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Editorial Note

Roman Teisseyre was one of the pioneers of applying the
dislocation theory in geophysics. The present book recollects
his major publications of the years 1961-1990, the
milestones in the consecutive stages of the development of
the Theory of Earthquake Premonitory and Fracture
Processes. The collection reproduced here, showing the
evolution of the Author’s ideas, is sort of backup and
supplement to monographic publications and gives the reader
an easy insight into some top positions representing
numerous papers scattered over various journals and books.

The idea of republishing some of Teisseyre’s early publications, which
exerted a lasting influence on seismic foci modeling and the theory of defects, came
about when we realized that he had awarded the Title of Full Professor exactly half
century ago, at the age of 38. To commemorate this 50-th anniversary, we decided to
come back to the early years of his scientific work and emphasize his role in the
development of modern theoretical geophysics at those times.

Teisseyre’s scientific career, began at the Warsaw University, has been
mainly associated with the Institute of Geophysics, Polish Academy of Sciences; he
organized and led the modern center of theoretical earthquake research, and was the
Institute’s Director in 1970-1972 and Deputy Director in 1960-1970 and 1973-2001.

Teisseyre’s achievements were widely recognized, already very early; he was
nominated Member of Polish Academy of Sciences in 1969, and Foreign Member of
the Finnish Academy of Science and Literature in 1975. He was Vicepresident of the
European Seismological Commission in 1970-1976, and its President in 1976-1978. He was
UNESCO Expert at the International Institute of Seismology and Earthquake Eng.,
Tokyo, Japan, in 1965-1966, and Visiting Professor at the University of Trieste,
Italy, in 1979-1980, University of Strasbourg, France, in 1984, and Hokkaido
University, Japan, in 1999. He was head of the Geophysical Expedition to Vietnam
during the International Geophysical Year 1957-1960.

The outstanding accomplishments in global and mining seismology, with
special emphasis on earthquake precursors, were the basis for granting him the



honoris causa doctorate by the AGH University of Science and Technology in
Cracow.

The present book contains also an introduction written by Roman Teisseyre,
which outlines his newest, innovative ideas he is now working on. The problems
concern an application of some elements of quantum theory, namely, the distribution
of ideal black body radiation, to the description of energy release in some
geophysical phenomena.

A very broad and complete bibliography of Teisseyre’s publications gives
evidence of a variety and diversity of scientific topics the Author dealt with, the
innovative attitude to the studied problems, and his role in the scientific community.

Zbigniew Czechowski and Anna Dziembowska

Roman Teisseyre awarding the title of Doctor Honoris Causa from the AGH
University of Science and Technology in 2004



Roman Teisseyre among his coworkers, friends and guests celebrating his 80.
birthday at the Institute of Geophysics PAS in 2009
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Preface

Zbigniew Czechowski

Institute of Geophysics, Polish Academy of Sciences,
01-452 Warszawa, ul. Ksigcia Janusza 64, Poland

The classical theory of elasticity or plasticity is not able to describe processes of large
deformation and destruction taking place over vast areas of very complex and inhomogeneous
media, which are the object of geophysical research. It is necessary to introduce defects,
cracks and dislocations, and rules of their evolution. First studies of dislocations (by V.
Volterra and C. Somigliana) date back to the XIX century and were related to continuous
media. The dislocation theory has experienced a very fast progress, owing to its applications
in solid state physics. The importance of this generalized approach to the mechanics of
continuous media consists in the introduction of a concept of inhomogeneous internal stresses.

In geophysics, the use of the theory of dislocations and cracks in the problems of
elastic continuum evolution has its deep justification for description of seismic events. The
observed tectonic dislocations may reach huge dimensions. The internal structure of the
Earth’s crust is a crucial element in the analysis of earthquake processes. The earthquake
mechanisms can be divided into three groups: The first is the modeling by means of the
system of body forces grouped in the source, the second one is focused on the dislocation
processes (kinematic models), and the third deals with the evolution of cracks (dynamic
models). The first and second group can be interrelated by the equivalence between the force
distribution and the dislocation field, while the second and third group are linked by the
possibility of description of cracks by means of a continuous dislocation field. Hence, the
dislocation theory may offer some universal and sound description of real processes in
earthquake sources.

Professor Roman Teisseyre was one of the pioneers of applying the dislocation theory
in geophysics. The first attempts at incorporating this theory to geophysics were made in 1956
by A.V. Vvedenskaya, who considered the problem of abrupt formation of dislocations as a
seismic source model. Research of J. A. Staketee (1958) was restricted to static problems.
The author has shown how the Griffith crack can be modeled by means of dislocations.
Already in the next year, there appeared the paper by Z. Droste and R. Teisseyre (1959), in
which the authors emphasized a relation between the stress field and dislocation field in the
context of spatial distribution of inhomogeneities in the Earth’s crust and the location of
seismic processes. The problems of dislocation motion, grouping and growth were treated as
an important earthquake mechanism. This publication was the beginning of many-year



involvement of Roman Teisseyre in dislocation models of seismic foci and the theory of
defects in a continuous medium.

The present book recollects selected Teisseyre’s publications, which can be considered
the milestones in the consecutive stages of the development of the Theory of Earthquake
Premonitory and Fracture Processes, published in old issues of journals which are now barely
available, namely Acta Geophysica Polonica and Publications of the Institute of Geophysics,
Polish Academy of Sciences. The papers demonstrate both the contemporary state-of-the-art
relating to the earthquake mechanisms and the dislocation theory as well as creative
endeavors of the researcher to combine the two branches of science and their joint
development in the frame of the new theory just formulated.

In addition to reprints of eight publications, the book contains a full, very rich
bibliography of Teisseyre’s publications and a chapter outlining the problems on which the
Author is currently working.

The first reprint is a comprehensive treatise of 1961 which, basing on the experience
gained in preceding years, presents the rudiments of the Dislocation Theory of Earthquakes
(DTE), and, in particular, the sources and mechanism of dislocation formation, seismic energy

The second paper, of 1964, is focused on the determination of the energy of
earthquakes whose source is modeled by the contour dislocations. The formulae proposed
follow from the calculation of energy concentrated in cylindrical vicinities of dislocation
lines, and the numerical assessments agree with observational data.

A very interesting approach to the thermal stresses, associated, e.g., with convection in
the Earth’s interior, is presented in the paper of 1960 (third reprint). The use was made of the
method of representation of thermal deformation by the equivalent distribution of
dislocations.

A good model of the behavior of plastoelastic geological material is the glacier
motion. A consecutive paper, of 1978 (fourth reprint), deals with this problem, presenting
differential relations between the stress field for Maxwell’s plastoelastic medium and the
distribution of dislocations and dilatations in such a medium.

A process of creep-type displacement may be a cause of seismic zone migration. In the
fifth paper, of 1980, the Author discusses a possibility of a movement of deformation zones
as a result of dislocation motion, which convey local stress fields and may evoke changes in
the material constants of the medium.

In the next paper (sixth reprint), the dislocation theory is used for describing the
processes taking place in a medium prior to the earthquake. The paper presents a sequence of
processes in which the dislocation distribution leads to the formation of shear cracks and
tensile cracks,

The seventh reprint, of 1985, presents a mathematically refined theory of premonitory
plastic processes in a medium before an earthquake, and a devastating energy release of the

10



medium during the earthquake. The creation and propagation of cracks are described by the
evolution of a respective dislocation field, but the rebound process during crack joining
coalescence is described by a field of virtual cracks.

The last reprint in this book, being a synthesis of the former research, is the paper of
1990, which contains a summary, revision and some modification of the Earthquake
Premonitory and Rebound Theory, developed by the Author, and its very important
amendment by incorporating thermodynamical aspects.

It is to be emphasized that the theory was then widely described in a comprehensive,
widely recognized monograph Theory of Earthquake Premonitory and Fracture Processes
(Polish Scientific Publishers, 1995). However, unlike the monograph, the chronological and
suitably selected set of reprints of Teisseyre’s papers provides other, in my opinion very
valuable outlook, such as a possibility of following the evolution of thoughts and concepts of
the researcher in his consequent endeavour for developing a new theory, and a possibility of
observing how his research techniques and tools have been evolving. These aspects are
usually disregarded in scientific teaching, which is concerned with the current state-of-the-art
alone.

The present book contains also a short introduction in which the Author outlines his
newest ideas relating to a possibility of applying some elements of quantum theory, namely,
the distribution of ideal black body radiation, to the description of energy release in some
geophysical phenomena.

A very broad and complete bibliography of Teisseyre’s publications gives evidence of
a variety of scientific topics the Author dealt with, and innovative attitude to the studied
problems.

11
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Didlocation Theory in Earthquake M odeling:
Introduction to the Collection of Early Papers
and Some New |deasin Earthquake Theory

Roman Teisseyre
Institute of Geophysics, Polish Academy of Sciences
01-452 Warszawa, ul. Ksigcia Janusza 64, Poland

The main aim of this book is to summarize the consecutive steps in the application of the
dislocation theory in earthquake modeling. My colleagues asked me to re-publish some of my
early papers on this topic. The reproduced papers were issued over the years 1961-1990 in
Acta Geophysica Polonica and Materialy i Prace (Publications of the Institute of Geophysics,
Polish Academy of Sciences) and are hardly available now.

My next theoretical results and formulation of the Asymmetric Continuum Theory
have been comprehensively described in a series of monographs and papers, as indicated in
the Bibliography prepared for this issue. These newer publications are widely accessible on
line and in printed form.

I am currently working on further developments of the Asymmetric Continuum
Theory with the shear and rotation strains and include the quantum processes. | am taking
into account doublet continua with the elasticity and time rate plasticity, using a special
definition of plasticity. | am also trying to include, as an important counterpart, the electric
and magnetic fields.

It is assumed that the shear strain amplitudes prevail in an elastic continuum, while the
rotation strains might be much smaller, even difficult to be observed. Reversely, the rotation
strains can be more remarkable in the plastic part of the continuum. However, the space and
time derivatives of the shear and rotation strains must always follow the release-rebound
relations.

Finally, I am applying the synchronous quantum processes which appear due to the
deformation fields related to the fracturing and other extreme processes at the Planck black
body radiation. Moreover, in this approach any molecular motions can be related to the
quantum synchronous processes.

13



In this way, it may be presented how some synchronous quantum processes could lead
to the fracture events and, in a similar way, the lightning and aurora events related directly to
the electron motions; moreover, the lava flows and the rotations in liquid Earth’s core may be
included too.

Of course, the synchronous quantum-related processes appear in all radiation
processes; however, | will consider only those synchronous quantum processes which are
related to the deformations, the shear and rotation strains, and lead to the Planck body
radiation.

On this basis it is possible to assume that the strain energy can be comparable to the
energy of the quantum synchronous processes with the black body radiation. It is to be noted
that my considerations are confined to the processes under the thermodynamic equilibrium.

A new monograph is now in preparation. Its tentative title is: Asymmetric Doublet
Continua and Quantum Synchronous Processes. These quantum processes relate, first of all,
to the formation of the World (energy release and space/time formation). The present book
concentrates on the fracture processes.

14
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Roman TEISSEYRE

DYNAMIC AND TIME RELATIONS OF THE DISLOCATION THEORY
OF EARTHQUAKES

Summary

Fundamentals of the dislocation theory of earthgquakes are discussed, notably
the sources and mechanisms of formation of dislocations, discharge of seismic
energy, movement of dislocations and principles of the elementary theory of
quake replicas.

1. APPLICATION OF THE PHYSICAL DISLOCATION TO THE THEORY
OF EARTHQUAKES

The assumptions made in elaboration of the dislocation mechanism
of earthquakes were given in papers [1] [2]. They referred mainly to the
conditions of the formation of a dislocation in a shear stress field. The
mechanism of earthquakes worked out on this basis [1] offers a fairly
good explanation of the energetics aspect of the observed phenomena.

Application of the dislocation to description of geophysical processes
and phenomena had been proposed by J. A. Steketee [3] at an
earlier date, but it was used by him in considerations on a number of
static problems only. In order to make a clear distinction between this
mode and the application of physical dislocations in the theory of solid
state, J. A. Steketee suggested the term ,elastic theory of dislocation”
(ETD), when applied to geophysical phenomena. Also A. V. Vvieden-
skaja [4], [5] introduced the physical dislocations as an essential ele-
ment of the mechanisms of quakes and as basis for dynamic modelling
of the foci. A. V. Vviedenskaja, however, confines herself to the process
of the formation of the dislocation (notably of the finite disk type dis-
location), regarding simultaneously this process as the basic quake me-
chanism.

The dynamic phenomena connected with the stresses in the crust and
the upper parts of the earth have their specific characteristics. Application
of the physical dislocations to the description of those phenomena is
based on the following assumptions:

1%
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4 R. Teisseyre

1° The assumption that the dynamic processes in the earth’s interior
are in causal relation with the field of shear stresses and its changes.
Hence, the character of the dynamic processes should correspond to that
of the stress field. Dynamic processes, related e. g. with rapid transition
of part of the material from one physical state to another, are therefore
not taken into consideration. It is also being assumed that hydrostatic
prassure does not play a direct role in the dynamic processes, but is only of
indirect significance through its influence on the state of the matter, on
the values of the elasticity constants, the strength of the material (the
so called limiting pressures effect (6) etc. Consequently, only the non-
hydrostatic part of the stress field is in principle taken here into consi-
deration. This assumption is justified when the linear theory of- elasticity
is being used. The singular stresses around the dislocation line (disloca-
tion front) are thus cut out, and the corresponding radius of the cylinder
is defined as the radius of the dislocation [7]. The essential role of the
shear stresses in the dynamic and deformation processes in the earth is
pointed out by numerous authors [8] [9].

2° The assumption regarding the spatial distribution of inhomoge-
neities in the earth. This point has been discussed in detail in paper [1]
in which the equal importance of the spatial distribution of the stress
field and of the inhomogeneities for localization of seismic processes is
being examined. Particularly high shear stresses in a given area are
determinant for the dynamic processes and, simultaneously, the inhomo-
geneities of this region constitute sui generis attachment points for the
former.

Seismological observations and material clearly indicate the existence
of seismologically active areas in which dynamic phenomena and the
accompanying earthquakes are concentrated. Those areas form frequently
the surroundings of a certain plane, the so-called seismic foci plane or
hypocentral plane. The data as well as the analysis of contemporaneous
tectonic phenomena indicate that at least in the vicinity of such areas
there are active shear stress fields [8] [9]. The above mentioned plane
forms simultaneously the tectonic (dislocational) plane of the respective
region [2].

In the following, the main part of the problems discussed will deal
only with phenomena occurring along the given plane or its immediate
vicinity. Along this plane, shear stresses are acting and there exists
a certain field of inhomogeneities, the influence of which can in parti-
cular cases be considered also as a sui generis weakening of the material.
The existence of such weakening follows, as was shown by DeNoyer
[10], from the general principles of Reid’s rebound theory.

16



Dislocation theory of earthquakes 5

In the cases analysed in the following, the plane of stress action and
that of material weakening coincide. In general these planes may some-
what differ; the dynamic processes lead to the formation of zigzag type
dislocation.

3° Relation between the shear stress field and the dislocation field,
and the part of inhomogeneity in formation of the dislocation under the
influence of the stress field [1]. The relation between the shear stress
field and the dislocation field is of essential importance in our subsequent
considerations. This relation may on one side explain the mechanism of
transmission of stresses through a field of infinitely small dislocations, on
the other side it throws light on the question of formation of separate
physical dislocations.

The homogeneous stress field along the plane xy x3 can be expressed
by means of a field of uniformly distributed small contour dislocations.
Denoting the value of the vector of dislocation slip (Burgers vector)
by b, the radius of the contour dislocation by ¢, and the number of dis-
locations per surface unit by n, we obtain in result of summing up the
dislocation fields the following expression for the stresses py; (which will
be denoted by p):

def :z,u(S i
Pa— P=—" |77

) lim(n-b-o) (1.1)
212 @f

where: ¢ — modulus of rigidity; a, ¢ — velocity of the waves P and S,
respectively.

In paper [1] the respective formula did (by an oversight) not contain
the factor mp® — surface of the dislocation. The limit value nbg, with
n—>ocoand b—0, o — 0, gives the field p. The postulate of finite value
of the expression limb (nbo) can be replaced by the severer condi-
tion of constancy of the mean value of the product nbg along the sur-
face:

nbp = const. (1.2)

This condition warrants on one side a constant mean wvalue of the
field p, on the other side it admits different values of vector b and ra-
dius p, which allows to take account of the structure and inhomogenei-
ties of the medium. We propose to return to this question in our conside-
rations on the frequency of occurrence of shocks of different magnitude.
Here it should only be mentioned that due to the existence of certain
inhomogeneities (e. g. rigid intrusions) there may, in accordance with
(1.2), form in the medium greater dislocations in correspondingly smal-
ler numbers. Also dislocations with different b-vector may be formed.
Such dislocations, which will be termed hereafter elementary disloca-

17



6 R. Teisseyre

tions, do not in the beginning change the mean value of field p, but they
produce local field anomalies which are potential centers for the forma-
tion of greater dislocation elements. Thus, the local field anomalies cau-
sed by inhomogeneities of the medium can be considered as sources of
dynamic processes.

4° Equivalence of the crack field with the field of positive and nega-
tive dislocation series in the linear case [13], and its equivalence with
a system of concentric contour dislocations in the case of a finite closed
crack. Such equivalence is of fundamental importance as the crack is
that form of a finite deformation inside a continuous elastic medium
which comes probably closest to actual reality.

The theory of physical dislocations has developed through its appli-

cation to solid state physics. The dislocation vector t; in crystals is directly
related to the constants of the crystal lattice. The dislocations are formed
in the most simple case by a slip of a whole row of atoms to a distance
equal to the interval between two adjacent rows. The stress field related
with the dislocation in the crystal is formed in result of the forces of in-
teraction between the crystal atoms. In the case of dislocation in a con-
tinuous medium, the formation of the dislocation and its field are connec-
ted with the external field of shear stresses !. The value of the slip vector
is in principle limited only by the energy of the field which will be
termed here as the external field. On the other hand, there arise here
difficulties in explanation of the formation of particular values of the

displacement vector b. To apply in this case the crack theory, developed
by A. Griffith for the problems of cracks in glass [14] [15], would
avoid those difficulties. The crack is defined by the mutual displacement
of the material along the surface of the crack, the displacement value
being a function of its position, ranging from zero at the edge of the
crack to a maximum value at its middle (fig. 1). The stress field of

‘ ; 1 ;
a linear crack is characterized by a function of type — (the field of
i3

1
a single linear dislocation is proportional to—) and corresponds fo the
T

field of a dislocation pair with opposite signs. It is, of course, assumed
that the distance between the edges of the crack or between dislocations of
a pair is small in comparison with distance ». In paper [13] the equiva-
lence of the crack field and the field of series of negative and positive
dislocations has been demonstrated. This is illustrated by the consecutive

1 An external field is here defined as the part of a field nol related to the
dislocation or dislocation system under consideration.

18



Dislocation theory of earthquakes 9

parts in Fig. 1. If, in relation to the distance, the dimensions of the crack
are greater, the decisive role regarding the field value is played by the
edge part-only, in which the vector grows from zero to a.certain mean
value. The crack describes very well the deformation in amorphous bo-
dies. It seems that in macroscopi¢ description of phenomena the use of
the theory of cracks for description of deformations and displacements in
the earth’s crust and mantle is fully justified. On the other hand, however,
the edge part of a crack may (in accordance with the foregoing) be ap-
proximated by one, and — in further steps of approximation — by two
or more dislecations. The whole crack may be described by a pair of
dislocations or, better, by a series of positive and negative dislocations.
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Fig. 1. a) Crack, h) Linear dislocation array or system of concentric loops, ¢) Two
unlike dislocation or loop dislocation

The dislocations constitute here rather more idealized forms-which are

characterized by jump-wise change of the displacement vector ‘l;, whe-
reas in cracks the changes are continuous. Finally, the simpler form of
mathematical interpretation and the possibility of grouping dislocations
in various combinations closely approaching the real deformation and
stress conditions in the medium, are also arguments in favour of using
the dislocation in description of processes occurring in the earth. Simi-
larities and differences between the crack and dislocation theory will be
discussed in part & of this paper.

In the preceding part we have discussed the reasons for using the
physical dislocation in the theory of earthquakes and the arguments jus-
tifying this procedure. In the last part of this paper we shall present the
results obtained within the frame of the dislocation theory of earthqua-
kes in the present study as well as in our preceding investigations [1],
[2], [16], [17], [34].

19



8 R. Teisseyre

2. DYNAMIC DISLOCATION SOURCES

The relations between the stress field and the inhomogeneities of the
medium find their expression in the properties of the dislocation which
describe the disturbances of the stress field. In paper [1] it was shown
that the interaction between the dislocations and the action of field p
lead to grouping (synthesis) and growth of these contour dislocations

a
G
R
-— /.7(. —
plane X, X; vector by X3(%2)
field P. 23 ar

plane X, X; vector bs

il

Fig. 2. a) Approach to apair of screw dislocations, b) Loop dislocation, ) Approach
to apair of edge dislocations

whose orientation corresponds to field p. In dependence on the structure
of the field and the medium, three extreme situations can be distinguished
which result from the grouping and growth processes (fig. 2): (a) a pair
of screw dislocations, (b) a contour dislocation, (¢) a pair of edge disclo-
cations. The cases (a) and (c) are discussed in detail in paper [1]. This
discussion constituted the basis for formulating the conditions of the
motion of dislocations belonging to one pair and, in further consequence,
allowed formulation of the principles of the mechanism of earthquakes.

The basic condition for the development of dynamic processes is the
postulate that the action of the external field exceeds the mutual at-
traction of the elements of a contour dislocation or a dislocation pair.

In the case of screw and edge dislocations the interaction of the
dislocations amounts per unit of length, respectively, to

Fz'psb and szeb (2.1)

— screw dislocation field;

where: ps= L
27rs

20



Dislocation theory of earthquakes 9

b
Pe=

=————— — shear stresses field of the edge dislocation
27 (1 —o)re

(¢ — Poisson coefficient)

An analogous expression for the action of the external field p:F=bp
allows to express the conditions for the development of dynamic proces-
ses by means of the respective inequalities:

P>ps Or  p>pe
If a pair of screw or edge dislocations has formed through grouping
of elementary contour dislocations, the external field can be expressed

1 s

by the formulas (1.1), (1. 2), taking n= o (condition of contact of the
o

contour dislocations).

The abovementioned conditions for field magnitudes are then expres-

2
sed for u=4 (o=1/4, 52- = 1/3) by :
a

rs>0,135-200 or re>0,55 *200. (2.2)

These formulas indicate the lowest limit of initial approach of disloca-
tions at which further development of dislocation processes becomes
possible. These values are not dependent on the vector b, but only on
the value of the diameter of the elementary dislocations 2¢,.

Evaluation of radius oo can be based on formulas (1.1), (1.2) at
n=%. Assuming that the shear siress field in the seismically active

0
field is p=10" and ‘u—n-luu(£=rz-102), we obtain (all values in the
p .

C.G.S. system ?):

b 85.10-4 (2.3)
200
This is an extreme value for the case when the elementary dislocations
cover the whole surface,
Generally, the condition for the product nbo is expressed on ba-
sis of (1.1) and (1.2) by:

nbp~54-107° (2.4)

where: n is an arbitrary number; for high n we have a higher degree of

2 The numerical values given here and in the following correspond approxi-
mately to the values obtained by wverious authors. The specific values used for
facilitating computation lie within the limit of the standard errors.

21



10 R. Teisseyre

homogeneity of the field; inversely, for n<€1 the field is highly inho-
mogeneous.

In formation of greater dislocation elements, e. g. dislocation pairs
fulfilling the inequalities (2.2), the field of a single dislocation can con-
siderably exceed the value of field p, but the mean value computed
according to (1.1), (1.2) will, at appropriately small n, be preserved.
The considerations on the formation of dislocations of finite value b must
be supplemented by considerations regarding the strength of the material.
In the grouping and growth mechanism of dislocations it is usually assu-
med that these processes develop rather slowly. The formation of dis-
continuities is here connected with exceeding of the statical shearing
strength. M. T. Huber [54] considered the strength definition in de-
pendence on the stress field nature. The shearing strength of material
is usually defined by the Mises function S?=p, p, =2p;, (where: p, =
=Py, — 3 OixPss), sometimes also by the difference | paa— a3 | = ]’/“lg-"pza between

the highest and the lowest normal stress. For our present considerations
the choice of the function does not play any role. In the later part of
this study we shall define the strength function in processes related with
the dislocation movement. The numerical value of the strength of com-
pact crystalline rocks is of the order 10° [53]. The static strength is lower
than the dynamic strength. In paper [6] are given experimental results
indicating clearly the increase of strength concomitant with the velocity
rate of the external stress increase.

Assuming that the dynamic processes in the earth are related to mu-
tual displacements of masses, which may be described by means of for-
mation and motion of dislocations, we have the following situation. In
an external field approaching static strength, we are dealing with a slow
dislocation movement: the dislocation processes of grouping (synthesis)
and growth of the dislocations develop gradually. In this way greater
dislocations are formed.

It is only near the outer or inner discontinuity boundaries of the me-
dium that more rapid course of the processes becomes possible. That is
exactly what happens in investigation of limited samples. Whereas
exceeding of the statical strength in a certain part of the medium’s
interior, lying far from the surface of discontinuity, leads to gradual
changes which find their expression in the movement and formation
of the dislocations.

The movement of the dislocation can be described by formula

mv+ v+ d=pb (2.5)

where: pb — force acting on the dislocation in field p; m — mass of
the dislocation, for screw dislocation equal to the ratio of the dislocation
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energy to the square of velocity of the waves S; fi,0— coefficients; v —
velocity of dislocation movement.

