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Abstract

The alternative view of the current status and perspective of seismic prediction studies is discussed. In the problem
of ascertainment of the uncertainty relation Cognoscibility-Unpredictability of Earthquakes, priorities of works
on short-term earthquake prediction are defined due to the advantage that the final stage of nucleation of earthqualke
is characterized by a substantial activation of the process while its strain rate increases by the orders of magnitude
and considerably increased signal-to-noise ratio. Based on the creep phenomenon under stress relaxation conditions,
a model is proposed to explain different images of precursors of impending tectonic earthquakes. The onset of
tertiary creep appears to correspond to the onset of instability and inevitably Fails unless it is unloaded. At this
stage, the process acquires the sell-regulating character and to the greatest extent the property of irreversibility,
one of the important components of prediction reliability. Data i situ suggest a principal possibility to diagnose
the process of preparation by ground measurements of strain-rate-dependent parameters, like electromagnetic
emission, etc. Laboratory tests of the measurements of acoustic and electromagnetic emission in the rocks under
constant strain in the condition of self-relaxed stress until the moment of fracture are discussed in context. It was
obtained that electromagnetic emission precedes but does not accompany the phase of macrocrack development.

Key words carthquake — focal zone — creep of Moreover, elasticity, plasticity, and brittle-
rocks — relaxation of load — short-term precursors ness characterize not only a material but also the
conditions of its deformation. Thus, discussions
on the chaotic and highly nonlinear nature of

1. Introduction the nucleation process, ie. self-organized criti-
cality that has no length; high heterogeneity of
Discrepant opinions on earthquake predicta- the medium; uncertainty in spatial distribution
bility (Evance et al., 1996; Geller, 1997) reflect of precursors and etc. seem to be reasonable.
the state of fundamental investigations into rock The difficulty lies not only in the inhomoge-
fracture process. In fact, it is difficult to define neity of the medium as in the uncertainty in the
accurately the term «fracture». Each of the conditions, at which a deformed volume is load-
present theories of strength describes a particu- ed, and in rheological properties of rocks and
lar type of material behavior at a certain type of their variations during the deformation of the
load, whereas a real rock mass is in a state of inclusion and host medium, which exhibit to a
elastic compression, plastic flow, and brittle fail- varying extent, elements of elasticity, plasticity,
ure simultaneously. and brittleness, depending on time and space.

Geophysical scales of the process at hand
and near-critical stresses existing in the Earth’s
crust and near the surface make it necessary to
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of steady tectonic forces, overburden pressure,
temperature is favored by the development of
creep in rocks.

Similar to the qualitative difference between
the process of accumulation of the elastic ener-
gy in the specimen at the initial stage of defor-
mation under constant load and the release of
this energy in the form of inelastic strain (creep)
before its failure in the case of earthquake, we
ascertain the same succession for long-interme-
diate precursors (accumulation of elastic ener-
gy) and short-term precursors indicating the re-
lease of energy immediately before the shock.
Thus, a comparison suggests itself between ter-
tiary creep and short-term precursors.

It is known that the time scale of the final,
tertiary stage of creep is characterized by an
avalanche-like increase in the strain rate imme-
diately before the failure. This stage is com-
pletely nonlinear; however it is not chaotic. The
process in the focal zone during this stage ac-
quires, to a large extent, a self-regulating char-
acter.

As the strain rate in the focal zone increases
by orders of magnitude one can expect the strain
process would envelop at some extent the sur-
rounding volume (sensitive or preparation zone)
that would increase the signal/noise ratio of the
measuring parameters on the Earth’s surface.
Therefore, the impending failure is easier to
detect at this stage by monitoring a complex of
short-lived geophysical fields, e.g., electromag-
netic (EME), acoustic (AE) emission and etc.
The process at the final stage acquires to the
maximum extent the property of irreversibility
and avalanche-like growth, the most important
component of the prediction problem. Practical
significance and methodological advantages of
the identification of the final stage of the earth-
quake preparation process determine the priori-
ties of the short-term prediction.

Ditferent approaches have been made to
model the earthquake nucleation process. Brady,
(1976) and Rice and Rudnicki (1979) laid down
the foundations of the «inclusion model» ac-
cording to which the zone of strain weakening
material is embedded in nominally elastic sur-
roundings subjected to tectonic stress. Thus, the
whole deforming volume surrounded the future
hypocentre can be divided into two basic parts:
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focal zone where inelastic strain is developing
{creep), and the outer one, subjected to quasi-
clastic deformation (preparation zone). We use
the term «quasi-elastic embedding medium» o
indicate the capability of rocks to transmit the
orders of magnitude of elastic strain through the
earthquake preparation area and at the same
time a manifestation of the inelastic component
and therefore the appearance of the EME pre-
cursors (Gokhberg er al., 1982; Yoshino e al.,
1992; Morgounov, 1993a,b, 1996; Morgounov
et al., 1994; Hayakawa and Fujinawa, 1994;
Varotsos et al., 1990; Vallianatos, 1998; Vallia-
natos and Tzanis, 1998, etc.) and AE (Morgou-
nov et al., 1991) etc.

