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Fig. 2 The maximum shear stress field on different types of composite en-echelon faults under the left-lateral shear stress.
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Fig. 3 The stress-disturbant field by the raise of
left-lateral shear driving force.
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Fig. 4 The stress fluctuation in different

position of model EC23 during the deformation.
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THE STAGES OF ANOMALIES BEFORE
AN EARTHQUAKE AND THE CHARACTERISTICS
OF THEIR SPATIAL DISTRIBUTION

Ma Jin Ma Shengli Liu Ligiang
(nstitute of Geology, SSB. Beijing 100029)

Abstract

The complication of tectonics in China gives us an advantage to find some anomalies near or
far from the coming earthquake. They may be alert to the occurrence of a strong earthquake.
However the problems are: 1) before some strong earthquakes there were no anomalies.2) in
some cases no earthquake occurred after the anomalies,and 3) in some cases the place with obvi-
ous anomalies did not correspond to the epicenter. Therefore,studying the stages of anomalies
and analysing the cause and spatial distribution may help us to elucidate the problems.

The deformation process in a region may be divided into 4 stages: stage 1 is before the yield
point ,and stage I is between the yield point and peak strength point. Stages I and I may be
related to the long-term to medium-term stages before earthquake. Stage I is between strength
point and instable point and stage N is after instable point. Stage I may be related to the short-
term to imminent stages before earthquake. The anomalies appearing in stages [ and 1 may be
caused by the change of driving force and the anomalies in stage T may be caused by the propa-
gation or weakening of the fault and smoothening of the fault surface.

A numerical modelling has been made to study the spatial distribution of anomalies in each
stages. In order to reveal the distribution and its causes more clearly . the increment mean stress
do., and the increment maximum shear stress 8t,,,, are calculated. It is shown that the distribution
of 87y in stages I and 1 is similar to the background stress field. The distribution of 30, in
stage I is outstanding on the en-echelon jogs. the distribution of 8r,,, and 8¢, display an eight-
petaline pattern and a four-quadrant pattern, respectively ,the propagation point is in the center of
the pattern. The temporal process of the distribution of the increment stress field in an en-eche-

lon fault system has also been studied.

Key words: Earthquake precursor, Anomaly recognition, Long-term anomaly, Medium-
term anomaly. Short-impending anomaly, Spatial distribution characteristic
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Spatial Distribution of Anomalies in Different Stages before
an Earthquake

JIN MA, SHENGLI MA and LIQIANG LIU
Institute of Geology, State Seismological Bureau, Beijing, 100029, China

Abstract

A deformation cycle in a region may be divided into 4 stages, comresponding to long-term, medium-ierm, short-
term to imminent stages before earthquake and instability, respectively. Anomalies appearing in stages | and II
may be caused by changes in driving force and anomalies in stage 11l may be caused by fault propagating or fault
weakening. In order 10 reveal distribution of anomalics in different stages, increments of mean stress and
maximum shear stress for models with en-echelon faults and other fault patterns are studied numerically. It is
shown that distribution of increment of maximum shear stress in stages [ and II are similar to the background
stress field while variation of incremental mean stress in stage II is outstanding at en-echelon jogs. Distribution of
incremental maximum shear stress and incremental mean stress display an eight-petaline pattern and a four-
quadrant pattem, respectively, surrounding the propagation area in stage IIl. The eight-petaline pattern, four-
quadrant pattern and strong undulating of dynamic characteristics in mean stress may help to distinguish possible
upcoming unstable fault.

Keywords: earthquake precursor, anomaly recognition, short-impending anomaly, numerical modelling
INTRODUCTION

A lot of observatory stations have been setting up in China since Xingtai earthquake ( 1966) in
order to grasp earthquake precursors. Anomalies that persist for periods of a few even ten years
prior to an earthquake in a region are called "long to medium-term precursors”. Those appearing
in periods of a few months to a few days before an earthquake are called "short-term or
imminent precursors”. On the other hand, anomalies appearing in vicinity of the epicenter are
referred to as "source precursors ", and those appcaring in a rather large arca as "arca
precursors”. The complication of tectonics in China gives us an advantage to observe some
anomalies near or far from the epicenter of an upcoming earthquake, which may be an alert to
the occurrence of a strong earthquake. However, earthquake cases indicate that (1) there were
no anomalies before some strong earthquakes, (2) in some cases no earthquake followed the
anomalies, (3) places with “long to medium-term precursors” often did not correspond to
places with “short-term to imminent precursors”, and (4) places with obvious anomalies did not
always correspond with epicenter of upcoming strong earthquake. These phenomena show that
both “universality” and “regionality” in earthquake precursors may exist at the same time,
which have been discussed by many authors[3-4,9-15]. We suggest that anomalies in different
time scales may be caused by different mechanisms, which are related with deformation stages.
Therefore, studying spatial distribution of anomalies in different stages and corresponding
mechanisms may help us to understand above mentioned phenomena. In this paper, we will try
to give some discussions on this topic based on mechanical behavior of rocks and some
numerical results.

