but the change in the middle
of the fault is much smaller. The overall accumulation trend
of the strain turns flat.

The volume strain increases substantially and then it
starts to decrease when the stage of strong deviation (688 s)
starts. In order to highlight this stage of the strain charac-
teristics, the time was set to zero point at 660.0 s, and then
the strain increment change in the stage was analyzed. Fig. 4,
a-d shows the volume strain of all the measured points, and
the upper, middle and lower segments after 660 s, respec-
tively. The variation from that in Fig. 3 is that the accumula-
tion trend of strain with the load increment disappears or
becomes accelerative increment, or even decreases some-
times in different fault segments.

Fig. 4, b, indicates the strain increment curves versus
time at the measured Points 14, 13, and 12 in the lower fault
segment. The three points of volume strain increments con-
sequently decease as the linear deviation start from 660.0 s.
Among the points, volume strain at Point 14 releases (de-
creases) first at the maximum value, which is followed by
Points 13 and 12. The strain value of Point 12 slightly in-
creases as the value of Point 13 starts to decrease. Thus, the
strain release process lasts from Point 14 to 12, which im-
plies that the growth process is from high to low volume

e
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Fig. 2. Curves of the differential stress-time process (a), and an enlarged sketch of the meta-instability stage (b). Key time points are

explained in the text.

Puc. 2. 'paduk guddepeHnnanbHOrO HAPSHKEHUS] OTHOCUTEIBHO BpeMeHH (a) U yBeJIMUeHHbIN rpaduK CTaAuu MeTaHECTAOUIbHOCTU

(b). CM. nosicHeHHs B TEKCTE.
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strain.The strains at Point 13 and 12 at first increase quickly
until close to fault instability, and then drastically decrease.
Consequently, the final instability occurs. Since the acute
strain variations last for a short time span (less than 0.1 s),
all the measured points of strain values show a compres-
sive type of strain increasing, which is defined as the com-
pressive strain pulse. However, the pulse at Point 14 is not
obvious. Moreover, the maximum change occurs at Point 12,
and its local instability is occurs later in time than at other
measured points.

The release of volume strain at Point 9, 8 and 7 in the
middle of the fault segment occurs later than those in the
lower segment, and the strain at Point 9 and 8 decreases
at 665.0 s, which is relatively earlier. Nevertheless, the re-
lease of volume strain at Point 7 increases at the same time
(Fig. 4, c). After moment O (694.0 s), the volume strains at
Point 9 and 8 drop at a much higher rate, accompanying by
Point 7. After 697.5 s, the volume strain at Point 9 drops
down at a faster rate, while the strains at Points 8 and 7 drop
down at a slower rate. It is similar to the strain evolution

(a) 80
70 I
60
S 50
<
g
% 40
(0]
1S
=
< 30
20 I
10
0
0 100 200 300 400 500 600 700
Time (s)
(b) 120
100

80

60

40

Maximum shear strain y,, (-10”°)

20

Fig. 3. Volume strain (a) and maximum shear strain (b) vs time.

400
Time (s)

500 600 700

Puc. 3. 3aBucumoctb 06beMHOM JedpopManyu (a) U MaKCUMaJbHOU AedopManuu ciBura (b) oT BpeMeHH.
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process in the lower segment. As approaching close to the
fast instability, the strain at Points 8 and 7 starts to further
increase, and then the entire fault turns to the fast insta-
bility after the compressive strain pulse appears. The com-
pressive strain pulse is the largest at Point 7, followed by
Point 8, while it is not very obvious at Point 9.

The volume strain at Points 1, 2, 3, and 4 releases later
in time than those in the upper fault segment. The value at
Point 4 increases first, and is followed by Points 3, 2 and 1
(Fig. 4, d). At 688.0 s, the volume strain at Point 4 turns
into a drop, but the neighboring Point 3 continues to in-
crease. Similarly, the volume strain value at Point 2 rises,
but declines at Point 3. The same observation is found at
Points 1 and 2. Those indicate the front-type of the strain
release and adjustment. This situation is in a certain de-
gree similar to the sliding self-healing model proposed in
[Heaton, 1990], which shows that the rising time of fault dis-
location is shorter than the total duration of an earthquake
from the seismic wave data. Here, it is worthy to point out

(a)

40 -
30 -

20

-
o
1

Volume strain (-10°)

| | |

w N =

o o o o
1 1 1

&

""7:-{"-“"""" 3

670 680 | 690 1700
Time (s) : P

Volume strain (-10°°)

-10 T T T T T —
660 670 680
Time (s)

that this type of strain adjustment will extend at an accelera-
tive fashion. The amplitude of compressive strain pulses at
Point 1 is the largest, and the smallest at Point 4 close to
instability.

