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Abstract: The stick-slip process of bending faults with one angle change of 5° at the connection location between the two line
fault segments is investigated in this paper. The dynamic process and physical field evolution were observed in the labora-
tory, and measurements were recorded with application of fault displacement measurement, strain tensor analysis and acous-
tic emission (AE) techniques. The experimental results from the study of bending faults give grounds for the following pri-
mary conclusions: (1) It is clearly revealed that there is a negative correlation between the logarithms of the stick-slip cycle
and loading rate; (2) With different loading rates, most of the instabilities from bending faults occurred as earthquake dou-
blets. It means that an instable event can contains two sub-events which occur with an interval of time from 100 ms to 200
ms. (3) With application of different observation approaches, regardless of the fact that the sampling rates were the same,
differences of the co-seismic response were observed. For instance, strain measurements indicated significant strain weaken-
ing stage, but fault displacement was not significantly changed before fault instability. (4) Experimental studies of high sam-
pling rates contribute to a better understanding and awareness of earthquake precursors and the seismogenic process; such
studies are helpful in analyzing the mechanism of strong earthquake processes and parameters of aftershocks.
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OKCITEPUMEHTAJIbBHOE U3YUYEHME ITPOLIECCA TTIPEPEIBUCTOI'O
CKOJIBXXEHUSA 110 PA3JIOMAM C U3I'MbOM
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AHHoTamws: B gaHHOM cTaThe OmMcaHbl SKCIIEPUMEHTBI TI0 U3yUeHHIO TIPOLIecca MPephIBUCTOr0 CKOJIBKEHHS 110 Pa3/ioMaM C
n3ruboM C MU3MeHeHVeM HarpaB/eHus 1Mo, yrioM 5° B TOUKe COeJUHEeHHs IByX y4acTKOB JaHHOTO pas3sioma. B ymabopatop-
HBIX YCJIOBHSIX J/IsI U3yUeHHs] JUHAaMUKU U TIapaMeTpOB Pa3BUTHS (HM3MUeCKUX IOJIel MPUMeHSUTHCh MeTOUKY 3amMepa CMe-
IIIeHNH 110 pa3jioMaM, aHajau3a TeH3opa AedopMaluii U akycTrueckoi smuccuy (AD). ITo pe3ysnbTaTaM KCIIEPUMEHTOB TI0
H3YUEHHIO Pa3/IOMOB C U3rHMO0M ObITIO BhIsIB/IEHO Crefytolee: 1. UeTKO yCTaHOB/IeHAa HeraTHBHAsi KOPPEJIALUS MeXX/y Jiora-
pUGMOM 1IMK/Ia TIPEPBIBUCTOrO CKOJILKEHUST U BEJIMUMHOM Harpy3ku. 2. TIpy pa3/iMuHOi BeIMUMHe HArpy3KH GOMBIIMHCTBO
HapyuIeHui cTabUIbHOCTH Ha Pa3sioMax C U3riOoM GbUTH TPOSIB/IEHBI KaK 3eMJIETPSICEHHsI-y0/1eThl. DTO 03HAUYAeT, UTO OZHO
COOBITHE HApyLIeHHs] CTabMILHOCTA COCTOMT M3 [JBYX TOACOOBITHI. BpeMeHHON MHTepBan MeX[y ABYMsl MOACOOBITHSIMU
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Bapeupyetcst oT 100 mo 200 mc. 3. TIpu pasHbIX MOAX0JAxX K HAOJIFOJEHHI0, HECMOTPSI Ha OJJMHAKOBYIO YaCTOTY BBIOODKH,
OTMEUaeTCsl pas3inurie KOCeHCMUUeCKOW peaklyu (0 3aMepam JedopMariyiv Obula BhIsSBI€Ha (pa3a 3HAUUTETHHOTO YMeHb-
meHust fedopmariuy, ofHaKO JJIMHA CMeLeHHUs 10 pa3/ioMy CyIeCTBEHHO He M3MeHWIach Tepej| HapylleHneM CTabHIbHO-
CTH pasnioma). 4. DKCIIepMeHTHI C TIPUMeHeHHeM OueHb YacTOl BBIOOPKH TMO3BOJISIOT PACIIMPHUTEL ITOHUMaHHe Tporjecca 1
YJIYUILIUTh OCBEJOMJIEHHOCTh O TIPeJBECTHUKAX 3eMJIeTPSCeHUI U Tpoliecce celicCMoreHe3a, a TakKKe YCOBEpILIEHCTBOBATh

dHaJ/Ii3 MeXaHKW3Ma CUJ/IbHBIX BEM]IeTpHCEHI/Iﬁ 1 0cobeHHOCTeH aCl)TepU.IOKOB.