ANOMALIES IN DIFFERENT DEFORMATION STAGES



It is intrinsically a problem of mechanics whether anomalies appear or mot. Anomalies
appearing at an observatory are attributed to the mechanical interference from changes in
external mechanical condition. The interference may cause an earthquake as a result of
mechanical instability in some place but only anomalies in other places. Changes in external
mechanical condition may be caused by different mechanisms, such as change in external
driving force, deformation of some tectonic elements easy to be deformed and propagating or
weakening of faults in a region. Such an ¢lement may become seismogenic fault in future or
not. Evidence indicates that regions with heterogeneity in tectonics and spots having strong
interaction with deformed elements are favored by anomalies,

In case of homogeneous fault, there is no great difference in deformation along fault, hence no
obvious precursor. However, for heterogeneous fault system strong deformation may appear in
some segments earlier, which may act as precursors of a strong earthquake. The linking of fault
segments is a preparing stage for instability, and instability occurs after uniformization of
sliding resistance. Therefore, anomalies appearing in both linking of faults and uniformization
of sliding resistance may be regarded as "precursors”.

T Deformation stages and  corresponding
anomalies can be discussed based on a

B common stress-strain curve of rock (Fig.1).

/h 1 There are three characteristic points in the

ol curve: yield point (y), strength point (p) and
. unstable point (f), which may divide the curve
: " into four stages by them. The first one before
L vield point (v) is linear deformation stage (I).
[ The second one between point y and strength
[ point () is nonlinear deformation stage (II), in
b which the stress field may be redistributed due
: | to locally inhomogeneous deformation. The

third one between point p and unstable point

' U 1"”1' v (i) is critical stage (III), in which propagating,

£ concentrating and linking of microcracks are

predominated. The fourth one after point 7 is

Figure 1. The characteristic points on a stress- unstable stage (IV). In other words, the stages

strain curve of rock and the deformation stages before point p (stages I and II) may be taken

as long to medium-term ones. Anomalies appeering in these stages may be caused by changes in
driving force or redistribution of stress field. Even though anomalies appear in these stages,
instability may not occur if driven force decreases again. The stage IIl may be regarded as short-
term to imminent ones. Anomalies appearing in this stage are related with propagating,
weakening and linking of cracks. The failure may be stable or unstable depending on the ratio
of stiffness in failure area to that in surrounding area. However, the failure is unreversible once
the deformation enters this stage. Anomalies in this stage are closely related to upcoming stable
or unstable failure.

In order to understand distribution of anomalies, stress field is divided into essential and
incremental ones. The former means background stress field in a region by the action of
regional driven force and the latter means variations in stress in some period caused by
mechanisms mentioned above. Consequently, incremental stress field is a disturbed field
superimposed on essential one. In case of absence of anomalies, the regional stress field may
be regarded as being in steady state. Superimposition of disturbed stress field will break the
state and cause anomalies. Therefore, incremental field can indicate clearly distribution and
mechanism of anomalies.



A natural fault system is usually inhomogeneous both in geometry and in material, which may
affect evolution of stress field, hence anomalies. In this paper, we focus on effect of geometric
texture neglecting that of material. We chose en-echelon faults, the most common fault geometry,
as geometric models and study distribution of disturbed field in diffcrent stages caused by different
mechanisms including change in driving force, redistribution of regional stress field, fault
propagating and so on.

Considering that a natural fault zone may be nonlinear in geometry, material and boundary{1,5-7],
the triple-nonlincar method is used to deal with deformation along fault. The mechanical behavior
of faults is considered as a contact problem and is simulated by a contact-impact algorithm, which
permits paps and sliding along material interface. Fault gouge is considered as a elasto-plastic
material with five mechanical parameters including elastic module E, Poisson ratio v, yield limit o,
hardening module Er and hardening ratio f. Surrounding rock is considered as an elastic material
with two parameters including elastic module E and Poisson ratio v. In calculation, fault
propagating is achieved by changing some elenents from elastic to elasto-plastic behavior, and
fault weakening by decreasing the modules of fault gouge.

