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Geometrical textures of faults, evolution of
physical field and instability characteristics
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#), WEN-Tao MA (G 3(#) and Tian-CHanG LIU (XX &)

Institute of Geology, Steate Seismological Bureaw, Beijing 100029, China

Abstract

The spatial and temproal evolution of strain, fault displacement and acoustic emissions during deformation of
fault systems with different geometrical textures are studied experimentally under biaxial compresison, and the
characteristics of typical instability events are analysed. The results show that fault systems with different geo-
metrical textures have different evolutional images of physical field during deformation. Based on the characteris-

tics of physical field and the deformation mechanism, various types of instability two types of stick-slip,

fracturing type and mixed type instability can be recognized. Different types of instability differ clearly in their
precursors, and the instability type is closely related with the geometrical texture and the deformation stage of
the fault system. Therefore, it is very significant for earthquake prediction and precursor analysis to investigate
the geometrical textures of natural active faults.

Key words: rock mechanical test, fault complex, acoustic emission, strain, fault displacement.

Introduction

Shallow earthquakes are closely related with active faults in the crust. In most cases such a
fault i1s not a simple and continuous surface, but a complicated and discontinuous fault system. It
has been shown theoretically that discontinuity in fault geometry may introduce complexity in
stress field (Segall and Pollard, 1980). Earthquake cases indicate that nucleation, propagation
and termination of an earthquake rupture are often affected by geometrical textures along the
fault (Sibson, 1986; Scholz, 1990). Complexity in fault geometry makes deformation process
very complicated, which, in turn, leads complexity in distribution of precursors (Ma, 1987).
Therefore, it is very significant to study deformation process and evolution of physical field of
fault systems with different geometrical textures for understanding earthquake mechanism and
precursors. The tectonic deformation rate is usually very slow, so it is difficult to know the evo-
lution process of the deformation and corresponding physical field of a fault system only relying
on observation in situ. Laboratory experiments may provide valuable data as reference in this as-
pect.

Evolution of physical field, such as strain, fault displacement and acoustic emission, has
been studied experimently for simple fault (Dieterich ez al. , 1978; Mogi. 1984; Ma, 1987), en-
echelon faults (L.iu et al. , 1986; Liet al. » 1989; Zhang and 1.i, 1993), “A”-shaped faults (Du
et al. , 1991) and other types of fault complex (Ma, 1987), which has shown the effect of fault

* Received first draft November 3, 1995; Accepted November 14, 1995.
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geometry on failure mode and precursor distribution. However, because most experiments were
operated under uniaxial loading, they could not fully reveal whole process of deformation for such
fault systems. And because recording systems for measurement of physical field in most experi-
ments were analogous ones, measuring accuracy, sampling rate and measuring parameters were
limited. Recently some new results have been reported in using multi-channel digital recording
system to study physical field (precursor field) during deformation (Ohnaka et al. , 1993; Kato
et al. , 1993; Satoh et al. , 1993), but the fault models are rather simple. Therefore, more ex-
perimental results are still needed to further understand relationship between geometrical textures
of fault and evolution of physical field as well as instability precursors.

In this paper, several common complexes along strick-slip fault are chosen as experimental
models, and the spatial and temporal distributions of strain, fault displacement and acoustic emis-
sion (AE) during their deformation under biaxial compression are studied by using a digital
recording system with multi-channels, high resolution. The relationship between geometrical

textures of fault and instability type as well as precursor characteristics is discussed based on the
results.

1 Experimental method

The experiments are operated on a biaxial loading rig, which can be used for double shear,
biaxial friction and biaxial compression experiments by changing steel pieces.

Models studied include simple fault, bend fault, compressional, extensional and complex en-
echelon faults and co-lined discontinuous faults. Sample feature, experimental type and condition
are listed in Table 1.

Table 1 Sample texture and expertmental conditions

Fault type Sample texture Sample feature Experimental condition
Simple granodiorite, man-made grinding sur-  normal stress 5~ 10 MPa, slip rate
fault . face, sliding area is 28 cm X5 cm 1 pm/s
Bend gabbro, 25 emX 25 cm X 2 cm, man-  lateral stress 5~10 MPa, axial dis-
fault made grinding suurface 5° bend placement rate 0.5 um/s
Co ional | bbro, 25 X 25 X2 em, ) C 1 g
FAPTEssIo gabbro cm .cm cm- Jog lateral stress 5 MPa, axial displace-
en-echelon . . area 2 cmX 2 cm, width of fault zone ment rate 0. 5 um/s
faults | 3 mm, filled with plaster O H
Extensional
en-echelon ' idem idem
faults
Compl '
rmpiex : with two en-echelon jogs, the others
en-echelon , idem
are idem
faults .
Co-lined gabbro, 25 ecm X 25 cm X 2 ¢m, dis-
discontinuous | continuous segment 2. 5 cm, width of  idem

faults

fault zone 3 mm, filled with plaster

In the experiments, besides measuring the axial loading and displacement, AE transducers,
strain gauges, fault displacement gauges are attached on samples to measure the corresponding

physical field.

