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ABSTRACT .
. “}
When a fault occurs in the earth's crust, the
ground in its vicinity becomes deformed. This thesis
uses the theory of dislocations, as developed by J. A.
Steketee, to examine the nature of this deformation

for a variety of strike-slip fault models.

The theory 1s developed for calculating the
displaceﬁent fleld and stress changes expected at any
point around a vertical transcurrent dislocation surface
whose net displacement 1s constant in the horizontal
directlion, and varies with depth. The results obtained
are compared graphically with geodetic data,'and those
discrepancles that arise between theory and observation
are attributed to the limiting assumptions of the model.
The principal conclusion of this work is that the variable -
sllp fault model provides a significant lmprovement over
previous fault models which assumed a constant dilsplace-

ment.
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INTRODUCTION

The obJject of this theslis is not only to
determine the various components of the theoretical
displacement field and stress changes that arise when
a strike-slip fracture occurs in the earth's crust,

but also to apply them to various geologicallsituations.

‘ It 1s our purpose tg discuss some of the
aspects of the theory of dislocations which may be of
significance in geophysical problems connected with
fault plane studies of earthquakes and such phenomena
as the San Andreas fault in California. Problems con-
nected with fracture zones 1n the earth's cruét and-
their corresponding aftershock distributions, as exhi-
‘bited by the Rat Island earthquakef{ in Alaska, are of
particular interest. However, it is evident that a lack
of pertinent geological data, among other things, hinders

some of our analyses to a conslderable extent.

Previous approaches to thls problem using dils-
location theory (e.g. Chinnery 1962) were made possible
only by the efforts of Steketee (1957, 1958a, 1958b).

The mathematical techniques that were derived from this
theory allow us to calculate the difference between the

initial and final states of the medium surrounding the



fault: to be more precise they permit us to calculate

only the after-effects of a static fracture situation.

As a departure from the approach of Chinnery,
our obJject will be to develop the formulae for the dis-
placement fleld and stress changes which are representa-
tive of a dislocation surface showing variable vertlcal
and constant horizontal slip. This allows us to examine

a fault model which 1s perhaps more realistic.

This dissertation is divided into three main
sections., The first (Chapter 2) contains the theoreti-
cal approach to the problem as well as the expressions
which are necessary to calculate analyticai solutions.
The second part (Chapter 3) is primarilj concerned with
interpretations of the énalytical results acqulred.
Finally, Chapters 4 and 5 deal directly with application
of the theoretical results to various geologlcal obser-

vations.



CHAPTER 1

HISTORICAL REVIEW

We wlll begin our discussion with a brief
outline of the historical background of the subject.
In particular, we shall mention the’theoretical ap-
proaches of other authors and show how their work was

severely limited by their 1initial assumptions.
1.1 The Concept of Fracture

The concept of dislocations (Love, 1944),
ofiginally referred to as distortions, was introduced
into elasticity theory by Volterra in order to describe.
the deformation that may arise in a body occupying a
multiply-conngcted reglon, when the displacements of 1its
points are glven by many-valued functions of the co-ordil-
nates (in the absence of body forces). As a result, very
small fractures have been examined by several authors.
Inglis (1913), Sneddon (1946), and Griffith (1921, 1924)
have focussed thelr attention on the microscopic causes
of fracture. The nature of their work is very similar
to ours, the main difference, being the magnitude of

the fractures involved.



1.2 Application of Fracture to Geology

Anderson (1951) using the theories of Navier,
Coulomb, and Mohr considered a two dimensional fault of
finite length and inflnite depth but took no account of
the boundary condition at the ground surface. He adapteq
the elliptical crack of Inglis (1913) as a model for
his strike-slip fracture only to find that few deductions

could be inferred from his results.

Kasahara (1957, 1958, 1959) after postulating
a continuous variation of displacement with depth, con-
sidered a fault of infinite length and finite depth.
He then applled basic elasticity theory to calculate the
disturbance of the surrounding medium. His results were
plausible but could not be used to describe a fault of

finite length, the case most prevalent in the earth's crust.

Byerly and De Noyer (1958) attempted to deter-
mine the depths of éeveral actual fractures by calculat-
ing the shear strain energy in the earth Just before
faulting occurs. They assumed that the deformation of
strain at the earth's surface remained unaltered to that
depth at which the fault broke and no deeper. Although

their depth estimates seemed very reasonable (in compari-

son with those determined using dislocation theory),



Byerly and De Noyer 1indicated that they were not con-
vinced by the results.

Steketee (1957, 1958a) developed an "elastilcity
theofy of dislocations" to investigate the changes
brought about by the occurrence of faulting in nature. .
He applied a Green's functlion technique to the funda-
mentals of dislocation theory (Volterra, 1907), thus
constructing a method for handling surfaces of discon-
tinuity in an elastic solid. The advantage of this ap-
proach 1is nqt only that the condition of zero stress at
the ground éurface is inherent in the theory, but also,
that 1t allows us to consider norﬁéi, reverse, and dip-

ping faults as well as transcurrent strike-slip fractures.