If %is interpreted as the static strength in the mechanism under dis-

cussion, we can obtain the dynamic strength from formula:

mv |, fv 0
S=—+"—+—, (2.6)
b b - b
where: 'f) plays the role of the viscosity coelficient. The parametrical

dependance of f and ¢ on the displacement vector b remains still un-
]
known. The expressions--ﬁ— and —b— cannot be treated as explicite expressed

functions. We shal return to this problem later on. At higher v and v the
dynamic strength has a correspondingly higher value. Velocity v is here,
of course, the velocity impressed by the external field.

From the above considerations it results that rapid formation of
a crack or a contour dislocation or also a pair of dislocations requires
a fairly strong external stress field. Such violent dynamic processes lead
obviously to a shock and thus constitute one of the possible categories
of earthquakes. This is a type of quakes corresponding to the models of
V.1 Keylis-Borok in his representation of the so-called dynamic
forces [18] [19], or to the models of A. V. Vviedenskaja [4] [5]. This,
however, cannot be the basic mechanism of quakes. Disregarding the
energetic aspect which will be discussed later on, we can at present state
that neglect of the gradual building-up growth of the dislocation would
presuppose a rapid rise of stresses in the interior of the earth, which
seems rather doubtful. It is worth mentioning here that in the replica
theory (discussed below) cases of rapid changes of the field are being con-
sidered, but only those occurring in result of discharge of internal
energy in an earthquake. In case that in the given area the external
field constantly exceeds the statical strength value, we must assume that
a greater number of different dislocations exist in the medium. The inter-
action of those dislocations produces a field of internal strains approa-
ching the equilibrum state, so that the dislocations are blocking each
other and therefore can not shift. The strength of the material is thereby
increased, similarly as in the hammering process. When in such a full
dislocation system a change in the field occurs which is caused by release
of the energy of one of the dislocations, e. g. at the medium boundary,
displacement of the remaining dislocations and possibly further guakes,
so called replicas, may be expected. This idea will be developed fur-
ther on.
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12 R. Teisseyre

In analysing the formation of dislocations one has to consider the
range of the displacement values b. Formula (2.3) determines the value
of displacement b at a given po, in the case when we consider only grou-
ping processes of dislocations under tangency conditions (we have e.g.
for op=1 m, b=0.2 cm). For isolated dislocations we have the condition
(2.4). Generally, the value b has a lower limit given by the constants
of the crystal lattice (of the order of 10=® c¢m). The upper limit is dif-
ficult to establish, but already from the above mentioned relations it
appears that b can not be very great.

On the basis of considerations on the velocity of fracturing and
displacement formation, H. Jeffreys [20] defined the maximal value
of the single displacement. The maximum value of b may reach 4 cm,
the respective time of formation of a fracture 0.004 sec. H. Jeffreys
takes account of the concomitant intense increase of temperature (of the
order of 1000°) at the surface of the fracture. At such high temperatures
one must, on the other hand, consider also the metamorphosing proces-
ses. These consist in violent heating and subsequent relatively quick cool-
ing of the layer adjacent to the fracture, in result of which layers of
vitreous character, the so called pseudotachylites, are formed. The thick-
ness of the pseudotachylite layer is deduced by Jaffreys (for the standard
case) from the value of the energy converted into heat [20]. The thickness
of this layer is of the order of 16 cm.

Returning to the displacement value of a single dislocation it should
be added that the restriction of the b value to the order of a few centi-
meters can very well be reconciled with the frequently observed great
displacements of masses, by assuming the successive summing-up of
a number of single displacements. Figs. 3a and 3b give a schematic
presentation of two extreme cases of summation of dislocations which

=

L Ll g g
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- v
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Fig. 3. Edge dislocations: a) time relation system, b) space relation system
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Dislocation theory of earthquakes 13

we shall term hereafter the space and the time system. In the time
system, the dislccations lie in the common dislocations plane, their
arrival at the surface occurs successively in time.

In the space system, simultaneous discharge of the energy of the
dislocation at the bounding surface is possible. The effect of the displa-
cements at the surface is shown in the upper part of figs. 3a and 3b.

We shall now turn our attention to the properties of the fields of
[inite contour dislocations, primarily to the effect of the concentric
dislocations, which will allow us to gain some insight into the deformative
tendencies of the contour dislocations. In paper [1], the formation of edge
or screw dislocation pairs, as the extremes of all possible cases, was
studied in detail. The present case is more general, in the meaning, that
deformations of contour dislocations may lead to formation of one of
the abovementioned systems. Let us consider a circular dislocation lying
in the plane x; x3 and with displacement b=b;. The field dp=dp,; of
the element of the dislocation line (d¢;, d&,) amounts to [12]:

_mb (ws—8yddy | ub (xi &) déy

dp = (2.7)
4 B3 47 R?
A
where: m=2:u_2-
Atp
The full field p is correspondingly expressed by:
2n 27 27 23 )
o suigl o [Sngde  (sepde] gbel. (Eege J‘ﬁzﬂfl(zig)
4n R R? 4 RS RS

where: R2=12—9? cos (p—po); [=1r2-+p%; »2=2rp; symbols as in fig. 4.
After computation we obtain the expression for the field p of a con-
tour dislocation with radius p

14

p=—t2 ﬁ(l 262)&3,9(?!/7‘9) 1 E(2l/fe)+

27 a? 72 T_I'Q. '-;:Q 7"+Q
267} vt (21/?&)) 1 (21/&2'9')
7 K K 2.9
+(1 az)T2(1'+Q) r+o) r+o 4o T (2.9)
2\ 2k (r2—2p2 ' ro 2\ 72 (2 2 ]
4 (1—-—2—‘5—> el 29—’3(2' TQ)_ (1_2_")51@.?*_2&1}((21/?9)
e[ rr—g \r+e a2/ ri(r+o r+e /.

where: E and K are complete elliptic integrals; =x2+a2. With ¢ <,
i. €. a dislocation of small size, we will obtain the contour dislocation field
given in paper [1]. The space-distribution of field p and related angular
distribution influence the shape of the dislocation elements formed. If
we assume that a certain area is the source of a dislocation series,
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14 R. Teisseyre

we have to consider the action of concentrically placed disclocations.
A complete dislocation system, i.e. one which in the external field
approaches the state of equilibrium, is of special importance to us. The
concentric dislocation system can in fact be just such a system. In the
later discussion of the replica theory we shall analyze extreme cases
of the system of linear dislocation series.

In the case of two concentric dislocations with uniform orientation,
the repulsive force amounts per unit length of the external dislocation to:

Fy=bprsinydy, Fy=bprcosydy, F,=bprdy,

where p is given by formula (2.9).

o,

X 1% X3

3

Fig. 4. Computation of the loop
field and the interaction force Fig. 5.Interaction force between
of two loops two concentric loops

Ar

The resultant of forces F; and F; for the whole contour is equal to
zero, which means that in a concentric system of dislocations their cen-
ters do not shift. The angular distribution of the radial component F, per
unit length indicates deformational tendencies in regard to the shape
of the contour dislocation.

. ib—z—l l0.333(1+C) -}-1—] E (21/5 ) — [0.3331;‘:—?- +

rdy  2ar 1—-¢| 7 \1+¢ 1+¢ o
1 24/_5) . [1+zcz (2V’E)_lf2C2 z;/é;')]} '
+1+C]K(1+c HUE et S e BT T T E(1+C
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2
where it was assumed that p=27, whence 52— =—:13—

a
£ ¢, whence 0<i<l
g
y & 5 o . T . - F-r 27”'
The distribution is shown in fig. 5, where F¥*=-"—-+——,
rdy ub?

The forces acting in the direction of axis 3 (corresponding to the di-
rection of displacement vector b) are approximately two times greater
than the forces acting in a vertical direction, i.e. that of axis x;. The
extreme effect of the interactions of these dislocations would be a pair of
serew dislocations, assuming of course, that the internal dislocation does
not undergo opposite deformation. This assumption is justified for a great-
er number of concentric dislocations. In this way, the curves in fig. 5
illustrate the deformational tendencies of the external dislocation of

a series. They have been computed for four values of parameter (= 3;

T
0.8, 0.5, 0.25 and for 0.1.

3. STRUCTURAL SOURCES OF DISLOCATIONS

The preceding discussion on the formation mechanism of dislocations
was based mainly on the action of the shear stress field. The inhomoge-
neities of the medium play also an important part as they determine
the localization and constitute the necessary background of the dynamic
processes.

At present we shall give more attention to the structure of the
medium and those of its properties which — in the action of the stress
field — determine the sources of dislocation. A problem of this type
arises in the Frank-Read [21] mechanism of sources in crystals.

In the first place we shall examine the possibility of dislocation
sources originating from the interior structure of contacts. When
considering the actual contact between two media in the earth, one may
imagine it as a set of a number of nearly parallel small layers
representing transient states. This can be the result of mutual diffusion,
intrusions of various kinds, or also of changes in the chemical com-
position or structure of the medium. Similarly, the cutting of the
medium by a fault or dislocation plane has to be regarded as a set of
a number of slip planes, forming together the fault zone in which the
displacement occurrs.

Let us take a closer look at the situation which arises when the
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16 R. Teisseyre

dislocation zone intersects the contact of two media (fig. 6). From the
elementary properties of the stress field it follows that the shear stresses
will favour formation of a dislocation in the contact zone as well as in

Fig. 6. Dislocation zone crossing fine boundary structure

the (vertical to the latter) displacement zone. In the intersection area
; . ; 1 :
of the two zones a fairly complicated interaction field of + _ type will
T

arise, originating from the single dislocations. These dislocations can
in certain cases form systems of internal stresses, in other cases they
can become the source of secondary dislocations.

>,
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Fig. 7. Crossing mechanism

Fig. 7 presents one of the possible patterns of the processes in the
intersection zone of the areas discussed. Let us imagine that under the
influence of the stress field and in result of its interaction with the
dislocations a displacement along the contact has occurred. The dislocation
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1y thus formed creates an additional stress field. The following vertical
displacement II is related to the existence of the thin contact layer II.
The dislocation ;| formed in this way has a Burgers vector b, ejual
to the distance between the layers. In the area above layer II the direc-
tion of displacement is inverse. Similar mass shifts occur in inverse
direction to the left of dislocation ;T or s . Further factors supporting
these processes are the interactions of the dislocation line with the
boundary surfaces (by image process), and the interaction between the
dislocations. Particularly, the attraction of the dislocation to the bounding
surface can facilitate its movement, e. g. of the dislocation ;T in an
upward direction. In the displacement marked IV, mutual attraction
of the dislocations ;T and ;| takes place. Mutual approach of these
dislocations can cause their partial or full annihilation (at b=2b),
accompanied by release of energy. In consequence, shocks may occur
in the centre of the cross zone. The earthquake mechanism is discussed
further on. Here, we have found one of the possible patterns of
a mechanism which is in agreement with the general scheme of the
junction of two dislocations with opposite sign [1], [16]. Returning to
fig. 6, we observe that in the cross zone there occurs a sui generis
contraction. The resulting concentration of stresses causes shocks, the
mechanism of which was explained in the foregoing. We must now
generalize the result of our considerations, illustrated in fig. 7, by
assuming that the cross zones are not only sources of structural dis-
locations but also the place of possible shocks resulting from the energy
discharge of dislocations with opposite sign. To complete these conside-
rations, we may add that the forces of interaction between the dis-
locations lying along xjy—axis are [22]:

Fi=bpn, Fas=—bipu (3.1)

The stress field of dislocation |, in its own coordinate system is
expressed by [7]

_ b w(Eita)
b= 27(l—o) T

ub  mplai—x})

Poz= *2}*(’1*:(;) k

(3.2)

_ b mi—ad)
PB= Gl —o) r

where: ¢ — Poisson module.
The field of dislocation , | is obtained by exchanging the indexes

122,

2 Acta Geophysica Polonica
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18 R. Teisseyre

4. STATISTICS, MECHANISM AND ENERGY OF EARTHQUAKES

In the {following it will be assumed — independently from the
question of the mechanism of the sources — that there exists in every
medium a certain dislocation density which depends from the degree
of inhomogeneity, the history of the body and also from the value
of the external stresses acting on the body. In the case of crystals,
the dislocation density lies within the range 10°—10% [cm™2] (from very
pure crystals to strongly deformed bodies).

In the case of the earth’s crust and mantle we shall assume the

-
existence of a dislocation field with different displacements b, and with

a dislocation density depending, a.o., from the level of stresses in the
: 1

medium. Putting in formulas (1.1), (1.2) the v.ellues:C—gz—3—;;¢=ﬂ-10‘1
a

mean stress field in the medium p=10° we obtain approximately (all

values in the C.G.S. system, as before)
nbp ~-5.4-1073 (4.1)

It is presumed here that the dislocations in the medium are to be con-
sidered as contour dislocations. The energy of the single contour dis-
location can be calculated approximately by assuming that the mutual
energy of two opposite elements of the dislocation amounts (per length

2
gilnz—g [7]. We are hereby assuming that the energy of edge
T To

and screw dislocations can be expressed in approximation by the same
formula. The total energy of a contour dislocation is thus equal to

unit) to

2
ey, 28 (4.2)
2 o

where: 7, — radius of the dislocation line. This is the radius of a cylinder
cutting off the singularity of the dislocation. We assume that In 2

To
equals 10; in the following it will be shown that this assumption is
justified within the limits of the order of value. For the values taken
above we obtain from (4.2)

E:bzg.i.lolz (4.3)
2
When introducing formula (4.1), it was tacitly understocd that the mean

value of the stress field in the medium is given by the sum of the
dislocation fields of the number m per surface unit (the investigated
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Dislocation theory of earthquakes 19

area comprises a set of parallel planes, forming together the dislocation
zone — for convenience one may take its thickness as unit).
The sum of dislocation energy per surface unit is e¢=nk

e=b-8.4-10° (4.4)

This expression cannot, however, be applied to computation of the b

2
value from the mean field energy% —P—,because the field shows great
L

local anomalies near the dislocation. Byleliminating b from formulas (4.1)
and (4.3) we obtain

. T
'anzﬁ 10 , (4.5)

Y

The right side of formula (4.5) depends from p — the radius of the
contour dislocation. For a state nearing equilibrium, when the movement
of the dislocations and their growth are stopped by the field of internal
strains and, especially, by the dimensions of the structural systems
characteristics for the given area, one may in rough approximation
assume p =const. From formula (4.1) results then the constancy of the
product nb, and from formula (4.5) we obtain the constancy of the
product n*E . Without entering here upon a closer examination of the
essential nature of the earthquake mechanism, we may assume that the
number of earthquakes N within a given time is proportional to the
value n. From this we obtain the constancy of the product N?E. On the
other hand, the research and observational data regarding energy E,
magnitude M and earthquake frequency N show the following corre-
lations [23], [24]:

log E=a+bM (4.6)
log N=g—fM (4.7)

The values for @ and b obtained by different authors and different
methods of computing M vary, b keeping within the limits 1.6 —2.4.
Value g depends on the seismic region under investigation and the
depth of the observed quakes. Value f is nearly constant and lies within

the range 0.8 —1.2. Putting %:2 we obtain from (4.6) and (4.7) the
relation
log N2E=a-+2g (4.8)

expressing the experimental law of the approximate constancy of product
N2E . This result is in accordance with the conclusion drawn from our

preceding considerations on dislocations.

g%
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We now propose to discuss shortly the mechanism and the energy
of earthquakes. These questions have been studied in detail in papers
[1] and [16]. The following categories of earthquakes can now b2
distinguished:

1. Quakes connected with viclent formation or movement of dis-
locations; this mechanism corresponds in principle to the classic models
of quakes [4], [18], [25]. In part II of the present paper we considered
the question of these shocks under the aspect of the strength of the
medium. In previous papers [1], [16] we have pointed out that this
mechanism leads to only partial release of the internal energy, whereas
its main part is being converted into energy of the dislocation formed.

2. Weak shocks accompanying the process of dislocation grouping; the
adjacent elements of neighbouring dislocations undergo mutual an-
nihilation.

3. Earthquakes connected with the approach of the dislocation to
the earth’s surface [1], [2], [16]. The energy of the dislocation is here
converted into deformation work and wave radiation.

4. Earthquakes connected with the approach of the dislocation to the
internal discontinuity surface with lower rigidity module wu[16]; a part
of the dislocation energy, proportional to the jump of Ap, is released.

5. Quakes resulting from mutual annihilation of two dislocations with
opposite sign at théir junction [1].

6. Quakes forming in the cross zone, caused either by junction of two
dislocations (as in 5) or by approach to one of the discontinuity surfaces
(as in 4) constituting the contact of dislocation zone structure.

All of the enumerated categories of quakes can be represented by the
mechanism of formation or vanishing of a contour dislocation or a pair
of dislocations. This applies even to the movement of the dislocation
wich can be represented as successive formation of dislocation pairs [26].
The same applies in the case of a dislocation approaching the discon-
tinuity surface: the pair is here formed by the dislocation approaching
the boundary surface and by the image dislocation [16]. The potential
energy of a pair of dislocations situated at the distance L is [27], [7]

2
o ub?l (ln L ﬁfl} (edge dislocation) (4.8)
2a(l—a) \ 10 2]
2
B 12l In L (screw dislocation) (4.9)
27 To
where: I — length of dislocation, ry — radius of dislocation line, b —

value of displacement vector.
If two dislocations approach each other, then in consequence of their
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interaction and under the influence of the external field p, very rapid
acceleration of the approach movement takes place at a certain mutual
distance L and junction occurs, causing total or partial annihilation. The
energy of the dislocations (4.8) and (4.9) is converted into deformation
work in the medium and into kinetic energy of motion and energy of
seismic waves emission. The energy (4.8) and (4.9) can be regarded
as the total energy released in the quake in deformation work and
radiation.

In the case of quakes of category 3 (taking L=2H, where H=distance
of the dislocation from the earth’s surface corresponding to the depth

of the first impulse, and taking instead of u the value g) we obtain

the total dislocation energy release. Also in case 5 total annihilation
can take place if the Burgers vectors of both dislocations are equal.
In case 4 we have a partial release of the dislocation energy; we take
here in the formulas (4.8) and (4.9) instead of u, the difference Apu.
Partial release of the energy is conditional on lower rigidity of the
medium approached by the dislocation. Otherwise, the action of the
surface of discontinuity will have repulsive character; an additional
external energy is required for extension of the dislocation to the adja-
cent medium [16].

A field of screw dislocation near the boundary surface of two media,
with the rigidity p# and @ respectively, is expressed by the sum of the
dislocation field and its image.

=
Weliomn seilh: Seilies I De—-C N R earelip e, (AETS)
27 Y 27 Y
: : C o , b z—H
Medium with rigidity s« : 'lL_t:Kg’g" arctg —— (4.13a)
) Y
i ot : ! w—p 2u
where: ' is the rigidity of the adjacent medium: K,=—; y Ke=—,
ptu ot p

1—K;=K,. A field of edge dislocation (dislocation plane perpendicular
to the medium’s boundary) can be approximately expressed by similar
formulas. On the earth’s surface we obtain from (4.13) (putting z=0,
u=0, K=—1):

Up = ol arc ctg y—. (4.14)
a H

We now shall pass to the examination of several questions which
are of essential importance for better understanding of the dislocation
processes.
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The expression for the energy of a dislocation or a pair of dislocations
contains the term 7y, i.e. the radius of the dislocation line. The conti-
nuous elastic medium is cylindrically hollowed along the dislocation
line whereby the singularities are removed. The equilibrium radius 7y
of the cylinder can be found from the equivalence condition between
the dislocation energy and the surface energy of the cylinder formed [7].
In crystals, owing to their inhomogeneous structure, we have a different
situation; only in the case of high values of ther Burgers vector
b>>10"7cm holes are formed in them. The corresponding values of the
surface energy for crystals are of the order of 10° [erg em™2].

A H. Cottrell gives a formula for the radius of the hole: ry [7]

.

= 3 (4.15)
8aly

To
where: y — surface energy of the hole.
In the case of a dislocation in the earth’s interior, the formation of
a hole (in the proper meaning of the word) is rather dubious in view
of the high confining pressures. The center of the dislocation should
be rather considered as a highly deformed cylindrical area; the bounding
surface is presumably characterized by great values of the surface
energy. The radius 7, depends on the strength of the material through
the amount of the surface energy (the latter being of another order
than in crystals); the value y should be very great, owing to the high
confining pressures in the earth. For the sake of simplification let us
consider a screw dislocation; its field is expressed by formula [7].
p= i@— (4.16)
2nr
Let us assume that the distance r; from the center of the dislocation
corresponds to the value p, equal to the shearing strength S. By elimi-
nating from (4.15) and (4.16) the value b, and then 7y, we receive:

§=1/ 28y _ 4dny 4.17)
To b

The relations (4.15) and (4.17) represent very important relations.
Putting S=109 [28], #==-10" we obtain from (4.16) and (4.17)

re="50-b, (4.16a)
b

4

<109 (4.17a)

‘}):

Already for b of the order 1 em we obtain high values of the surface
energy y=8-107.
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5. MOVEMENT OF DISLOCATIONS AND BASIC MECHANISM
OF EARTHQUAKES

In our preceding survey of the categories of earthquakes we stated
that the basic mechanism of earthquakes consists in mutual annihilation
of a pair of dislocations or, inversely, in generation of a pair. Before
entering upon a more detailed discussion of this mechanism, we shall
now concern ourselves with the question of the movement of dislocations,
notably with the process of the mutual approach of two dislocations.

The displacement of a dislocation is connected with the cracking of
material at the dislocation front, whereupon occurs relative shifting

along the surface of the crack, equal to vector l'; and, finally, juncture
of the surface. It was here assumed by us that the material in the earth
is fractured by a shearing process. A. Griffith assumes in his theory
of cracks [14] [15] (which closely approaches
our present considerations) that cracking of
bodies is caused by exceeding of the tensile
strength at the front of the crack, which thus
is enlarged. This results from the characteristic
field distribution of the stresses perpendicular
to the crack surface. Also in the case of the
edge dislocation we have at its front (i. e. just
ahead of the dislocation line) a strong tensile Fig. 8. Stresses normal to
force (fig. 8). But, in view of the great con- the plane of an edge dis-
o = ] )@ : location

fining pressures in the earth’s interior, one may

rather presume that fracturing is the result of a shearing process, simi-
larly as in Mohr’'s theory [30], [31]; this becomes apparent primarily
from the increase of tensile strength at high confining pressures [6].
In the approach to the earth’s surface the situation may, however, become
reversed in favour of the tensile mechanism. In the case of a screw
dislocation, the shearing character of the field is decisive for the ex-
tension of the dislocation.

In the first part of this study we mentioned the equivalence of the
series of negative and then the series of positive dislocations, with the
crack. In considering now the movement and extension, of the
deformation, we propose to make a short comparison between the dislo-
cation theory and the crack theory. In Griffith's theory the cracks have
an elliptic cross section. The equivalence demonstrated in paper [13],
referred in the first place to infinitely narrow cracks (short axis of the
ellipse equal to zero). This is a convenient assumption in view of the
great confining pressures in the earth, but nearer the surface the situ-
ation may be somewhat different.

35



24 R. Teisseyre

It is worth mentioning here that due to the medium’s inner molecular
structure one has to assume that the width of the crack has a lower
limit. Also, the displacements along the crack do not begin from zero,
but from a finite value. Hence the description of a crack by a series
of dislocations.

The crack theory is especially suitable for describing the process of
formation of inhomogeneities in the medium. Owing to the changes
of the slip vector magnitudes, inner surfaces with surface energy are
formed along the crack. A.T. Starr [32] gives the dependence of the
critical field of the stresses S causing the crack on the surface energy y
and the length I;. When the crack extends, the dislocational represen-
tation is more convenient. This is due to the fact that the middle part
of the crack is characterized by a constant slip value b, and the dislocated
material reaches there a state of rest. Thus, only the border part of the
crack has an inner surface with the energy 5. In the dislocational
description, these surfaces correspond to the joint surfaces surrounding
the lines of the adjacent dislocations. The radii of those surfaces were
given in the preceding paragraph. The surface of the crack edge, respec-
tively the surface surrounding the dislocation line, contain the surface
energy 7y, wherefore we shall denote them in the following by the term
energetic surfaces”. The edge of the crack can be described by one or
by several closely adjacent dislocation lines [13]. At present, we have
extended this description to the question of energetic surfaces.

The movement of the dislocation line (front) causing extension of the
crack or — as assumed in the present paper — extension of the
dislocation area, leads in consequence also to extension of the defor-
mations, created by the high stresses within the energetic surface. It may
be assumed that the material within these surface is being strongly
deformed by extensive crushing and disintegration. The occurrence of
changes in the structure of rock masses along dislocational displacements
is being regularly observed. Such layers surrounding the plane of
a dislocation are termed in geology mylonite or ultramylonite layers,
in dependence on the degree of material disintegration. Thickness of
these layers varies from a few centimeters to some meters or even more.
Comparison of the latter data would however require more detailed
analysis, taking into account also the possible occurrence of sets of
parallel dislocational planes.