AE events are recorded by two digital systems with high sampling rate and multi-channels

e e
|
|
|
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(total 24 channels). The location of an AE event can be determined by its arriving time from
waveforms recorded from different transducers. Its magnitude is determined by using the method
in seismology and considering the difference between AE events and earthquakes. In this way,
M-t diagram, spatial and temperal distribution of AE events during deformation for each sample
can be obtained, and frequency spectrum and focal mechanism of AE events can also be analysed.

The strain is recorded by a digital system with low frequency, high resolution and multi-
channels. In the experiments, 32 channels are used for strain measurement, and transducers are
standard strain gauges. From measuring record of a strain gauge, the curve of strain vs. time at
its position and direction can be obtained directly. The magnitude and direction of planar princi-
pal strains and their changes with time at some place can also be obtained by analysing measuring
records of a strain pattern composed of three adjacent strain gauges. The fault displacement is
measured by the same system with 8 special fault displacement gauges. The fault displacement-
time curves at different positions along the fault can be obtained directly from measuring records.

2 Experimental results

2.1 Deformation process and evolution of physical field for typical fault systems:

Simple fault The deformation is dominated by sliding along fault surface (with large slip).
The accumulation of strain is limited on area near fault surface. AE events are of large magnitude
but less numbers relatively. Frictional resistance is steady state in general, and the evolution of
physical field is rather stable, and the obvious change can only be observed just before and after
instability events.

Bend fault The bend has obvious inhibition on fault movement, and makes two fault seg-
ments, with smaller and larger angle to axial direction respectively, become dominative one alter-
nately , which is shown by relatively fast variation in fault displacement, strong accumulation and
release of strain near fault, and strong AE activity. AE events are often smaller and with higher
main frequency near the bend, but larger and with lower main frequency on straight fault.

En-echelon faults Compressional and extensional en-echelon faults have similar deforma-
tion process. The deformation is predominated by fracturing and linking of jogs in the first stage,
strain changes intensely but fault slip is quite small, and AE activity has great numbers but low
energy. The deformation is predominated by sliding along faults in the second stage, fault slip is
large, and strain changes relatively small. However, in the compressional jog, high strain energy
can be accumulated and intense release of strain and acoustic emission can be produced, and the
jog has a permanent resistance to sliding of faults. But in the extensional jog, rapid release of
strain and strong AE event can not be produced, and the jog has almost no resistance to the slid-
ing of fault in the second stage. | |

The deformation process and the evolution of physical field on complex en-echelon faults are
not a simple combination of these two types of en-echelon faults, but contain interaction between
them. An interesting phenomenon is that acoustic emission events with high energy occur mostly
along main faults near extensional jog with lower stress level, not along faults near compressional
jog with higher stress level, but the time of such events is apparently controlled by the deforma-
tion process of compressional jog.

Co-lined discontinuous faults The strength is extremely high. Although high stress con-
centration may occur near fault tips, propagation and linking of such faults are very difficult.
The deformation mainly concentrates on discontinuous segment and adjacent faults, which is
characterized by great amounts of AE events with low energy.
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2.2 Instability type and precursor characteristics

Instability events with different characteristics are observed in the experiments, which can
be divided into stick-slip type, fracturing type and mixed type based on their deformation mecha-
nism and evolution characteristics of physical field. Instability 1s related with geometrical texture,
and different type instability differs greatly in precursor characterictics. Based on analysis of typi-
cal instability events, the characteristics of each type of instability and precursors are discribed as
follows.

Stick-slip type instability Such type instability occurs in fault sliding and may be seen dur-
ing sliding of simple fault, bend fault and en-echelon faults after linking of jogs. According to
evolution of physical field before and after instability, at least two types of stick-slip instability
can be recognized.