Chinnery (1959, 1962) applied Steketee's "elas-
ticity of dislocations" to a vertical rectangular strike-
slip fault which may or may not Intersect the ground
surface. Various aspects of the diéplacement fleld and
stress changes were included 1n his analyses of this
constant slip model. Applications of his results to
geodetic measurements were consldered, especially as
a means of determining the depths of various faults and
the magnitudes of the stresses that caused the fractures
to occur. Although Chinnery's model was only a mathe-

matical approximation to a geologlcal situation, it



produced several realistic results (Press, 1965). Hence,
he proceeded to examine a strike-slip fault model that
displays a variable horizontal slip and a constant ver-
tical slip. His interpretations of the results have

not yet been completed but they should be of consider-
able interest when compared with those outlined in this

thesis.
1.3 Basic Assumptions of Disloecation Theory

It would be impossible to apply dislocation
theory to obtain analytical results if a simple mathe-
matical model were not used. It is usual in mathemati-
cal analyses to retaln only those features which are
believed to be of major lmportance. In our case this
means that we shall concern ourselves with a semi-infi-
nlte homogeneous, isotropic medium where the laws of
the classical theory of elasticity holdﬂ Such features
as the curvature of the earth, its gravitational and
magnetic fields, temperature, and non-homogeneity will
not be considered. It is also important to recall the
agssumptions that are implicit in the theory. The most
important of these are that the earth's crust may be
regarded as an elastic solid and that infinitesimal

strain theory 1s applicable,.



Furthermore, we shall restrict ourselves to
statlc problems which implies that waves and other
transient features assoclated with earthquakes will
not be considered. This is a reasonable assumption
since earthquake fractures occur within a matter of
a few minutes (Scheidegger, 1957), and hence we expect
elasticity theory to be applicable to the immediate
effects of faulting. The process of fracture, of
course, 1is basically non-elastlc, but it has been
shown (Chinnery, 1964) that faults appear under applied
stresses of as much as two orders of magnitude less
than the breaking strength of rock as measured in the
laboratory. Under thesé circumstances, it is plausi-
ble that the laws of elasticity should apply even to
the material in the immediate vicinity of the fault

face.



CHAPTER 2

THE DISPLACEMENT FIELD AND STRESS CHANGES DUE TO A

RECTANGULAR DISLOCATION WITH VARIABLE SLIP

An outline of the theory leading up to the
evaluation of the displacement field, the stress
changes, and the maximum shear stress that resuit
froﬁ thé Introduction of a variable~slip dislocation
into a semi-infinite elastic medium are given below,
All expressions are finally reduced to the case 7\=}A
and refefence is made; where applicable, to their

physical significance.

The notatlion used throughout thls thesis
follows that of Steketee (1957, 1958a, 1958b), Sokol-
nikoff (1956), and Chinnery (1962)

2.1 The Equations of Elasticity

If X¢{i=1,2,3) 1s a Cartesian co-ordinate
system and u (Xi) the displacement field produced
by a force system within a homogeneous isotropic elas-
tic solid, then the components of the strain tensor
eq and of the‘stress tensor 'Uq are gilven by the

relations



€ij =5 (U] +Uj,t)

(2.1)
"C.‘,j-:)\g.‘.j U,k t+ ).L( LU.,J' + uj,c) (2.2)
where A and }A are Lamé's constants, 61' the
Kronecker symbol, and  Wi,j = %;iﬁ .  Eguation
(2.2) is commonly referred to as tﬁg generalized form
of Hooke's Law (Sokolnikoff 1956). On substituting
the equations of equilibrium (in the absence of body

forces - equations 2.3)

Tij, i =0
LJ’J (2.3)
into equation (2.2) we obtain Navier's equations
JEEIT (r o p) Ujpji =0 (2.14)

which play the same role in dislocation theory that

Laplace's equations do in ordinary potential theory.

2.2 The Basic Equations

!

A dislocati‘on surface 2 is defined as
one across which there is a discontinuity in one or
all of the components of the dlsplacement vector W
Steketee (1958a) uses the Green's function method to

deal with the problem of a Volterra dislocation in a
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semi-infinite medium in such a way that the boundary
surface of the medlum remains stress free. A Volterra
dislocation 15 here defined as a surface across which
the displacement components show a discontinuity of the
form
AU = Ul + -0 Xj
| (2.5)
A ij = — L

where W{ and -CLEJ are constants. The relation
(2.5b), which is the well-known Weingarten relation
(Weingarten, 1907), implies that the discontinuity
across iﬁ is of the form of a rigid body displacef
ment. In the following applications we shall assume
that the‘rotation matrix —<2ij 1s zéro. This im-
plies that thefé is no net rbtation of the fault faces

relative to one another during the process of fracture.