The conditions of the movement of dislocations are expressed by
formula (2.5).

mv 4 pv+ 6=pb. (5.1)
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3
The constant term b was interpreted in the second part of this paper
as the strength of the material, and % as the ccefficient related to

viscosity. These values depend, of course, also on the magnitude of the
confining pressures [31]. The left side of the equation as a whole repre-
sents (after dividing by b) the strength of the material, when the
dislocation is moving at the velocity v. We shall define it as dynamic
strength, even when we actually consider the static or quasi-static load

p>—é—. At rapid changes of the external field, the term ™Y should be
b 3
b
we are taking account of the characteristic distribution of the normal
field (fig. 8), which reduces the influence of the confining pressures. This
is, of course, the effect of the self-field of the dislocation; this effect
mani‘ests itself also in the proportionality of the force to the slip
vector b. On the other hand, we are not yet able to define the parametric
dependence of f and 6 on the value of vector b. Theze relations will bz
discussed in detail at the end of this part. In estimating the influence
of the factor b on the conditions of movement one should therefore not

. . é
added to the strength. By interpreting - v—i—T)_ as shearing strength

be misled by the expressions % and —s

The strength problems which are being discussed here refer, of course,
lo specific processes connected with the movement of the dislocation.
When speaking of the influence of the tensile stresses, it is worth men-
tioning that they are confirmed by observations of surface quakes. The
rapid movement of the dislocation and the resulting release of dislacation
energy at the earth’s surface is of basically different character than the
processes of dislocation movement in the interior of the earth. In the
latter case, immediately after passing of the front (line), junction of the
dislocated surfaces tfakes place under the influence of the confining
pressures. With the approach of the dislocation to the earth’s surface
the confining pressures cease to play a major role, so that one observes
a gap between the displaced parts of the crust. This pushing-apart, of the
{racture sides may be ascribed to the influence of the tension forces at
the front of the edge dislocation. Also the fracturing mechanism itself
can here undergo a change in favour of predominance of the tensile
stresses.

We shall now pass to a more detailed analysis of the basic mechanism
of a quake caused by the approach and mutual annihilation of two
dislocations. The generation of a pair is tantamount to the annihilation
of a pair of dislocations of opposite sign, with accuracy up to the static
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part of the field (which does not interest us). In a given field p, the
signs of the resulting displacements will in both processes be the same;
in mathematical operations the change in sign must however be taken
into account. The displacement field of a pair of edge or screw dis-
locations may be obtained by integrating the fields of contour dislocation
series.

This method, given by Nabarro [26], was applied by him also to
computation of the dislocation field in motion. To this end, Nabarro
developed a formula for the displacement field of a contour dislocation
created at the moment t=1v [26]

t—r<0: Ue=0 (5.2a)
2
Lppan s uk:bcgd—s-lﬂc-yi [3Tﬁ15(t—r)2—2r3 (ié (t—r—i)—
a c 4.-rl 77 a? ad a
(5.2b)
3 2 3 \
il_(j (trkr))] +M, S{tiT)L_.l_g, r ) (tl’j)]]
c? ¢ ok | g o8 Al
i{\tf.r: uk:bczwl%yz (i___lA)HLB_(y? ] (5.2¢)
e 47 T v¢?  a? a*rd day |

where: vector b is directed along axis xj,
d— the Dirac function,
AS— the dislocation area.
We shall now use the Nabarro formulas for computing the field
of a pair of disleccations of the finite length I. The field of a screw
dislocation pair is obtained by integrating (5.2) in respect to parameter 7

from ——;— to J.—%(in the formulas (5.2) we substitute z—for the value

3=z and put AS=L-d). In the following it will be assumed that the
length 1 of the dislocation is short in comparison with its distance R

oo
to field point xi. We shall consider two cases |z| >:2£ and|z| < 5 but in
view of the postulated short length 1 of the dislocation we may in this

; 1 ; ;
case put z=0. With |z| \E, the distance o of point xx to the nearest

o BT
dislocation element is p= ]/x2+y2+ (z— ;) . Here as well as further on we

will assume that the valueéchanges its sign together with the coordinate
of field z. The symbols are the same as in fig. 9. The integration method

corresponds to that applied in paper [26]. In the interval t—7<Lwe
a
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Fig. 9. Computation of the displacement field of a finite pair

have ux=0 In the interval £ <1< the displacements are given by
12 a c

the integral f d¢ of the expression (5.2b). In the interval £<t~r the
La c

U2

displacements are defined by the sum of the two integrals: [ d{ of the
e Ce

expression (5.2¢) and de of the expression (5.5b). The limits of integra-
&

tion &, and &, are defined here by the following relations

l Z I . \Z
ot|=—la)==0a-(t—1), Q+(——" —=c-(t—7) (5.32
( 9 Sa) R ) 9 5c) R ( )
The left side represents in approximation the distance between point xi
and point (0,0,%4), (0,0,4c); in view of the great (in comparison with 1)
distances R and p, equality of the angles I and II in fig. 9 was assumed.

For |z| >% we obtain the following expressions for the field of screw

dislocations of length 1, being generated or undergoing annihilation at
the moment 7 (strictly speaking we are dealing here with a contour dis-
location consisting of a pair of screw dislocations laterally bounded by
a pair of edge dislocations of length L: we assume L <l):

wave P wave S

bell, xy(z—Eo) bL  ayz—{.)

Up= — : Hpi=ir—is
2na? R3|z—{q| 2% R3|z—{c|

_ bl y*z—{a) v — bL  (y>—iR¥z—C0) (5.4a)

2702 R%|z—Cq| Y ax ' Rs|z—Ce|
betl  ylz—Ca? _ bL  yl—{P—3R?

uz = . uz —_— - -

27a? R® |z—{4| 2 R3|2— .|
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In view of the condition I << R, the expression {; or {. can, if con-
venient, be omitted in the numerator of these formulas.

For z=0 (lz

<—;— we obtain in an analogous way (o= R playing here the

role of the nearest distance):

wave P wave S
U= 10
Uy=10
—— ] E y (5.4b)
Upg= — — + ——

If we would (contrary to our assumption) put in formulas (5.4a) z=0
and would neglect the terms which are proportional to £, or L. , then the
expressions obtained would agree with (5.4b), with an accuracy up to
factor 2.

To obtain the field of the generating (disappearing) edge dislocation
pair, we have to integrate the field of the contour dislocation fields,

lying along the axis x;, from S:—zi to +é (in 5.2 we replace x;=x

by the value x—¢& and put AS=Ld& ). By introducing analogously to
(5.3) the definitions for &; and &. the final result may be expressed as
follows:

l
for |xf>—-
2
wave P wave S
i be?l, _(x*‘.-ha)yz e — b_L'(x—fc)yz
2na® R¥|x—&| 7 2n RYx—&
o ox . BOL GFE bL (y*— Rz
Y7 270 RYz—&, W on Rz & (5.52)
_ belLL *yzz B bL y(2—LR?)
# 2na? R3|x—&,! b Z 714{33:“55[
and for :c—()(!:c!-*f“i
21
wave P wave S
Ur=10 Uz=10
4y _ DL 2% VL 2= 3RY
= 970 R3| £, T o RIE (5.5h)
2 T 2__1R2
oy el B g B

27a2  R3&,| 27 R3|&|
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Also the formulas (5.5b) differ from the formulas (5.5a) at x=0
by the factor 2. The formulas (5.4) and (5.5) represent the fields of
disappearing screw and edge dislocations (or of a generating pair with
cpposite sign). They represent the mecdel of our mechanism, in which the
process of approach and annihilation is reduced to an instantaneous
phencmenon. The formulas obtained by us shall now be compared with
the Keylis-Borok foci models [18], [19]. Nabarro [26] has demonstrated
that a point model of two dipoles with moments corresponds to an
infinitesimal contour dislocation. A. V. Vviedenskaja proved analogous
correspondence for the finite contour dislocation [4], [5].- The Kejlis-
Borok formulas for two dipoles with moments have the following form
[18], [25]:

wave P wave S
o K(t——rR)-l-L aK(t—r——R)-I-L
wenes - N BN WL Y S, .
* 4mpa’ R¢ * 4mpc3 R¢

- K(t—r—ﬁ)-L.L --a-—K(t—r—E)-I-L (yziRﬂ)z
w0t \ a Yy i m BN e/ N 2 ]

s 4mpad R4 KA 47pc3 R,
B 1= e} 1.1, o L)
s ot . a Yz w2t e/ N 2 |

= 4mpa’ R? : 4moc? R#
(5.6)

where: K(r) represents the time dependence of the forces acting in the
focus.

These expressions correspond to the dipole system shown in figs. 10(a)
and 11(a).

In formula (5.6) the force K is multiplied by 1-L ; it becomes namely
apparent that in synthesizing the dipoles along the axes z and x (simi-
larly as was shown in regard to contour dislocations) the formulas for
displacements at | <€ R and L <<l remain unchanged; only K must be
treated here as the force per unit of length 1. Comparison of formulas
(5.4) and (5.5) with the formula (5.6) indicates that, both in the case
of screw dislocation and of edge dislocation pairs, we have a distribution
of the nodal lines corresponding to that of a dipole pair with moments.
Equivalent systems are represented by figs 10 and 11.

We now shall take account of the process of aproach of dislocations
throughout the successive stages of their movement described by the
series of generating dislocation pairs To this end, let us take a static
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Fig. 10. Model equivalence for finite edge dislocations lying along x-axias: a) dy-
namic dipol pair, b) equivalent pair creation T |, ¢) equivalent pair annihil-
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equivalence for finite screw dislocations lying along x-axis:

Fig. 11. Model
¢) equivalent pair

a) dynamic dipol pair, b) equivalent pair creation T+ I,
annihilation T— I+
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Fig. 12. Dislocation movement and pair annihilation
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dislocation pair |, Ty, as represented in fig. 12 by the thick lines.
Let now at the moment t=7 be created a pair with the opposite signs
T L. The outer dislocations annihilate one other, in result of which
the new pair 1, Ty has dislocations which are closer to each other. Then
a new pair |, .l is created at the moment t+dr, and thus, in further
successive stages, the approach of the dislocations | ; T, is being descri-
bed. A similar method was used by Nabarro in computing the field
of a moving dislocation. The above formulas developed for a pair of
dislocations of finite length do not in principle change, provided that
the values {q, lc, &a, &c appearing therein will depend on the self-time T,
and the displacement fields are integrated in respect to dr. In this way
we obtain a field describing the process of approach and annihilation.
Also the distance p to the nearest dislocation element will be a function
of <. To substantiate this situation, let us take into consideration two
pairs of screw dislocations. From fig. 12 results that the increment dp

amounts to:
——
dQ=U'dT' l—ﬁ (5.7)

where: v — velocity of dislocation movement.

The function {; (and the other functions analogously) is for the given
time t and the formation self-time of the dislocation 7 determined by the
relation (5.3). Due regard has to be given to the fact that for the given
time t also contributions of the field of the adjacent pair, which has
formed at the momentt-+dr, are added. For the distance of the first
impulse from the adjacent pair one has to write:

Q—I—v-dr-l/ 1”;';( e Eif dr))éza-(t—r—dr).

By subtracting (5.3) from the above relation we obtain:

dLaft—1) —f) R
dar ( +ov- l/l R?

whence, by integrating from 7= 0 to v (where 7=0 denotes the time of
the beginning of the quake), we obtain:

ga(t“t):(:a Q*TJ{‘ l/l“ = j (r)dz (5.8)

where: ¢2=r¢ ®.

In order to determine v(z), we return to the equation of motion (5.1)
in which we replace the field p by the field of interaction of the
dislocations belonging to a pair (assuming that at the distance L of the
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dislocation, corresponding to the beginning of the quake, the field of
mutual interaction exceeds considerably the external p):

mo+fotd=— L (5.9)

T

27(L f-_fvdr)
0

!
i

2
where - — lbfr is the force of interaction of two dislocations at the
27(L— [vdz)
0

distance L— f vdr, for edge dislocations one must multiply the denomi-

0
nator by the factor: 1—o.
The equation of motion takes now the form:

1
S tputp=—— (5.92)
C
L— [vdr
0

nf 2570
e et e B

’ b .
1eb? 1b?

1 .
For v=0 we have 'u°=’4L“. Introducing v° to the integrand in the
(p
equation (5.9a), and then v!, we successively obtain

2
SR SO, (L % I (5.10)
oL  ¢*L® 2 ¢3L°
We assume u(z) in the form of a square function. From the following
condition we obtain the duration time of an earthquake:

g Max

fvdr:L, Tmax =~ (),65¢ L2 (5.11)
0
Hence we have
Umax:ﬁ 2_30 . 1 ; Umaxrmax =~ 1.5L (5.12)
@L

Now we pass to the coordinate system related to the center between
the approaching dislocations. In the former system, only the first
dislocation was moving and approaching to the second dislocation of the
pair. In the present coordinate system we assume that at the beginning
the center is at the distance H from the dislocation | , T . We shall
replace in the formulas (5.11) and (5.12) the values 7 and L by 27 and 2H.
Hence we obtain

Tmax ~ 1 32 (5.10.)
pmax = 1_15.1_ , pEmaxpmexeT bH (5.12a)
pH
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The last relation is very important. When a screw dislocation approaches
the earth’s surface, the displacement on the latter will be determined
by the field of the moving dislocation. The field of moving screw dis-
location is obtained from (4.13) by putting z — vt instead of z. At the
moment when a screw dislocation reaches the surface, we have from
(5.12a) the following expression for the displacements:

ul = — L - A=t (5.13)

7 1.5H

We return now to the problems of two finite dislocations, and to the

former coordinate system. From (5.8) and (5.10) we obtain (for u’\v’iL)
2

T a2
z—t?a=sz§2#£:f (a-l-v]/l—%é)r. (5.14)

Similar formulas can be given for (., & &..

In order to obtain the field of displacement of approaching dislo-
cations it is necessary to integrate the fields originating from the single
dislocation pairs in respect to the changes in their mutuval distances,
expressed by the differential vdr. To this end we put the differential
dL =wvdr in place of L. Neglecting the expressions proportional to value
% (and also to (%, &2, &%), the calculation is reduced to computation of
the integrals

G'—‘N

T T
z—{wdz, [lz—{lvde, [udr.
0 0

From (5.14) we can obtain the approximate values of these integrals.

We neglect here the ratio —U-,i. e. the ratio of the dislocation velocity

a
to the P — wave velocity.
T
d £ b “ .
O~ T [le—ldvdr~e—0lor,  fedr~vr (.19)
lz=Gl =07 E o

Similarly, for {c, £, &.

It appears from these formulas that taking the process of dislocation
approach into account does not basically change the formulas for field
displacement (5.4) and (5.5), if instead of the expression |z—¢|-1, [z —{| we
insert the first two expressions (5.15) and, in other cases, put the third
expression (5.15).

We now propose to return to the question of the equation of motion
and that of strength. We shall determine the dependence of the para-

2 Acta Geophysica Polonica
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meters # and ¢ on the displacement b. As regards determination of the
dependence d(b), we have to remember that the order of static strength
is similar in micro- and in macroscopic phenomena and therefore —
putting in the equation of motion (5.1) v=0, and p=S (S — strength
of material) — have to assume 6=S"b. In this way the equation of motion
takes the form (on the assumption that the mass of the dislocation per

2
length unit is approximately equal to :bz ):
ac

nb?

27mc?

v+ pv+Sb=pb. (5.16)

The right side of (5.16) is a force acting on the unit length of the dislo-
cation line. We shall now pass to the stresses acting along the dislocation
plane and to the real velocity of mass displacement caused by the dislo-
cation movement. Let us take the length unit %4;=1 in the direction of
dislocation movement (i. e. in the direction perpendicular to the disloca-
tion line). Then the stress acting on the dislocation plane just near its
front would equal pr . In order to determine volecity of a mass mo-
0
vement one must take into account that the dislocation movement
—
is accompanied by the shift of the material b at its front. Hence, when
a dislocation moves with velocity v, the corresponding displacement velo-

city equals E (the quantity bv should have a dimension of velocity,
A0

bv . .
therefore we write 2V instead of bv). From the above consideration we

‘0
obtain through division of (5.16) by /Zg:

bl bY | Blo PE LWL
2mc? ﬂz b +S o Ao
b . - by
We deline — =¢ as a strain value;similarly we define g = and
% it
_ pb ;
Po= A- as a value of shearing stress.
0
ubdg. i f”o ¢+ Se= (5.17)
27c?

By comparing of (5.17) (with small &) with the strain — stress relation
for viscous media we can interpret the coefficient at ¢ as the viscosity
coefficient ». In this manner we finally obtain the equation of motion

b

2mc?

YRR v+S=p Ao=1 (5.18)
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and for small v
vev+S=p. (5.18a)

In conclusion of this part of the paper we propnse to return to some
questions of energetics.

The total energy of a quake has been defined as the sum of the radia-
ted energy (seismic energy) and the deformation energy of the medium
(work done by the quake). It is given by the formulas (4.8) (4.9) of the
dislocation theory of quakes. Byerly and DeNoyer have [10] presented
a formula for the deformation work during an earthquake:

E,, — MWD

d e (5.19)

where in the present paper we write H, I, b instead of D, 2L, 2M [10].

Byerly and DeNoyer’s formula is based on the principles of the
elastic rebound theory [L1] which are generally accepted for dynamic
processes in the earth. They are:

1. A fracture occurs in result of the elastic strain exceeding the
strength of the material, whereby mutual displacement of the surroun-
ding masses takes place.

2. Displacements do not originate suddenly and their velocity reaches
a maximum in time,

3. Only the sudden elastic rebounds of the sides of the fracture to-
wards the position of no elastic strain are the only movements of masses.

4. The dynamic processes start on a small area, which subsequently
are being rapidly enlarged. Radiation of seismic energy occurs from
the surface of the fracture.

5. The source of the released energy is the elastic strain energy of
the rocks.

We return for a moment to the interpretation of the equation [5.17].
As the dislocation theory is a linear theory of elasticity, it follows from
(5.17) that shearing strength S may be interpreted as rigidity module u
along the dislocation plane. We come back here to the well-known dif-
ference between the numerical values S and u, beeause of the following
conclusion in Byerly and DeNoyer’s paper.

In order to satisfy the postulates of the rebound theory, Byerly and
DeNoyer had to assume in their calculations of the deformation work
that the rigidity module x4 has a lower value in the quake area than
in its farther environs. This means introducing a sui generis inhomo-
geneities field, equivalent to some extent to the role of the inhomoge-
neities in the dislocation theory of earthquakes.

3+

47



36 R. Teisseyre

Formula (5.19) contains the wvalue «, which is the parameter
: b
in the u=-— — arc ctg (ya) function, chosen empirically to the
7

geodetically measured horizontal displacements in the function of
their distance from the fracture plane. Now it is just this empirically
selected arcctg function which corresponds exactly to the field of the
displacement of a screw dislocation reaching earth’s surface (5.13). This
is a very significant confirmation of the dislocation theory of earthquakes
[17]. One has to take here into account that the field of displacement of
a screw dislocation near the earth’s surface is given by the sum of the
dislocation field and its image.

Comparison of Byerly and DeNoyer’s empiric formulas with the
displacement field of a pair of screw dislocations, corresponding to the

depth of the first impulse H, leads to the equality (’!:_14;?' Whence

a direct method of computing the depth of quakes from the geodetic
data. The values thus obtained for H are slightly lower than the depths
estimated by Byerly and DeNoyer. Byerly and De Noyer’s formula for
deformation work is now simplified to the expression:

pb2l
e 6z

We shall now examine the problem of radiation energy.

S. Droste computed the energy flow in a time unit through
a spheric surface from a source defined by the formulas (5.4) and (5.5).
By subsequent integration in respect to selftime 7 {rom 0, i.e. from the
beginning of the violent dislocation movement to the moment of junc-
tion, the total amount of radiated energy was obtained [17].

We can, however, segregate approximately the part representing work
from that representing radiation in the formulas for total energy of an
earthquake (4.8) and (4.9). Let us imagine that a viclent movement of
the dislocations | and T begins at the distance L. The main part of
their mutual energy goes at the beginning into deformation work, but with
rising velocity of the movement the radiation losses increase. Now, by
neglecting the radiation generated by the movement of the dislocation,
we can make the following estimation. In view of the presence of ener-
getic surfaces around the dislocation lines 1 and T, contact between
the dislocations will not occur at a distance equal to zero, but at 27
The values of the mutual energy at a distance of 27 can, as a first ap-
proximation, be considered as the main part of the radiation energy, as
this part is emitted in the annihilation process. The remaining part of
the energy has been transformed into deformation work on the way from

(5.20)
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distance L to 21, The radiation losses during the movement are here
neglected, as was mentioned above.
Using the formulas (4.8) and (4.9) we obtain expressions for the

s b2l 1
radiation energy: E =M(ln2~—-—) dge di B
v B 2(l—o) - (edge dislocation) (5.24)
b2l
E,= "27 In2 (scerw dislocation) (5.25)

and also formulas the deformation work: Eq =E—E;:

bl L
= m(m 1"—(] —1In 2) (edge dislocation) (5.26)
bl
Eq= ——ﬁ—z—(ln it In 2) (screw dislocation) (5.27)
2x(l1—o) To

The values in the formulas (5.24) — (5.27) are of approximately sim-
ilar order and also similar in regard to the energy values (5.20) and (4.8),
(4.9). Consequently, comparisons with the observational data [1], [2] may
be considered as fully satisfactory also for this situation. In the case
of screw dislocations, the above formulas can be compared with the pre-
viously mentioned formulas of Byerly and DeNoyer and S. Droste. In
particular, comparison of (5.27) and (5.20) leads to very close corres-

pondence (in the formula (5.27) we put E'u and 2H instead of x and L,

as we are dealing here with a surface earthquake).

6. THE ELEMENTARY REPLICA THEORY

In the second part of the present paper it was mentioned that for
areas with high shearing stress values (seismically active areas) it is
necessary to assume the existence of an internal strain field, crea-
ted by the interaction of a number of dislocations. Shift of one dislo-
cation of the system changes the state of equilibrium and thus causes also
changes in the position of the other dislocations. This question is a rather
complicated one, for which reason we shall restrict our discussion to the
consideration of a system of dislocations lying in a common plane. This
restriction could, of course, be partly evaded by introducing such sub-
stitutive distances and values b for the displacements by which the
interaction field with the nearest dislocations does not undergo a change.
In the case of an edge type dislocation this method would be restricted
to dislocations lying in a time or space system. By ”time system” we
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understand here a systemn of dislocations lying within a cone inclined
under an angle of % in respect to the dislocation plane.

The problem of a system of n linear dislocations lying in a common
plane was solved by I. D. Eshelby, E.C. Frank and F.R.N. N a-
barro [13] for the following special conditions: the dislocation lines
are parallel to each other, the dislocations have the same vector b values
and are in equilibriunl. The equilibrium state in a constant stress field
is possible only then when at least one of the external dislocations of
the system has a locked position, checking the movement of other dislo-
cations which are under the influence of the external field and the field
of interactions. This is called a locked dislocation. This case represents
a static approximation to the problem under discussion, i. e. the problem
of interaction of dislocations, provided their b- vectors are equal. Prior
to further discussion of the more general case, we propose to utilize
some results from paper [13], by adapting them to the needs of the pre-
sent study and of further analysis. Let us take the series (n==2) of the
dislocation l;, 1, ....1n in the case of screw dislocations the series
|1, |2 - . . | » respectively). For convenience, the same symbol 1; will be
used for both kinds of linear dislocations; the coordinates of the dislo-
cation lines in the plane perpendicular to the dislocation surface, will
correspondingly be indicated by 2, z3,... 2o. We shall consider the case
of dislocations with equal sign, whose interaction has repulsive character.
The constant external field pushes the dislocations in the direction of the
locked dislocations, in consequence of which a certain state of equilibrium
in the SYSICILL vr imkerior sliesses is farmed. In result, a very strong in-
ternal field acts on the locked dislocation. The equilibrium conditions
lor the dislocation are as follows:

—t e —p=0, (6.1)
i=1

where: A®) = A, for i# s and A(g)zo; A= #bh, for a screw type dislo-
bl 214 A®

— —— for an edge type dislocation; p, —* is the

] ) 2a(l—oa) Zs— 2

interaction force of dislocation ls and l;; bsp is the force exercised

by the field p on Lg; in the case discussed here b;=b and A;=A. The

approximate positions for great n, corresponding to equilibrium condi-

tions, are expressed by relation [13]

cation; A;=

j2- A
a= 2 6.2)
8anp
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at the position of the locked dislocation |,;:2z,=0, 7; signifies here the
i-th root of the Bessel function J;.
Also for great n, the following relations were obtained in paper [13]

p 7 A np
where: L — length of area occupied by the dislocations; n — number

of dislocations in interval (0, 2); d=2z,—=2; distance between dislocations
1, and 1;. On the locked dislocation acts the multiplied field amounting
to np. Cottrell obtained the same result, using the virtual work argu-
ments [7].

From (6.3) the dislocation density can be computed:

\1/2
gl = 1(2“10)
dz 7\ 2A

This is obviously a smoothed curve. Similarly, one may compute the
discontinuity curve, expressing the relative displacements along the
dislocation surface. Instead of a stepped curve, the following smoothed
curve was obtained [13]:

obp
A(z):ﬁ*]/Lz +b

Disloeation systems of this type, bounded by a locked dislocation,
were used in paper [13] for description of the crack edge. In the present
considerations we shall, however, treat the single dislocations as separate
dynamic units. The relations given above under [13] can be easily gene-
ralized for the case that the first locked dislocation has a Burgers vec-
tor b;=kb. To this end it suffices to substitute in the formulas the
value KA for value A, and in the free term of the last formula to
replace b by Kb.