The instability process of one type of stick-slip is as follows. During steady-state sliding,
fault is locally locked due to change in state of sliding surface, which makes frictional resistance
increase. When stress increases to certain level, locked area is broken and unstable slip along fault
is caused. Based on constitutive laws of friction, its mechanism may be slip-weakening (Rice,
1980). Precursor characteristics of such kind of instability are: total stress increases; in the
vicinity of locked area, strain increses greatly and fault slip rate decreases, but pre-slip can be ob-
served just before instability. Figure 1 shows such an instability event during sliding of simple
fault with variations in displacement and strain along fault. Apparently, fault 1s locked and strain
increases before stick-slip and pre-slip ocecurs just before stick-slip.

(b)
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ol b ' o.o0L
#—-_*-Lm l

Figure 1 Variations in strain and fault displacement before and after one type of stick-slip

instability during fault friction.

The other type of stick-slip occurs because slip rate of whole or partial fault increases and
propagates rapidly along fault, which makes stress drop. Its mechanism may be velocity-weaken-
ing (Dieterich et al. , 1978; Ruina, 1983). It is difficult to detect precursors of such kind of in-
stability. Figure 2 shows such an instability event during sliding of simple fault with variations in
displacement and strain along fault. Only instantanous change in strain can be seen before stick-
slip, and fault slip increases rapidly just before stick-slip.

Fracturing type instabilty It means instability caused by fracturing of discontinuous areas
with high strength, which may occur in jog of compressional en-echelon faults and discontinuous
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segment of co-lined faults, usually in ear-
ly stage of deformation. Total stress of
fault system increases before instability,
and strain decreases obviously in “source
area’ but mcreses in area around it just
before instability.

Figure 3 shows variations in mea-
suring parameters betore and after an in-
stability event caused by rapid propaga-
tion of a crack ( I ) in compressional
jog. Total stress begins to increase tens
of seconds prior to instability. There are
rapid changes in fault displacement asso-
ciated with the instability in some parts
of fault, but change before the instability
is not obvious. The major AE event may
be lost in record because of the defect in
recording system, and the sequence of
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Iigure 2  Variations in strain and fault displacement

before and after the other type of stick-slip
instability during fault friction.

AE events indicates that there are a few precursory events but a lot of events similar to after-
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Figure 3 Changes in various parameters before and after an instability event during fractur-

ing of compressional jog. (a) fault texture and distribution of transducers; (b)

stress; (c) fault displacement; (d) acoustic emission; (e) strain.
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shocks. The strain release associated with instability mainly concentrated on the crack and out-
side of faults, and the strain decreases clearly near the crack but increases in area off the crack
before the instability.

Mixed type instability Such instability involves both fracturing and sliding , and may occur
when discontinuous fault system is linked (for example, in linking of jogs along en-echelon
faults). Propagation of subfracture makes discontinuous area linked, whick leads slip along whole
fault system and causes instability. Instability precousors are very rich: strain in “source area” in-
creases first and then decreases, but strain in area around it shows opposite tendency; fault seg-
ments near “source area” are locked first and then slip (pre-slip), but fault segments off it slip
with faster rate. Acoustic emission activity in the vicinity of “source” becomes frequent.

Figure 4 shows variations in measuring parameters before and after an instability event
caused by the linking of jog along compressional en-echelon faults. Total stress begins to increase
about 100 s before the instability and decreases just before the instability. Fault segments far-off
jog slip accelaratively, while fault segments near jog slip backward first and then accelaratively
before the instability. Precursor phenomenon in AE is obvious (the major event may be lost).
From the result of strain measurement, it appears that the instability occurs after the linking of a
crack ( I ) , and the strain release concentrated on the lower part of jog (No. 29) and its outside
(No. 12, 31). Strain in these positions, especially in position No. 29, increases accelaratively be-
fore the instability and then decreases rapidly just before the instability, while strain in other ar-
eas shows opposite tendency.
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Figure 4 Changes in various parameters before and after instability event caused by linking
of compressional jog. (a) fault texture and distribution of transducers; (b)

stress; (c) fault displacement; (d) acoustic emission; (e) strain.

3 Conclusions and discussion

3.1 Geometrical textures of fault and seismicity
Based on the experimental results, relationship between geometrical textures of fault and
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seismicity is simply analysed as follows.

In straight fault segment with great length, strong earthquakes may occur caused by stick-
slip. One type is that fault is locked locally during sliding, and instability is caused when stress
increases and the locked area is broken. Before such an earthquake, one may expect to observe
increase in strain, decrease in slip rate and intensification in microseismicity near “source area”,
and pre-slip along fault just before the earthquake. The other type is that whole or partial fault
slips accelarating and propagates along fault, which makes stress drop and leads instability. It is
difficult to detect precursors of such an earthquake. Existence of bend with small angle along
fault makes two fault segments become dominative active strcuture alternately, which may be
recognized according to data of microseismicity, fault displacement and strain.