KrroyeBbre c/roBa: pasJyioMm c I/IBFI/IGOM, Tponecc rnpepuIBUCTOI0 CKOJIbXKEHUS, 3EMJ'IETPHC€HI/IH-,Z[Y6J'IQTLI, (bPBH‘IECKOE moJie.

1. INTRODUCTION

Bending faults is a common type of fault complex.
Large earthquakes often involve different seismogenic
segments. It is easy to induce a pattern of earthquake dou-
blets by the sequential slip of different segments from
bending faults zone. For examples, the earthquake of
Tangshan Ms 7.8 and Luanxian Ms 7.1 took place at a
small angle of bending faults zone in 1976. The interval
between the two events was about 15 hours; the distance
was less than 50 km [Edit Group..., 1982; Lu, Li, 1989;
Zheng, Yao, 1993; Du et al., 2010]. From the focal me-
chanism solution of Wenchuan earthquake of Ms 7.9 in
2008, it is revealed that the earthquake comprised four
earthquake sub-events [Zhang et al., 2009a; Zhang et al.,
2009b]; it caused significant damages in Wenchuan Coun-
try and Beichuan Country in the central faulting zone. It is
believed that this phenomenon is related to the strike
change of the central faults, especially, a small angle of
fault bending in the vicinity of Anxian Country. It seems
to be a significant structural reason that caused so serious
losses in Beichuan Country. For the bending structure, in-
teraction between the local stresses and transfer to a large
angle of bending faults is complicated, but for a small an-
gle, the interaction is so strong that it can easily induce a
series of large earthquakes. The above earthquake exam-
ples suggest that the small angle of bending faults should
be focused on in studies and assessments of safety in fault-
ing zones.

Some of the previous experimental studies about bend-
ing faults were focused on comparable analyses between
stages of fault stability and instability. Ma et al. investi-
gated the evolution process of multi-physical fields of the
bending faults and analyzed evolution properties of several
typical fault complexes and their influences during earth-
quake rupture [Ma et al, 1995 1996, 1999; Liu et al.,
1995; King, Nabelek, 1985; King, 1986; Andrews, 1989,
1994; Aydin, Du, 1995; Kato et al, 1999; Xing et al.,
2004; Poliakov et al., 2002; Kase, Day, 2006; Acharya,
1997]. Kato and his coauthors [Kato et al., 1999, Xing et
al, 2004] studied the earthquake doublets on bending
faults with the shear strain and the relative fault displace-
ment data from the line strain gauges cross faults in the
laboratory and discussed the initial process of the doublets.
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Although the authors has declared that the tensile deforma-
tion from the gauges cross faults is less than 10 % of the
strike slip, according to the theory of elastic deformation,
they did not consider the pull-apart action perpendicular to
fault strike near bending point, especially in the small an-
gle of fault segment during the fault sliding process. The
relative pull-apart displacement from the two plates of
faults will be much larger than the elastic deformation
component. This implies that their results from the cross-
fault measurements have lower reliability. In our experi-
ments, we also found the earthquake doublets of bending
faults, but our results are different from Kato’s results.
Moreover, a relationship between stick-slip cycle, magni-
tudes of stress drop and fault slip against loading rate was
not reviewed in the previous studies, and the response
characteristics of various observational approaches under
high sampling conditions were not discussed. This paper
present results of the study of the evolution properties
from multi-physical fields of bending faults, especially the
features during quick fault slip, with application of a dif-
ferential type of fault displacement meters, strain tensor
measurements and acoustic emission (AE) instruments
with high sampling.

2. SAMPLE DESIGN AND EQUIPMENT FOR OBSERVATIONS

A number of granodiorite samples were used in the
laboratory studies described in this paper. Their sizes were
300 mm x 300 mm x 50 mm. Bending faults were pre-cut
along a diagonal direction of the samples; they were made
with an angle change of 5° along fault strike between the
upper- and lower- fault in the middle. The sample structure
is shown in Fig. 1. To observe the stick-slip process of dif-
ferent fault segments, two differential type of fault dis-
placement gauges were pasted on the upper- and lower-
fault segment (symbol F1 and F2 in Fig. 1), respectively.
Gauges of this type can be used directly to record the rela-
tive slip independent of pull-apart action of faults. They
were connected with 8-channel of high-precision sampling
apparatus. The sampling frequency of the apparatus was
set to 100 Hz to record slip data, its displacement resolu-
tion was about lum. To analyze the acoustic emission
(AE) characteristics during fault stick-slip, sixteen AE
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Fig. 1. Sample structure and distribution of sensors. The circles of A1 to
A16 are AE sensors, broken circles of A1 to A6 and A10 to A13 are at
the front of the sample. Other solid circles are in back. 32 groups of
rectangle strain rosettes were numbered from T1 to T32; 4 groups in-
cluding T16, T17, T21 and T27 were broken during loading; 28 groups
of strain tensors were used in the experiment.