By solving this fairly complex boundary value
problem which stipulates a condiﬁion of zero stress on
the surface, Steketee (1958a) obtained the general
solution for the displacement fileld WUy , in a semi-
infinlite medium due to the d;slocation Awy , in the

form

u~"8wpff£°u‘ wtj vy d< (2.6)
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Here Qj represents the direction cosines of the normal
to the surface element cJﬁ . The Green's functions
UUEI are the displacement fields in a semi-infinite
medium due to a set of nuclei of strain defined by (

and J (see Love 1944, p, 186); the superscript

refers to the different flelds, These nuclel of strain
are elementary force systems with moment (for tl#j )

and without moment (for i=j ). A total of six functions
Uuzj' (for (= 1,2,3 ; j = 1,2,3 ; Rj=ji ) are

needed for the solution of the general surface ﬁ

The problem in which we are interested requires
a2 nucleus that has two double forces in the plane parallel
to the boundary. Using X3 =0 as the surface of the
medium Steketee has evaluated the function UJZ. which
satlisfies these requiréments. This allows us to inte-
grate over the plane surface HZ=C) with a variable
discontinuity in the X, component of the displacement
vector. Physically, this means that we can determine
the displacements produced throughout the medium by a

vertical strike-slip fault.
2.3 Galerkin Vectors

Since several of the expressions with which

we must deal may become extremely clumsy, we shall
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make use of Galerkin vectors (Galerkin 1930; Papcovitch
1932). Although these vectors do not help much in the
actual solution of the problem, they enable us to state

the results as compactly as possible.

TheAGalerkin vector FE is defined as a
vector which gives a displgcement field by different-
lating according to the Laplace operator and grad div.
Therefore, if the Galerkin vector for a problem 1is
known, the problem 1s solved, as the displacements

- are given by thé expression

' Uy '—"-PK,I:i - O(I—-‘C,('.K (2.7)
where o = 7\{-;&
N+ 2.};.

Hence, we have immedlately for the strains cgj and

the stresses 'Ug s

ey =3 (R,jkk +-FJ',LKK) - FK,Kij

(2.8)
Tij

A=) §epMgrn v (Mg joc +, ex)
— 2‘/,4_0( PK,KIZJ'

The substiltutilion of W into the Naviler

equations (2.4) now leaves us with the equation

r't 11kk = Q
or ’JJ (2-9)

VAN RNENS
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which shows that each component of tneLGalerkin vector
is biharmonié; This is a definite advantage since‘the
general solution to such an equatlon has a form which

is much simpler than the corresponding solution of

Navier's equations.
2.4 The Galerkin Vectors for the Displécement Field

K
Steketee quotes the Green's function W
K
in terms of a Galerkin vector Fﬂz (Westergaard,

1952). In this case equation (2.6) becomes

M = BW}Afj o [ d4

K .
where r1z is the Galerkin vector for the displace-

(2.10)

ment field at an observation point (!j.;jz,ya) due to a
nucleus at the point (X,,0,X;) on the dislocation
surface. The components of this Galerkin vector were

given by Steketee and generalized by Chilinnery as follows:

- (J_ +-L)
PP ls T s,

ptis %)

l".: ;Qg_[ 2¢ - Z(bp*rqz (P*=9q2)(25. +p)

(5.+P)* "S2

-1 1
® N >

(2.11)
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where: P=Xs+Ys

9 = X3~ Ys br-')\—b_t
t:X.—H. 7\+)A'
strtirgieq T (’x?m

sk= t* +yz+p*

A consideration of equation (2.10) indicates
that we can now calculate the displacement fleld due
to a vertical transcurrent fault model whose disloca-
tion 1s over a plane surface contalning the Y3 axis
and perpendlicular to eilther the Y or Y. axes
(figure 2.1). This implies that the discontinuity Uy

must be in the Y2 or y, directlion respectively.
2.5 Integration over the Dislocation Surface

At this stage 1n the analysis, in order to

simplify all future work we make the assumption that

7\=}A , which is not unusual in the application

of elasticity theory to geophysics. It follows that
X = 2/3, b= 0, and C= 1/4,

The orientation and dimensions of the dis-
location surface £, , over which we are to inte-
grate are shown in figure 2.1. We assume that the

discontinuity Ug in displacement at the fault



-15-

face has only .one component W, which is a function
of the vertical position X; alone 1.e. the fault
is an entirely tfanscurrent, variable-slip dislocation.
If we represent this discontinuity by W,(X3) then

U =u, (o) will be the total relative displacement

of the two sides of the_fault on the ground surface.

‘The introduction of these modifications into
equations (2.7) and (2.10) requires that we evaluate
the displacement field Ux given by

Uk = e -% [k

(2.12)

. L D,
M WILL [T2 Ui (xs) dx, dxg

The evaluation of equation (2.12b) and its subsequent
substitution into equation (2.12a) to obtain the dis-
placements is very long and tedious. As a result, only
an outline of the procedure followed will be given here.

Further detalls are given 1n appendix A.

First we introduce the expressions €&, and

Wy which are defined respectively by the equations

L«
€k = r. d !
‘[-L 2 GX (2.13)

Wk = Ex,ii --\2;- €i,iKk
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Such a representation is possible only because the
obsérvation point does not lie on the dislocation
surface. This allows one to perform differentiations

with respect to yi inside the integral without
distorting the original problem.