Let us now consider the example of the system of ten dislocations-one
locked and nine free dislocations — having the values A equal to z=-10"
(b =27 at u=m 10" for screw and b=2x(l— o) for edge dislocations). We
will assume for the external field a value p=10" From formula (6.2)
we obtain the equilibrium states defined by the relation z =1.25j7.
Fig. 13 shows the distribution of the first 6 dislocations of these series,
illustrating the action of field p, which pushes the dislocations in the
direction of the locked dislocation ;. The length of the whole system
is according to (6.3) 20 m. As was previously mentioned, the results of
paper [13] can be generalized by putting for the first dislocation the
displacement b;=Kb, and for the value A; the value kKA. In this case,
the coordinates of the dislocation positions in fig. 13 must be multiplied
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by the factor K. The distance between the first and the second

KA o

dislocation is in this more general case d=1.84——. This distance depends
np

on the number n of dislocations of the series, and on the parameter K,

sy _Lz ..1.3 L J._g J.5
0 02m 06m 13m 22m 34m

Fig. 13. First six dislocations in the array of the ten dislocations

characterizing the first dislocation. The distance d, in dependence on n—
number of dislocations, has been plotted in fig. 14 for the parameter va-
lues k=0.025, 0.063, 0.16, 0.4, 1, 2.5, 6.3, 16, 40. The approximation formula

/
a0

W=0.025 k=125
= 1;,02

K125
i

WHBAUZNIBBHRD EE 420
n-number of dislocation

oA 3
d=zz=4=% =868 pyr 3yt and o= "4 <10° or n-2

Fig. 14. d=2,—2z,, a function of the dislocation number in array

can not be used for small n. In the extreme case n=2, the equilibrium

states can be easily calculated from (6.1) d=Eé; this was taken into

account in plotting the curves in fig. 14.
We now pass to formulation of the elementary theory of quake repli-
cas. We shall assume for this purpose that the locked dislocation lies near
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the discontinuity surface of the medium, e. g. near the earth’s surface.
A very strong field np, acting on this dislocation, may cause its shift
in the direction of the surface and, in consequence, discharge of ifs energy
at the boundary surface. The magnitude of the respective energy is given

e
=
v §%
N o
= o
§ g
I |
g £
B vl-'[:"_T RS
% S SN Qs
i 5 & 88
= S ('\Pox S
s S S |9
Sk 8%
m-‘:l
s
E = § o 5
SaM27 072 = S0 S5
K=1For M=M, M3 45678 [
Fig. 15. K as a function I'ig. 16. Functions A(M) and b(M)
of AM=M — M, for 1=10,20,30,100 km

by formulas (4.8) and (4.9) respectively, in which we put L=2H and,
instead of the value u, the value% or Au, in dependence on whether we
are dealing with the surface of the earth or with an interior discontinuity

s 2 2H ;
surface with the jumpdy. Taking approximately In—=10, we will as-
To
sume the value of the energy released at the earth’s surface to be equal

for edge and for screw dislocations, and to amount to

E=10471". (6.4)

'll
The differences between the case of the edge and that of the screw
dislocation can be neglected (if for no other reason) with regard to
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the approximate estimate In EPE We shall now introduce the standard
To

A

value of the ratio —: 43:3' 102 (at a field value of 10, which corres-
p p

ponds to the standard value A,=x-10'Y). For correlation of the value

A with the computed magnitude values we shall use the formula [23]

logE=11+16M (6.5)

For quakes of a given value A=kA, we obtain by utilizing the pro-
portionality of the energy E to the square A

log K = 0.84M (6.6)

where: AM=M-—M,;M,— the standard value of the magnitude. The rela-
tion (6.6), allowing computation of the factor k for a quake of the given
magnitude M, is shown in fig. 15. By eliminating from the formulas (6.4)
and (6.5) the energy B, we obtain the relation between value A and
magnitude M for various lengths of the dislocation I. Putting g =10
(a value approximating those eoccurring near the earth’s surface), we
obtain the relation

logA=10.5—0.51logl+0.8M (6.7)

which in fig. 16 is presented graphically for 1=-10 km, 20 km, 30 km and
100 km. This allows computation of the value A from the given value of
the magnitude M. Taking the standard value Ay= =10, we shall obtain
the standard value of magnitude M,=5 for the length 1=10¢ (10 km).
The corresponding energy of the quake is according to (6.4) approxima-
tely 10 erg. It is worth noting that the values of the parameters in
fig. 14 correspond to the magnitude values 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7.

As was previously mentioned, the multiplied field acting on l; can
cause a movement of this dislocation, and subsequently the release of
its energy at the earth’s surface. In this case, the role of leading disloca-
tion is taken by the dislocation |,, whose movement will be deter-
mined by the new distribution of the stress field. This field can,
by shifting the dislocation |, to the boundary surface, cause the release
of its energy. In this way occurs the secondary quake, called replica.
Subsequently, a similar process may cause a quake due to the lj dislo-
cation reaching the surface.

Let the investigated series l; have the values 4;=K;A, where A
refers to the standard value. The position of the dislocation will be mar-
ked by z;, the corresponding nondimensional values defined by xi=%zi.

To the values A; are assigned the displacement vectors bi=K;A. Let us
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first calculate the field acting on the locked dislocation |,. To this end
we shall use the virtual work arguments, similarly as in Cottrell’s [7]
computations at b=const. Let us consider the virtual work, taking
a displacement 6z of the dislocation |, in a total stress field S;. The
displacement of the dislocation causes equal displacements of the entire
dislocation system, the whole system remaining thus in a state of
equilibrium. The displacement work will be equal to the work of displa-
cement of the leading dislocation |, in field S; on one side, and the work
of displacement of the dislocations |, 1l,,... L, in the external field p
(respectively the work done by this field) on the other side

5231b1 = (32;0 Z bi )
=1

hence
n mn

1. 1 1 2 !
SI:p”'l) === bj:""‘ Ki (68)
by L K,

i=1 i=1
With b; =const, i.e. k;=1, we obtain S,=np, which result has been cited
before [7], [13].

The dislocation 1, is in a state of equilibrium; on one side acts here
the repulsive field of |, on the other side the field S, equal to the
field of dislocations 13, |4, ... L nand the field p. To compute field S,
we effect a virtual displacement 06z, of the dislocation 1,. At locked
position of 1, this displacement will cause certain displacements &z

of the dislocations 3, 14, ... Ln; the value of these displacements
should be here of such an order that in the new system the resultant
force acting on 3, 14, ... Ln of the dislocations |, andl,; does not

undergo a change: [6F;,|==|0Fx]:

Kidz _ Koo —02)

?

(r+d)p i
where: 6z — displacement of the dislocation 1 ; (i>3);
d — distance between |, and 1,
r — distance between |, and ;.
Assuming d<r (comp. fig. 13) we cen write in approximation
BB 6.9)
Ki+Ks

The virtual work of the displacement of |, will be equal to the work
of the field S done against the repulsing field of the dislocation 1,

52T b = azz%ﬂi- Kb . (6.10)
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The virtual work of displacement of dislocation |, by dz; and
1;(i>3) by 6z is, on the other hand, equal to the work field p (assu-
ming here that they all are near equilibrium position, which is partly
secured by relation (6.9))

3
522SUK o = dzypKb +0zp Z Kib 6 11)
i=3

whence follows from (6.9)

S‘T:p(,—g; ag:—i K. (6.12)

2

By comparing (6.10) with (6.12) we can calculate the distance d=z,—=z,
in an arbitrary dislocation system | ;.
Putting z;=o0 we obtain

A Ki(Ki+K) _ K
=gy TR, B (6.13)
P YK 7y

i=1

; . : 2 :

Taking K;=1 we obtain the approximate value d:—A-, which at
np

n=2 is equal to the real value d, and at great n forms a good approxima-

tion of formula (6.3).

A strong field acting on _L; can, if it is situated in the vicinity of the
discontinuity surface, cause a rapid movement of the dislocation toward
the surface, where its discharge occurs. The position of the dislocation 1,
at the moment of the beginning of its accelerated movement towards the
surface is defined in our system by z;=0. This depth corresponds to
the depth H of the first impulse of the seismic shock. In this system the
earth’s surface is therefore given by z=—H. After discharge of the energy
of dislocation 1, there remains the series of dislocations s, gy oo o
The dislocations in these series are now obviously not in a state of
equilibrium. Under the influence of field p and also of the dislocation
field, there occurs a slow movement of the dislocation |, approaching the
position z=0. In the proximity of this position a new shock will take its
beginning. Simultaneously with the movement |, there occur displace-
ments of the remaining dislocations. In this way, the dislocations could
occupy in regard to one other positions corresponding to mutual equili-
brium. We shall assume that these two processes occur simultaneously
and hat both, the arrival of the dislocation |, at point z=0 and the
realization of mutual equilibrium positions, happen at approximately
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the same time. In the final stage, analogously to (6.8), on the dislocation
1, will act the field:

n

1 k|
Sy=po;, 6= K. (6.14)
Ky i
i=2
In accordance with the above we shall assume that during the time,
when the dislocation moves from =, to x=0, the field undergoes linear
change from value palto value po,

N<m;  Fr=oat (03— ay) (6.15)
I

where: Zgzéfﬂz is the coordinate defining its position. In the position

x=0 of the dpislocation 1, can now arise conditions similar to those which
were created by the violent displacement and the subsequent energy
discharge of dislocation ;. Now, there remains the dislocation series,
and this process continues in a similar way. For the r-th shock (i.e. the
(r—1) —th replica) we will have the following generalized relations:

n n
1 Y
e }’Ki; o= —— ) Ki; 0r=0,+—(s2—a.), (6.16)
Kr—1+K:r -K-ra—-f XLy
i=r—1 i=7

where: x, denotes the position of the |, when it is an a state of equi-
librium in the dislocation series 1. ,—;, 1,, Ls41,... L,. Analogously
to formula (6.13) we get for x,:

e AT, Je (6.17)
2K k

i=r—1

We shall now go over to determination of the time required for the
passing of the dislocation from the position ==, to the point z=0.
This time is equal to the difference between the moments of the r—th
and (r—1) th shock.

To this end we return to the eguation of motion of the dislocation
(5.17), substituting for p the value of the field amplified by the dislocation
system: 6,p

LS 0N TR N (6.18)
p p dt p
whence: 0
TT—LA( mrj 7_xd.r o
Or— 0
PP T ¥ ;ﬂff-—a:r (O'r-——'}J)
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Finally, with regard to (6.17), we have:

PR k-1 Gy —7!
e

o2(oy— o) g9

(6.19)

where: y=§ is the ratio of static shearing strength to the value of the
field of shegring stresses (the movement is conditional on y <a));
v A
p p

The relation (6.19). has two coefficients a, y, which have to be deter-
mined from the observational data. The experimental verifications of the
relations obtained consists thus on the one hand in determining the values
y and «, lying within the permissible limits, and on the other hand (with
a greater number of replica observations) in the conformity of the gene-
ral form of the relation (6.19) with the curve (T, K,) for the given series
of replicas. Practically, however, the situation looks different. The fargoing
simplification of the theory, together with the complexity of the problem,
cause wide scattering of the observational values and, in consequence,
difficulties in determining accurately the values « and y. For these
reasons we will assume in this analysis y=1 (p=S). A further difficulty
in computation is caused by the fact that we do not know the full dislo-
cation series but only those dislocations which have become apparent in
the earthquake. We shall assume, as before, the standard value A¢==-1011,
which does not affect the general character of our considerations. The
standard value of the magnitude will be My=5at ;=10 km. For z we will
take, as previously, - 1011. The other values, including that of field p, will
not yet be determined at this moment. Before discussing numerical
examples, we shall determine from equation (6.18) the initial »? and the
final v, value of the dislocation’s velocity in the interval (z,, 0):
UBZE(U?."}’); v,_:}i(gr-—y)’ vrgvgzﬂ((}'r* Ug) (6.20)

7 4

In the analysis of numerical examples we shall again return to these
values, since in the equation of motion the accelarations were neglected
on the assumption of only small changes in velocity. The formulas (6.20)
define the velocities prior to the onset of the violent movement accom-
panying a quake (£.10). The numerical examples will be based on data
from series of replicas with delined magnitude values. As replicas shall
be regarded shocks with the closest possible coordinates.

The numerical analysis can be performed most conveniently by cer-
tain transformations of formula (6.19).

a=
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Utilizing formula (6.16) we receive:
Kr—l %‘ Ki+ K I S Ki— (KT+K?‘—1) )’]
2 Eoart L
A _f{fr—l%“i{r}_ Trped  atSEEL z:r e (6.21)
2 Ki Z Ki Kr-l Kr'+Kr l ZK!'_'(KT_KT—I)‘J’]

i=r-1 i=r+1 i=r

Ty=ulk

Introducing now the definition i, s=--— (%, ;=%x"1) we obtain

‘e h
F)
(1 et )2
;PR SENENSRSEY o
I Z V-i,r—lf(l"rxr.?wl) 2 Hi,r—l]
i=r+1 i=r+1

(6.22)

n
(1 -}—}fr.,-_]_) Z i, r—1 + :’-r,r-—l(l + ?fr,rwl](l = '}')

i=r+1
In = - Lo

i e P
%r,r—1 Z #,r—1F %, r-1 (L2 r =) (L—9)
i=r+1
This formula is convenient in application; regarding the wvalue T,
(difference belween the (r-+1)—th and » —th shock) one has to substitute

n n

N i,y for 3 #iy— and #pp1,e for #p,-1. . To this end we utilize the
i=ri-2 i=r+1
obvious relation

n n
\ ' a —_— al - -
24"1':rfﬁr—111'_2“J Aiyr—1 " Hr4ls7r- (623)
i<r2 i=r 1

Introducing the expression p,= >'x;, x-1and q;>=x,,,~1 we obtain the
t=ri-l
simple formulas:

32:1-_1__% tpr , Op :_q_t.—t_pr o = 0—2 = *pr T (6| 163)
1+QT dr QT(1+Qr)
2 St N _
Ao (4gr?  (+ep+gl+g)l=y) (6.228)
aK; prl+qr+py) arpr+qr{l g (1 —7)
Pri1=p;q, ' = Qr1 (6.23a)

The graphic representation of this relation for y=1is shown in fig. 17.
The values p, are treated as parameters and the value q, appears as
a variable.

Corresponding diagrams for the values y=0.1, 0.5, 0.9 are given in
fig. 18, 19, 20. The enclosed tables contain the initial values for the series
of investigated replicas, and also the values of the parametres K;, gqr, pr
and the values ¢) and o, required for analysis of a series of shocks.
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In diagram fig. 21 are plotted the points corresponding to obser-
vational data of the respective replica series; the figures placed near them
indicate the value of the parameter p.. These values indicate the curve
to which the respective point correspends. As was mentioned previ-
ously, the wide scattering of the values results from the fargoing simpli-
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Fig. 19. Relations —--E=J°(q,p), for v=0,5
o r
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fication of our assumptions, as compared with the actual complicated
phenomenon of replica creation. In the case of the replicas A an effort
was made to secure better agreement with theory by assuming an additio-
nal sum to the values K; of those deeper dislocation which were not

n
released by the shocks, equal to ten (}' K;=10). The correspondingly

=5
amended values are marked by (p;). From the shift of the vertical scales
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Point series A, B, C, D denoted respectively by @ ® @ X

of the theoretical curve in respect to the values resulting for the quake
replicas, the following values for the coefficient o were obtained: series
A: 3.5-10% (2.5-10%, 10% (2-10%), 70 (8-10%), mean value 1.5-10* (8- 10%;
series B: 9-10% 9-104, 5-10% 8-10% mean value 2.8 10°% series C: 15,
5-10% 5-10% 1.2-10% 9-10%, 9-10°% mean value 1.4-10%; series D: 4-102,
1.5-10% 3-10% 2-10% 1.2-10% 7-10% 8-10% 1.6-10° mean value 6-10%

Assuming a mean value o == 10% we obtain r=a% p==3 102 (we

assume here a shearing strength 10, whence, with regard to p=S, we
have p=109).

64



Dislocation theory of earthquakes 53

The obtained value of the viscosity coefficient » lies within the limits
of the lower values for solid bodies.

In conclusion, we give also the estimated velocity of the dislocation
(6.20) prior to the violent movement in an earthquake.

From the value 2t for the series A, B, C, D we obtain from (6.20):

Y
A: ¥=2-10"2%0], O=2510 20 B: v =10"%", vr=10"3¢;

C: v0=2-10"27, vy = 2-10"2g, D: v9=5-10"30, v,=5+10"3g,

For the greatest values ¢, and a; in table I, we obtain the highest
dislocation velocities v, and »?: 0.2 cm/sec, 0,05 cm/sec. These values and
their changes (assuming a time duration of the order given in table I)
are very small. The small velocities and accelerations justify our previous
assumptions.

The numerical analysis indicates that for the first or the last shock
we often obtain a great difference between the corresponding v — value
and the obtained mean values of viscosity. This difference may result
from the fact, that we did not take into account small and very small

quakes.

7. CONCLUSIONS

This part gives a survey of the major results obtained sofar on the
basis of the dislocation theory of earthquakes (D.T.E.). Beside the fin-
dings of the present paper, also those of papers [1], [2], [16], [17], [34]
are here taken in consideration,

I. The basic earthquake model of the D.T.E. explains the release me-
chanism of the internal strain energy of the medium. In other theories
this question was either not discussed at all or the essential mechanism
of energy release was not explained. The Keylis—Borok models of dyna-
mic forces systems do not indicate the sources nor the mechanism of for-
mation of those forces. On the other hand, in quakes caused by the crea-
tion of a dislocational element. e. g. those discussed by Vviedenskaja, or
in the quakes described in part 4 point 1 of the present paper, only part
of the internal energy is released, whereas the other part is transformed
into energy of the created dislocation.

II. The influence of the medium’s inhomogeneities on the generation
of the dislocation, and the part of the microdislocation in the mechanism
of stress transfer are explained. The correlations between the stress field
and the inhomogeneity field are determined [1].
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III. The influence of the discontinuity surface in the process of seis-
mic energy release is determined and the corresponding formulas are
given. On this basis, the ratio of the mean energy of shallow, intermediate
and deep quakes for an equal number of quakes is explained in paper [16].
TFor elucidation of the value of the energy of intermediate quakes, a jump
of the rigidity module 4y on the discontinuity surface of the order 0.1
is sufficient, for deep quakes one of the order 0.01u.

IV. On the basis of the D.T.E. formula for the total energy of a quake
good agreement with the observational data [1], [2] was obtained. The
respective formulas for radiation energy and deformation work give va-
lues of similar order.

V. Highly accurate agreement between the displacements caused by
the quakes with the expression for displacements of a pair of screw
dislocations [17], [10].

VI. Estimation of the depth of the quakes from the surface displa-
cements by means of the D.T.E. formulas. This was made possible by
statement V.

VII. Extensive interpretation of the equivalence of the crack with
the dislocation system — notably in regard to energetic surfaces — allo-
wed better understanding of the essential features of internal deforma-
tions in the earth. The mylonite layers observed around the dislocation
confirm the accepted interpretation of far-advanced disintegration of the
material within the energetic surface.

VIII. Approximate elucidation of the observed statistic laws regar-
ding the occurrence of earthquakes. Whereas the empirical relations for
magnitude and number of earthquakes lead to approximate N’E con-
stancy, the D.T.E. adds to it the dependence on the radius (length) ¢ of
the dislocation.

IX. Theoretical estimation of the values of the coefficients in the
equation of motion of the dislocation.

X. Formulation of a new conception of the strength problems con-
nected with the movement of the dislocation. Determination of the con-
ditions of dynamic and static strength.

XI. Numeral assay of the viscosity coefficient in the dislocation
movement.

XII. Development of a number of theoretical formulas for the con-
tour dislocation field, the field of approaching dislocation pairs ete.

XIII. Development of relations for the velocity of motion of the
dislocation in the quake, and for the time duration of the quake.

XIV. Formulation of an elementary theory of replicas, and deter-
mination of the relation between the time of replica occurrence and the
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Table I
__I_ - | l T ; T
g | | | ‘ | ‘ ‘ Tr — time | ‘ |
| | TJ'
= | Magn. ‘ M| K ar | P, (P, between' the | =¥ i & ‘ -
g M 1 ! | sucssesive Kr |
0 } | shocks i ‘
A. Earthquake series: White Wolf Fault 23. VII. 1952, 10h54m GMT, 35°15°N,
118°30°'W
1| 50| o001 - | - - - | - | — {030
2 | 5.7 1 0% | 37 3.7 | 4.61 15 | 21780sec 5850 | 1.98 2.24
3| 57 7| &r )t | 0.25 3 | 1980 585, 1.12 1.24
4| 48 | —02 | 0.68 | 0.18 , 0.07 3 1380 2020| 1.05 1.33
5 42 | —08 | 0225 0.33 | at ‘
n \
} K= ‘
| | |i=5 |
B. Earthquake series White Wolf Fault, 21. VII. 1952, 08“21“J GMT, 35°N,119°W
1 ‘ 41 | —09 | 019 l | =] =1 = | — ] — 1095
2 4.1 —0.9 0.19 1.0 | 7.25 | 7140 sec 37700| 4.6 8.25
3 ‘ 48 —0.8 | 0.68 | 3.58 3.69 | 11520 15900 | 1.8 2
4| 41 | —09 019 | 0.28 0.75 | 15 660 82 500| 2 3.7
5 | 44 | —0.6 | 032 | 1.78 140: ! 24 600 77000| 1.37 | 159
6 41  —-09 019 | 059 ‘ | '
C. Earthquake series: White Wolf Fault, 21. VIL 1952, 2340.4™ GMT, 35°25°N,
118935'W
1| 61 T — | - — — | — | 142
2 | 4.6 —O 4' 0.46 | 0.062 0.36 | 540 sec 1 1701 1.34 6.87
3 5.0 1.0 | 2.12 3.62 | 9060 9060 2.16 | 2.70
4| 47 | —03 0.56 | 0.56 1.10 | 2580 4600 1.73 3.04
5 i 4.7 i —-0.3 0.56 1.0 1.04 \ 6 240 11200 1.52 2.04
6 4.0 | —1.0 | 0.16 | 0.29 075 | 2 400 15000 1.58 3.62
7 42 L —0.8 | 023 | 1.44 1.19 1680 7300 1.49 1.83
8| 41  -09 ) 019 |0.83 | | |
D. Series of the mongolian earthquake: 4. XII. 1957, 03"37™ GMT, 45°N, 100°E
i 7.9 29 | 1.80 — — L e — — 1.05
2 5.0 0.0 1.0 0.0055 | 0055 = 29 850 sec 29 850 | 5.55 | 10.1
3| ?2(5) 0) | (1) 1 8.1 — 5670 5670 | 5.05 9.1
4| 52 02| 1.3 1.3 6.8 = 2210 1620| 3.9 6.2
5 5.5 0.5 2.4 1.84 3.4 -— T 240 3030 2.3 2.8
6 | 7(5) 0 | 1) 0.42 1.4 - 8880 8880 2.7 4.4
T | 2(5) 0 Q) 1 2.4 == 23 340 23340 | 2.2 3.4
8 5.0 0.0 | 1.0 1 1.4 = 5100 5100 1.7 2.4
9 4.5 —0.5 0.4 0.4 1.0 == 66 450 168 000 | 1.7 3.5
10 5.0 0.0 1.0 |25 ’
Remark. The value (5) is assumed for earthquakes of an unknown magnitude.



56 R. Teisseyre

magnitudes of the dislocation series. This allowed preliminary comparison
of theory with observation data.

XV. Estimate of the velocity of the dislocation movement preceding
the quake.
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ZALEZNOSCI DYNAMICZNE I CZASOWE DYSLOKACYJNEJ TEORII TRZESIEN

Streszczenie

W pracy przedyskutowano podstawy dyslokacyjnej teorii trzesien Ziemi (D.T.T.),
a w szezegblnosei zrodila i mechanizm tworzenia sie dyslokacji, wyladowanie
energii sejsmicznej, ruch dyslokacji oraz zasady elementarnej teorii replik.

Zasadniczy model trzesienia Ziemi wedlug D.T.T. wyjasnia mechanizm wy-
zwalania sig sprezystej energii wewnetrznej osrodka. W mechanizmie tym uwzgled-
niony zostal wplyw niejednorodnosci osrodka na tworzenie sie dyslokacji i udzial
mikrodyslokacji w mechanizmie przenoszenia napie¢. W szczegdlnosdcei przedysku-
towany zostal wplyw powierzchni niecigglosci w procesie wyzwalania sie energii
sejsmicznej. Dla przypadkéw tych podano wielkosd¢ energii sejsmiczne] wyzwa-
lanej w trzesieniach i wielkoé¢ pracy deformacji.
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58 R. Teisseyre

W niniejszej pracy ponadto przeanalizowano wielkos$ci przesunieé wywolanych
trzesieniami powierzchniowymi i wyniki poréwnano z danymi obserwacyjnymi [10].

W sposéb przyblizony wyjasniono obserwowane prawa statyczne dotyczace
trzesien Ziemi. O ile empiryezne zwiazki prowadza do przyblizonej stalosci N2E,
to w D.T.T. dochodzi jeszcze zaleznos$¢ od promienia (dlugosci) dyslokacji. Roz-
szerzenie réwnowaznoéci pekniecia wewnetrznego z ukladem dyslokacji, w szcze-
gblnosci w zakresie tzw. powierzchni energetycznych, pozwolito lepiej zorientowac
sig w istocie wewnetrznych deformacji w Ziemi. Obserwowane woko! dyslokacji
strefy mylonityczne potwierdzajg przyjeta interpretacje daleko posunietego rozbi-
cia materialu wewnatrz powierzchni energetycznych.

Obszernej analizie poddane zostalo zagadnienie ruchu dyslokacji. Pozwolilo to
na sformulowanie elementarnej teorii replik i ustalenie zwigzku miedzy czasem
wystagpienia repliki a magnitudami ciggu dyslokacji.