In this paper, define exiensional siress as positive and compressional stress as negative, and
maximum shear stress Ty, = (0]-07 )72, and mean stress o, = (01402 /2. Essential fields of
maximum shear stress and mean stress are expressed by the model name with © and oy, (e.g. EC5t,
SDQ20yy), respectively. Correspondingly, disturbed stress fields are expressed by 6t and Sopy.

DISTURBED STRESS FIELD CAUSED BY DIFFERENT MECHANISMS

Essential Stress Field
Four models with complex en-echelon faults are designed to study this problem. EC21 and
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Figure 2. The maximum shear stress field for models with different complex en-echelon fauits.

EC22 are models with the same type of en-echelon faults and EC23 and EC24 with different type
of en-cchelon faults. All models are applied by the left- lateral shear in direction parallel to the
fault strike and right-lateral shear in direction perpendicular to the strike. The maximum shear
stress fields for these models are shown in Fig.2. For convenience, distances between two mmer
ends of en-echelon faults in direction perpendicular and parallel to faults are indicated by 4 and s
respectively[8]. Take s as positive for overlapping en-echelon jog and negative for separating jog.
It is clear from the figure that stress distribution in similar textural elements is similar, and stress



lcvclisdq)cndentondandsofjogmditsposiﬁoninmodct. For example, all jogs ( 1, 2 and 3, see
Fig4) are left steps in model EC21, where jog 2 with smallest d-value is of highest level of
maximum shear stress. In model EC22 (Fig.2b), d-values in Jjog 3 and 2 are the same, but stress
Icvclinjoglclosetobordcrofthcnuicl,ishiglnthmt}minjogZincariystagcbecausefurcc
is transmitted from border to center.

Disturbed Stress Field Related to Change in Driving Force
Disu‘ibmimof&mand&m for model EC24 caused by increase of driving force (by 50%) is

different levels. The higher the essential stress is, the higher the increment is. For example, jog 3
with largest essential stress is of largest incremental stress. Incremental stress within fault zone is 3
orders lower than that in outsides of fault zone. Increment of mean stress is different in different
positions. In this model, increment of mean stress shows compressional in right step jog but
dilativeinleﬁstq:jog.Threeintensiveb:dilaﬁvcareasmdtwoirnmsivclycmmmssiomlarus
exin.Asmcmmmﬁmofsummjmnepswnsm,themmmmdMgimﬂydwdops
further dilation and that compressed originally develops further cxtrusion. Paossible upcoming
muﬁlitymymmjog3wcmdingmmnximmntﬁsmﬁmdmmdemitymm2].
Vmiaﬁmofshusinsomepmiﬁommjog3isva'yweak,butvariaﬁminjogldeandotha
positions may be strong. This indicates that stress disturbance caused by change in driving force is
not distributed homogeneousty. More strong stress disturbance occurs at positions with original
stress concentration.

Figure 3. The disturbed stress field caused by raise of driving force. 57 is increment of maximurmn shear stress:
1 strongly elevated, 2 elevated, 3 weak elevated, 4 weak variable, 5 faults; Soyy, is increment of mean stress: |
strongly dilative, 2 dilative, 3 strongly compressive, 4 compressive, 5 weak variable, 6 faults.

Disturbed Stress Field caused by Redistribution of Stress

Disturbed stress ficld caused by redistribution of stress for model EC23 and EC24 is studied In
case of existence of elasto-plastic faults, stress level in different positions varies during
deformation and sliding along the faults, though the driving force keeps constant. Variations of
maximum shear siress and mean stress in some jogs with time are shown in Fig.4. When =0.1,
shear stress level in jog 1 and 3 is high, and when /=0.3, shear stress level in jog 2 is higher than
that in jog 1 and 3. It is clear that at t=0.2, there is a decrease in maximum shear stress at all
positions compared with that at ~0.1. Variation in mean stress is rather strong, and originally
dilative area changes to compressive one ( denoted by dots) and originally compressive area
changes to dilative one (Fig.4 and 5). Strong variation in mean stress occurs in en-echelon jogs.



Figure 5. The increment field of mean stress of model EC24 as comparing the value of +=0.2 to =0.1. Dotted

areas indicate compression increasing area.

Trajectories of stress axes at these three moments are shown in Fig.6. It can be seen that not only

Teo. ¢

Figure 6. The stress trajectories of model EC23 in
different time during the deformation. Solid and
dashdot lines indicate orientations of maximum and
minimum principal stress, respectively.

stress level but also orientation of
stress axcs vary with time. For
example, orientation of stress axes at
=0.2 are quite different from that at
other times.