The present paper entails the objectives which
concern the modeling of the strain process in
the focus of the impending earthquake. Based
on the analyses of the tertiary creep under relax-
ation load, a model of the final stage of earth-
quake nucleation is proposed. The relaxation
stress mechanism during creep of rocks of the
inclusion results in the delay of the failure in-
stant, i.e. to prolong the precursory duration and
be the cause of the variety of the precursory
images. The calculations are compared with the
data in situ. The results of the laboratory tests of
rocks under constant strain in the condition of
self-relaxed stress are discussed in the context
of the model.

2. Tertiary creep in rocks and prediction
of the fracture

2.1. Creep under load relaxation conditions

Creep of rocks. developing in laboratory con-
ditions as well as in crustal rocks in situ on a
geological time scale, are divided into three main
stages: attenuation, steady, and accelerated {(or
tertiary), with a characteristic, avalanche-like
increase in the rate immediately before failure.

Time becomes a very important parameter at
the final nonlinear stage of the earthquake nu-
cleation process. It is well known that the
strength of most brittle materials, including
rocks, is time dependent. The weakening in time
is known as static fatigue. For a wide variety of
materials, static fatigue is due to stress corro-
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sion (Scholz, 1968). Griggs (1940) investigated
creep of alabaster and came to the conclusion
that it is possible to have tlow cleavage and
fracture cleavage in the same region by devel-
oping flow cleavage in the layers, where the
amount of deformation is below the critical val-
ue for fracture, and fracture cleavage, where the
deformation exceeds the critical value. He con-
cluded that the application of the laboratory
experiments may be made to rock fracture in
earthquakes, in particular for the determination
of the final stage — creep before rupture — the
period of increasing strain rate.

Beniofl (1951) pointed out that the consider-
ation of many seismic phenomena is based on a
simple elastic theory, in which strain is propor-
tional to stress and is independent of time. How-
ever, the characteristics of rocks depart greatly
from these simple assumptions. Benioff pro-
posed the creep theory of aftershocks and pre-
sented evidence that aftershocks are produced
by creep of fault rocks.

Kranz and Scholz (1977) emphasized that
the third stage, (tertiary creep) has received com-
paratively little attention. They defined tertiary
creep as that part of creep behavior, in which the
strain rate is continuously increasing. Once a
rock has entered this stage it inevitably fails
unless it is unloaded. Thus in a sense the onset
of tertiary creep appears to correspond to the
onset of the instability that leads to fracturing.
Their hypothesis of the critical crack density
suggests that the onset of tertiary creep will
occur when a critical value of inelastic volumet-
ric strain is achieved. Wu and Thomsen (1975),
Lockner and Byerlee (1980) demonstrated a cor-
relation between acoustic emission and the on-
set of tertiary creep and have shown that the
onset is marked by supraexponential rise in the
activity of acoustic emission, generally coincid-
ing with an increase in strain rate.

At its final, avalanche-like stage, the process
acquires a self-regulating character. Unlike the
term «self-organized criticality», the term «self-
regulating creep» assumes a particular meaning
and testifies the basic possibility to diagnose the
nucleation process.

Experimental data show that a seismic event
can be preceded, and in some cases accompa-
nied by a relatively moderate value of the pre-
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seismic anomalous signal. In a number of cases,
the moment of the earthquake is not accompa-
nied by any specific disturbances or all the more
by a burst of the signal. (At least co-seismic
anomaly is of the order of magnitude of pre-
seismic one). Moreover, many seismic events
occur during a drop phase in a bay-shaped
pre-seismic anomaly or after the anomaly has
terminated (so-called «quiescent» phase of the
signal).

A precursor signal recorded at the Earth’s
surface is an indirect response of the upper crust
to deformation processes at the focus. Short-
lived geophysical phenomena such as pulsed
electromagnetic emission (EME), acoustic emis-
sion (AE), electrical resistivity (p), hydrogeo-
chemical parameters, etc., are controlled by strain
rates in the vicinity of an observation point.
This assumption, together with experimental
evidence, leads to the conclusion that in some
cases the final stage of the nucleation process in
the focal area is not of the avalanche-like type.

In such cases, the classical model of creep,
i.e. a progressive deformation under constant
load with continuously increasing strain rate, as
is the case of laboratory conditions, cannot serve
as a direct analog of the source processes. The
difference between the uniaxial loading of a
specimen in the laboratory and the focal inclu-
sion of rock in situ is that the load in the natural
condition does not remain constant during pro-
gressive inelastic deformation of the inclusion
due to the redistribution of the external tension
applied to the inclusion among the host rock
environment, i.e. the load decreases in the proc-
ess of deformation of the inclusion.

Laboratory tests (Glushko and Vinogradov,
1982; Kranz and Scholz, 1977) indicate that the
time of accelerated creep in rock samples (argil-
lite, granite and quartzite) does not exceed 10)-
30% of the total time of deformation (~ 8-10 h)
under a load amounting to 80-95% of the failure
value. Similar values were obtained in analyses
of the immediate-term precursors in Situ
(Morgounov, 1993a,b, 1996).