Orientacyjne poréwnanie teorii w tym zakresie z danymi obserwacyjnymi pro-
wadzi do duzych rozrzutéw otrzymanych wielkosei, spowodowanych prawdopodob-
nie nieuwzglednieniem slabych i bardzo stabych wstrzaséw w serii replik.
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SOME REMARKS TG THE DISLOCATIONAL MODEL OF ENERGY
RELEASE IN THE EARTHQUAKES

When discussing the dislocation processes we should pay attention to the dif-
ference in signs of the particular dislocations.

The unique mode of signs determination shall assure the clarity of the theory
and permits to avoid misunderstandings in application. Therefore we want
to adjust the sign convention and to present it for the case of continuous medium.

—
- /
7/
_/
§

-
58/"

B —
f NP,

Fig. 1

An element of dislocation is fully determined by three vectors: b — displacement
vector, d¢ — vector of an element of dislocation line, n — vector normal to dislocation
plane (fig. 1).

[89]
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Fig,. 3
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131 DISLOCATIONAL MODEL OF ENERGY RELEASE 91

After [1]we assume that the positive sense of normal vector is directed from the
undisturbed medium to the its part submitted to displacement. A dislocation line
confines the dislocation area; the small contour surrounding this line has a positive
circulation if it coincides on the dislocation area with the positive sense of the
normal vector [1]. The sense of a vector of line element df follows now from the
right-screw principle (fig. 1).

At these conventions we are able to define a sign of dislocation. Let us take the
case of edge dislocation. Right-screw system of vectors (5 c?g:,;) defines positive
edge dislocation | . In the opposite case we have a negative dislocation T .

The case of a pair — (_L, T') is shown in fig. 2, this pair is mathematically equi-
valent to the case demonstrated in fig. 3.

In the case of screw dislocations the vectors b and d¢ are parallel (positive
dislocation [+), or antiparallel (negative dislocation 7). In fig. 4 and 5 are presented
the equivalent cases of the pair (I, 7).

The basic element of seismic models is a dislocation rectangle formed by edge
and screw dislocation pairs, as presented in fig. 6. In dependence on the geometry
of the system, we shall consider in approximation a pair of edge dislocations (L, T)
or a pair of screw dislocations (I, 7).

In the dislocation theory of earthquakes the pair annihilation (creation) presents
a basic model of earthquake [3], [4], [5]. From the dynamic point of view the annihi-
lation process is equivalent to creation of an opposite pair.

ya , /

I~
i /
I I~ 7= I+
Fig. 4 Fig. 5

The physical counterpart of this mathematical formulation may be related to
any change in the dislocation area (which is limited by the dislocation line) [3], to
the approach of the dislocation to the inner or outer boundary of the medium
(interaction with the image dislocation leading to mutual annihilation at the boundary)
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92 R. TEISSEYRE 141

[3. 4], and to the processes of the thermal stress field [5]. In special cases the latter
have dislocation-stress character; these thermal stresses may be released by annihila-
tion of such quasi-dislocation field through a real dislocation.

The model of dynamic forces can readily be computed by means of Voltera’s

formula :
| R
k k
uw(x)=-——— || du;t;;n;ds.
B f | s,

=

The dislocation field #* in the point x" is determined by the values of field rf;
on the dislocation plane X.

The field r;'; from the other side we take as equating the stress field of the

point force Fy, as it would be situated in the point x™. If distance R from focus to.

observation point is considerable compared with focus dimension (length of the
dislocation pair /, playing here therefore the primary role), we can consider the
model of this pair as defined with good approximation by formula:
ouk Ouﬁ
HU — axj E H
where: 7, j — are the indices of vectors b, n; (5J__TI), while index k denotes the
displacement component, uf — displacement field of point force, index i denotes
the force component.
This is evidently a sum corresponding to two dipoles of forces with moment.
Considerations on the dislocation mechanism of earthquake formation have
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151 DISLOCATIONAL MODEL OF ENERGY RELEASE 93

yielded formulae for the total energy of the earthquake and an approximation
mode for dividing the latter inthat part corresponding to deformation work and
that corresponding to radiated (seismic) energy [3, 4].

Deformation work —

) . ub?1 L
edge dislocation: Ey=——————|In—=in2},
2n(l1—a) o

(1)

. . ub* 1 i
screw dislocation: E,= In——In2j.
2n ro

Radiation energy —

. . ub*l 1
edge dislocation: b | In 2——2— s

T 2n(1—o)
(2)
. . ub*l
screw dislocation: E.= o In2.
T

The formula for deformation work given by Byerly and De Noyer [6] is for
the value of the o parameter u=H comparable with £,.

H
To determine the values of term In-— we should turn to the question of disloca-
Fo

tion energy and more especially to the problem of stress concentration in the vicinity
of the dislocation lines, i. e. in the vinicity of the boundaries of the dislocation area.

Fig. 7
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Irrespective of the kind of dislocation, the dislocation energy per length unit
can (disregarding factor 1 — & in edge dislocation) be expressed by formula [2]:

b* L
g=fi71n—. (3)

We assume that this energy is concentrated on the surface of a cylinder with
radius ry. Total energy concentrated on a lenght unit of the cylinder amounts to
2nry y, where ¢ is the surface energy per surface unit. The cylinder has full physical
meaning; the material in its interior has become disintegrated, while its external
part forms a medium not affected by disintegration. Quantity ycan be computed by
comparing surface energy with the energy given by formula (3) for the case of
a contour dislocation with diameter 2p (we put L=p):

! )
2nrgy = aadl n
T
hence
ub*  p
"f‘: —72— =
8nry 1

. 2 ; ; :
Putting In—~ =35, as follows from further considerations, we obtain:
ro

bl
7=0.06 -’-‘7 : @)

The own stress field of the dislocation is given by the expression (disregarding
factor 1 — ¢ in edge dislocation):

b
P o

As was previously shown [4] this field at r=r; is of the order of the shearing
strength (S) of he material. Thus we have

Sy 9
27nrg ®

Substituting in this expression ro computed from (4), we obtain the relationship
between material strength, surface energy and the Burgers vector:

¥

0.38b
Putting for strength the value S=10°, we get
y=3.8-10%.
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S
Putting also — =3-10"* (§=10°, xu=3-3-10"") we obtain from (5):
u

E=2 o [0
o
Dislocation movement is conditioned by the shearing strength of the material.
Along the path on which the dislocation is moving forms in consequence of the
displacement of the dislocation line the so called mylonitic zone, characterized by
intense crushing of the rock material.
In the case of a contour dislocation we may assume that shearing strength and
therefore resistance to the dislocation movement has in all directions approximately
equal value, wherefore we may in first approximation put L&/ in formulae (1), (2).

, L
We obtain furthermore an estimate for In — from formula (5), namely

ro
[ 2nSI
In —asln —&ln (6)
Fo ro ub
S . ;
and for — ~3-1073 we get correspondingly:
U
i g ok . .
In—=In2-107°— for a screw dislocation (7)

re b
and

L -2 [ . .

In —=In 151077 ; for an edge dislocation.
o b

The formulae for seismic energy (1) (2) can in this way be expressed by two para-

meters: / —length of dislocation, b — value of displacement (shift value). In addition

we have here (as appears from our previous considerations) the inequality /> ry>b.

l
In tab. [ arc given the values n= £ e 10*25 and the values In 5, from which
o
results that for approximate evaluation one may take # =150, In ¥ =5. Thus we obtain
from (3) an estimate for the energy of a contour dislocation.
ub*p L I
E=2npe="—-1In—=25ub"p . (8)
2 s

Using then formula (5), we have for 2 =150
I'n

S S
b=2n —ry=0.042p —, (9)
i T

7 Acta Geophysica Polonica
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8
and particulary for — =3-10-3:
U

p=8-10h.
From formula (9) results for contour-disiocation enecrgy

Eegn 232 (10)
S

S
and particularly for u=3.3-10"", = =3-1077, we have
u

E=6.6-10"h. (11)
This is the estimated value of contour-dislocation energy. Putting e. g. b=10> cm
we obtain
E=6.6-10""erg
and for h=107 cm we get

E=6.6-10"*erg.

In the following we propose to reexamine the question of numerical evaluation
of energy in a number of strong surface earthquakes [4] (tabl. I).
From formulae (7) and (1) we obtain for the deformation energy (u=3.3-10""):

!
E,~7- ]Ombzl[ln (0.0IS b)—[n 2] — edge dislocation,

%

(12)
> I
E;~5- IO'OI}“I[IH (0.02 b)—]n 2] — screw dislocation.
For the seismic energy we get from (2):
E.=1.3-10'°p% — edge dislocation,
E,=3.6-10'"°b*I — screw dislocation. ()

If no distinction between dislocation types is required we shall be using for
comparative purposes the formulae:

1
E,~6- 10‘°b21<1n 0.018 7)——0.7), (14)
2H E
E,;~2.5- IO“bzl(at In —=ln r;=5), (15)
r
E,~2.5-10"%1. (16)
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For earthquakes with undefined length, we can use the estimate for contour dis-
location energy. In this case the dislocation forms part of the contour, the latter
being closed by dislocation image in Earth’s surface. The value of energy is taken
now from formula (11) with factor 1/2:

Ex3.3:10"6°. 17)

By means of the above formulae the value of energy £, and £, was computed
for a number of examples, taking as total energy the sum £,+ E, and giving also
the value of total energy computed with formula (17). The computation results
presented in tab. T are compared with the values for £, computed from the earthquake
magnitudes M.

Attention deserves the generally good agreement of the energy data computed
with the simple formula (17) (except in the Californian earthquake). In comparison
of data we have also to remember that no deeper critical analysis was attempted
here of the values of dislocation length and the values of the Burgers vector, which
were taken from literature. It is evident that the data for such analysis should represent
mean values (or preferably mean quadratic values) of the Burgers vector. Accurate
computations can be made by adding the sum X %/, on sectors where shift-value
is approximately constant,

Manuscript received by Editor: February 14. 1964
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R

UWAGI O DYSLOKACYINYM MODELU TRZESIENIA ZIEMI
Streszczenie
W pracy przedyskutowane jest zagadnienie energii trzesien Ziemi, wraz z przyblizona ocena

wielkosci energii deformacji i energii sejsmicznej. Ocena oparta jest na analizie energii skoncen-
trowanej wokot linii dyslokacyjnej (front obszaru dyslokacji). Wyniki podane sa w tablicy 1.
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THERMAL STRESSES AND THE EQUIVALENT DISLOCATION FIELDS

Relations between thermal and dislocation stresses are dis-
cussed for plane problems and the general spatial problem. The
interpretation on ground of differential geometry follows Kréner's,
Bilby’s and Kondo’s papers.

Application to the case of thermal convection and a linear
heat source is discussed in some detail and there are drawn some
remarks for investigation of such processes in the Farth’s interior.

The new trends in the physics of continuous media are focussed on
the problems of incompatibility, which occur both in the case of a disloca-
tion density field and of thermal deformation. The method proposed in the
former papers (Teisseyre, 1963, 1969a)
describes thermal stresses in Farth structures warm
by an equivalent dislocation distribution (disloca-
tion density). The stress equivalence between // 4
thermal convection and dislocation density is
illustrated in Fig. 1. This dislocational repre- / ,
sentation of a thermal state has at least two / /
aspects: - /

1) a real dislocation can compensate, that /
is remove, thermal stresses, Ll ot

2) processes between two convection cells Fig. 1
can be investigated in terms of dislocation Equivalece of stresses be-

i t ther convectio
dynamics. ween thermal convection

The first point can be related to a mass and diglocation density
shift in the convection cell’s environment, while

the second could explain the well known rupture processes in the region be-
tween convection cells. This is shown in Fig. 2. Two convection cells with
opposite circulation are given and the corresponding dislocation distribution
is presented. The dislocation pairs BA and A B’ of neighbouring cells have
opposite character. Hence the dislocations A and A" have the same sign and
repel each other mutually. This blocking action stops the outward spreading
tendency (Teisseyre, 1969b) represented by those dislocations. The dynamic
development will thus favor the decomposition of the dislocations A and A’
into vertical and horizontal components. The horizontal displacements cd,
ced, ..., bring by compensation zero (Fig. 3), whereas the vertical disloca-
tions will -join in common planes. Energy release is also to be expected in

5 — Materialy i Prace, 34
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Region between two convection cells

those annihilation processes in which the dislocation a and b (or a' and b")
of neighbouring pairs join into one element — in result of which a shift of
masses occurs in the vertical planes adjacent to both convection cells,
resulting in a typical trench section (Fig. 2).

A general relation between thermal and dislocation fields has been sought
in some papers (Kréner, 1958, Kondo, 1963; Stojanovitch, Djuritch,
Vujoshevitch, 1964). Such general
relation shall be discussed here too B B’
and some applications to the Karth’s
interior be proposed. Therefore we
propose to discuss here a general
approach to the problem of themal
stresses. Thermal stresses have in-
compatible  character, analogous to
dislocational stresses. Krdoner (1958),
Kondo (1962), Stojanovitch, B
Djuritch, Vujoshevitch (1964)
presented general considerations on
the thermal field and its image in a ge-
ometry of deformation.

The approach proposed by Stojano-
vitch, Djuritch, Vujoshevitch (1964) Fig. 5.
consists in the following. Temperature Decomposition of dislocation vectors
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field deformations which can be expressed by anholonomic transformation
lead from the Euclidean into non- Riemannian space. As the second step we
perform the next transformation in such a manner, as to set a body again
in the Fuclidean space — physically this means the introduction of thermal
stresses.

In our further considerations we propose to adopt another approach, which
seems more direct and allows the immediate computation of stresses and
the equivalent dislocation densities. We start with a real medium in a certain
state of thermal stress. An anholonomic transformation connected with distor-
tions *L could transform the real medium to the stressless State, but its
geometry would then become non- Euclidean. The distortions u, k are defined
by the transformations expressing a line r expansion:

dX, = dx, +uy, dx;, u & [T 5 (1)

ik~ @
here: « — coefficient of linear expansion.

The stresses related to this state shall vanish, thus the equivalent disloca-
tion field is related to distortions

0 B =l 3 (2)
In linear theory we can put after Kréner (1958)

(3)

T mn~ Enab Yam,b

Nen™ Etab Ensr Upr,as (4)

where: « | — the dislocation density of Burgers — like dislocation density;
Ny, — the density of rotational dislocations.
Hence an apparent dislocation density in an isothermal case, equivalent
to the thermal field of the original problem, shall be defined according to
equation (1) as follows:

d d
G = ol ==l R = (5)
: dy dx
with @ = 1 for the three dimensions and
= 3At+ 2u
2A + 2u

in the twodimensional case (Teisseyre, 1969 b).
By arguments similar to those discussed before, thermal stresses can
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be removed by an appropriate distribution of real dislocations density. For
the rotational dislocation density we get according to (4)

92 a*
e 2o *)T, (©)
Ix2 dy?

but this vanishes for the stationary plane case A T = 0.

We find thus that the dislocation density related to distortions (1) forms
the counterpart of a themal state. For the displacement vector related to
total distortion along a closed contour we get according to (1) and (2)

A"l:ic: qs Uyx dx’ ‘/—\‘uy: gﬁ Uyy dY? (7)
Au,=aB ¢ Tdx, Au,=aB § Tdy. ®)

Defining the analytic function ' = T + i E by the condition Be F = T,
we obtain

Au, = c@Re § Fdz, Au, = cOlIm § F dz
or, putting Au = Av_+ilu, we have
Au=aB® ¢ Fdz, (9)

mhere dislocational displacement Au can be expressed by Burgers vector and
rotation vector:

Au; = by + €5, @pxs. (10)

The relation (9) corresponds directly to formula derived by Muskhelish-
vili (1953) in which one determines the total vector of discontinuity for
a given contour or surface element bounded by it. The general relations
derived above allow to calculate a dislocation density tensor at each point.
Muskhelishvili’ method is thus related to an average behaviour, while the
present approach brings exact values of the equivalent dislocation distri-
bution.

Now let us return to plane cases of the temperature field.

For a line temperature source we have T = — y Inr and [' = — y Inz. Then
the formula (5) yields for the equivalent dis ocation density:

o =a0l, « =—c(—)i2. (11)

Xz yz
I"‘2 r
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For the average displacement discontinuity we get after formula (9) and (10)

w,= - 2naBy. (12)
9 =0
' =(1+v2)r
;*r“\‘“‘ f :
\ o’
\

e
-~ \\ 7 rd
< N Vi P o R T
/ AN\ \ N f7 s Al
/ h / L F 2
A &‘\ Vo ; \lf !

"~ 7 ' ik Y.
b r=-(2-1)y
Fig, 4 Fig. 5
Equivalence of dislocation density Dislocation density in the case of dipole
with rotational dislocation source

Thus the stress field of dislocation density (11) shall be equivalent to
rotational dislocation (12); this is shown on Fig. 4. For a dipole type source

b

T=y

we get comespondingly
2
r

b,=2ma®©y, b = 2waBy. (12)

The Burgers vector is therefore constant, but the dislocation density (5)
has a more complex microstructure (5 =y do 1)

T2 o D
B E e n DRt CEO

X2 r4 J

(13)
2 . 2H2
= z:_aegi_y_xz_

b ré

This is shown in Fig. 5, where the arrows indicate the directions of the
vector (a,,, o,,) and the continuous lines are nodals of a ., while the dotted
ones are nodals of ay,.
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[F'or the cases discussed above we can construct the field due to a given
distribution of temperature sources:

T=Jrff 1 (X_XU,Y_YUQ Z—ZO) dxo dY{] dZ(),

getting for the equivalent dislocation density the values according to the
equation (5).

This dislocational interpretation enables us to gain a clearer image of the
interaction pattern between regions with different temperatures.
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RELATION BETWEEN THE DEFECT DISTRIBUTION
AND STRESSES.
THE GLACIER MOTION

Abstract

Differential relations between the distribution of defects (dislocations and dilatations)
and the stress field for Maxwell’s plasto-elastic medium are given. Applications to the glacier
motion problem, treated as phenomenon determined by plastic flow conditions, are discussed.

1. Introduction. The problem of relationship between the stress field and defects
in the medium is trivial for a single object. By linear superposition one can obtain the
stress field for a series of discrete defects. The situation becomes more complicated for a
continuous distribution. Therefore, in this paper we look for direct differential relationships
between the distribution of defects and the stress field. Applications to the problem of a
glacier motion — treated as phenomenon determined by the plastic flow — are also discus-
sed.

2. Relation between the defect density field and stress field. The distribu-
tion of defects can be treated as a source field determining the stresses in a medium. It
is of importance to find the equations which would directly connect these quantities, in
particular in the case of a continuous distribution of dislocations. The following formulae,
linking the incompatibility tensor and the dislocation tensor, result from general relations
of the differential geometry:

= = (pl)
et = € akl, 5= Cesk Emn ekm, ns 2

(0

! 1
Crsic Elrnll(eSu3 ns A e;cﬁ-x,)ns) = 0 B
where eﬁﬁ”—&-e,{,fnzeik is the full deformation tensor (Maxwell's medium}, consisting of
an elastic and plastic part; of course, field e, satisfies the compatibility conditions.
If eff"=U,,, then obviously 7,=0. For Maxwell’s medium siresses are equal "=
=t{=t,. so that we can introduce into relations (1) the stress field defined by the
relation for an elastic body,
1 A
(el)
el=— lpy— —————— 18, (2)
km z'u km 2#(314.2“) km

2%
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Thus, we obtain the equation
v .
Etsk Emn tkm, ns -+ 3}‘@{{:1 - a!i t.ss =2lucfsk akl‘ 5" (3)

Assuming the static equilibrium case 7;,,=0, we can introduce the potential stress
field defined through the Airy function. In the two-dimensional case this function is defined
by the relation

Iaﬂ=eay€ﬁ5U,yﬁ (Ol,ﬁ,...=l,2),

It follows from the equations of motion and the relation between the stress field and displa-
cements that both the stress field components 7,5 and the Airy function itself should satisfy
the biharmonical equation A4U=0,

Let us introduce now a generalization of the Airy function for a three-dimensional
case.

Iis=casb Caid U,bd = U,[! (Sis— U,i.\: . (4)
Substituting relation (4) into equation (3) describing the stress field when the source
field o, is specified, we obtain

A+u

(0 U oii— U ) = 1€t 0 - 5)
3)‘-""2#( tl ™ ssii ,astl) Mg gy ( )

In the case of purely elastic deformations, the right-hand side of equation (5) vanishes
and in accordance with compatibility conditions the Airy function for three-dimensional
fields should satisfy the harmonical equation AU=0. In a more general case of plastic
and clastic deformations considered here, relation (5) is a differential equation for the

Airy function with a given source field a,;. From equations (4) one can then determine
the stress field.

Many authors define the dislocation tensor by the relation with distortion field u,,,
determined from the anholonomic transformation (Kréner and Seeger, 1959)

-
Okt = €y Y, n - (0)

The relations between distortion and quantities of torsion and curvature in geometrical
representation of dislocation fields have already been given. Let us consider now a parti-
cular case of deformations connected with thermal stress field 0

to=—(34+2p1) a3, , (7)

where o is the coefficient of linear expansion.
The corresponding distortion and dislocation density fields are:

(Y L o 1) _ j
ukm = Ot()é;(," ’ O:kl) =0y 0,11 . (8)

Thus, the thermal stress field is given by the relation

Eimn tigx)z,n = (3;*- + 2#)“,{? . (9)
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For the Airy function we have
Elkn Uf.:s}in = _(3/:_'-2”’) agctlj . (10)

This equation allows us to calculate the Airy stress function for a given thermal disloca-
tion density distribution. Equation (10) will also be satisfied if the following relation re-
sulting from equation (8) is true

U%=—(3i+21)a0. (11)

For a micromorphic medium, the measures of deformations connected with the de-

formation of the medium as a whole and that of its internal structure elements are given
by the deformation and microdeformation tensors of the second and third order

e =Ury, EuTUr ;T Pus  Vins™ — Pik, s> (12)

where ;. is the microdisplacement tensor.
Tt follows from definition (12) that the deformation fields should satisfy certain com-
patibility relations

fkmp fi'Mq' C1"mll, P4 =0 ]
ckmn ‘e’ml, n = kair 'yillhl = 0 ] (13)
0.

kpq ‘ylmp, g

The microdislocation tensor is defined here by the following relation

(m) __ _
Ot = Epnn Ciom, n» Ehn gukm, 0= " €t Yhwn - (}-4)

In the symmetric theory of a micromorphic medium, the constitutive relations for
the stress tensor, microstress tensor and the stress moment tensor are as follows (Teisseyre,
1973)

ta=Ap;, O+ 200 1y + 2V P, 1y

S = Ay, 1 O +2(U+V)uge 1y +2(V+V) @i 1) » (15)

Akl’m =0.

Denoting by s$" the part of the stress tensor which is connected with microdispla-

cement-type deformations ¢, we can, using equation (14), determine the relation linking
this part of the tensor with the dislocation density field «f)”:

ai?i) :4717 g) Elnmn S;(t’::lz I +£5Clmn w[km], ne (]6)

In the symmetric micromorphic theory the antisymmetric field ¢, does not cause
the stress field directly through the constitutive relations. However, @, is related to
rotations resulting from differences between the relevant diagonal components of the
microinertia tensor, i.e. from the inertial properties of the elements composing the internal
structure of the medium. According to the formulae given by Teisseyre (1973), we have
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1
{p[km] 21 g;km(lk m (17)
where indices k, m are not summed.
Hence, we obtain

Clmn 5151’;:)11 _4(V + \’) a('"’) +2 (F T V) l[II, ko (18)

where @p=Ccpm ¥:»  ¥;,:=0.

Both the dislocation field and the rotation field ¥, (connected with the distribution
of the microinertia tensor, i.e. with the nature of internal structure of the medium) are
considered here as known quantities. In equation (18) they are treated as sources of stress
field s, For the stress field s’ we can introduce the relevant Airy function U™, defined
in the same manner as it was done in the case of equation (4). We obtain

Cn Ul =4+ o +2(V+V) ¥, .. (19)

For other types of the micromorphic medium one can find similar relations between
the dislocation field and the stress field.

Now we will consider the distribution of dilatations. In a similar manner as it was
done above, nonelastic volumetric deformations can be linked by direct relations with
stresses.

As before we will consider Maxwell’s plastic medium. It is more convenient to rewrite
relation (3) applying the stress deviator; using relations (1) we obtain relation analogous

to (3) but in a more general form, valid for any deformation field e{®".

1 .
(pl)
2‘& €k Climnt km, st ( ()lf I,“") Cesk Ctom e.km _— (20)

3(3/ +2u)
Moreover, this relation remains valid for =0, when the first term on the left-hand
side is rejected.
For dilatation y=e%?, substituting ef,ﬂf’:;‘-d,,m;' into (20), we obtain:

3/{ +2 (Irl 5!{ f‘””)Z}’,”‘*d” y,s.x" (21)

The obtained differential relation is consistent with the constitutive equation for dila-
tations proposed by Nur (1975) in the form

y=ot", (22)

for n=1 and 6=1/(34+2p).
Let us notice that the dilatation for the micromorphic medium can also be connected
with the field of microdisplacements g;, and p=g,,.

3. The glacier motion. Now we will discuss some applications of the obtained

relations between the stress field and defect field in the analysis of processes accompa-
nying plastic flow of a glacier.
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Basic equation (3), describing the relation between the stress and dislocation fields,
can be used the other way round: we can determine the distribution of dislocations if we
know the stress field for a certain plasticity problem. Let us take as an example the glacier
motion described by the stress field according to Nye (1957)

Oy = —pyycosaiz\/rz—(py)féaaaz,

= —pYyycosa, (23)
Ty =—pyysina,
and
A
©= s g O

provided that deformation e,.=0. It is easy to calculate for this field the left-hand side
of equation (3). Its only non-vanishing components lead to the formula (Teisseyre,

1977):
0 = A2, 6( ¥y )
— 3= F - ptytsinta e
ay 4,1((/L+,u) /13- —(p'ysmoc)
2
P a4
o3 =0
ay
Thus, for the dislocation density field we can write
A+2

oy3=+ — 5 ik p*ylsin® e —— —_il—}_—_;._,_,,%-ﬁwcﬂy

4p(A+p) V2 —(pyysinz)? (25)
o3 =tdx+e,

where the integration constants f, , J, ¢ and their signs should be chosen taking into
account the character of the glacier motion (extensive or compressive).