Disturbed Stress Field Caused by
Fault Propagating and Weakening

In all models, therc is a left step en-
echelon jog with fault length of 10
and d=1 in center ( ie. jog2) We
change clements in this jog from
clastic to elasto-plastic and make
faults linked to study the disturbed
stress field In this case siress
variation transmits from linked area
(jog2) to two ends of linked faults
(jogs 3 and 1). Areas with rising and
descending in maximum shear stress
are distributed alternately as am eight-
petaline paitern surroun-ding  the

linked elements. Areas with descending in 7y, are distributed in directions parallel to principal



stresses “oy" and “o" and areas with rising in 7, are in oblique directions to them (Fig.7a).
Dilative and compressive areas are distributed as a four-quadrant pattern surrounding the linked
elements in disturbed stress field of mean stress (Fig.7b). Two dilation quadrants align in direction
perpendicular to extensional axis and two compressive quadrants in direction perpendicular to
compressional axis. Strong descending in 7., and oy, (that means more compressive) occurs in
the propagating and linked clements.

Figure 7. The disturbed stress field caused by propagation of faults in model EC22. Dotted areas in (a) are
areas with deseending in maximum shear stress, dashed areas in (b) are areas more compressed.

It is Interesting to indicate that such eight-petaline paitern and four-quadrant pattern of
incremental field for maximum shear stress and mean stress have been distinguished not only for
en-echelon fault system but also for parallel fault system, bend fault and mtersecting fauit system.
It seems that no matter how complicated the fault system and the stress fields arc, the disturbed
stress fields always show such patterns as long as the propagation or weakening occurs along a
fault. This result provides us a basis to distinguish possible coming unstable fault.

Dynamic Characteristics during Fault Propagating
Prepmingprwmsofmcarthquakcimhxhspwpagmngmdwukmmgoffmhs, linking of faults,

accelerative slip along fault and so on. All these processes are just prior to instability. Fig.8 shows
a disturbed stress field with different dynamic characteristics in a model with left

A CIRSNE E-:r-.-','E l6 7

Figare 8. Dynamic process in mesn stress during linking of faulis in en-echelon faults. 1 and 2 demote
initial and terminal states of faults, 3 continued compressive, 4 continued dilative, 5 strongly undulating, 6
undulating, 7 weak undulating.

step en-echelon faults caused by fault linking under a right latera) shear. The fault propagating
beginsatt}mrighlaxiofﬂwlcﬁfwlt,Thedjmbedmessﬁddofmninnmshcarsmm
mean stress keep the same patioms as eight-petaline and four-quadrant patterns, respectively.




dynamic characteristics in mean stress with time, that is, continued compressive, continued
dilative, strongly undulating, undulating and weak undulating process. Continved compressive
and dilative types occur roughly in compressive and dilative quadrants, respectively.
Undulating type is distributed along the propagating fault and its vicinity. Before Tangshan
earthquake in 1976 there was a case history about strongly undulating of water table in a well
near the seismogenic fault.

The characteristics in this stage may be summarized as follows: (1) Though essential stress
field may be complicated, but disturbed stress fields always keep constant patterns, that is,
eight-petaline pattern for &r,,. and four-quadrant pattern for &o,,. Area with strong

descending in maximum shear stress and strongly compressive area are located on propagating
segment of faults. (2) During fault propagating, changes in stress are very complicated. There
are 5 types of dynamijc characteristics. Among them, the strongly undulating areas are
distributed along the propagating segment and its vicinity. (3) The magnitude of undulation in
strongly undulating area can reach that of the essential field. Scale of the strongly undulating
area is similar to that of propagating segment, while scale of undulating area is its 3 to 5 times.
Stress undulating period coincides with fault propagating period. Its persisting time depends on
the propagating rate.

CONCLUSION

Disturbed stress field may be caused by different mechanisms, such as increasing in driving
force, stress redistribution, and fault weakening, propagating and linking. Spatial distribution
of incremental stress field caused by them is different. This may be the reason for the departure
of anomalies in different stages.

The disturbed stress field caused by change in driving force is widely distributed. Orientations
of stress axes keep constant and strongly disturbed areas coincide with original areas with stress
concentration. However, there is no inevitable relation between strong disturbed area with

upcoming hypocenter.

Stress redistribution may change orientation of principal stress axes somewhere and strongly
affect mean stress field, specially in en-echelon jog.

Disturbed stress field caused by fault propagating and linking has an eight-petaline pattern for
increment of maximum shear stress and a four-quadrart pattern for increment of mean stress.

There are five types of dynamic characteristics in stress disturbance accompanied with fault
propagating and linking. Strongly undulating area coincides with propagating segment and their
space scales are almost the same.
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