For the sake of brevity we shall use the
after an equation to represent the substitu-
t1on § (kx| = FL,xs) = F(-Ly%g) . The

components of the term Wx are then found to be:

sign _‘

w, = —Z)J.tj;_(F, . I'a- F;._)

2.14
wa= 2 p(Fs vyt R (2.24)

ws= & poFi |

where

—

‘_ - ‘ + |
'S, (Sa+t) S, (s, +1t)

Fzz_é§ + %} + 3P(ZSgﬁP) — d2X3Y,

2 Sg(sz*P) Ss

Fam 2o r L - P+ Ay

CSrp S S2(S2+P) Sa

2(Ys=3%3) _ 12XsYsp _ 29 . 2p

Fq. = 3 S} 3 3 3
Sz(Szi'P) Sz SZ. S| s?.
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and‘ P:X;-r-lj;
'C’V X3 = Ys
t= X, 'jl

sf=tf+ryd + gt

Sfzthe yl ¢ p?

Hence the components of the displacement vgctor

are found from the equation

D
|
. u.g‘—fg;)—;L W, (X3) We dxs

(2.15)

Because of the complexity of the 1lntegrand in equations
(2.15) it is necessary to employ numerical methods to
obtain solutions to the integral. This will be discus-

sed in greater detall in the following chapter.
2.6 Expressions for the Stress Change

Steketee (1957) has shown that the stress
changes that result from the 1ntroduction of a disloca-
tion into an elastic medium are independent of any
stress distributidn that existed béforehand. In this
section we are concerned only with the stress changes

produced in a semi?infinite elastic medium by a variable
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- Figure 2.1
Dimenslions of the Varilable-Slip Model
Rectangular Dislocation

(y3§,o represents the ground surface)
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slip dislocation as shown in figure 2.1.

K
We differentiate the Galerkin vector rﬁn

to obtain the displacement components Wy s

~ 27k

35
We may now obtain the stress changes associated with

Uk = r‘k,ii

this displacement field by differentiating Wk accord-
ing to Hooke's Law (equation 2.8b). As in the previous
section we differentiate with respect to Yi inside

the integfal and use the notation to denote

S‘(Xu*a) “ = f( L,*3) - )(("Lax3)

The differentiation of equations (2.14) is
algebraically very complex. As a result, we will quote
here only the nine derivatilves Wiyj . Further de-

tails are given in appendix B.

Wiy = -2 Py (3G = F, +t2Gy)

[

—Z}J.(F, -g{‘Ga)“%)“t (F’--EJ%GZ')“

wlsz

Wh,3

2 Ge = § Pt Gs |

:

Wa, = %)-ktGe +%—.)ﬂt‘;j§ G

(2.16)

Waz = =% Py (Ge + 43 Go) “

|

Wa,3 = %-)J-(Gw t 3% Gs)
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w3s7. = % }‘L (F+ 82, G‘g) ”
W3,3 = g)*jz G’v"
where:
| |
F'= Sz(Sz+t) v sl(Sl"’t)
_ 2 3p(2321’P) ~ 2%\
Fa‘ _S'{+TS?_+ SZ(SZ"'P)Z g
3 2(Ys-3Xz) — - J2x - 29 + 2
s sm 3; - A A
G‘.-. Sig-+ S;i
_ 3 6 3p(Bsi+9ps +3p2) ~ 60x3ys
Go= 55" s T sz(sz»rpa) s7
- 253*t + 25|+t
G, S3(s,+t)2 S¥(s.+t)?
_ pl2s,+t) - qglz2s.+t)
Ga= T3 (s, vt §3(si 1)
G = ;39 y 609 + _3(2%+p) — 3(3p+4xs) + 6OXau3D

4
2 s’

si (s, *"P)z

IS:'

g7 V'
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- 2 -‘g-l—-‘ D(ESz'I’D) + 2. X
Gt Tisgpr T B Rilsapr e

- -__3 + _Ptr4xrs - lapxaga
G, ‘CJS'? S2(S2+P) | &F s

Gg= 3(25z*‘|3) + 6(%243(3) - 6%?333? "565% -*56E
i 2

53(52*P)2
~1_+ 6pg + 12%:Ys(5p2- 0 2(3g?- s?) - 2(3p’- sz)
Gy = S7 s: " 332 : Vg? "s?
and P=X3+Ys
q4:x3-lja
t=xu"‘j|

settr yt - qP
S?z_=tz+lj?i *-Pz

We now express Hooke's Law (equation 2.2)
in terms of the derivatives cuc,_]' to obtain the

general expression

D
P ] ‘
Ty = B‘TL Ui (%3) ( cgaj wk,x*@a7jf‘”i">dx3 (2.17)
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where W, (X3) 'represents\the discontinuity in displace-
ment as defined in section (2.5) and 'X=-}L . The
tensor is, of course, symmetric  ( T;p.= Tyj ) and
must satisfy the following boundary conditions at the

surface of the medium (<j3=0) :

Tia=Tas= Tas =0 (2.18)

We can show that equations (2.17) satisfy these condi-
tions and as a result will assume that no algebraic

errors exist in them.