In discontinuous areas with high strength along fault system, such as compressional jog, dis-
continuous segment along co-lined faults and some types of fault intersection area (Du, et al. ,
1991) , subfracturing may cause moderate earthquakes. Strain field may have precursory changes
before such an earthquake, that is, strain decreases apparently near the subfracture (source
area) and increases in area around it. In discontinuous areas with low strength, such as exten-
sional jog, subfracturing may only cause small earthquakes.

Linking of discontinuous faults, such as linking of jogs along en-echelon faults and some in-
tersection areas of “A” shaped faults, may cause strong earthquakes. Such an earthquake may
have very rich precursors. The general characteristics are that fault segments near jog or intersec-
tion area are locked, but fault segments off such areas slip accelaratively, and microseismicity in-
tensifies. Strain in “source area” may apparently increase first and then decrease just before the
shock, while strain in apea around it changes complicatedly, related with structural position.
However, some discontinuous areas, such as discontinuous segment of co-lined discontinuous
faults and some intersection areas of “A” shaped fault, are too strong to link in nature, and they
may not cause strong earthquakes at all. But microseismicity in such areas is very sensitive to
stress, so microseismicity in such areas may be taken as indicator of regional stress.

Discontinuous areas with high strength may play role in controlling deformation along the
whole fault system. Deformation and failure of such areas can provide yielding condition neces-
sary for slip instability along faults, so an seismo-active period along a fault system may begin
from such areas. In addition, such area may have resistance to fault movement for a long time,
so it may inhibit propagation of earthquake rupture initiated from its either side both before and
after it is linked. In contradiction, discontinuous area with low strength may have resistance to
fault movement for a short time, it can inhibit earthquake rupture only before it is linked.

A natural fault system is often a complicated complex of typical textures described above,
and must show complicated process of deformation and instability under the identical stress field.
But on the premise of understanding tectonic and stress background, its possible deformation and
failure characteristics (including sites and magnitude of potential earthquakes, instability type and
corresponding precursors) may be analysed and estimated by summarizing experiment results and
measurement data in situ.

3.2 Mechanism of earthquake precursors and fault geometry

Earthquake cases indicates that earthquake precursors are very complicated, and both “uni-
versality” and “regionality” exist at the same time, and mechanism of earthquake precursors is
still needed to explore. Here we try to discuss this question based on the experimental resuits.

The analysis on stick-slip type instabity with strain precursor and mixed type instability
shows that there is adjustment in strain between “source area” and area around it during pre-
ganant process of an instability event, and the characteristics are that strain in “source area” in-




268 ACTA SEISMOLOGICA SINICA Vol. 9

10- ~ creases :Pparently dﬁuring"‘ipregnant _period ” and de-

& creases “just before instability”, but it presents oppo-

_ 20- ~ site tendency in area around it. Such characteristics

g oL can be clearly seen from the changes in mean strain
3 _

before and after a stick-slip instability during fault
friction shown in Figure 5. This indicates that the

3.7 occurence of strain precursor is the result of interac-
tion between “source area” and area around it. Be-

’ fore instability, area around “source” slips or frac-
0 tures first and strain decreases, while “source area” is
locked relatively and strain increases. When strain in-
creases to some level, “source area” begains to slip or

" Pregnant period M.
2 Just before instability € poj, <
B After instability t

Figure 5 Changes in mean strain before : . :
£ & fracture and strain begins to decrease. Such interac-

tion exists between locked region and slip region for
stick-slip instability caused by slip-weakening, and
bhetween subfracture and main fault for mixed type instability. If there is no such interaction, it

and after a stick-slip.

will be difficult for strain precursor to occur.

Figure 6 Vanations in AE and strain before and after instability events during sliding of
en-echelon faults. (a) compressional en-echelon faults; (b) extensional en-eche-
lon faults.

AE (microseismicity) precursor is related with strain release in area around “source” before
instability and in “source area” just before instability. But strain release is not always associated
with AE activity, only rapid strain release is associated with AE activity. For mixed type insta-
bility, strain release associated with fracture propagation before instability and strain decreasing
in “source area” just before instability are corresponding with AE activity (see Figure 4). For
stick-slip instability caused by slip weakening, strain release along fault off “source area” before
" instability and in “source area” just before instability can also produce AE activity. Such relation-
ship can be seen before two stick-slip instability events during sliding of en-echelon faults shown