In order to clearly illustrate the process of strain adjust-
ment, Fig. 5, a shows the spatial-temporal evolution process
in of volume strain at all the measured points along the fault.
From 660.0 sto 702.0 s, the strain values at Points 14, 9, and 4
successively experience a strain drop, and the drop area
gradually expands. Fault instability occurs after the time
when the area and the amplitude of the volume strain drop
develop to a certain value. It verifies the strain adjustment
that the dynamic instability occurs after the nucleation zone
grows up to a certain critical size [Ohnaka, 1992; Ma et al,,
2002, 2003], and the area at volume strain rising is accom-
panied in turn by the corresponding dropping ones. In other
words, the strains at Points 4, 3, 2, and 1 increase, but the
strains drop at Points 14, 9, 8, and 4.This case is similar to
Fig. 4, d. The strain transition process appears gradually
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Fig. 4. Variations of volume strain increment at measured Points after 660 s, and the process of strain adjustment in three fault

segments. Numbers 1-14 - strain tensors.
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Fig. 5. Spatial-temporal diagram of volume strain at different measured points.
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from Points 4, 3, 2 to 1 in the volume strain increment in
Fig.5,a. Fig. 5, billustrates the volume strain changes versus
time in different fault segments during the meta-instability
state (after moment O of the peak stress). The amplitude of
the volume strain drop increases after moment O, the rising
area in volume strain migrates to the left, and a high gra-
dient of strain zone forms between Points 4 and 3. In addi-
tion, in moment B,, a quasi-synchronization of abrupt strain
change appears in different locations along the fault. Asyn-
chronously compressive strain pulse consequently occurs
in moment B,. It might be caused by a local release of vol-
ume strain due to the acceleration of local fault dislocation,
which indicates direct rate-dependence of strain pulse. Be-
sides, local instability appears about 0.1 s earlier at Points 4
and 9 than in both their outsides. It is also worth noting
that this type of strain pulse is not observed in the far-field
stress curve from the press, but only observed in the strain
data along all the points near fault face. Clearly, it does not
reflect the stress variation in the far field, but the deforma-
tion near the fault.

The phenomena shown in Fig. 5 can also be summarized
as following: (1) the drop area of volume strain at Points 14,
9 and 4 successively extends from the lower to upper seg-
ment, i.e. from the low volume strain area to the high volume
strain area. At the same time, the volume strain starts to rise
at Points 4, 3, 2, and 1, successively. (2) The final instability
occurs at Points 14 and 9, which is mainly associated with
the energy release of the low volume strain areas within a
small scale, but Points 4, 3, 2, 6, and 11 are still keep rising
in the high volume strain areas. The former promotes the
latter that is related to the entire fault instability. (3) In the
whole deformation process, two kinds of strain adjustments
take place. One occurs at Points 4, 3, 2, and 1, which belongs
to a kind of steady front-type of strain change. Another is a
dynamic strain adjustment about 0.1 s ahead of the entire
instability. (4) The variation distribution of volume strain
in different segments is distinguishable: the change con-
tent in the middle fault is minimum (<10 pe), and maximum
(>30 pe) in the upper segment.

4. VARIATIONS OF OTHER PHYSICAL PARAMETERS

Some other observation techniques were used to ana-
lyze the features of fault meta-instability comparing to the
strain observation in the experiment.

The digital image correlation (DIC) method was used
in testing to analyze the change of the fault displacement
against time with a high-speed camera [Zhuo et al,, 2013,
2015]. The research results have revealed that the local slip-
page appeared in the same areas from 7 to 8 before mo-
ment O in this testing. In Fig. 1, the three initial prelsips
occurred near strain measurement Points 14, 9, and 4, and
the local slip zones gradually extend after moment O. The
right lateral displacement zonesspeed up to expand after
moment O. After a moment, expanding quasi-static displace-
ment of the area occurs to the left before moment A,until
quasi-dynamic extension dynamically starts at moment B.
That indicates the initial areas of local fault slippage in ac-
cord with those of strain release. It reveals that the relaxation

in volume strain along the fault is directly associated with
the fault pre-slip.