At this polnt it is necessary to evaluate the
integrals (2.17). Although the expressions are alge-
braically long, they can be evaluated with little diffi-
culty, and in as much accuracy as possible with the aid
of an electronic computer (the present calculations were

performed on the I.B.M. TO40 computer).
2.7 The Maximum Shear. Stress

It 1s well known that a set of three homogen-
-

eous equations in unknown directions V such as

(’Ctj -T cgtj) \)J' =0 (2.19) ‘

has a non-trivial solution if, and only if, the deter-

minants of the coefficients of the ﬁh 1s equal to
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zZero

i.e. ﬂ rfaj - Tic{b =0

(2.20)
This cubic equation in the stress T has three realu
roots T, ,T., Ta , called the principal stresses.
Knowing these root§, the corresponding principal direc-
tions of stress _Q can be determined. In other words,
the magnitudes and directions of the principal stresses

are simply the eigenvalues and elgenvectors, respectively,

of the matrix 'CU .

Glven the magnitudes and directions of the prin-
clpal stresses at any point, the corresponding values
of the maximum shearing stress are easily determined.
The magnitude of this shear stress is numerically equal
to one-half the difference between the greatest and
least principal stresses (assume Tz » T, » T, ) and
acts on the plane that blsects the angle between the

directions of the largest and smallest principal stresses,

T3—T:

1.e. ‘Sma‘ >

(2.21)
Since there is no satisfactory way to repre-

sent a three dimensional stress distribution (equation
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2.7) diagrammatically without omitting much of the
information.cdptained in the full equations, the maxi-
mum shear stre;s is physically the most meaningful
quantity for discussing shear fractures. Furthermore,
it 1s worth noting that if an initial stress distri-
bution ( 73: in our case) 1s superimposed on the cal-
culated stress change ’rqj (this is what actually
happens in a physical situation), the principal axes
of stress and hence the planes of maxlimum shear stress
wlll assume a completely different form which is of
no immedlate use to us here. For this reason, in the
following discussion we will be concerned only with
the magnitude of the maximum shear stress and not wilth
its direction. Appendix C contains more detailed in-

formation regarding the maximum shear stress.
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CHAPTER 3

COMPUTATION OF THE DISPLACEMENTS AND STRESS CHANGES

PRODUCED BY VARIOUS FAULT MODELS

In order to provide»a physical background
for the 1ideas of dislocation.theory that have been
developed, we conslider here various faﬁlt models which
are able to account for observations made on actual
earthquakes. In particular, we are interested in a
fault model which exhlbits a constant:slip
in the horizontal direction and a variable slip

in the vertical plane.

Discussions of various aspects of this pro-
blem may be found in Kasahara (1958a, 1958b), Steketee
(1958b), Byerly and De Noyer (1958) and Chinnery (1959,
1962, 196L). |

3.1 The Basic Model

Anderson (1951) defines the standard state
in the earth as that of a hydrostatic pressure. Thus
it represents a condition in which the lateral pressure
from all sides increases steadily with depth so as

to be equal everywhere to the vertical pressure. The
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lapter is determined approximately by the weight‘of
the overlying rock and is roughly proportional to
depth provided that there are no great variations

in density. Such variations would arise only when
the strata above the point under conslderation are
functioning as an arc as, for example, in the centre
of an anticline. Therefore, in most cases it 1is rea-
sonable to assume that the discontinulty W, will

die out towards the bottom of the fault.

If the coefficlient of friction is constant
(which is not known) then U,(%X;) should decrease
linéarly with depth. However, it has been shown (Chinf
nery, 1962) that accumulations of stress around the
lower edge of the fault may cause it to extend some-
what deeper. Thus 1t is plauéible to assume that there

1s a functional variation of W,(X3) with depth.

Thé avallable energy represented by the con-
dition of stress in the earth's crust must overcome not
only the strength of the material but also the internal
friction 6ppoéing the motlon, i1f fracture 1is to occur.
This frictional resistance along the fault plane 1is
proportional to the normal pressure across the fault
faces (the T}z component of the stress change in

this case). As a result, it will have a tendency,
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not only to reduce the magnitude of the slip W,
in depth ( T2, increases with depth), but also
to contribute to the production of heat along the
interface. The latter candition may be associated
with.the plastic effects observed close to the dis-

locatlon surface.

Although we have no knowledge of the dis-
continuity over the face of a real fault, the geodetic
conditions outlined in the previous three paragraphs
gives some Justification for the use of a fault model
which exhlibits a variable slip U, (Xs) in the verti-
cal plane. A constant slip w(x)=U in the
horizontal plane 1s also a necessary assumption. For,
if u.(xJ is allowed to vary from polnt to point,
the computer time required to produce convergent solu-
tions to the double numerical integrations (2.10) would
be prohibitive. |

The aforementioned consideratlons have encou-
raged us to choose a variable-slip model whose disloca-

tion surface 1is described by the functlon

U, (X3) '='U exp [-— a (—&%b—)a]
(3.1)

where Q, b, C are constants which may be varied
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untll the desired discontinuity is obtained and

is the maximum value of the slip.. This model, however,
does not allow the slip W to diminish.towards

the ends of the fault as we would intultively expect;
instead, mathematical singularities arise 1in these
regions. Fortunately, the latter are of little con-
sequence as long as we do not carry out an analytical

analysis in this critical area.