However, to have a complete picture of the relationship between the stresses and
dislocations, we should include the equations describing the dynamics of dislocations.
Therefore, we will now consider the problem of motion of dislocations, and a model of a
medium in which the changes in the defect distribution affect the migration of regional
deformation and stress fields.

The dilatation processes are also of great importance in the glacier motion and the
formation of cracks, in particular in the region of open cracks. Interpreting the glacier
motion as a plastic process connected with the medium dilatation and using equation
(21), we obtain from stress field (23) the following formula for dilatations:

1
y=———[—2pgy cosz+2+/72 —(pg) sin ) Fay+phx+n, (26)
2(0+1)

where o, fi, n are the integration constants (the upper and lower signs refer to extensive
and compressive motions, respectively). Taking into account (22) we could neglect the
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integration constants, but it is more convenient to preserve a possible dependence upon
variable x.

In the real glacier motion both the dislocation and dilatation processes participate
most probably in the proportion corresponding to the type of the motion. Phenomeno-
logically, this is expressed by the dependence of stresses on the deformation rate for dif-
fusion and dislocation processes. The participation of these processes depends upon the
conditions of motion: pressure and temperature. In the problem under consideration,
however, we do not deal with the process of dilatation diffusion. The dilatation processes
should be understood here as a kind of deformation appearing in the plastic flow region
and cooperating with the dislocation processes in the formation of open cracks.

Starting with the formula

(Pf)_1.},5 +e(dy5), 27

where e{%*) denotes the plastic part of deformation connected with the dislocation proces-
ses, we can now define the following invariants:
2t =effl P gnt 02, (28)

where 2@ = @) @)

In accordance with (28) we will now introduce a certain function 0(x, y) describing
the type of glacier motion by the following relations

W2 =26%0, 26 =220-1), (29)

under the condition 0<0< 1. At the glacier surface, y=0, in the region € in which open
cracks are absent we can put 0(x,, 0)=0, where x, € Q. The glacier motion in this region
depends upon the dislocation processes. As already mentioned, the opposite case =1,
in which the motion would depend exclusively on the dilatation processes, does not seem
real. Finally, let us note that of great importance in the glacier motion under consideration
is water and ice thawing in the regions of increased pressure, e.g. in the vicinity of defects.
One can assume that dilatation is accompanied by the increased amount of interstitial
water; this can be expressed by fhe proportionality of dilatations and porosity ¢ of the
medium filled with liquid:

y=aoq. (30)

However, in the vicinity of the glacier surface the cracks are filled with air and the
role of liquid is secondary.

We can now introduce a more general relation between the deformation field and
dilatation. Let v, be the normal to the crack. Let the positive value of the increment during
dilatation 7 mean the opening of cracks. Cherry et al. (1975) put
e=v,v.y. (31)

ns

For the case under consideration, v,=(1, 0, 0), the dilatation cracks are perpendicular
to the x-axis direction, coinciding with the glacier motion; their opening is also consistent
with this direction. As we already mentioned, the integration constants &, [ and 5 can
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be neglected. In this case, taking into account the condition y>0, we can easily determine
from (26) the depth range of cracks as a function of the type of glacier motion. For the
extensive motion (the upper sign in (26)), we have

T
J)d = — .
rq
For the compressive motion, both terms in (26) are negative and the cracks are not formed.
At the end let us return to the general formulae for dilatation in nonlinear deforma-
tion processes. We will use the differential geometry concepts, which we already quoted
earlier in this paper. The dilatation connected with plastic distortion u,; is described by
the formula

Y=Uyy

In linear approximation the torsion tensor and spatial curvature (in an imaginary
state with no stresses) can be expressed by distortion

S,..=2u R*=4S8,,, 1=4 Uy 1~ Uys )

s alp, y]*
where R is understood to mean this part of the curvature (obtained through contraction
of the relevant tensor) which depends exclusively on distortion u,;.
Putting w,,=%4d,,7 we obtain
% 8
R¥= e (32)

From this formula we can see that quantity (3/32%)- R* describes the dilatation source
field. One can notice here a distant analogy to the equations of general theory of relati-
vity.

The quantities appearing in the above formula can also be linked with the distribution
of dislocations, in particular rotational dislocations — disclinations. We obtain from
this formula joining incompatibility with curvature (comp. (1)):

H=M,=%R",
and
N=% - (33)

In particular, for the distortion field connected with thermal stresses

My :aéa\‘(T— TO) L]
we have

R¥*=ya(T =T,) (34)

STP
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ZWIAZEK ROZKLADU DEFEKTOW Z POLEM NAPREZEN.
RUCH LODOWCA

Streszczenie

W pracy podano zwiazki rozniczkowe miedzy rozktadem defektow (dyslokacje i dylatacje) a po-
lem naprezen dla oSrodka plastyczno-sprgzystego Maxwella. Przedstawiono ponadto zastosowania dla
problemu ruchu lodowca jako zjawiska okreslonego przez warunki plastycznego ptynigeia.
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MIGRATION OF SEISMIC BELTS. MOTION OF DEFECTS

Roman TEISSEYRE

Institute of Geophysics, Polish Academy of Sciences, Warszawa

Abstract

A possible displacements of deformation zones resulting
from the motion of defects is considered. The defects pe-
netrating the medium bring local stress fields and produce
changes in the material constants of the medium. Considera-
tions on the laws of motion of the defects, in particular
of dislocations, enable us to introduce the notion of migra-

tion of deformation zones.

1. Introduction

Teisseyre et al. (1974) have introduced the concept of a seismic
belt which refers to the region of active stress concentration; this
region is associated with the processes of elastic energy release in
earthquakes. However, considerable stresses produce durable material
changes; this may result in a displacement of seismically active
belts to adjacent regions, which are more suscebtible to deforma-
tions, being still untouched by destructive action of strong stress-
es., In the above mentioned paper, the szismic zone consists of a
series of subregions defined as seismic belts; rheological processes
can produce secular changss in their spatial configuration. The ap-
pendix of the cited paper gives a simple model for calculating the
displacement of elastic energy concentration as a result of the as-
sumed rigidity changes u, provided that the stress field remains
constant.

In the present paper we make an attempt to determine the migra-
tion of deformation zones resulting from the motion of defects. Thus,
the changes in the material constants are assumed to be connected
with the presence of defects penetrating tne medium. In the first
part of ths paper, laws of motien of the defects are considered.

[213)
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2. Eguation of motion of dislocation fields

Starting from the equation for a force acting upon a disloca-
tion line element £ :
K

1‘s = Gskn Ll'ui ﬂ;’.n ‘gk

' (1)

we can formally write the equation of motion of this element as
follows (the inertial forces connscted with the definition of
‘*‘mass’’ of a dislocation element are neglected):

gk Us:

P SO = & £
i T b t €nski%in bk ™ SnexPi%in &k &

where b° = b_b..
s s

The first term, having the same direction as the force vector,
represents the viscous friction connected with the dislocaticon dis-
placement. The other one, which has a 'structure of the expression
for force (right-hand side), corresponds to the resistance determin=-
ed by static strength Sij' The effective viscosity coefficient V
can, in general, depend upon stress field 5in' The Burgers vector
Aui = bi is understood here to be a continuous representation with
*he derivatives; in accordance with the law of conservation we have

b = =-ygyrad b

where v is the velocity of dislocaticon motion. Consequently, we
obtain

Ex Yo Vs "

gu bari' gk t Ensk bi in g}c = Enskbiﬁingk' (3

As can be seen, the first term was chosen sc as to represent the
proportionality of friction to velocity v and gradient b. The sense
of this choice can also be shown by comparing the dislccation motion
phenomena with the description of these phenomena in a macroscopic
approach to creep in the viscoelastic medium. To this end, let us
introduce certain vector lp lying in the dislocation plane and hav-
ing the same direction as the dislocation motion. Stresses on an
element of the line in the vicinity of the dislocation front can be
obtained upon dividing the force (right=-hand side of equation (1))
by a surface glement lying in the dislocation plane Gnkp gklp
(k = constant). We obtain here an eguation of the following type
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b = /b\ _ =
H(3)+s@)-e
Identifying the expressions in parentheses as deformation rate g

and deformation &, respectively, we can compare this equation with

the constitutive relation
VE + & =8,

Let us introduce now the dislocation density tensor

S ngbi _ ‘gk n bj‘ . i
Tk £EAs £EAs

In this formula we treat ék/g as an unit vector of the dislocation

line; AS is the surface element perpendicular to it; Zfbi or nb; is
the number of dislocation lines crossing this surface element.

The eguation of motiocn for a set of dislocations represented by
tensor 05 5 takes the following form (we divide (1) by volume ele-
ment (£AS8)):

5 2 ik
e ik

t €.k %ik Bin T ®nsk %k 61n (3)

2
where o = & &, .
ik ik
Making use of the law of conservation we get in accordance with

(3):

X v u

ik "s "n . -
xU %k,n T ®ask %k Sin = ®nsk ik %in- (5a)

=

Intreducing now the dislocation current density tensor (Holldn-
der, 1960),

1
L =
& Ilkn ik Un

where ¢ is the transversal wave valocity, we obtain, provided that

W ™ U, the following relation:
¥
VU, X.

.8 ik 4 =

c Ux Iikn,n " Cnsk Oc'iksin 6nsk ik 61n (6)
or

- Pliks + o, S, = €. ., B (6a)
z I “ikn,n ' Snsk %ik ®in nsk ®ik “in
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where I~ = Iabclabc'
Neglecting the resistance term Sin and making use-of the rela-
tion between the dislocation current density tensor and distortion

uip (Teisseyre, 1967), we have

Iikm = Skmp uip'

Q=

Whence we obtain alsc the eguacion for the distortion field
changes:
Ys %ik

- P — u. =0, 6 .
v uoe uls,n ik Tin

Let us return now to equaticn (6) for a particular case of screw
dislocation b || &, £= (0, £, 0); we obtain:

A =
Tx - I221,1 1t 8 = 6,5
7
V - .
= ox 223,318 =06

for motion in the x4 and Xq directions, respectively.
Similarly for edge dislocations b_Lg we have

i< =
coc T124,1 ¥ S = 8¢5
{8)
-y =
ce 1323,3 1 8 = 845

The ratio of the corresponding components of the current density
tensor determines the slope of the plane of motion in the (x1, x3)
cross-section; for screw and edge dislocations we have, respectively:

= tgo, = tgo. (9)

Iy23/ 1221 T123/1921

From the law of dislocation density conservation follows the re-
lation:

& dV=--1—fI n_de,
pn c pns s

which on the boundary of two media leads to the following boundary
condition (the normal to the boundary between the twe media has the
Xy-axis direction) :

II I
- 1 o
Bpn =~ [(c Ipn3> (c Ipn3> ] ' (10)
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where B £ is the surface density of the dislcocation tensor. Apart

from conditions (9) and (10), the remaining conditions on the

boundary of the two media can be obtained from relations (7) or (8).
Neglecting resistance S we obtain:

v I _ /v I
(m I?.21) = \a& 1221)

| I _ /v T
e *12‘9 = (”c?o 1121) r

S IT _ /v 1 3
coc 323,3 coc. 323.3r ?

3. The migration of deformation fields

and

Dynamic processes in the Earth's interior can be divided into
fast changes manifesting themselves in tectonic movemenis and record-
ed as earthquakes, and changes taking place slowly in time. The me-
chanism of these slow displacements, connected with the material
creep, is explained either by the motion of dislocations or by the
diffusion of dilatations. Gordon (1965) has drawn the attention (to
the fact that for high temperatures - corresponding to the condi-
tions within the Barth®s mantle = the diffusive creep is in the main
part responsible for the displacement procasses and that these pro-
cesses can be describad by the effective viscosity coefficient

§=va (1)
where the circumflex denotes the deviator of the relevant stress and
deformation tensor.

It seems nevertheless that in seismic region strong nonhydrostat-
ic stresses may produce the motion of dislocations, which may play a
considerable role in the processes of deformation and migration of
displacement fields. It is now estimated that considerable part of
global displacements and motions in the Earth’s mantle is indeed
realized by the slow, creep-type displacements. **Silent’® earth-
gquakes in the ultralow frequency region could be intermediate form
between these motions and the real esarthquakes. Both the creep pro-
cesses and other movements manifested in the form of violent displa~
cements and earthguakes are connected with the motion of a defects.

In our considerations, the objects responsible for the creep
mechanisms, 1i.e. dilatations and dislocations, will be treated as
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cbjects penetrating the medium. Their density is denoted by ., the
density of the medium with no defacts being Qm' Thus, the partial

densities @’ and Q" are, respectively:

€‘p= (1 - q)@m' ei'fz 2 @d’ @ = Qr " q)n

where g is the *‘porosity’’ coefficient determining the concerntra=-
tion of defects.

By analogy to the perous media we will now introduce the dilata-
tion flow equation (which may be responsible for the dilatation dif~

fusion process):
grad p = = D(G*" = Q*) (12)

where u® is the partial displacement in part of the medium with no
defects, u’® is the displacement of defects, D = V@qu/kz, and. 'k is
the *‘°permeability®’ coefficient. Let us note that in accordance

with the constitutive relation for dilatations (Nur, 1975), we have

y- o
where X = u"s,s'

Using further the porous medium formalism we can write the fol-

lowing partiali equations of motion:

7.0 4

=~ @uj (A’+é;)us,si * Elui,ss t D@aj* -4 =0,

(13)

_ !i‘" . l;'
@ My 1 aeus,si * 3 us,s;

’s e

+ g l:IJ'.,stss - i

where the constitutive equations of a viscous, compressible medium

are adopted for the field of defects; in particular, they comprise

the constitutive equation for dilatations in the case of n = 1.
Introducing for ui and ui' scalar and vector potentials ¢, ¢l

and @, V., respectively, we obtain, ignoring the terms of inertia,

-D + (At 20A¢ + DE= 0,
(14}
- Dd + 3eA-§+% vAdt D = 0.,

Accozrding to (12), D(4** - @’) is given through gradient of a

certain guantity; it follows from this fact that D(W —&P) = 0. In,
this manner we obtain for vector potentials the noncoupled equations:

100



- 219 -
E‘LA‘P]_ = Oy

(15)

L ag = a,
Changes connected with slow creep are described by the field u’°®,
i.e, by potentials ® and llfl.

Considering the displacement of dislocation £ield we should in-
troduce, in place of equation (12), the equations of metion based
cn the formula for forces acting upon dislocations (1). The disloca-

tion density &, can be expressed by the number of dislocation

k
lines crossing a unit surface (4). Hence, the force acting on a

volume unit AV = £ AS containing the dislocation field is
nFgq
e = G o
fs PANTI f.-:. €sxn %in %k

In accordance with the equation of dislocation moction (5a) we
obtain, neglecting the resistance term:

V. &, R U O™
£_= v i lk){x =_v(_~s ik Y o 1

U ik v/ “ik,n"n

where V¥ is the effective coefficient of viscosity, and b is the
mean valocity of dislocation motion.
Censequently, by analogy .to (12), we cbtain the egquation

f = Cin Oy % = Dy, = Dlag® = ug) Al
%k Yn

where D = -V —§57 c‘ik,n‘
Introducing now potentials into eguations (13) and making use of
the fact that guantity D(G** -~ u*) is given through rotatien (16) -

we obtain the following, noncoupled equations for the scalar part

(A + 2u) Q¢ = 0,

N & (17)
2 AP + E‘VA@ = 0

and the coupled equations for the vector potentials:
- D¢, tudy, + DY, =0,

(18)
-Dy, + AW +D ¢ =0,
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As before, for slow changes due to creep processes we neglected
the terms with time derivatives of the second order.

Moreover, we assumed that gquantity D is approximately constant,
at least for the considered range of dislocation density. Otherwise,
the form of equation of motion (16) should be more complicated
pecause nf guantity v = u;' - ué, and the coupling forces con=
tained in the last terms of the equation of motion (13) should be
changed correspondingly. The viscosity coefficient +/, whidh also
appears in 5, cannot be treated always as a constant parameter for
dislocation processes. This results from the relation between the
deformation rate and stresses for dislocation creep. Thus, the com=-
plicated form of coefficient D itself brings cn sericus doubts as
to the validity and range of the assumptions made.

Let us return now to the first case described by slow deforma-
tions connected with diffusive creep processes. Assume that the
pressure gradient is constant, thus due to (12), we can put in

first approximation:
& = gp where £<1. (12)

In this cas2, the first one of equations (14) leads tc the dif=

fusion eguation
i 2
$ =a"ly =0 (20)

where n2 = B%%i:ggie
This equation describe changes in the stress field due to the creep
processes. Of course, field u*® when related to a volume unit is
here much smaller than field u®; this is so on account of negligible
density of defects @°’ as compared to Qﬂ rather than on account of
relation 4°® = ¢gud’. Even if the velocity of motion of individual
defects highly exceeds the mean velocity u of the medium, the mean
value of u’’ per volume unit will always be smaller.

The second one of equations (14) takes the form

p(i - 1)@+ 2ns +%VA§= 0.

In the case of dislocation creep, we can treat in a similar manner

system (18). Putting in first approximation:

W= ch (21)
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we obtain the diffusion equation for field ¢1=
i 2
) ~n AP =0 (22)

2 &

where mo=—
D(1 -y)

and for Wl the equation:
5 (1 o W 2n g s
5(L-1) 4 +2ad -0

Thus, similarly as before when the coupling of fields ¢ and & yield-
ed the conclusion that for diffusive creep (dilatation motion) the
potential field ¢ is subject tc diffusion laws, also here, for the
creep connected with dislocation motion, we afrive at the conclu-
sion that the vector field ¥ coupled with ¥ is governed by diffusion.

In real cases, the systems of equations (14) and (18) should be
actually solved without additional assumptions (19) and (21). In
particular, the coupling of these equations through factors D and D
enables us to apply the method of consecutive approximations.

The derived diffusion equations (20) and (22), on the other hand,
have here a demonstrative sense, explaining the changes in stresses
related to field u", which take place due to rheological changes in
the medium. In other words, the deformation of the medium connected
with this field is subject to diffusion; the migration of defects,
affecting the properties of the medium, produces changes in the
distribution of deformation belts. It seems that this reasoning can
explain - -the secular and spatial changes in seismic systems of various
regions. The displacement field u’ of the medium is coupled with the
field of defects; their motion affects the changes in configuration
of deformation belts in the medium.

Problem: ¥R I, 16 - 8.2 Received: dpril 4, 1978
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MIGRACJA STREF SEJSMICZNYCH. RUCH DEFEKTOW

Streszgzenlile

W pracy rozwazana jest mozliwo$é przesuwanila sie stref odksztai-
na skutek ruchu defektdw. Defekty przenikajgce osrodek nicsg ze

soba pela lckalnych naprgfef i powodujg zmiany stalych materiatowych

oérodka. Rozwazania nad prawami ruchu defektdw, a w szczegdlnodci

dyslckacji, umozliwiajg wprowadzenle pojgcia migracji odksztalcei.
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A THEORETICAL APPROACH TO MODEL THE SEQUENCE
OF PREMONITORY STAGES BEFORE AN EARTHQUAKE

R. TEISSEYRE

Institute of Geophysics, Polish Academy of Sciences, Warszawa

Abstragsg

The paper contains a theoretical approach for describ-
ing the development of premonitory phencmena before an
earthquake. The procasses ‘*dislocations to crack’’ explain
very early stages of the sequence. Microcracks and joints
contribute to a dilation stage, while during the last stage
the reverse process of convergency and collective crack
grouping leads to material fracturing. Phenomenological
laws for each stage are discussed and a theoretical ap-

proach based on a continuum model is presented.

For better understanding of earthquake proceass and its complex
sequence c¢f premonitory phenomena it is desirable to include these
phenomena in a model of a continuum or at least in a sequence of
such models.

We will consider here a Maxwell body which undergoes some changes
caused by the development of defects and by the changes of stresses
confining the body. A sequence of premonitory stages, which describe
behaviour of the body, will be defined by the sequence of some limit
conditions and phenomenological laws governing plastic strains.

We start with an elastic medium, later including plastic deforma-
tions caused by the dislocation growth and interactions, while micro=-
fracture mechanics deals already with crack processes. Here the
total deformation  tensor & is always regarded as a sum composed of

the elastic e and plastic deformation €:
& =e t €, (1)

The plastic part refers both to dislocation and crack processeés.

The compatibility condition requires that

(71l
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rot rot £€ = rot rot e + rot rot € = 0. (2)

lience we get the following relations, in which the incompati-

bility tensor # appears by definition (T e i s s e y re, 1975):

7 = = rot &= rot rot e = - Yot rot €, (3)

where o 1s thne dislocation density tensor.
The reguirement defining the beginning of elasto-plastic be-
haviour would be given by a certain limit condition for the stresses

Z. It is usually expressed by a relation of the following form

£(T) = 0, (4)
for the stress invariant

272 = 72T,

Condition (4) is not understood here in a sense of the ideal
plasticity condition. The plastic behaviour is related to stress
excéss and its appearence should also influence the state of elastic
deformation. This probably may be achieved by some additional com=-
pability condition for stresses and will be considered later. The
stresses in cur Maxwell body are subject to the elastic stress-strain
relation

0

e = 1z, (5)

Sl L
2u 2u(34 + 2u)
whare the upper index zerc desnotes the trace operator

tr 7 = ¢¥ =

and 1 denotes the unit tensor.
From compatibility condition (2) and incompatibility definition

(3) the following relations for stresses (5) are aobtained:

A
f = ;— rokt rot & = m (‘ldfo - grad grad 7703, t7)
?=%umtrm.f—?ﬁj%im-éﬁfu-gmdgmdfﬂ, (8)
# = - rot rot é —-% (5 Vil eo - grad grad 60), {9)

where the ‘‘*circumflex’® refers to the deviatoric part of the tensor

under consideration, e.g.:

o _1_ ~0
= T 3 1 &7, (10)
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The dislocation phase of the plastic behaviour is assumed to be
governed by the Glen power law:

€ = AT (11)

where the invariant t is given by relation (5) and similarly we have
here

2 €= €€*, (12)

Assuming the validity of relation (9) we must be aware, however,
that the plastic strains are already bounded to stresses by the com=-
patibility relations, namely from (8) and (9) some compatibility
eguation for stresses may follow unless the strain rates é is con-
sidered as independent of the plastic strain tensor €.

The dislocation density tensor is related to the shear stress
field by the differential equation wnich follows from (3) and (7) or
(3) and (8):

. T N T a\
rotw = 2 rot rot T + 3G T 24 \‘er grad grad € ie (13)
g
u‘ens'l\e

A

rack ;//
'

Fig. 1. The examples of formations of an open crack and a joint

Thus, for a given problem of plastic deformation the stress
field determines the field of dislocation density. Pislocation group-
ing and concentration leads to the next stage, in which the micro-
cracks appear. The transition process from a dislocation system to a
microcrack formation was considered by S t r o (15954). The
stress concentration factor reveals the effect of dislocation array.
Screw dislocations may contribute to the formation of trans-
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versal cracks, while edge dislocations contribute both to shear and
tensile cracking. Further dasvelopment of microshear cracks and
their propagation leads to the formation of tensile open cracks as
well. The above-mentioned processes are schematically prasented in
Fig. 1, where the formation of a joint is also taken into account.
The joint is equivalent to a system of two cracks.

The sequence: edge dislocations (shear microcracks) — tensile
cracks and joints — medium dilation explains part of the premoni-
tory sequence before an earthquake.

As it was noted, the formation of microcracks and joints leads
to dilatancy. Medium dilation may be considered as the next stage
of body benhaviour in the sequence of phenomenological continuum
models. N u r (1975) assumes that the dilatancy 7 can approxi-
mately be described by a constitutive law of the power type:

4 = BgY, 3’=;—e, (14)

where ¢ refers to the shear stress and can be expressed by in-

variant (5), while § relates to the nonelastic volume increase.

A constant n is close to 2 for microcrack dilatancy, while at ap-
proaches 1 for joints.

The dilation stage starts at a certain stress level under the
condition that dislocation density is high enough in the medium. A
threshold can thus by expressed by a limit conditon somewhat dif-
ferent from that given by (4):

9(’2.%'?) =0, (15)
where the stresses are separated into the deviatoric part 2 %2 =
=t &7 and the confining pressure p = %-TO indicates the role of
pressure for dilatancy. The density of dislocations is also includ-
ed 20(»2 = o&u&T.

Now we can examine the consistency of dilatancy law (14) with
compatibility equations (8) and (9). Putting é = 0 and j§ = %, EO,
according to (14) we get

1 # 1 o ~0 =

24 rot rot © #4 ETEE;EpT <1Ab grad grad ¢ )

= —B(1zl€n - grad grad Zn).
This equation of consistency can alSo be presented as follows

e 2 =0 ~ny
rot rot (o + 375%%5?71 ¢ t2uB1¢ ) = 0, (16)
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Tne last equation could also be recognized as the following

stress compatibility equation

rot rot T* = 0, (17)
o = o 2u .0 ﬁn) : . )
where T T+ 3 1 3at2p + 6uBT constitutes certain equivalent

stress field with its hydrostatic part modified by the existence of
medium dilatancies.

We recognized that condition (4) expresses the beginning of
plastic flow phenomena, and condition (15) describes microfracturing
and dilatancy.