Thus, at the third stage of creep, rocks of an
inclusion reach maximum rates of plastic defor-
mation during a relatively short period of time.
On the one hand, this can result in a drop of
elastic tectonic stresses and, on the other, an
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increase in counteractive stresses in host rocks,
which takes up the load in the process of fast
deformations of an inclusion.

If F, is the value of elastic tectonic forces
that decrease as plastic deformation in the inclu-
sion volume V increases and if /7, stands for
forces of host rock counteraction, which in-
crease with deformation of the inclusion, the
resulting force F(e) = F, — I, # const decreases
with the increasing strain € (¢). Taking into con-
sideration the elastic nature of tectonic stresses,
we represent F(g) in the form of a linearly di-
minishing function

Fley = F, (1 —e(n)e,), (2.1)
where £, is the initial load at the onset of accel-
erated creep and, g is the strain at which elastic
forces relax, i.e. F(g ) = 0.

Under natural conditions, the redistribution
of the stress and strain between the host medi-
um and an inclusion is complicated and non-
stationary, and gives rise to the diversity of
precursors observed. Nevertheless, its main
phases are recognizable in terms of a simplified
model.

The empirical dependencies of strain £ (¢) for
the steady-state and accelerated creep stages are
expressed through power and exponential func-
tions (Kennedy, 1962)

e(t)=¢g,+e,1" +¢& exp (ah), (2.2)

where £, — initial strain, ¢,, &, - scale coeffi-
cients.

Comprehensive studies of structural materi-
als have established that the stage of accelerated
creep (n > 1) consists of two, substantially dif-
fering phases (Kennedy, 1962) and this was
confirmed by experiments on rocks (Ohnaka,
1983). At the beginning of the accelerated stage,
the deformation process, as well as steady-state
creep, 1s described by the power law. In the
course of time, the process is accelerated and,
during the time interval directly preceding the
brittle failure, a law close to the exponential one
could govern it.

The assertion that, unlike long- and interme-
diate-term precursors, short-term ones are con-
trolled by the release of previously accumulated
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energy is not questioned. Moreover, the fact that
short-term precursors are caused by inelastic
crustal deformation is equally unquestionable.
Nevertheless, the models based on the princi-
ples of static theory of elasticity, in which ¢ ~ o
are used for the analysis of processes of this
scale, even though this is not correct even as a
first approximation.

A general relationship between creep rate
and stress renders possible the transition from a
region of small stresses to one of high stresses
(Kennedy, 1962)

e'(y=Bo" + bexp(fo) (2.3)
where ¢’ is the strain rate; g = F/S is the stress
in a cross section S of the volume at a load F, the
values of in 2 | and B, b, § are constants.

The problem concerning the estimation of
the stress state o(f) in a cross-section of an
impending fracture is complicated and has not
been solved in the general form even for the
simplest case of necking in a specimen of struc-
tural material produced by extension. Labora-
tory tests indicate that a decrease in the carry-
ing capacity of specimens is due to the short-
ening of a cross-section that actively supports
4 load in the process of progressive fracture;
rock deformation characteristics remain more
or less constant. The moduli of elasticity and
deformation, determined from the o-¢ curves,
characterise not the properties of material
but the rigidity of a system into which speci-
mens deformed beyond the strength limit are
changed.

2.2, Fracture as an act of breakage
of internal bonds

According to Benioff (1951), creep may be
purely compressional, purely shearing, or a
combination of the two. In the latter case, the
compressional phase occurs first. The shearing
phase follows after an interval of 0.01 to 2.4
days.

As noted by Tapponnier and Brace (1976),
almost all cracks are tensile in nature. Small
amounts of shear were seen to occur only where
cracks coalesce. This may be because the shear
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stress is enhanced in the region between ap-
proaching crack tips. Kranz (1979) confirmed
these results.

External forces, classified as compressional
or shear, result to the maximum tensile stresses
in the material, along the direction of which
internal bonds are broken once critical values
are attained. Outcrops of a rock mass subjected
to multiaxial compression are shown to exhibit
fracture patterns consistent with the stress state
of general extension. It seems that in rock me-
chanics, regardless of the level of observations,
the term «{racture» defines such a phenomenon,
as the failure of internal bonds.

Therefore, fracturing is the process of a grad-
ual accumulation of defects (cracks) and a de-
crease in the carrying capability. In the case of
extension this means, rather than a decrease in
the strength of the material, a decrease in the
cross-sectional area of a body that actually sus-
tains the applied loads. In essence, this process
is connected with the amount of broken internal
bonds in the fracture zone, i.e., the surface on
which a rupture will occur. Because of the lack
of exact solutions to this problem, we will con-
sider the phenomenological approach.