Puc. 1. IIpumepHas CTpyKTypa U pacrpeje/ieHde JaTuMKoB. Kpyru c
Homepamu oT Al 1o A16 — cencopbl AD; pa3opBaHHble Kpyru A1-A6 u
A10-A13 Ha ¢poHTanbHOM yacTu npobbl. OcTanbHbIE KPYTH MOKA3aHbI
YepHbIM LIBeTOM. 32 IpyMIibl TeH304aTYMKOB IPOHYMepoBaHsl oT T1 f0
T32. 4 rpynnsl (B ToM uncie T16, T17, T21 u T27) pasnoMunucs npu
Harpy’>keHuH; 28 TpymI TeH30[aTUMKOB MCIONb30BalUCh JJIs TOJTyYe-
HUS IaHHBIX /I/IS PacyeToB.

sensors were installed on the sample surfaces (Symbol
A1-A16). Eight of them were on the back surface along
strike (dash circles as shown in Fig. 1) to get the AE event
process during fault rupture, and the others were installed
on the front and back surface (solid circle as shown in Fig.
1) for the three-dimensional AE location analysis. The AE
sensors were connected with a sixteen-channel of full
waveform AE recorder which received the AE information
generated by micro-fractures inside sample. The A/D con-
version resolution of the AE device was 12bit; maximum
sampling frequency was 40 MHz; the maximum sampling
length was 8k [Liu, Lei, 2003; Liu et al., 2007; Liu et al.,
2009]. The sampling rate was 10 MHz; the sampling
length was 2k. For the analysis of the evolution of strain
field during stick-slip process, eighty-seven pieces of line
steel strain gauges were pasted on the sample front. Thirty-
two groups of measurement points of strain tensors were
arranged with these strain gauges (Symbol T1-T32 as
shown in Fig. 1). A 96-channel of strain sampling instru-

ment was used to record strain data; its resolution of A/D
converter was 16 bit; strain resolution was about 1 pe; the
sampling rate was set to 100 Hz during the experiment.

The prepared samples were subject to bi-axially hori-
zontal press. The loading range of this press was up to 120
Tons, which was independently controlled to load and
unload with displacement pattern and loading pattern in X-
and Y- direction. Its control frequency was 20 Hz; the
sampling rate of the loading and paten displacement was
10 Hz. Besides, due to limitations of the sample size for a
large number of sensors, two groups of samples were pre-
pared for the experiments; one group was to record the
data of acoustic emission signals and fault displacement,
and the second group was to records the strain data.

3. EXPERIMENTAL RESULTS
3.1. RESPONSES FROM SHEAR STRESS AND FAULT DISPLACEMENT

In the experiment, the loading process was as follows:
first, the load of X- and Y-direction was synchronously
applied to 6.5 Tons (the pressure is 5 MPa) with the speed
of 50 kg/s by controlling loading pattern, and then X-
direction was kept at the 6.5 Tons level, Y-direction was
transferred to the controlling pattern of paten displacement
and continued to applied pressure with the loading rate of
0.5 um/s, 0.1 um/s, 0.05 um/s and 0.01 um/s, respectively.
The data of several stable stick-slip events were recorded
under different loading rates.

In data analysis, an average shear stress was calculated
from stresses along the diagonal direction of sample, the
curves of shear stress and fault slip are shown in Fig. 2.
For the whole process of stick-slip events, an average
shear stress shows hardening properties with loading in-
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Fig. 2. Loading curves and fault displacement versus time.
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crement under a certain constant loading rate. The longer
is the stick-slip period, the lower is the loading rate (see
Fig. 3a). For static results from all the stick-slip events, we
find that there is a good linear relationship between the
logarithm of average stick-slip cycle and the average stress
drop.

The line relationship provides for estimation of the time
of the earthquake activity in the faulting zone. The average
stress drop and the fault slip also decrease with the incre-
ment of the loading rate (see Fig. 3b). However, the static
relationship between both of them and the loading rate is
not clear yet and needs further studies.