A typical process of microfracturing and dilatancy is presented
already in Fig. 1, in wihich the final configuration of micro-
fractures is shown. No attention is so far paid here to the propaga-
tion pattern and time seguence of microfracturing. We will consider
this problem later.

The next stage of the material behaviour is usually related to
grouping of cracks and formation of fracture. However, this stage
could be preceded by the convergency stage. We consider tnat the body
is under constant or increasing shearing load.

Fig. 2. Convergency phase based on preexisting dilatancy fracturing

The existing shear cracks may further be extendad while the open
tensile cracks and joints might be closed by the reverse propaga-
tion pattern under some siaear load. This is explained in Fig. 2: the
new shear cracks cause closing of openings — the convergency stage
is related entirely to tne existing dilatancies. The solid 1lines
in Fig. 2 show shear cracking and formation of open cracks and
joints as a result of tensile traction at the edges of shear cracks.
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The increased shear cracking and the changes in its geometry di-
stripbution lead to the convergency stage marked by the dotted lines
in Fig. 2. :
We should note hera that the sense of propagation of the defects
discussed could be changed during the convergency stage in respect
to ;hat in the dilatancy stage. One
of possible schemes is given in Fig.
3, where the arrows indicate the
}f-}/ propagation path during dilation
(along the solid lines) and during
convergency (along the dotted lines).

N
X

A

LS

i/
/7

Fig. 3. A possible scheme of a -

defect prepagation in the di- h(Z,7:p) Qe (18)
latancy stage and in the con-
v=rgency stage: same shear

The reverse motion in the sense of
displacemants occurs only on the
dilatancy objects, while shearing
displacement sense remains unchanged
(Fig. 2). The convergency phase can

start when certain limit condition
iz fulfiled:

where # describes now the dilatancy

load limit under the given field
£= 27, p.

This stage might be followed immediately by the formation of
fracture and its propagation. It is assummed here that the fracture
condition depends on the ratio 3’&?, where E denotes the part of
dilatancies closed by the convergency process:

n(&, /7, p) = 0. (19)

Teisseyre (1978=-1979) assumed that the law of fracture
propagation is of the form:

vb = C(T - z'F)n (20)

where v is the defect propagation velecity, b is tne local value of
fracture displacement, ¢ is related to the shearing field, while ?F
is the friction stress.

Now we will look for a theoretical background of this law for
n=1and ¢, = 0.

We start with the continuity relation linking the rate of disloca-
tion density with the dislocation flow tensor I:
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%vI =& (tensor product),

i . {21)
coc + div I = O,

where c 1s the sus2ar wave velocity.

According to compatibility equation (2) we have
- %—rot div I = rot o = rot rot é. {23)

Taking now the simplified version of the Glen law in the form
describing viscous flow, € = A ¢, we have from (21) and (23):

;} div I = divix - ¥) = (v grad)w, (24)

with condition div v = 0, and further on we have
1 "
- E—rot Lty grad]«] = A rot rot 7T . (25)
Tne last equation is fulfiled when the following relations are valid:

—-%—(V grad)®¥ = A rot ¥,

or
Lv.w=nar (26)
where the tensor B is given by the following formula in the index
notation
Rogn ™ = MCgune

Equation (26) expresses the proportionality of the product Vo
(defect propagation velcocity times defect intensity) to the shear

field ¢ . This is the same as reguired

in the postulated ewmpirical law (20) DLQ
forn =1, fF = 0. Another approach ;
te the defect propagation law was also N
made by Teisseyre (13879), 11_
and similar résults were obtained. 1qu-

We will now look for some expsri- IQG_
mental data justifying relation (20). 1031
There are some experimental data 0 ,/
which can be used to derive the rela-

'
1L L L ]

O 02 04 06 KIMNm™A
tion between tne propagation velocity -
and the stress load. Figure 4, taken Fig. 4. Velocity of micro-

crack propagation as a
function of the intensity
R 1ce (1978), gives the velocity factor (Wiederhorn,
1967)

from Wiederhorn (1967) and
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Fig. 5. Crack velocity along its path; curves for different stress

loads (S hamina

of microcrack propagation as a function of the
factor depends, of course, on the stress load.

and S (1976) the in-

tensity factor with retarding

imons

friction stress amounts to K =
= 1.6(¢ - fr}rff, where 1 is a
crack length.
Shamina and P a v-
(1979)

mental tests, which can be

lovw made several experi-
very
useful in our considerations here.
Some results are given in Fig. 5;
which presents the original re-
sults of the observed velocity
along a crack path. The observa-
tions were made in the points
marked by number 1, 2, ... 5 (the
30 mn) .
The crack velocity along a pre-

whole crack length: L =

existing cut increases from its
starting point and even overpas-
sas for some stress load the shear
wave velocity, but the mean crack

velocity remains always below it.

and Pavlovwv, 18479)
intensity factor. This
According to R i ¢ e
v
[miss]
* n=0.85
1000
SOCH
«n=0.73
I/
.// @
« n=0.63
100+ @
1 1 I
1 2 4 6  L[MPd]
Fig. 6. The velocity of crack pro

pagation as a function of stress
load. Curves for different points
along the crack path
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These experimental data make it possible to construct the
diagram presented in Fig. 6. It shows the crack velocity as a func-
tion of the stress load which is presented in the double loyarithmic
scale.

The different curves are related consecutively to the points
near the crack start (1), up to the point near the crack end (5).
The velocity relation is different for different points. The ex-
perimental values are markad on the curves. The first curve, for
point (2), near the place where the crack starts to move, represents
slow crack propagation. One can roughly assume that we deal here
with a quasi-static case. This propagation curve can be approximat-
ed by formula (20) with n =~ 0,03, We put also ZF = 0 as the ex-~
periments are related to the preexisting cut.

Line (3) already shows the effect of crack acceleration, while
line (4) refers evidently to the dynamic case. We get here n=0.73
and n = 0.95, respectively.

The assumed relation for a ruptures velocity (20) becomes much
more complicated when considering stress drop and friction changes
during a fracture process., Friction stress or coefficient g =
= TF/N (N is a normal load) dependes on a contact time or for a
state of motion on sliding velocity (D i e ter ich, 1978):

Hp = dp  + B dog (5 + 1), ' (27)

where A, B are constants, B depends on surface roughness. The ve-=
locity correction is, however, very small.

For a breakdown zone model, R i ce and S imons (1976)
have assumed a friction decrease with an amount of slip b. Such re-
lation corresponds to a friction coefficient decrease for dynamic
PTrOCESS.,

For a realistic earthquake model one shall admitt also a de-
crease of loading stress due to internal energy release during the
fracture process.

According to Burridge and Knopof f (1966) the
energy release for a strike slip fault at a border of a half-space

amounts to =
Al T pibR —pr, (28)

-~

where 5%5—15 a relative stress drop, Z is the average of stresses
before and after an earthquake, and @,1l,b are rigidity, fault
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lenght, and slip value, respectively. Comparing the energy release
value with the work done along a fault, Kn o p o £ £ (1958) got
also the following relation:

4 b
‘“’ E dr [29]
where d is a fault depth. This formula is sometimes also written

as follows
4% =—5 , M, = ubs

where S is a fault surface.
The last formula expresses the proportionality of stress drop
to slip amwount. During the fracture process itself the stress drop ac-
cording to J o anson (1978) seems

to be proportional to a particle velocity

a'f'

[MPal | at sliding surfaces (here 5) and almost
o

independent of rupture velocity (Fig. 7)

Az~ 5, (30)

o S Johnson (1978} confirmed nis
7 experimental results by simple harmonic

oscillator theory with constant static
and dynamic friction. Average wvalue of

ok QL 55 Etmrg b is here proportional to total slip

Fig. 7. Stress drop and amount b, which agress witn (29).

particle velocaity for We turn now to the left side of re-=
stick slip (J o hns on,

1578) lation (20). A more comprehensive formula

snall include here alsc b and thne inertia
term mv with some effective mass of propagating defect. We assuma

here a more complex law of fracturing (v = 1):
nl + kol + 1b) = c(z - 77,

where © depends also on b due to a stress drop and ZF on 1 due to

a friction process. For a stopping phase ¢ —Z, i—+0, 1 <0 we get

kbl = — mi,
hence we still have a significant or even increasing particle velo-

city b near tne fracture end.
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TEORETYCZNY MODEL SEKWENCJI PROCESOW PRZED TRZESIEWIEM
Streszczenie

W pracy przedstawiono opis standéw osrodka przed trzesieniem.
Uwzgledniono modele odrodka ciggtego z procesami plastycznymi,
dylatacjg, stanem kompresji i tworzeniem sie uskoku. Jakosciowe
zmiany charakteru procesdw sq okreslone przez pewne warunki gra-—
niczne. Mozliwoéé definicji tych warunkéw zaproponowano na podsta-
wie praw empirycznych.
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Abstract

The paper presents the theory of premonitory mechanical processes and energy release
during the earthquake rebound. The adopted model assumes that the medium is permeated by
the continuum field of defects and that the flow of defects describes an advanced stage of de-
formation. The equation of internal stress evolution is derived; the energy criterium supplem-
ents the system of equations.

1. INTRODUCTION

The theory of premonitory mechanical processes and energy release during the earth-
quake rebound process is presented. The theory deals with the continuum field of defects
(cracks) and is based on the evolution equation of internal stresses. The theory is self-
-consistent and its presentation does not necessarily require to study all given references;
however, many quoted references explain the gradual development of this approach to the
precursory mechanics and earthquake processes. Two main assumptions govern the adop-
ted model. First, we assume that a medium is permeated by the continuum field of defects,
described by the defect density field — the tensor field a. (o, — the first index refers to the
local value of Burgers vector, the second to the element of dislocation line). Secondly, we
assume that in an advanced precursory stage there is the flow process over the whole con-
sidered region, which accounts for the defect evolution (crack movements and grouping).
The defect field is related to internal stresses, as follows from defect self-energies. The
equation of stress evolution derived here governs the whole process: preparation of an
earthquake, energy release and stress diffusion.

2. STRESS EVOLUTION AND DEFECT FLOW

The theory of evolution of internal stresses has been presented in several papers (Teis-
seyre, 1980; Teisseyre and Kijko, 1985). A non-linear theory of the evolution of crack
population was presented by Newman and Knopoff (1982, 1983).
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12 R. TEISSEYRE 2}

In our theory we assume that the continuum field of defects (cracks) is described by
the density function and that the defects permeate the body structure. To account for the
body response, starting first with elastic strains and stresses, we introduce consecutively
the plastic and visco-elastic strains and correspondingly we introduce — to the initial
regional stresses — additional stress fields, called the internal stresses. This approach cor-
responds to the alternatively applied Maxwell and Voigt-Kelvin models for the body res-
ponse in a more and more advanced stage of deformation. However, once the equations
governing the internal stresses and defect distribution are determined, we are not restricted
to recall this procedure again.

The first equation of the system, which contributes to the theory of evolution of inter-
nal stresses, constitutes the relation between the defect density and its stress field (the
internal stresses defined here are in general non-symmetric; they design the fracture plane):
this is a kind of the constitutive law. The next equation of our system, considered further
on, refers to the defect motion. The last equation is just an energy balance equation.

The stress-defect relation is assumed in the form:

a=Acurl,T, (1)

where subscript (2) refers the curl operator to the second tensor index of t. This form of
relation is suggested by the particular solution of the compatibility condition expressed
by the defect density (as equivalent to the plastic strain €) and by the Maxwell stresses (as
equivalent to the elastic strain e):

curly;ycurly(e+g)=0 (2)
with
curl e=0 (3)

and with the Maxwell stresses given by
i‘=2,u€ I 4

where E=e-¢ is the total strain tensor; &, T are the deviatoric parts of elastic strains and
stresses, while

ol Tt O (5)

defines the visco-elastic Maxwell body response.

The flow of defects including both stick slip mechanism (discrete motion) and stable
slidings (bulk motion) has been considered already (Teisseyre, 1978, 1980). The following
elements help to formulate the law governing the defect flow:

— the experiments of Wiederhorn (1967); the crack velocity is found to be propor-
tional to the intensity factor K. On the other hand, Rice and Simons (1976) have estab-
lished that K~1.6 (T— TF)\/I, where T is the external stress, 7y is the friction stress and [
is the crack length. Hence we have the following proportionality:

voc(T —15), (6)
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'K CREEP-FLOW AND EARTHQUAKE REBOUND 13

— the considerations of creep by Garofalo (1966); the creep rate can be expressed

by the relation
¢=Nvb, @)

where N is the number of dislocations moving with the velocity v; b is a Burgers vector;
— the experimental results of Shamina and Pavlov (1979); these experiments indi-
cate that the crack velocity (in pre-cut experiments) should follow the relation (Teisseyre,

1980):
voca™, (3)

where ¢ is the uniaxial stress load and n is about 1.7.
The above results can be generalized by assuming the law of defect flow in the form

va=B(T+1—1p)", 9)

where on the left side we inserted instead of v the product ver, which « being the mean value
of defect density; va = Nvb accounts for the creep rate (7) and also for the velocity differences
between the crack tip v, and the propagation of maximal displacement b, (0n by =0 bo);
such differences v,,<v, (because by<b,) have been observed experimentally; on the right
side of relation (9) we put the total stress field 7+ (external plus internal) minus the shear
friction 7, — according to relations (6) and (8). If the external field is nearly equal to the
frictional stress or to the creep fracture strength, we can put

va=B1". (10)

We will consider now this problem from a theoretical point of view. Returning to the com-
patibility condition (3) we notice that we can rewrite it in the following form

curl iy e—a=0. (11)

The plastic strain rate &€ can be now used to introduce the stress field which according to

relation (5) can be taken as .
T=2ve (12)
or

1 P
EcurlmT—a=0, (13)
where T represents the total stress field T (external plus internal). Further on we will
also use, instead of relation (12), the power law (the Glen law):
e=BT". (14)

In equation (13) we can take advantage of the condition governing the defect flow
(Hollinder, 1960; Teisseyre, 1980):

d d
aam =5x—,,(ak" U= Olgy V) (15)
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From relations (13) and (15) we arrive at the following equations (in tensor index notation):

'5%' [Bfmp Typ— Ctien Uy + 0y v,]=0, (16)
where B is a material constant related to a given form of flow. Using relation (1) and (16)
we obtain the evolution equation of internal stresses.

Omitting the differential operator on the left-hand side of equation (16) we arrive at
the proper system of equations. We take the plane problem (x, y), with functions not
dependent on z, and with the defect density lines (dislocation lines) parallel to z. We obtain:

0 d
B(T+1,)=—0y; 1;'\_=Avx(‘;—x Tay— 5 rx_\.) ) a7y
" 7 é 8
B(Tyy+1yy) = — %, v, =Av EJ_CTW_EF_yTW ’ (18)
i, 0 9
B(T,,+1.))=—o.v,=Av, &T:y—a{)r:x > (19)
0 0 20
B(T+1,) =0, 0,=Av, é;rn—arxy ) (20)

a ¢
B(T,+1,,)=0,v,=Av, E’t”x—é;ry” ; (21)
B(T, +7.,) v,=Av ‘ g (22)
To) =0 Oy=A0| —T,,— —7T,, }-
s Nap™ ™ ox T

The form of the obtained set of equations agrees with the previously deduced equation for

the defect flow (9) or (10).
The introduced internal stresses are in general non-symmetric as a result of a non-sym-

metric distribution of defect surfaces (which specifies the future fracture plane).
In the case of antiplane shearing the equations are reduced to

d
C(T+1)=v—r, (23)
ox

B
T=T,, 1t1=1,, U=, C=Z’

while for the in-plane case the shear and tension components are bounded together:

a 7]

C(T+T)=U(6—T—TG):
X ay (24)
0 0

C(S =w|—0o——71}>

(S+0) w(i‘}ya ﬁxr)

(T=T,, =1y, S=T4, 06=1,4, V=0, W=0).
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51 CREEP-FLOW AND EARTHQUAKE REBOUND 15

For the power flow law (14) the form of the above equations changes to
3 0 .
C(T+1) =va—r (antiplane case, n=3) (25)
X

and similarly for the in-plane case.

The derived equations (general system (17) — (22), antiplane case (23) or (25), and
in-plane case (24)) are called the evolution equations of internal stresses (Teisseyre,
1980). To solve the above systems an additional condition is required to determine the flow
velocity. We will accept here the energy balance criterion (Kostrov et al., 1969; see also
Aki and Richards, 1980).

3, THE [«f] PROCESS — A FUNCTION OF DEFECT CREATION

In our model we assumed a priori that there exists a certain defect distribution, described
by the o density. The conservation law (15) does not account for the possibility of creation
(or annihilation by joining process) of new defects. We may assume that a describes positive
defects, while the other density function P represents negative defects — both defined by
the same rules as positive and negative dislocations. An elementary crack is thus described
by a coupled set of positive and negative defects distributed along the surface of crack
(Fig. 1). The creation process of such a crack will be denoted by [¢f]. The [¢f] defect

//{CV/(,[fgmd'no, v,> 0)

///,/3/(1, grad <0, v;<0)

Fig. 1. The [«f] operator related to the creation of an elementary
crack

distribution rate described the o defect density concentrated at one end of a crack and the
p defect density on the other; both are associated with the same internal field © but with
opposite stress gradients. The stress field acting on both ends of the crack, that is at the o
and B densities, tends to spread the crack ends in opposite directions (Fig. 1 — double
arrows). We can write

Ooy; 0

51 ox (0t 0y =gy 0) =Y. [f1 =3 [ Bed] (26)
0x,
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16 R. TEISSEYRE 61

where the symbol [fa] labells the opposite process — annihilation of defects; the process
is equivalent to that of joining of two neighbouring cracks (Fig. 2).

For the small distance / between the crack tips we can define the density function of
Jof] process for a unit length along dislocation lines:

s=lim 2P, @7

Its energy density can be compared to energies ot two elementary dislocations at the

’V (T grad 15 <0; V,;<0)

A (Ti grad Tz >0; Vz >0)

l’ (T grad13<0; V3 <0)

(T grad T,.>0; V. >0)

/

Fig. 2. The [ef] operator and joining process of two cracks: creation of virtual crack [&‘E 1

distance /=2r,, where r, is the radius of dislocation line cutting off the stress singularity
(Teisseyre, 1961):

=—1In2, (28)

-with a Burger’s vector b expressed by the average of defect density over the surface As=mr2:
b?=ao(nry)>.
Further we obtain for a given surface element:
7 b? =2a0n’rg=2asn’rg 1,

‘where we have put a=s/ according to the preceding definitions. For the energy density

rate we have
E[aﬂ]

5. T
ik =UTy S Zln 2 (29)

for 1=2r, and h=2r, (Fig. 3).
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Tovisualize that thecrack creation process is discrete we can multiply the energy density
rate defined above by the non-local Dirac function J (x; ), where J (x; £)—4 (x) for e—0:

E'[‘!ﬂ]
Pl = = S[(x—x)—v(t—1); L0, (30)

where (x;, ¢;) are the coordinates of an elementary event, #;, is its duration and v; is the
velocity of mutual spreading of crack tips.

Fig. 3. Explanation to the energy rate calculation

Equation (1) states that the internal stresses are related to defects; formally we can obtain
from it the following relation:

1=1(e)+7*(t)+grad°(x, 1).

Hence we can put (t* 4 grad °) equal to zero or associate this terms with the external field.
Thus for the internal field we have from the preceding formulas the following relation:

dt_a’t . i
i 31

On the other hand, starting from the time rate of internal stresses, we can write for
processes related to the creation of new defects:

3 dz?

G o5 I 32)
== 1TT=—T— =8 —.
¢ 2,(1‘c 2;1‘[(!(1 : 2u * da

Comparing this relation with equation (29) we obtain for the differentials:

d (12)=uzr§%ln 2d (), (33)

which describes the change of the total internal field in respect to the change of defect
density and-which completes relation (1) for the case of discrete processes.

2 AGP — 1/85
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18 R. TEISSEYRE 183

4. THE ENERGY BALANCE CRITERION

Increments in the total crack surface contribute to the increment of the internal energy
stored: the part of the work done by the external field is converted to the kinetic energy of
crack motion and to the seismic radiation and friction heat; the later is here neglected.

The time rate of total strain energy is compared here to the rate of increment of the total
crack surface related to the crack flow av:

_I(T+1:) ("I"+-E)=avF(v). (34
4u

We take here a quasi-static case and also neglect a kinetic energy rate.
For vF(v) we can take the energy criterion for the creation of unit surface of crack
moving with the velocity v (Kostrov et al., 1969):

vF (f))= EUF“)(U) N (35)

nw’kir, nw2k3 T, nk3
(1) 2‘1'[/324 2 (2) zﬂngd 2 (3) 2#"5

(3T

Formula (35) simplifies for a given type of crack: k; — for an open crack, k, — for a shear
crack, k3 — for an antiplane (transversal) crack.

, (36)

where

5. EVOLUTION OF STRESSES AND STRESS DROP

5.1. The antiplane case. The governing equations here are equations (23) and (34)
with the boundary conditions determining on x— ¥7=0 (0<¢<{t,) the fracture velocity
v=V (assuming that always v< V) and the stress drop 47. Assuming that T is nearly const-
ant we can consider 7 as a total field under the condition that at infinity t=7. We can
assume that the search functions 7 (x, y, t) and v (x, y, t) for a two-dimensional case can
be treated as functions of £ =x—v7 and y as a parameter. According to relation (23) we can
write (see Fig. 4)

0
Cr= va—ér , (37)
and according to relations (34), (35) (with k; =k, =0, F=F3) and (1) we have
a—TvF(3,=ir%. (38)
a¢ 4

To solve this system we should make an assumption regarding the external field 7 and its
derivative T: a slowly varying function can be preferably chosen.
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191 CREEP-FLOW AND EARTHQUAKE REBOUND 19

According to equation (37) the quantitative behaviour of = and v can be represented by
the curves which are given in Fig. 4. In the right-hand figure a source with the fracture
propagation v =¥ and the surrounding defect flow are marked on the (x, ) diagram; the
left-hand diagram shows the stress increase, for v>0, after partial small releases, 7 tends
to increase further on; and only for v<0 (change of the sign of flow velocity) we get the
stress dissipation after the energy release (the sign are chosen conventionally). The domain
v<0 is called the rebound motion; it starts before the main event at the moment when
stressesreach theirmaximumand the stress gradient becomes singular d7/0¢ = + co. A plausi-
ble explanation of the behaviour of stress gradient is discussed in the last section. The stress
drop at the main event may lead to small positive (curve 1) or small negative (curve 2)
internal stresses which further on approach zero as a result of diffusion processes.

v=V

Fig. 4. Stress evolution and rebound motion for the antiplane case

From equation (37) it follows that for a given stress drop we have:

p IVBI+
1=—V|=] »
C |oE|_

hence for v<0 and for éz/0¢ <0 (Fig. 4) we get
ot

0E

ot~

= : (39)

>

The absolute value of the stress gradient after the earthquake becomes smaller in respect
to that just before the event.

5.2. The in-plane case. Almost the same discussion can be applied to the in-plane
case of development and motion of cracks.

Fig. 5 presents the behaviour of the 7 and o stresses and the respective flow velocities v
and w. The signs are again chosen conventionally. The basic system of equations (24) and

2%
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(34) determine 7, g, v, w for a given external field T, S and the boundary condition Az, 4o,
v=V, w=W on the crack planes { =x—uvt for 0<7<1t, and y =y—wt for ¢, <7<t,. Equat-
ion (24) can be rewritten in the following form:

Ce(é, y)=v dr  do Cor, x)= doe 0Ot (40)
(&, y)= % o) a(n, x)=w on 3 )
while equation (36) for 7#0, t#¢;,, becomes
dr do 1., -
A ﬁ—a (UFZ—I*WF1)=Zﬁ(rr+ch). (41)

The fracturing is assumed to take place consecutively along the (xz) plane (shear crack)
and along the (yz) plane (open crack). We can easily prove that those cracks cannot develop
simultaneously starting from the same point. Indeed, from relations (40) we have

= . (42)

hence taking >0, 7>0 we admit a simultaneous motion on the positively defined elements
of the x and y axes, but from relation (42) we have then v/w<0 which contradicts our
assumption. Thus, according to the scheme in the right part of Fig. 5, we are forced to
assume that shear and open cracking takes place consecutively one after the other.

Fig. 5. Stress evolution and rebound process for the in-plane case
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The right parts of Fig. 5 present the possible behaviours of evolution of the 7 and o
internal stresses. The rebound motion starts again before the main fracture and at this
moment the gradients become singular: (0t/0¢— 0o /) =+ co. This also proves that a
change in the direction of bulk velocities of the v and w crack motion takes place at the same
moment. Other peculiarities of stress evolution are just the same as in the antiplane case;
the possible choice of branches (1) and (2) due to the assumed stress drops is independent
for 7 and .