The term «effective cross-section» S, will
be understood as a diminishing surface across
which, due to the weakening of internal bonds,
a fracture eventually propagates. Then

o=FIS,. (2.4)
- are controlled by the degree of
the injury of carrying capacity of the material
in the cross-section of future rupture, rather
than by the visible geometric dimensions of a
cross-section. This notion does not correspond
to the term «necking» since some materials fail
without necking even during extension. The
rupture occurs on a surface on which cohesive
forces control the dynamics of the fracture.
Because shearing is equivalent to a combina-
tion of compression and extension, in case of
shear (and compression), the definition of S,
does not change. A §,, reduction with time
is associated with the injury of the material,
an increase in stress ¢, and an acceleration of
the fracturing process in the case of constant
load.

The S, values

(3]

(5]

2.3. Short-term earthquake precursors

Formulae (2.2) and {2.3) permit the consid-
eration of two phases of accelerated creep, ob-
served experimentally. The initial phase of the
accelerated stage, responsible for short-term
precursors can be described by generally used
power functions (n, m > 1)

ety =g, +¢&,1"; & =Bo". (2.5)
At the load £, = const, we have
Sto=BE n (e )" e (2.6)

With an increase in plastic deformation of an
inclusion V, the elastic tectonic load decreases.
A change in the deformation pattern entails, in
general, a variation in the physical parameters
of the deformed volume, including S, (¢). In
order to clarify the general features, we assume
that the S, (¢) dependencies are the same for
dropping and constant load. This is not quite
correct, but does not change the essence of the
statements to be illustrated. (According to Kranz,
1979, there can be a difference in the mode of
crack development between fests at constant
stress and at constant strain rate).

To determine the conditions of fracturing,
we will use the second theory of strength, in
terms of which fracturing occurs when the ulti-
mate values of tensile and compression strain
are reached: ¢, < ¢ < ¢ . The statement is
consistent with the results of rock tests, which
indicate that inelastic volumetric strain at the
onset of tertiary creep is found to be independ-
ent of the stress level (Kranz and Scholz, 1977).

Taking into account (2.1), (2.5), and (2.6),
we obtain

¢ =n(e,)"(e-e)" " (1 —ele). (2.7)
The plots of () and &’(r), presented in fig. 1 for
F, = const and F(e) = F(1-e(n)fe ), show that
under conditions of dropping load at the initial
stage, the strain £(f) grows according 1o a power
law, reaches a point of inflection and asymptot-
ically tends to a constant value. The strain rate
curve &'(t) reaches its maximum at the point of
inflection of the curve of the strain and then
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tends to zero. Depending on the rheological
properties of geomaterial and on the loading
mode, the critical strain value is attained at dif-
ferent points of the &(¢) curve, which determines
the resulting shape of a precursor.

The effect of the «earthquake during the drop
of an anomaly» thereby receives its natural ex-
planation. Indeed, as short-lived fields like EME,
AE, etc. are controlled by strain rate, in the
condition of relaxing load the intensity of these
parameters following the curve of strain rate
(fig. 1, right dashed line), after the passage of its
maximum, i.e. the inflection point of the strain
curve (fig. 1, right solid line), goes down to the
moment when the strain reaches the value of the
strength limit ¢, (fig. 1), i.e. till the moment of
the earthquake.

The diagram in fig. 2a,b illustrates the condi-
tions responsible for various shapes of the anom-
aly. The curves of fig. 2a strain ¢ and fig. 2b
strain rate ¢" correspond to the shapes of ob-
served geophysical anomalies at different load-
ing modes: | = constant load F; 2 = curve with
alinear interval of €; 3 and 4 = relaxing loads of
different duration, and 5 = anomaly not associ-
ated with an earthquake (false alarm),

fi=const F= F(l-€/e)

Fig. 1. Schematic view of the curves of strain & (solid
lines) and strain rate &’ (broken lines) at a constant
load F, and at a relaxing load F = F, (1 —&/e). The
dot-and-dash line indicates the threshold level (g, )
of strain rates accessible to geophysical meas-
urements. The strain g, is the fracture (rupture)
threshold. The times ¢, ¢,, and ¢, are those of the
beginning, maximum, and termination of the anomaly,
and r, — 1, is its duration. ¢, indicates the moment of
the carthquake,
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Fig. 2a,b. [llustrative curves of (a) strain £ and (b)
strain rate &”, versus time corresponding to the shapes
of recorded geophysical anomalies for various modes
of leading: 1 = constant load F; 2 = curve with a
linearity interval of &; 3, 4 = relaxing load of different
duration: 5 = anoemaly unrelated to an earthquake
(false alarm),

Because the stage of accelerated creep has
been poorly studied, only qualitative estimates
can be made. We will illustrate the approach in
question for the values of m = 2, n ~ 1. In this
case, we obtain from (2.7) the formula for esti-
mating the duration of creep under conditions
of relaxing load

AT =¢]'el(e-€)e,—5) (e,~8)" (2.8)

where AT is the time interval between the onset
of accelerated creep g, and the moment of frac-
ture &.