3.2 Evaluation of the Integrals Using Numerical
Procedures

The task of evaluating equations (2.15) and
(2.17) which represent the displacement fileld and
stress changes respectively, would be prohibitive with-
out the ald of an electronic computer. Hence, these
equations were evaluated on the I.B.M. 7040 at the

University of British Columbia.

Two quadrature formulae were applied to equa-
tions (2.15) and (2.17) in order to obtain analytical
expressions for the dlsplacement field and the stress
changes. The first of these, Simpson's Rule (see
"Nielsen, 1957), was easily adaptable to our equations
but did not produce accurate results unless the range
of integration was very finely divided. Thils meant

that considerable computer time was required to obtain
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only reasonably accurate answers. As a result, we
used the Gaussian quadrature (see Nielsen, 1957)
throughout our analyses. Such an approach requires
that the integration procedure be entirely dependent
oh the zeros of the Legendre polynomlals and their
respective weighting functions. The 1integrals were
evaluated both accurately and efficlently using this
method. |,

In most regions around the dislocation sur-
‘face the numerical evaluation of the integrals was
carried out without .any trouble. This included both
the area near the ground surface and that reglion around
the bottom of the fault; in both cases the fall-off
of the integrands were eVerywhere continuous. However,
analytical expressions could not be obtained for points
very close to the fault face. 1In such areas the I.B.M.
7040 pompufer indicated that the calculations involved
exceeded the machine's capaclty, thus producing an over-
flow condition. This implles that the reglon extremely

close to the surface of discontinuity, is represented

I
Ki -y
where X and Yt are very nearly equal.

by equations containing terms of the form

5
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3.3 Computation of the Displacements and Stresses

We have programmed the I.B.M, 7q40 computer
at the Universlity of British Columbia to evaluate the

relevant analytical expressions.

All the necessary programmes were constructed
in such a manner that:

(a) d, D and L are input parameters and thus can

" be varied at any tiﬁe,

(b) calculations may be executed at any point in
the 3; ‘co-ordinate space by controlling
data input, } ‘

(¢) the value of the slip W, may be specified

" as a relative or an explicit input parameter,

(d) the computer outpu@ contains all the informa-

tion pertaining to a given fault model.

Because equations (2.15) and (2.17) are sym—
metrical about the plane Y = O they wefe computed
only for positive values of Y1 Y2 and Ys . Two
basic approaches were used. The first enabled us to cal-
culate the displacement field and the stress changes on
the ground surface for various co-ordinates ( 3,,31,«jgz

(0, Yz, o) ; the second,l to generate a grid of

any desired density in any plane U.= K provided
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that |2K|<L , the semilength of the fault ( K 1is
a constant). Hence, these analygeé allow us to ob-
serve the fall-off of stress or displacement on the
ground surface along }Lj.=C) and to examine contours
of the same quantities in any vertical plane normal
to the fault trace. Both of these aspects are illus-
trated later in this chapter as well as 1n chapters

| 4 and 5.

Four maln programmes were set up. These were:
(a) parallel displacement, U, ,
(b) perpendicular displacement, U, ,
(c) vertical displacement, W, ,

(d) maximum shear stress, Swmax .

The last case is applicable to any general
situation. Ité output includes analytical expressions
for T, T,,,T)s y Tasy Ty > and Tis as well as the
coefficlents and roots of the cubilc equation obtalned

by dlagonalizing the stress matrix (see appendix c).
3.4 Plotting of the Displacements

In order to compare the evaluations of equa-
tions (2.15) with geodetic observations made in the
vicinity of surface faults, the constant d has been

set equal to zero. Also, since a varlable-slip model
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will be used to approximate the depths of various
faults two new terms will be defined. The first is
the "effective depth" of a fault which wlll be used to
describe that depth at which the slip W, falls to

%5 of 1ts maximum vaiue; The second 1s the
"total depth" of a fault which will refer to that depth
at which the slip W has been reduced to about 2.5%
of its maximum value. Where applicable, these values
will be marked "E" and "T", respectively, on all of

the graphs in this thesis,

Conﬁour maps of the horizontal displacement,
U, were plotted for three basic models. Significant
profiles were drawn to show the variation in properties
exhibited by these. 1In all of them the displacements

U

are expressed as percentages of the maximum slip =

2

3.5 Horizontal Displacements

Contour maps of the horizontal displacements,
U, parallel to the fault are shown in figures 3.1 to
3.4. The first of these (3.1) was plotted by Chinnery
(1961) who used a constant slip model as indicated on
the piot. In the four cases presented little variation
exists in the shape of the contours; rather, the main

difference is in the rate of fall-off of the displace-
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Ground Surfdce

80

={e

10,

Figure 3.1

The horizontal displacement w4 as a function
of yo» and y in the vertical plane that
bisects the fallt at right angles. All contours
are expressed as percentages of the maximum dis-

placement U |
2
Chinnery 1961 y1= O
u; = U - d = 0

L = 100 v E=T =0.1L
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Ground Surface

Figure 3.2

The horizontal displacement wuy as a function
of y and y in the vertical plane that
bisects the faélt

at right angles. All contours
are expressed as percentages of the

maximum dis-
placement U .
Model A y1 = O
i} (x3 - 9)21 = 0
ul—U_exp[-—-S—-— = 0.1L
L = 100

0.12L
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Ground Surface

6/
o

Figure 3.3

The horizontal displacement u; as a function
of yo and y in the vertical plane that
bisects the faélt at right angles. All contours

are expressed as percentagés of the maximum dis-
placement U .