Fig. 6 shows the waveforms of an instability event from
a device for continuous recording of acoustic emission sig-
nals analyzed the sofware of Ae007 [Liu et al., 2009]. The
waveforms mean that there is an AE event (induced by a
micro-rupture or a small local preslip) in the fault. Red lines
indicate the initial arrival time of each waveform. The dif-
ference in the initial arrival time represents the distance
scale between the event and AE transducers (AE01 to AE08).
The arrival time of Channel 7 is clearly earlier than that of
other channels, and the amplitude of front-runner wave
[Ellsworth, Beroza, 1995] is also the biggest and lasts about
100 ps. The arrival time of the front-runner wave and the
transition process of fault instability are consistent. Also,
the area is in accordance with a high gradient of strain zone
near Point 3.

5. DISCUSSION

The external load was applied near to Point 1 at the up-
per part of the specimen. The volume strain here is mini-
mum, but maximum at Point 14 in the lower part of the
fault. Some locked zones are present along the fault strike
because of the material heterogeneity and uneven sym-
metry surface. In testing, the initial slippages all appear in
the areas of low volume strain, namely, the nucleation zones.
With load increase, the drop of volume strain initiates in
some fault segments, and the first one happens at Point 14
and gradually expands up. Subsequently, the volume strain
release at Points 8 and 9 follows from the dynamic hetero-
geneity induced by the early sliding. In other words, it may
be caused by the bending of the specimen and local con-
tacts of the fault medium [Ben-David et al., 2010].

The drop and growth in volume strain along the fault
line is close to fault instability. The feature is consistent with
not only the fault slipping areas obtained by the DIC method
[Zhuo et al,, 2013, 2015], but also the temperature drop
areas recorded by the temperature sensors before fault in-
stability [Ma et al., 2012]. However, unlike the temperature
variation, the volume strain abruptly jumps up (compres-
sive strain pulse) before entire fault instability. The tempe-
rature drop is observed in a bending fault without this type
of strain pulse under the same loading rate (0.1 pm/s) and
data sampling rate (100 Hz [Ma et al., 2012]). The primary
reason may be the difference in response speed of two physi-
cal factors to fault instability. The response speed of the
strain sensor is about 10-20 ms, which is so slow for the
heat conduction.

The volume strain relaxation from independent mea-
sured points does not represent the coming of entire fault
instability, but the average volume strain represents the
overall stress level, which is associated with final fast insta-
bility. As mentioned before, Heaton [Heaton, 1990] noticed
that the rising time of a fault dislocation is shorter than the
total duration of an earthquake. This is because the slip time
of a certain fault segment is obviously shorter than that of
a whole fault. He proposed a self-healing model after the
fault rupture front passes through. In our experiments, it is
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Fig. 6. Waveforms of an AE event recorded by AE transducers (A01 to A08).
Vertical red lines at each waveform curve mark the pick-up arrival time of the AE event. The length of the waveform window is 4096

sampling points.
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also shown that the phenomena exist not only in the expan-
sion and self-healing of the seismic waves, but also in the
spread of the slow strain wave.

If the partitions in high volume strain do not yet initiate
after local fault instability appear those in low volume strain
areas, only a creep event takes place without an accom-
panying strong earthquake (the speed of the strain front is
about 0.006 m/s). As Ben-David described, that after the
rupture nucleation, the super shear rupture will generate as
long as it approaches to a high pre-stress zone [Ben-David
et al,, 2010], according to their experimental results. The
high stress in the fault segment makes the rupture spread
at a high speed (the speed of rupture front >2 m/s) to in-
duce a destructive earthquake. The strong instability has
resulted in the interaction of low and high stress of tectonic
zones. The research results for the 2011 Tohoku-OKki earth-
quake show that before a 7.3 magnitude of foreshock oc-
curred in March 9, 2011, a series of small foreshocks grew
at a quasi-static speed within 23 days (from 2 km/day to
5 km/day), but speeded up at the rate of quasi-dynamic
extension after March 9, 2011 [Kato, 2012]. Besides, Ikuta
[[kuta etal., 2012] proved that the earthquake source area is
alocked zone surrounded by a lot of 7-magnitude of earth-
quakes for many years, as shown by GPS data, and he ob-
served that the largest coseismic displacement also happens
at this location. Based on the discussion above, the condition
for generation of a strong earthquake is associated with the
two tectonic positions in high and low stress levels.