In order to estimate the deceleration rate of
the deformation process due to the load relaxa-
tion we use data on the accelerated creep stage,
obtained in siti and by laboratory experiments.
According, for example, to Glushko and Vinogra-
dov (1982), at a constant load amounting to
~ 80% of the failure value, the third stage of
creep in argillite lasts for 7, ~ 8-10 h. The pre-
liminary estimation of the minimal duration of
tertiary creep in situ yields a similar value ~ 10 h
(Morgounov, 1996). Ate, =0.1¢, £, ~ (g —¢)/
T i and & = 1.1 (10% of the load relaxation



Relaxation creep model of impending earthquake

strain), we obtain AT ~ 120 h, which corresponds
to the duration of recorded anomalies (Corwin
and Morrison, 1977, etc.) and to the time scale
of the short-term precursors of the bay type.

These estimates of AT, which do not require
absolute values of ¢, ¢ and ¢, depend strongly
on the ratio € /.. At g /g > | the effect of an
increase in the duration of deformation caused
by stress relaxation vanishes. At g — ¢, AT
rapidly increases. In particular, at & = 1.05 g
(5% of the load relaxation strain), AT ~ 230 h.
The stress drop results in a decrease of the strain
rale at the source, deformation becomes more
unstable and can stop. The anomalies at this
period may be classified as false alarms. This
may be considered as a gradual transition to
immediate-term precursors. since the remain-
ing strain Ae = g — (/) is realized at a shorter
time.

This mechanism of alternating activation and
relaxation of the creep process can explain pre-
cursors of the oscillatory type with varying pe-
riods, often observed in experiments. The in-
stability of the fracture process with respect to
input parameters could explain a scatter in the
parameters of precursor occurrence. Particular-
ly, in the case of the valuc g, is close to the
value of strength limit ¢, i.e. /g — 1, the load
F— 0, (2.1} and the process become more un-

Time, h
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Fig. 3. The solution of cq. (2.7) at the accelerated
stage of creep under a relaxing load, depending on
the exponents 1 and m.
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wn

stable due to the growing influence of the het-
erogeneity of the Earth crust. It could result in
a higher instability of the nucleation process
(scattering the precursor’s parameters) for weak-
er earthquakes in comparison with more pow-
erful ones.

The selutions to eq. (2.7) for AT(n, 1) with
the exponents n = 1-7 and m = 2-3.5, character-
izing average properties of material and loading
conditions, are plotted in f{ig. 3. The duration of
the deformation process under a load that relax-
es with increasing i changes into time scale of
intermediate term precursors, which have the
same characteristic features and modes of oc-
currence as the short-term ones. On the other
hand, the curves tend asymptotically (with in-
creasing n and decreasing m) to the duration of
creep at constant load, which indicates the ex-
istence of a minimum duration of the {racture
process.

2.4, Inmnediate precursors of an earthquake

The initial phase of the accelerated creep
stage in the crust may apparently be described
by the above power-law (2.5) representation of
€(1). Depending on the local conditions, loading
mode, depth and size of the focal zone, the
plastic properties of rocks can vary significantly.
Under specitic in sifu conditions, the third stage
of creep can reach an avalanche-like phase,
which is described by the second terms in for-
mulae (2.2) and (2.3). However, taking into ac-
count the scales of in siri deformation processes
and the absence of bursts of the signal on the
onset of earthquake (co-seismic signal is the
order of pre-seismic), we use a less steep power
relation for £'(o), i.e.

() =¢gexplar), & =Bo" (2.9)
In view of (2.1), this yields
e =ae(l —gle )" (2.10)

This equation can be related to immediate precur-
sors. Numerical assessments are complicated
by an uncertainty in @ and m. The solution of
(2.10) for m = 2 yields an estimate for the time
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AT of the terminal stage of creep under the
condition of stress relaxation:

AT=a '[5_‘(€f— e —¢g) (e, —e) ' +
@.11)
+Inee, (e, —e Me —€)7'].

Considering that the ratio of duration of the
avalanche-like stage to that of the accelerated
stage is 7./t~ 0.5-0.2 (Onhaka, 1983), we
have @ = In(e /e i, = 0.46-1.1 h™. For the
previously assumed relations e, = (.1 ¢, and
g =1.1¢, AT ~30-12 h. Despite the uncertain-
ty of initial data, the use of the exponential
dependence e(¢) leads to different time scales
that are closer to the estimates for the immediate
precursor time scale (Morgounov, 1996).
More elaborated estimation is difficult with-
out additional information on the initial param-
eters. Even such a parameter as the fracture
strain & depends on rock type and its in situ and
laboratory estimates differ by orders of magni-
tude, from 107 to 10°. However, this does not
seem to be an insurmountable obstacle for pre-
diction investigations, since relative values of
the parameters in question are more important.
The dependence of time intervals on ¢ and i is
illustrated by the curves plotted in fig. 4.
Based on the above ideas, we consider a
typical example of anomalous signal records

Time, h
70 -

023 043 0.63

0.83 1.03

Exponent o

Fig. 4. The solution of eq. (2.10) at the avalanche-
like stage of creep under a relaxing load, depending
on the exponents a and m.
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Fig. 5. An example of the EME anomaly inter-
pretation: &), is the threshold value of the measurable
strain rate; €, = fracture strain; N = number of pulses
per hour at the selected threshold of sensitivity.
The down arrow indicates the moment of the
November 28, 1992, M = 4.0, earthquake at the
Mineralnye Vody, Caucasus, research site at a distance
of 45 km from the point of measurement. The
horizontal coordinate is represented in days. See
explanations in the text.