2
Model B y1 = O
‘ 2
X d = 0
3
u, = U exp|=-0.5 ( )
1 [ T} E = 0.06L
L = 100 T = 0.11L
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Ground _Surface

10

Y3

Figure 3.4

The horizontal displacement u as a function

of y» and yz 1n the vertical plane that bilsects
the fault at r;ght angles. All contours are ex-
pressed as percentages of the maximum displace-
ment U .

2
Model. C | y1 = O
-/ x\2 _
u; = U exp [—O.2<T3_> } d = 0
-5 " E = 0.1L
L = 100 T = 0.16L
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Displacement u,

'
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Pigure 3.5

the ground surface along a line that bisec

Fall-off of the horizontal displacement u% at
s
fault at right angles (yj = 0).

Q B o H

the

Chinnery 1961
Model A
Model B

‘ Model C



ments with distance from the fault.

Figure 3.5 shows the fall-off of the dis-
placement. W, with Yz along Yi=Ysz=0 "
for each of the above models. Profiles of this kind
may be used to estimate the depths of actual faults
(Chinnery, 1959). We use such an analysis in chapter
4 to approximate the depths of five fracture zones.
The results of the surQey are tabulated in table 4.1
so that they may readily be cdmpared with the estimates

of other authors.
3.6 Perpendicular Displacements

The perpendicular displacements, WU, are
of little interest to us in this thesis. However, eva-
luations of this displacement component were carried
out at large distances from the dislocation surface
(about (yYi>Ya,rys) = (3L, 3L,0) ) So that a compari-
son could be made with values of the W, component.
The analytical results for each of these components
were nearly 1dentiéal. This 1s to be expected at large
distances from the fault model where each of the field
components W, and W, should "see" the dislocation
surface as a single nucleus. As a result, the calcu-

lated results lead us to believe that the mathematics
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to this point in the analysis 1s correct. However,
such a check of the equatlons 1ls the only useful pur-

pose of the W,  evaluation,
3.7 Vertical Displacements

The vertilcal displacements Uy , were eva-
luated for each of the fault models exhibited in figures
3.2 - 3.4, However, the results were so similar, (includ-
ing the change of sign that occurs) to those of Chinnery
(1961, 1965) that no further mention of the Wj; displace-

ment components will be made at this point.
3.8 Plotting of the Stress Changes and Maximum Shear Stress

Once again only surface faults were consildered

and analyses were confined to the plane %.= 0]

Contour maps of the stress changes 7T, and
'Ce were plotted in the plane Y,=0 for three basic
models. These are illustrated in figures 3.6 to 3.11.
Figure 3,12 demonstrates the fall-off of the stress
change T2 along Iyl (Yy,=ys=0) for the above models.
Calculations could not be made close to the dislocation

surface (cf. Chapter 3.2).

Hence, the curves of figure 3.12 werq extra-

polated back (the dotted sections) to the fault plane
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to enable us to obtain approximate values of the stress
. [+}

release at the origin, Tz  (Chinnery, 1964). This

term must be combined with the stress change T

in order that the princlipal stresses and hence the

maximum shear stress can be calculated. Tﬁ; is

assumed to be the initial stress component that causes

fracture to occur.

Contour méps of the maximum shear stress were
then“p;otted in the plane g.=o for each of the afore-
mentioned models (figures 3.13 to 3.15). This analysis
1s applied to a speciflc fracture zone in chapter 5 in
an attempt to relate the occurrence of aftershocks to
. transcurrent strike-slip faulting. Also,the values ob-
talned br the stress release at the origin for each of
the flve faults discussed 1in chapter 4 have been entered

in table 4.1 for the sake of completeness.
3.9 Results of the Horizontal Displacement Analyses

A careful examination of figures 3.1 to 3.5
indicates three definite trends. First of all the
shapes of the contours of each bf the four models ana-
lyzed are very similar. This implies (compare figures
3.1 and 3.2) that Chinnery's uniform slip model, even
though it has a singularity at the bottom edge of the

dislocation surface, is a falr approximation to the



-41-

Ground "'Surfgce

Figure 3.6

Contour map of the T component of the stress

change in the vertical plane y1 = 0. Contour
- units are 10° dynes/cm?.
----- Negative
Positive
Model A d = 0
u = b5m E = 10 km
L = 100 km T = 12 km
' 11
}A = 3 x 10 cgs
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Contour map of the “Tis component of the stress

change in thg vertical plane
units are 10- dynes/ cm®

Model A
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: Ground Surface

Figure 3.8

Contour map of the The component of the stress
change in thg vertical plane y1 = O. Contour

units are 10° dynes/ em?
----- Negative
Positive
Model B da = 0
U = 5m E = 6 km
. T = 11 km 1
‘L = 100 km )4 = 3 x.10 cgs
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Contour map of the Tia component of the stress
change in the verticalzplane v = 0. Contour
units are 10° dynes/cm=.