6. STRESS GRADIENT AND VIRTUAL CRACKS

According to equation (23) the stress gradient becomes infinite when the bulk of flow
velocity changes its sign, that is for v=0. However, for v=0 we have here grad 7=+ 0.
To explain the gradient problem we have to remember and consider the following:

— in the used theory defects are associated with stress singularities,

— up to now we considered only a flow of the « defect (defect of one sign); let us
label that flow by v,. In reality we have the both « and £ defects with v, opposite to v,:
vy =—u,. If positions of the f defects are treated as reference then for the relative velocity
we have : v=uv,— |vy| =2,

— when internal stresses increase we can assume that there is also an increase of the
[2:3] processes which increase both the o and f density and produce higher stress gradients,

— the o density is associated with positive gradients (sign assumed conventionally),
while the f density is related to negative gradients (Fig. 1):

gradt,= —gradt,

— starting with the & densify and introducing the [af] processcs to our model we assume
that the number of elementary defects n, and n, increases and that n,—n;>0 and thus
v,—v,>0; when n,, n, tend to oo we reach the saturated stage, thus approaching with the
gradient of total internal stresses to infinity:

grad(r,+15)—>+ 0,

— considering Fig. 2 we may assume that the rebound process would take place just
starting from the saturated stage. We may also introduce here a notion of virtual defects:
because of extremally dense packing of defects we can associated with an o defects the virtual
defects ’ﬂ whose motion, in opposite direction to that of o, produces the same changes in
body structure (Fig. 2). Thus the rebound process refers to the motion of virtual defects;
we have ng =n,, ny =ng, ny —ngy =—(1,—n,) <0, and vp = —v, Thus we get v=vg —vy <O:
a bulk motion takes place in an opposite direction to that before the saturated stage.
Also we understand that the gradients become negative as grad 77 =—grad 7, and
grad (tp +17) <0. This also explains the singular behaviour of grad 7 at the moment of defect
saturation: grad =+ oo. Passing the saturated stage is equivalent to replacing the o, f
densities by ﬁ, & ones. The notion of virtual defects might seem to be artificial, but it ex-
plains the preparation phase and rebound response of highly cracked zone leading to bulk
fracture processes which constitute an earthquake.
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The appearance of virtual crack might be physically understood considering a crack
under a strong influence of stresses due to neighbouring cracks. Let us imagine a stress
concentration at the crack tips: under the influence of other cracks the own stress concentr-
ation regions become (when passing the saturated stage) just those which would be proper
for the stress concentration of the virtual crack.

The same reasoning applies to system (24) and to the gradient of r and ¢, which according
to relation (40) becomes singular for v=0 and w=0.

7. A SPECIAL CASE

We consider here a special case of the in-plane cracking, defined by the following bound-
ary conditions at infinity (external fields): 7,,=7=0, o,.=0,,=S. This case describes
equal loading for a two-dimensional case.

System of equations (40) and (41) describes the stress evolution, in which an internal
field 7 can be formed, but there are no constraints determining its sign. At high confining
load no tensile crack can be formed and we put o=const.

The remaining equations describe the possible shear cracking:

T ot ;
Crt=v— A— vFy=—11.

oL’ o¢ 4u

Let us assume that firstly a number of shear cracks develops, forming a certain internal
field >0, while we can also assume conventionally v >0 for dz/0¢>0. An increase of the 7

reverse motion

T<0
7

grad T>0
v<O

v=>0
grad T>0 7

1=0

7

Fig. 6. Rebound process for the equal stress loading
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field, however, will be stopped at a certain place because t—0 near the boundaries. In
that place the cracks with the opposite orientated self-stresses 7<0 will be formed; their
development being described by the condition v dt/0¢ <0. This means that now a reverse
motion starts form the considered place back along the almost same path (Fig. 6). Thus,
the rebound process leads to the compensation of the transient shear fields.

Manuscript received 12 June 1984
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PROCESY PLASTYCZNEGO PLYNIECIA PRZED TRZESIENIEM ZIEMI
I ODPREZENIA OSRODKA: SYSTEM EWOLUCI NAPREZEN WEWNETRZNYCH

Streszczenie
Praca przedstawia teorig procesoéw przed trzesieniem ziemii wyzwolenia energii w niszczacym odpre-
zeniu oérodka. Przyjety model zaklada, Ze oSrodek jest wypelniony polem gestosci szczelin i Ze ruch

szczelin opisuje zaawansowyny stan deformacji: wyprowadzono rownania ewolucji napreZen wewne-
trznych; kryterium energetyczne uzupelnia system rownan.
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Abstract

Some principles and assumptions of the Earthquake Premonitory and Rebound Theory
are presented, including also their modifications and corrections, Special attention is paid to
thermodynamical implications of the Theory.

I. INTRODUCTION

New Rebound Theory has been formulated by Teisseyre in 1985; it describes pre-
monitory and rebound processes including an earthquake event. Since that time, new
elements and numerous modifications have been introduced (compare: Teisseyre,
1985a, b, 1986, 1987a, b, 1988, 1990; Teisseyre and Stankiewicz, 1987, Droste and
Teisseyre, 1988). In its recent form, the theory is known as the Earthquake Premonitory
and Rebound Theory (EP&RT); we try to explain with it the physics of fracturing in
terms of the continuum approach.

In this paper we review some principles and modifications (including corrections)
introduced into the Theory. Special attention is paid to its thermodynamical implica-
tions.

2. COMPATIBILITY

For a Maxwell body with the total deformation given by a sum of elastic and non-
-elastic parts we can write the compatibility condition in the following form:

0 0
EiskCimn 3 2 (ekn =+ Gkn) =0. (1)
0x,0x,,

Recalling the Kroner relation for the dislocation density and the plastic density f7=
=c+w’ (see remark at the end of this Chapter)

7
0%

Bin (2

01 = &imn
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we get that for a Maxwell body (using the relation of an elastic type between stresses
and the elastic part of strains) the compatibility relation (1) is satisfied when we have

R 1 ) 1 AW A 5 ) ( )
Oy — Oy = ——Epn = Thn— == Okn Tos |+ =01 &tz —— (Tos— Toa) 5
kl ki 2# Imn 5xm kn 5 kn ‘ss 2#(3/4_2‘“) kn Clmk axm 55 5.
where 7, arc the stresses, oy is a constant reference density of dislocations and —1/3
value of tj; is the corresponding reference pressure; further on we omitt both terms.

With J=p=1 and A= —1/2u we can write

0 1
ak.!:AElmn_ t.lm_'—ékn Tss |» (3)
6x,,,( 5 )
where A is a material constant. This is the assumed relation between stresses and dis-
location density, first formulated by Teisseyre (1980a, b). A similar relation has been
derived by Bilby et al. (1958).

Remark. The Kréner relation (2) in fact joins the dislocation density and plastic
distortion, which includes both the plastic strain and the local rotation ff=c+wm".
Kroner (1981) requires that rotation of total distortion (elastic and plastic) equal zero,
curl (8 + BF) =0; this is the first integrability condition necessary for the existence of a vec-
torial displacement field. Then in equation (3) we shall put instead of o the contortion

tensor k:
kij=0;—3%0,0;; (Nye relation).

This procedure makes is sure that strains and stresses remain symmetric. However, intro-
ducing the incompatibilities we can require that condition (1) hold for the sum of dist-
ortion (elastic and plastic), that is, curl curl (8+f%)=0, while curl (8+ ") may differ
from zero (anholonomic deformation). Admitting just that condition (1) relates to dist-
ortions (e.g. elastic deformation) we keep the above derivations without a change.
We shall note, however, that stresses in equation (3) may be asymmetric. For further
applications there is no essential difference between the components of ¢;; and kj;.

3, CONTINUITY RELATION AND SOURCE/SINK DISLOCATION FUNCTION

The integral form of the dislocation density conservation law can be expressed as
follows:

d
Effdmn dSn: - §£nsk Linn ;/sdlk+F§enskamn V;dlk (4)

Circuit integrals mark here an outflow/inflow of dislocations, the second term with
a certain coefficient F represents a source/sink function for dislocation density. The
source/sink function is assumed to be proportional to the number of dislocations out-
flowing/inflowing to a surface element bounded by that circuit. Of course, this integral
can be transformed to a surface integral representing the density of dislocation source/sink.
It represents changes in the number of dislocations: either an increase, when new dislocat-
ions are formed, or a decrease, when dislocations join and group (by the mechanism of
annihilation of the dislocation lines separating two neighbouring dislocated surfaces).
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3] PREMONITORY AND REBOUND THEORY: SYNTHESIS AND REVISION OF PRINCIPLES 271

The differential form does not follow from relation (4) immediately, because disloca-
tion density is related to a surface element which undergoes changes as well. The pro-
cedure to be applied is quite similar to that for a mass density balance. We start with a
conservation of the total number of dislocations:

d
E(amndsn) =0.
We get further
d a d
dmna ASn=aum ASHE;S Vs_am.vd‘sn a—xs Vna

where we have taken into account changes in the numbers of dislocations crossing

a surface element due to the surface velocity gradients (third term); the normal velocity

gradient does not enter here (it is mutually cancelled by the second and third terms).
Finally, the continuity equation leads to the formula:

0 ]
— O+ (1 —F) — Ve—tus V,)=0. 5
6f % ( )axs (Ocmr: s Vs n) ( )

Formula (5) generalizes the conservation for the case which includes the source/sink
function.

With the Kroner relation between a non-elastic part of deformation and a disloca-
tion density (2) we get from relation (5):

I bij
Engp aa‘sﬁmb‘*(l—f‘) 3,

Finally, we get for the substantial derivative:

(O‘mn V; = Olpns Vn) =0. (6)

d
za—tﬁmr—gnst[FamnVg+(i—F)amsVn]=0' (7)

To get strain rate we shall make symmetrization.

4. THE EVOLUTION EQUATIONS

The non-linear response of materials in the state of an advanced deformation under
high loading stresses can be phenomenologically expressed by the power creep/flow law.
In our model it corresponds to a bulk development and motion of defects (dislocations
and cracks). We will write this law in the following form:

% cn=B(1,,7,)" W, , % e=B1", (8)
where n is a value of exponent, often estimated between 1 and 3. Droste and Teisseyre
(1988) indicated that the material rheology could be described assuming that n depends
on stresses orfand on time (under a constant load). A transition from elasticity to visco-
-plastic flow starts with n increasing from zero; the time duration of different phases
(time scales) depends functionally on n(z).
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Further on we put n=3:

d Be., 42
a&k= T T ©)]
where 72=1,.1,,. For assymmetric stresses we shall put hereabove distortion rate.
With relation (3) between stresses and dislocation density we get now from e quations
(7) and (9) the following evolution equations (in which the dislocation densities might
be eliminated):
The antiplane case (transversal shearing):

rea

d
—2Bt3=(1—2F)Voz=(l-—2F)AVa—xr, (10)

where 1=14,, V=V, a=ua33; dislocation lines extend along the x; axis and move in the

x, direction.
The in-plane case (in-plane shearing and tension):

axI 3)62
5 0 /4 1.
2B(¢*+1°+6 243 No=(1-2F) Wa=(1-2F)AW| —1——| —0—— ’
a 1 ax: ] 5
8 /4. 1 (L
—2B(c* 412462 +1)T=(1-2F) Wa=(1 —2F)AW | —T——(—=d——a | |
0%3  Ox\ 5 5
0 Jd /4. 1
2B(6*+1* 453 4+1H)6=(1-2F)Va=(1-2FAV| —T——|—06——7d |
axz ax1 5 5

where T=Ty5, 0=T11, T =T21, 0 =T2z, V=V, W=W,, a=0y3, & =a3; the disloca-
tion lines extend along the x; axis and move in the (x,x;) plane. When only the stress
components 7 and ¢ differ from zero (the case studied by Teisseyre, 1988) the system
of equations simplifies considerably.

5. REBOUND MOTION

The conservation law for dislocation density can be written separately for each of the
two types of dislocations (differing by their sign: & and f8), provided that an appropriate
source/sink function includes the processes of formation and annihilation of the pairs
(2, f). We can assume that the source/sink events are in their number proportional
to an amount of the outflowing/inflowing dislocations into a given surface element and
this can be expressed by the integral containing a flux of the considered dislocation types
with a certain proportionality coefficient. With such an assumption, the conservation
law can be maintained separately for each type of dislocation, so of course it remains
valid also for their sum.

Up to now we considered only a flow of dislocations of one sign a; let us label that
flow by ¥,. In reality we shall include also a motion of dislocations of the other sign, §,
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denoting it by 7. According to (7) the non-elastic strain rate is proportional to the product
of dislocation density and its velocity, hence we can write:

e=¢,—p=al,—fpV;.
We can define a relative velocity as

oV, + BV,
V:ﬁ.
a+f

It is easy to proof that all evolution equations remain invariant when one substitutes
a sum of densities &+ f§ for the dislocation density and the above defined relative velocity
for the dislocation density (Droste and Teisseyre, 1988). As discussed in the pre-
vious papers, we can always define the relative velocity so as to have V>0 for the pre-
monitory processes; when ¥ changes its sign we enter into the rebound domain in which
the crack grouping and dislocation joining prevail (dislocation pair annihilation processes).
Hence the velocity ¥ <0 is also called a rebound velocity.

The dilemma: how is it possible to consider both « and f densities in relation to one
point — it can be solved assuming that we deal here with the microvolumes condensated
in a limit to a point (similar assumptions are used in the micropolar and micromorphic
elastic theories).

6. ENERGY BALANCE

A balance of energy rates includes changes in potential and kinetic energies on the
one side and on the other side — the rates of friction work and work needed for creation
of a unit of crack surface, both multiplied by a crack density (Teisseyre, 1988).

The energies released in the pair annihilation processes (z, ff) shall be included also
in the balance of energy rates, similarly as it has been already taken into account in the
conservat on law.

A probab lity, that the annihilation of two dislocation lines (pair annihilation pro-
cess) will occur, depends evidently on the dislocation density. If we denote by mrd (r, is
a dislocation radius) an active cross-section for a pair annihilation process, we can esti-
mate the probability that two dislocation lines annihilate by a square of ratio nrafds,y
where As, is a value of surface intersected, on the average, by one dislocation line
(dso is related to dislocation density as follows: a=nb/Ads=nb/As,, As/Asq=n,
where # is the number of dislocations crossing a surface element A4s, & is a Burgers
vector). Hence the estimate of energy release due to pair annihilation is

22
dE(. ﬂ)=(ﬁ) dE,
Asg
where dE, is the energy release value due to elementary process of pair annihilation.
However, at high dislocation density we shall take into account the interaction
forces between dislocations. This gives a correction to the estimate of energy release
by increase of active cross-section by a factor proportional to the stress concentra-

tion,
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We get that energy release dE(x, ff) is proportional to the product ade (Teisseyre,
1985b):
dE(a, p)=2tdr=}u’nri(In2) ada, 12)

where rg is a dislocation radius, £=1 in our units.
Hence, after this correction the balance of energy rate becomes:

d d d

—Eg+—Ep+Lp+Le+—E(a, f)=0 13

g Evop pt+Lp+Lc T («, B (13)
(the corresponding equations in the cited paper — Teisseyre, 1988 — include a prin-

ting error in derivative symbols).

The last term in equation (13) is especially important for V'<0.

The energy balance condition holds separately for the o and £ densities; the term
dE(e, f) remains common in both equations. As stated before, the stress evolution
equations (10) and (11) are invariant when introducing «+ f§ instead of o and the rebound
velocity instead of velocity related only to «. The full system of equations (10) or (11)
and (13) can be thus solved either for «3|8| (¥>0) or for |B| =« (V' <0).

7. THERMODYNAMICAL APPROACH

From thermodynamical considerations it follows that a body containing a certain
number of dislocations cannot be in a state of equilibrium; there is no minimum of the
Gibbs function. For a dense distribution of dislocations we can assume, however, that
there exists a certain superlattice composed of dislocations which interact between
themselves. We refer here, of course, to a random distribution of dislocations, taking
the mean value of distances or using a notion of dislocation density («=mb/ds, where
b is the Burgers displacement vector and r is the number of dislocations crossing a surface
element As). More precisely a superlattice could be defined as follows: take a real
number of dislocations m in a body and then add to it (in the appropriate positions)
a certain number of vacancies ; a value of 71 might be found by condition that a total
M=m+in of defects (real+vacancies) fit in the best way to a regular superlattice.

By analogy with thermodynamics of point defects we can find now an equilibrium
value related to the line vacancies that appear in such a way when comparing it with
a superlattice. It is given by the following formula:

el b’ S
ﬁ1=Mexp(—,%) or §=Azexp(—k%), (14)

where 7 is the equilibrium number of line vacancies; 3M is the number of dislocations
in a body (M is a number of dislocations per surface); g’ is the formation energy for
a line vacancy (that contributes to the Gibbs energy function); & is the Boltzmann con-
stant.

For a regular superlattice with constant A the density of dislocations is evidently
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given by «°=b/A% Hence an equilibrium density of dislocations becomes

_pf
a:a"—&:jzlil—exp(%)]. (15)

This equilibrium density may be useful for us when looking for the most probable density
value of defects after an energy release in a fracturing process. Here a density «° may be
identified with a reference density (equation (3)).

The seismic moment is

M =pbAs=pbA*M .

We can express it by an equilibrium value m (equation (14)), which determines a value
of a density drop (comp. (15)):

. L0
M=Mmexp| — |:
(kT)
where 4 °=pubA? is an elementary value of seismic moment for a given structure.

We can assume that before an earthquake a superlattice is almost completely fulfilled
by dislocations (m= M and m=0). Hence using the expression for a change of the free
energy values we put G=G°+mkT. Now we can write the seismic moment for a given
energy release (putting AE=G—G°):

~F

g
M=4°AE — || kT. 16
4 exp(kT)/ T (16)

This formula gives an important relation between the energy release and seismic moment,
e.g. for given AE a seismic moment decreases with temperature. A free energy related
to defect formation '_c}f is proportional to pbA?, being constant for a given structure and
a given superlattice constant; with greater value of A the seismic moment becomes greater.

We shall add here few words on possible global density changes in an earthquake
preparation zone. The formation of open cracks in a dilatancy phase leads to volume
changes: hence, starting with the equation of motion in the form

~

d d
BRiai (N 7 TRy
dt{p ) .

and neglecting the acceleration term and velocity product we get the equation:

) 0
Vi 5t p= axsTi;-
This equation is obtained under the special assumptions: we take into account possible
change of a total rock mass in a given volume, or a change of rock volume with a given
mass (even for locally incompressible medium); these changes are associated to defects,
e.g open cracks. Using some simple transformations (Teisseyre, 1987a, b) we get with
the help of equation (3) the basic equation describing density changes in the Rebound
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Theory:

o i =AY, 1
at 5 6x‘T$§ SIJ‘SaPS ( 7)

provided that stresses entering in equation (3) are symmetric.

8. SEISMIC EVENT, STRESS DROP AND ENTROPY CHANGE

As discussed in the previous papers an additional assumption is required to introduce
a seismic event into the solution of the EP&RT equations. It concerns a definition of
a moment of seismic event and of a value of stress drop. In most of the cited papers the
assumption has been adopted that a stress drop occurs at the moment when the rebound
velocity (¥ <0) reaches its extremum. Another possibility has been tested by Droste and
Teisseyre (1988), namely that the stress drop takes place when a rebound velocity
overpasses certain threshold. Such threshold might be equal to the velocity value separa-
ting the quasi-static and dynamic modes of crack motion.

The criterion of the extremum velocity has an advantage because it relates the fracture
velocity to a stable value.

Teisseyre (1986) determines the value of stress drop from the principle in which
the time duration of a rebound domain (¥ <0) is demanded to be minimum: [df=mini-
mum for ¥'<0.

Another approach is proposed by Teisseyre in his paper of 1990; according to rela-
tion (12) he assumes that during a rebound time domain (¥ <0) the annihilation processes
of dislocation pairs cause infinitesimal stress drops dz due to drops of defect densities
do: — we have here a kind of continuous creep. For the discrete event (e.g. at the moment
of rebound velocity extremum) taking a certain value At we can find the corresponding
value of a change A« using a relation for finite differentials — analogous to (12). We find
that after this change a new value of density becomes

, Co®—tdt i
=T (8
where C=(1/8)nrZ In 2 (as previously, we put g=1).

A new bulk crack velocity after a seismic event can be now found from equations (11)
in the in-plane case, or from equation (10) in the antiplane case. The unknown value
of a stress drop can be found either demanding that a new value of density ¢’ becomes
as close to zero as possible (providing that a new value of velocity remains reasonable,
|V’|<I), or assuming that a new value of density (relation (18)) is equal to a thermo-

dynamical equilibrium value (equation (15)).

% 8 x4
For entropy we can write (neglecting the term §/= —5—7;gf:

” thA?
S=8+mk( 1+

)after Varotsos and

T

Alexopoulos (1986):

kT
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putting for a formation free energy of line vacancy g’ =7hA? (formation energy of a dislo-
cation is —tbA?; comparing Kocks et al., 1975). Hence we get for the entropy change:

= mtbA?
0S=kém— ——6M
TM

(because As/M =42, where 4s is a surface element and M= —2MJ5A/A).
For premonitory processes we propose to write the entropy change jointly for internal
and external regions of earthquake preparation:

55=058,+6S,20

For the inside region we assume that the number of dislocation increases, M >0, and
the number of vacancies decreases, dm <0 (due to overflow processes of defects from
one region to another), and hence §5;<0, while for the outside region we shall assume
a reverse compensation process, with §M <0 and 6/ > 0. Finally we approach in a region

i’ to the saturated values corresponding to #=~0 and m=~ M. For rebound processes
(including an earthquake event) we can assume that the number of dislocations rapidly
decreases (due to processes of pair annihilations). Hence we have an increase of vacan-
cies as an imminent process:

AS=kAin=kin>0,

where i is an equilibrium value (14). Referring to the relation AE= kT we put

AS="—; 19
= (19)

for a given energy release, a value of an entropy jump decreases with temperature.

9. ELASTIC COUNTERPART — THE EDDINGTON SOLUTION

The incompatibility tensor is defined by the following relation:
d ¢

—§&; €rpe

I..= e |
ikm ©jln kl
dx,, 0x,,

i

Using relation (2) we get

Iij=8'

ikm A
ax,,

a, (20)
(after Kroner, 1981, we shall put here a contortion tensor % instead of «, or we shall
introduce symmetrization of curl « — see the remark in the first Chapter). The incompa-
tibilities are related to defects and can be treated as sources of elastic strains. With the
boundary condition on a surface of a body I;;n;=0 we get the following solution (Ed-

dington, 1923) for a finite region (Eshelby, 1956):

om0t

which is closely related to Poisson’s solution.
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Considering any problem of defect distribution (dislocations, disclinations) we can
find the associated elastic strain field. Thus we obtain a full pattern of elastic and non-
-elastic strains.

In many considerations related to earthquake processes we have confined ourselves
to non-elastic strains as directly related to the defect distribution. The Eddington solution
permitts us to get its elastic counterpart. The Eddington solution can be used for problems
in which a domain of incompatibility is finite.
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Streszczenie

W pracy przedstawiono pewne zasady i zatozenia sejsmicznej teorii przygotowania i odprgzenia, wraz
z ich modyfikacjami i zmianami. Szczegélna uwage zwrécono na termodynamiczne implikacje tej teorii.
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The eight papers of Roman Teisseyre reprinted here were chosen from his
publications over the 30-year period 1961-1990 to demonstrate the consecutive
steps in the development of the Theory of Earthquake Premonitory and Fracture
Processes.

The comprehensive bibliography that follows portrays further achievements
of the author and his activity in a variety of fields.
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Roman Teisseyre’s Bibliography
over the Years 1953-2016

compiled by Anna Dziembowska and Zofia Okrasinska
Institute of Geophysics, Polish Academy of Sciences,
01-452 Warszawa, ul. Ksigcia Janusza 64, Poland

We present here the bibliography of Professor Roman Teisseyre, key person in the
whole publishing activity of the Institute of Geophysics, Polish Academy of
Sciences. His full scientific career has been associated with the Institute; he
organized and led the modern center of theoretical earthquake research, and was the
Institute’s Director in 1970-1972 and Deputy Director in 1960-1970 and 1973-2001.

Teisseyre belonged to the group of first editors of Acta Geophysica Polonica
(now Acta Geophysica) since the very beginning, being the Editor-in-Chief in 1995-
2005. The bibliography quotes his article in Volume 1, issued in 1953. He was also
one of creators and Head of Editorial Board of Materialy i Prace Zakladu Geofizyki
PAN (1963-1976), later transformed into the series Publications of the Institute of
Geophysics, Polish Academy of Sciences. He was also very strongly involved in
creating, in cooperation with Springer Verlag, the book series GeoPlanet: Earth and
Planetary Sciences Series, being member of its editorial board and frequent author.
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Continuum:
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Processes

to Earthquake
Processes
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We made every possible effort to retrieve the whole, extremely rich collection
of Teisseyre’s publications, including not only the strictly scientific ones. The entries
are grouped in years. Each year, they are listed, roughly speaking, in the following
order: The list begins with books/monographs, he wrote or edited, followed by
scientific papers, short communications, popular science articles and obituaries. Of
great help were the bibliographies compiled by Dr. Kazimiera Warzechowa, issued
in Publications of the Institute of Geophysics, Polish Academy of Sciences.

Worth emphasizing are the numerous comprehensive monographs, giving the
state-of-the-art of earthquake physics over the years. The books include the
monumental 6-volume monograph Physics and Evolution of the Earth’s Interior,
issued by Polish Scientific Publishers PWN, and more recent ones, issued by
Springer Verlag.

Warsaw, January 2017
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Professor Roman Teisseyre is one of the pioneers of applying the dislocation
theory in geophysics. The editors of Publications of the Institute of
Cieophysics, Polish Academy of Sciences, found it very useful and interesting

to republish some of his papers of the years 1961-1990, the milestones in the
consecutive stages of the development of the Theory of Earthquake
Premonitory and Fracture Processes. The collection reproduced here, showing
the evolution of the Author’s ideas, is sort of backup and supplement to his
renowned monographs.

The direct occasion for publishing this book was the fact that Roman
Teisseyre received the Title of Full Professor in 1967, ie., exactly half a
century ago. The book contains also a comprehensive bibliography of
Teisseyre's publications, giving evidence of a variety and diversity of scientific
topics he dealt with, his innovative attitude to the studied problems, and his

role in the scientific community.

In a short introduction the Author outlines his newest ideas he is now
working on.
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