The change of fault slip is unclear before fault slip dur-
ing loading, and slips mostly occur in two sub-event, not
in one, during bending fault instability. Few slips con-
tained three sub-events. Considering Event A (see Fig. 2)
as an example, the typical slip curves of Event A are
shown in Fig. 4; it contains two sub-events (Al and A2).
During the first slip of faults, the upper and lower fault
started to synchronously slip and moved about 72.6 pm
and 81.6 pum in the 40 micro-second. Then there was a
pause of about 152 ms and transfer to the second slip event
(A2); the faults kept moving forward for about 36.6 pm
and 33.0 um during the time period of 37 ms. In sub-event
A1, the slip speed of the upper and lower fault was about
1.7 mm/s and 2.0 mm/s, respectively; the speed changed to
1.0 mm/s and 0.9 mm/s for sub-event A2. The total slip
was about 106.2 um for the bending faults.

3.2. THE EVOLUTION PROPERTY FROM STRAIN FIELD
The strain tensor of each strain measurement point

(T1-T32) was composed of three pieces of line strain
gauges pasted on the sample surface, according to rectan-
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gular rosette type (see Fig. 1). Data from four gauges ten-
sor points (T16, T17, T21 and T27) are not used for calcu-
lations because some of the gauges were broken during
loading; thus, data from 28 strain tensor points are ana-
lyzed in this paper. Fig. 5 shows typical stick-slip curves
from the average strain and maximum shear strain along
fault strike as an example of the stick-slip process of Event
A (the time is set to zero when the last stick-slip event
stopped). In this paper, the average strain from compres-
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Fig. 4. Typical slip process of instability of Event A (v=0.5 um/s).
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Fig. 6. Strain increment field during slip. @ — average strain map; » — maximum shear strain map. Fig. al and Fig. a2 show the average strain incre-
ment field of Event A1l and Event A2. Fig. b1 and Fig. b2 show the maximum shear strain increment field of Event A1l and Event A2.

Puc. 6. Ione ycunenus AedopMaliuii B rpoliecce CKO/IbXXeHHUsI. @ — KapTa Je(opMalyii cpefjHero ypoBHsl; £ — KapTa MakKCUMaJIbHBIX Jie(opMariuii.
Puc. al u puc. a2 — rone cpeHero yBenuueHus jgedopmarpu npu cobbitun Al u cobeitun A2, cootBeTcTBeHHO. Puc. bl u puc. b2 — nose makcu-
MaJ/IbHOTO yBesuueHus fedopMariu npu cobbitiy Al v cobbITHH A2, COOTBETCTBEHHO.

sion stress is positive, the shear strain in a clockwise direc-
tion is positive; thus, it can be concluded that dextral shear
is positive. Before the faults slip, strain hardening phe-
nomena were also observed just like average shear stress
of faults during loading. Most of the strain tensor points on
both sides of faults are mainly compressive; the peak strain
may be up to 15 micro-strains along fault strike. However,
the two tensor points (T13 and T14) recorded the tensile
stage because of the influence from fault bending, the cor-
responding maximum average tensile strain is about -7.5
micro-strain (as shown in Fig. 5b1). The relative fault slip
is with sinistral domination, but at the tensor points (T5
and T6) near the fault bending, mainly right-lateral shear

40

deformation occurs.

Strain curves from the strain points along the fault
strike are shown in Fig. 5 (a2) and (b2) for the fast slip
process within 0.6 second. The strain analysis results agree
with that of fault displacement; doublets phenomena also
are observed; on the other hand, two sub-events of insta-
bilities during a whole slip. The detailed slip process is as
follows: In a new loading cycle, as loading time lasted
57.11 seconds, the strain tensor along the fault strike
started to soften and kept about 1.3 seconds. It may mean
that the fault exists at the nucleation stage, but the loading
strength is not enough to cause the slip instability of the
faults. At 57.14 seconds, the first fast movement of faults
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occurred (Sub-event Al as shown in Fig. 5 (al)), and
stopped up to 57.16 seconds. However, the average strain
returned to a stable level until 57.19 seconds. The second
nucleation stage started at 57.21 seconds, and lasted for
about 0.19 seconds. And then the second rapid movement
(Sub-event A2 in Fig. 5 (a2)) occurred at 57.40 s, and
stopped at 57.42 seconds. The strain value recovered at a
stable level until 57.5 seconds. At that time, the whole
sliding process was over, and transfer to the next loading
cycle took place.