of pulsed electromagnetic radiation (Zdorov,
and Morgounov, 1997), which were employed
for empirical earthquake predictions at the
Mineralnye Vody, Caucasus, research site. The
superposition of the theoretical curves £(r) and
€’(t) onto the experimental records of the EME,
shown in fig. 3, illustrates the interpretation of
the pulsed EME anomaly in terms of relaxation
creep model. Intensive EME was detected a few
days before the earthquake that can be interpret-
ed by the excess of strain rate £'(¢) its threshold
level &/, with the maximum near the inflection
point of the strain curve &(r). The arrow indi-
cates the moment when the strain attained the
value of strength limit ¢, i.e. the onset of the
earthquake M = 4.0, occurred at ~ 45 km from
the observation point.
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In this case, the precursor duration was ¢, — ¢,
~ 54 h, with the time of anomaly detection be-
fore an earthquake being 1, — 1, ~ 4.5 days. Here
the notations of fig. 1 are used: ¢, — the onset of
the anomaly ~ 06 h LT, November 24, 1992;
1,—the end of the anomaly ~ 12 h LT, November
‘.6 1992; t, — the onset of the earthquake 15 h
28 min. LT November 28. The parameters of
the smoothed shape of the pre-seismic anoma-
lous signal, the representative values of ¢, o
within the [ramework of the model ]noposed
(2.7), (2.10) enable us to formulate the inverse
problem for the determination of the inelastic
properties of the rocks (i, n, &) in a particular
seismic event,

The above examples do not exhaust the
possible types of precursors, which reflect
the specitic conditions at the focal zone. In some
cases, the described processes or its parts can
repeat, thereby generating an oscillatory se-
quence of the precursor occurrence. The study
of these features may be instrumental in im-
proving the accuracy of the predicted parame-
ters of earthquakes and other geodynamic events.

3. Laboratory modelling of relaxation
creep in the rocks

Laboratory modeling of the earthquake nu-
cleation process is fairly criticized because of
the lack of correspondence between the time-
spatial scale, strain rates in laboratory and in
sity conditions. But the laboratory experiments
are informative in the case when the basic rela-
tionships of the destruction process are studied.
In laboratory tests of rock creep, the primary
and secondary stages were studied. At the same
time Griggs (1940), Kranz and Scholz (1977).
Lockner and Byerlee (1980) successfully used
the rock creep tests in the laboratory for mode-
ling of earthquake nucleation.

The stage of tertiary creep is a specific ques-
tion of the problem. In a sense, the onset of
tertiary creep appears to correspond to the onset
of the instability that leads to fracture. This is
one of the most important components of the
reliability of the prediction task, The critical
crack density has been invoked to explain the
initiation of macro fracturing. According to
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Kranz (1979), the stage determines the onset of
tertiary creep, where crack coalescence becomes
more important than the slow growth of individ-
ual cracks. Wu and Thomson (1975), Lockner
and Byerlee (1980), Ohnaka (1983) defined the
onset of tertiary creep by a law close to expo-
nential rise of acoustic emission,

Unlike EME, the methods of acoustic emission
are comumonly used for the studies of the destruc-
tion mechanisms in laboratory conditions and for
the purpose of the safety work a mine. For the pur-
poseinquestion the combined usage of both meth-
ods is a subject of specific interest and we will
discuss the results of the experiment of uniaxial
compressing of argillite specimens under the con-
dition of relaxing loading with the registration of
AE and EME (Morgounov et. al., 2001), fig. 6.

A closed-loop, servocentrolled hydraulic test-
ing machine, Instron-1275, was used to study
the EM and acoustic effects during the failure of
cylindrical samples of argillite, 10 cm long and
5 em in diameter. The AE and EME gages
were placed on the sample. The EME gage
represented 15 coils of wire 0.14 mm in diam-
eter coiled around the sample (a gage of the
electric type). As the AE gage a wide-range
ultrasonic gage was applied. The transforma-
tion coetficient of the gages chosen was con-
stant within the 1-100 kHz frequency band.
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Fig. 6. Plots of axial load (upper curve), amplitudes
of E]CLtlom’lénetl(_ and acoustic (reversed axis) pulses
versus time (in seconds) during the final stage of
destruction of argillite specimcn under in steps-
constant strain regime ofl load, The peak values of
amplitudes of Jae and Jeme are given in Volts- 10°
reduced to the sensor’s output. From ¢ ~ 1100 s the
initial strain remained constant.
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Soon it was found that the 1-100 kHz fre-
quency range is informative for investigation of
the final stage of destruction. In particular, War-
wick et al. (1982) reported that the appearance
of the low-frequency component of the electric
ficld with a maximum at a frequency of 50 kHz
is associated with the destruction process. Ogawa
et al. (1983) recorded the maximum intensity
during the destruction of rock at the [requency
of 30 kHz.