Of course, the results presented in this paper are only
to discuss the strain tensor in the plane stress state, not the

plane strain state, because of the limits of our testing tech-
nique. In the future, we will try to solve the observation prob-
lem concerning the plane strain state to monitor changes
in the shape of the ellipsoid of deformations inside a rock
sample, i.e. to calculate the Lode - Nadai coefficient [Rebets-
kii et al., 2005].

6. CONCLUSION

On the basis of the experimental results, the instable
process of a straight fault may be generally divided into the
several states by strain measurement: linear accumulation
(steady state) and linear deviation (sub-stability state)
before peak stress, meta-instability state (i.e. nucleation
phase, in laboratory) and fast instability (instability state)
after peak stress. In the first state, the strain values increase
linearly and slowly at all the measured points along the
fault, and then the strain levels diverge after the linear de-
viation. Especially in meta-instability, the strain release in
a few of areas consequently initiates, and the release rates
are larger than strain accumulation ones during this stage.
Finally, the entire instability happens along the fault with
the fast increment and compressive pulse in the strain re-
lease areas.

The deformation differences between sub-stability (linear
deviation) and meta-instability are as following: (1) since
far-field stress experiences a linear deviation, the strain
release areas appear in different areas along the fault, and
the areas further extend in the strongly linear stress devia-
tion state with a larger amplitude of strain release. At the
same time, the strengthening areas of volume strain start
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to migrate, which characterizes a steady-state front-type
of strain adjustment; (2) in the meta-instability state, the
volume strain release areas grow faster, interconnect and
gradually cross the entire fault. It is also taken as the synergy
process of the fault activity which is clearly observed via the
volume strain change.

Two types of tectonic zones form in a stick-slip event:
the area of relatively high volume strain, and the area of rela-
tively low volume strain, both located along the stressed
fault. The former usually weakens at first and turns into local
strain release, and the latter becomes the stress-locked part
and induces fast instability. Besides, two instabilities ap-
pear along the fault. One is associated with the local release
areas of low volume strain, which means fault pre-slip, a slow
earthquake or a weak earthquake. Another is related to the
release area with high volume strain, which means a strong
earthquake, i.e., the entire fault instability. Furthermore, the
former boosts the occurrence of the latter.

Meanwhile, two types of strain adjustments are observed
by the strain measurement: the local front-type of strain
adjustment that the local deformation areas grow from low
to high strain since strain release initiates, and the com-
pressive strain pulse that is caused by a sudden rising of
volume strain close to the entire fault instability as the local
release area extends up to certain scale. The former’s ad-
justment gradually occurs along the fault within about 12 s.
The latter happens at a quasi-synchronization kind of dy-
namic strain adjustment within less than 0.1 s along dif-
ferent fault areas.

To sum up, the areas of relatively low volume strain should
be paid more attention for evaluating the fault meta-insta-
bility state before fast slip instability. The areas of relatively
high strain accumulation need be intensively observed to
look for future earthquake epicenters.
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APPENDIX 1
Based on elastic mechanics, if three directions of the strain values (compression is positive) are measured at any point
in orthogonal coordinates, as shown in Fig. A-1, Equation 1 can be produced:

[Al{e}={e,}, (1)
where {e}=[¢, ¢, yxy]T,
{50} = [Ea € EE]TJ
cos’ 6, sin® 0, — sind, cosb,
[A]=|cos’ 6, sin”§, — sinb, cos, |.

2 .2 .
cos” 0, sin“ 8, —sind, cosd,

AY

Y><

Fig. A-1. Sketch diagram for strain tensor calculation.

Puc. A-1. CxeMma A5 pacuyeTa TeH3o0pa JepopMarnuu.

Plane-strain components ¢, £,7,, can be calculated at the specific point, and the principal strain tensor (in this article,
take the compressive strain as a positive value, 6 is positive on a counterclockwise) is also obtained. Besides, maximum
and minimum principal strain, maximum shear strain and body strain can be calculated by the following equations, re-

spectively:
e N
Voax = — & =4/(6, =€, ) +73,, (2)
N

In addition, the normal strain and shear strain are also calculated according to the coordinate transformation equation
for the plane strain state.
e, te e, te
B S A

@ 2

e Y

cos2a+ %sinZa,

(3)

7, =—(e, —¢,)sin2a+y,  cos2a.

In other words, the normal strain and tangential strain are analyzed in the directions which are perpendicular to and
parallel to the faults, respectively. As a is the inclined angle of the fault, the shear strain and the normal strain along the
fault strike and the normal direction can be calculated, respectively, based on Equation 3.
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