At the first rapid slide stage, the high value of average
strain increment mainly dispersed near tensor points T5
and T6 (see Fig. 1 and Fig. 6(a)), the corresponding incre-
ments were about 13.0 micro-strains. However, the higher
maximum shear stress increment appeared in these three
areas (T1 to T2, T5 to T6, and T9 to T11, see Fig. 1 and
Fig. 6 (b)), the corresponding maximum shear strain in-
crement were about 13.1, 17.4 and 13.4 micro-strains, re-
spectively. The increments of other points are less than 10

micro-strains. This indicates that energy release areas are
on the lower fault segment and near bending point during
the process of fault instability containing two slip sub-
events. The full field map of strain increment is shown in
Fig. 6. The field maps of the average strain increment field
are shown in Fig. 6a (positive values represent relative
compression, negative values for relative extension). The
field maps of maximum shear strain field are shown in Fig.
6b (positive values represent relative dextral shearing,
negative value show sinistral shearing). As sub-event Al
occurred, the tensile strain relaxation mainly concentrated
near the bending point and formed a significant area of
relative extension. At the lower fault segment, a shear
strain concentrated area formed. The average strain incre-
ment at this stage significantly changed in the amount at
the bending point, and the maximum shear strain field was
mainly concentrated in the lower fault segment. When the
second slide was initiated, the relative extrusion zone
shifted towards the lower fault segment.
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3.3. ACOUSTIC EMISSION (AE) PROPERTIES

From the results of three-dimensional AE locations
shown in Fig. 7, we find that AE sources were mainly scat-
tered in the three regions near the bending point on the
upper- and lower- faults segments, few sources appeared
on other places during stick-slip. The located AE events
took on obvious transformation property along the fault
strike. For examples, Event AE250 and AE 304 on the up-
per fault segment initiated about late 0.014 second after
Event AE249 and AE 303 was located on the lower one,
respectively. This indicates that the earthquake doublets
were also revealed by the AE technique. The correspond-
ing AE waveforms from the four located events are illus-
trated in Fig. 7. Most of waveforms were excessive during
fault sliding. This suggests that the fault instability is ac-
companied by strong elastic energy release by earth-
quakes.

4. RESULTS AND DISCUSSION

The evolutional properties of multiphysical field were
investigated with application of the loading, fault dis-
placement, strain field and acoustic emission techniques.
Some primary conclusions are as follows:

(1) A good negative correlation is revealed between the
logarithm stick-slip cycle and the loading rate. This ex-
perimental result can contribute to the knowledge on the
regularity of occurrence of large earthquake in terms of
time. Although the stress drops and fault displacement de-
creases with the increase of the loading rate, the quantita-
tive relationship between them is not clear yet and thus
needs further studies.

(2) Most of the stick-slip events during instabilities are
doublets generated by fault strike change in experiments,
few are single. The results from the above observations of
the multi-physical fields confirm the phenomena. The ac-
tive strength from the first sub-event is obviously stronger
than that of the second sub-event. This suggests that the
release of elastic energy will primarily take place in the
main shock. This conclusion is useful for understanding
the mechanism of tectonic earthquakes and the features of
related aftershocks.

(3) Although the sampling rate was similar for different
observational approaches applied in this study, it was re-
vealed that co-seismic response was different. For exam-
ples, the clear changes from strain gauges were measured
before faults moved, but the changes from fault displace-
ment were not found. This observation suggests that the
different sensitivities of responses before and after earth-
quake are different. The precursor information from the
strain measurements is better, which distributed along the
fault.

(4) The physical properties obtained with different sam-
pling frequency are not coincident, especially during quick
fault sliding. In the experiment, the doublets can not be
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be distinguished by 10 Hz loading data, but they were re-
vealed by fault displacement and strain data with 100 Hz
sampling. The acoustic emission data with 10 MHz sam-
pling can help clearly distinguish the micro-fracture proc-
ess between different fault segments.

(5) The current observational results provide useful in-
formation on the doublets of bending faults; however, the
quick instability process has not been observed yet in de-
tail. More detailed investigations of the dynamics of fault
instabilities with higher sampling rates should be con-
ducted.

In this paper, the relationship between stick-slip, stress
drop and fault displacement against loading rate is re-
vealed; it can be useful for studies of seismic risks and the
regularity of large earthquake recurrences in faulting zo-
nes. Besides, it contributes to a deeper understanding of
the influence of fault strike on seismogenic mechanism,
seismic process and co-seismic responses studies by dif-
ferent measurement methods, which revealed the doublets
of stick-slip from bending faults experiments. There
grounds to expect that further studies will provide for a
more comprehensive understanding of earthquake dynam-
ics on the basis of detailed evidences revealed in the labo-
ratory.
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