The signals from the guages of load of the
movement of the active grip of AE and EME
were input to ADC and, then, upon amplifica-
tion, the signals were input to peak detectors.
The frequency of passage of packets of signals
and the maximum amplitude in a wave packet
were recorded by the AE and EME channels
with a timing interval of 0.5 s,

The loading of a sample was carried out
stepwise with a lag at each step, while the load-
ing (rajectory was controlled by the deforma-
tion. When the axial deformation reached a cer-
tain value determined from preliminary tests, it
was fixed in the sample, and the destruction
process of the sample material was further ob-
served in the process of relaxation of the load.

Such tests were chosen to slow down the
destruction process and to make modelling of
the loading condition in sity more accurate.
Unlike the ordinary creep process under con-
stant load, where the external energy is supplied
Lo the sample while deforming the sample, in
this case the energy accumulated initially in a
sample decreases during the process of destruc-
tion and relaxation of external load and, conse-
quently, the short final stage of the fracturing
process is prolonged. This kind of loading was
previously used by Peng (1973), who obtained
in particular that the duration of creep rupture
was inversely proportional to creep load.

For the purpose of testing the threshold. the
instrument was adjusted for a higher value of
input signal to register more powerful acoustic
impulses inherent to the final stage of fracturing
process. It was another reason to measure acous-
tic and EM emission in the lower frequency
hand of 1-100 kHz (Warwick e al., 1982; Ogawa
er al., 1985).

Figure 6 shows a representative example of
the acoustic (J,.) and electromagnetic (J,,,.)
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emission rates. The final 10 min of the test are
the most important in the experiment. Up to the
time of £ ~ 1100 s, the specimen was subjected
to a step deformation to the level g ~ 0.9-0.95 of
its strength and the strain 0.025. Beginning with
the moment of the step loading the process of
destruction of the specimen was going under a
fixed deformation (fixed positions of grips) in
the regime of self-organized stress relaxation.

From fig. 6 we can conclude, that from
t ~ 1100 s, when the initial strain was constant,
consistently without adding external energy, the
process of failure developed with opening of
normal tensile micro, intermediate cracks, not
accompanied considerable [all of loading on the
sample. From r ~ 1400 s, and for approx. 20 s,
intensive tensile macrocrack generation was
observed. with concurrent elimination of strong
acoustic impulses that reduce the capacity to
resist up to the failure.

This is consistent with the conclusions of
Peng (1973) that the load relaxation occurs
whenever a crack is open and the magnitude of
the load relaxation is proportional to the crack
surface. Peng emphasized in particular that the
microcracks in the prefailure region are in most
cases too small to cause any appreciable load
relaxation to be recorded by the load cell. The
load dropped sharply at the instant ol macroc-
rack initiation and soon reached certain asymp-
tote values depending on the magnitude of crack
surfaces created.

In this context, the peculiarity of EME gen-
eration is of specific importance. During the
generation of powerful acoustic pulses, EME is
absent (under selected threshold of the chan-
nels). But in the period directly preceding the
burst of strong acoustic pulses (from 1150 to
1300 s). EME are observed, which are not ac-
companied by a considerable fall of loading or
acoustic radiation. The generation ol EME in
the last phase and its absence in the previous
phase could be explained by the higher efficien-
cy of mechano-electric transducers in the case
of microcracks which are in most cases too
small to cause any appreciable load relaxation
to be recorded, and lower efficiency of the trans-
ducers in the case ol macrocracks. From fig. 6,
it follows that the acoustic signals of maximal
intensity are recorded directly before and dur-
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ing the fragmentation ol the specimen, while
EME precedes this stage.

The study of mechanisms of each of the
registered types of radiation represents an addi-
tional task, but it is possible to ascertain, that
EME and AE represent different phases of the
destruction process in different efficiency and
the combination of both parameters is important
for the study of the failure kinetics.

Thus the tests in the condition of self-regu-
lated stress relaxation indicate that EME pre-
cedes the phase of macroscopic failure, and is
absent during the generation of macrocracks
(acoustic pulses), that, on the whole, correspond
to in sine data of the absence of EME eruption at
the onset of the carthquake (Gokhberg et al.,
1982, 1995; Yoshino er al., 1992; Slitkin, 1993;
Morgounov, 1993a.b, 1996: Morgounov et al.,
1994, Hayakawa and Fujinawa, 1994; Varotsos
er al., 1996; Vallianatos and Nomikos, 1998;
Vallianatos and Tzanis, 1998).

4. Discussion and conclusions

The model of the final stage of the nuclea-
tion of the tectonic earthquake has been devel-
oped in the paper. The mechanism of tertiary
creep under stress relaxation conditions has been
assumed as a basis of the interpretation of the
short-term precursory events of the impending
earthquake. The variety of the precursor images
and its duration was explained in the framework
of this mechanism. It was emphasized that the
onset of tertiary creep appears to correspond to
the onsel of the instability and inevitably fails
unless it is unloaded. At this stage the process
acquires to the greatest extent the important
property of irreversibility.

Laboratory modeling of the destruction un-
der constant strain and self-relaxed stresses in
rocks without supply an external energy (in the
condition of the initially accumulated energy)
revealed the EME advance with respect to AE
activity. Theoretical modeling showed the ac-
ceptable correspondence with the field observa-
tions of short-lived precursors.

The results outlined above allow us to spec-
ulate on some aspects of short-term earthquake
prediction. The property of precursors of cata-

379

strophic earthquakes to manifest themselves at
distances of hundreds and even thousands of
kilometers was noted long ago. However, this
does not contradict understanding of the proc-
ess of tectonic earthquake preparation from the
standpoint according to which the Earth’s crust,
comprising a network of faults, is considered a
single whole critical dynamic system. in which
a change in the stress-strain state at one point
results in redistribution of stresses throughout
the system.

It seems to be evident in case of geological
catastrophes with M ~ 8, when planetary-scale
processes could involve the upper shells of the
Earth. However, it is hardly useful to appeal to
the planetary system considering weaker events
of M < 6 due to the difference of accumulated
and released energy. In other words, the magni-
tude of the earthquake in the first approximation
corresponds to the spatial scale of the system of
the local faults involved in the active deforma-
tion process.

The model of the final stage of nucleation of
impending earthquake, discussed above, can be
considered the description of the elementary
cell of the whole system. During the activation
of tectonic activity in the region, some cells of
the kind can be developed simultaneously in
different critical points of the net of local faults,
the dimension of which grows with the magni-
tude of the earthquake. Moreover, the creep
process is developing simultaneously in ditfer-
ent stages with different strain rates in different
points and affect and interact with one another
by the redistribution of tectonic forces that re-
sult from the system of the net of faults te the
state of self-regulated coalescence (elements of
self-organised criticality ). Nevertheless, it secems
that the study of the clementary process would
promote the understanding the mechanism of
the interconnection of the parts of a single whole
system.

The uncertainty of epicenter location increas-
es with the magnitude of the event, since the
zone of M ~ 7-8 earthquake preparation amounts
to hundreds and thousands of kilometers. The
optimum results, therefore, could be expected
for the most frequently occurring destructive
earthquakes with M ~ 5-6. According to Morgou-
nov (2001) the radius of the zone of sensitivily
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R* can be estimated by R* = r (¢//¢))"", where:
&, is the failure strain in the focus; €' is the strain
reference point of start-up of the process near
the surface by geophysical parameters. r equiv-
alent radius of the focal zone. Using Dambara’s
formulae for r, = 10" (Dambara, 1966) and
the strain values ratio: £/e; ~ 10" we obtain
for the maximal (&'~ 10™) and effective (for
instance, €'~ 10°) radii of the preparation
zone respectively: R* ~ 10°™"7 km and
R:i:“ 2, ]U(J 3M-1.27 ]\IT[,

Laboratory tests show that the more homo-
geneous the medium is, the greater the difficulty
in identifying the diagnostic features of its frac-
ture, and vice versa: the more inhomogeneous
is the specimen, the earlier the stage at which
fracture precursors appear (Shamina, 1981). Thus
the heterogeneity of the Earth crust could be in
a way a favourable factor for timely distinction
of the precursors of the shock in situ condition.

Kranz (1979) noted that stresses within the
Earth generally do not vary rapidly. Thus the
quasi-static state of stress in the Earth is more
closely modelled by creep tests than by a con-
stant strain-rate test in which stress is continu-
ously incremented. The tests of rocks under the
load relaxation condition described above show
that two important phases could be distinet im-
mediately before failure.

The impulsive EM emission is predominated
during the first phase because of opening micro-
intermediate size of cracks but the strong acous-
tic pulses are predominated during the second
(failure) phase, accompanied by the relaxation
of load up to the unloading. Moreover, powerful
AE during the second phase were not accompa-
nied by concurrent EM radiation (at least as
powerful as in the previous phase). The absence
of strong EME can be explained by lower effi-
ciency of the mechano-electric transducer mech-
anism in case of macrocracks. The laboratory
results basically correspond to in sifu data, EME
is usually observed immediately before the earth-
quake and there is no burst of radiation on the
onset of the earthquake (co-seismic anomaly is
ot the order of magnitude of pre-seismic one).

The experience of applied studies of electro-
magnetic precursors in different countries
showed that a complex of electromagnetic events
appears tens of hours before an earthquake. The
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long term observations at a certain region ena-
bles us to eliminate the local noise and to find
the repeating precursor signature that enables us
1o develop the algorithms for their identification
and to realize the regular scientific short-term
earthquake prediction of local earthquakes of
M < 4.5 (Zdorov and Morgounov, 1997).

The remarkable feature of the terminal stage
of earthquake nucleation is that once a rock
enteres this stage it inevitably fails until it is
unloaded. At this stage, the process acquires the
self-regulating character and to a great extent
the property of irreversibility, one of the impor-
tant components of prediction reliability. 7 situ,
the load conditions change during a considera-
ble inelastic deformation that results in the
multifaced precursor signature including oscil-
latory precursor and false alarm.
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