----- Negative
Model B d 0
E = 6 km
U= 5nm
T = 11 km
L =

100 km M= 3x 1011 cgs
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Figure 3.10>

Contour map of the Tz component of'thé stress
change in thg vertical plane y1 = 0. Contour

units are 10 dynes/ em? :
----- Negative
Posltilve
Model C d = 0
"E = 10 km
U = 5nm
T = 16 km
L = 100 km M= 3 x 1011 cgs
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Figure 3,11

Contour map of the Ths componentvof the stress
change in the vertical plane y1 = O.

Contour
units are 10° dynes/cm?.
s Negative
Model C 4 =0
= 10 km
¢ = ban E = 10
: f T = 16 km
L = 100 km jo= 3 x 10M cgs
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Figure 3.13

Contour map of the magnitude of the maximum shear
stress in the vertical _plane y; = 0. Contour
units are 102 dynes/c¢m?

.

o]
Stress release Tz = 4,095 x lO7 dynes/cm2
Model A d = 0
g = 5 m E = 10 km
T = 12 km
L = 100 km M= 3 x 1011 cgs
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Ground Surface
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Figure 3.14

Contour map of the magnitude of the maximum shear
stress on th verticalgplane vy = 0. Contour
units are 10° dynes/cm“,

]
Stress release T = 1.5 x 108 dynes/cmg.

Model B d = O
= 6 km

11 km

3 x 1011 cgs

U = 5m

E
‘ T
L = 100 km _ M
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Figure 3.15

Contour map of the magnitude of the maximum shear
stress 1n thg vertical _plane y; = O. Contour
units are 10° dynes/cm=,

t o : 2
Stress release T = 1.9 x 108 dynes/cm

Model C d = 0
U” ; E = 10 km
= m
T = 16 km
: 11
L = 100 km = 3 x 10 cgs
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more physlcally reasonable variable slip model. In

figure 3.2 we have removed the singularity by applying
a varlable-slip discontinuity in this unstable reglon
only to find results that are almost identical to those
of Chinnery. Figure 3.5, however, shows clearly that
some differences exist in the rate of fall-off of the
horizontal displacements for each of the cases consi-
dered. Indeed, thié characteristic&proves very useful
in our depth analyses of several faults as discussed

in chapter 4.

The depth described by Chinnery's model is

- definitely a flxed value. . However, this is not the case
for the variable-slip models A, B, and C where there

are two values of the depth whilch are of consequence.
These are the effective_depth (E) and the total depth
(T) of the fault. The effective depth (compare figures
3.1, 3.2, and 3.4) shown in figure 3.4 corresponds iden-
tically with the total depth T of Chinnery's model and
the effective depth E of model A. Also, the cqntours
and the rate of fall-off of hbrizontal displacement for
each of these three cases are very similar to ohe another.
The same observations, however, do not apply to model B
which was constructed so that its total depth would cor-

respond to the total depth of Chinnery's model and the
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effective depth of models A and C. In model B the
horizontal displacement, W, falls off more rapidly
than in any'of the other cases, Also, 1ts contours
are considerably shallower than those eXhibited in

figures 3.1, 3.2 and 3.4,

With these considerations in mind we propose
that the fault depths determined by Chinnery (1962) ap-
proximate only the effective depths and not the total
depths of any given dislocation surface i.e. the values

calculated by Chinnery are approximately 50% too shallow.

In this sectiqn we have used only a hypotheti-
cal fault to support our argument. Chapter 4, however,
contains the depth analyses of five actual dislocation
surfaces and a table (4.1) listing depth estimates by
Kasahara (1958) and Chinnery (1961, 1962) as well as

our new estimates determined using a variable—slip model.
3.10 Results of the Stress Analyses

Contour maps of the T and Tis components
of the streés change in the plane Y= 0 are ex-
hibited in figures 3.6 - 3.11 for models A, B, and C.

A close examination of figures (3.6, 3.8, 3.10) and
figures (3.7, 3.9, 3.11) shows that the shapesvof the

contours in each case are very similar. On the other
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hand, figure 3.12 clearly indicates that vast differ-
ences in the rate of fall-off of the Lz stress com-
ponent do exist, Thls means that the stress release

at the origin, 73: , which we assume was the stress
causing the fracture to océur, varies considerably

from one fault model to another. Furthermore, extremely
high values of T may 1mply that the corresponding
fault models are physlcally unfeasible.

It is interesting to note that figures (3.6,
3.8, 3.10), respectively, show a positive stress dis-
‘tribution of dimiﬂishing magnitude about the bottom of
the fault in ﬁhe plane Y= 0 . The fact that this
distribution is a positive one indicates immediately
that the fault will have a tendency to propagate down-

wards 1n an effort to relieve the existfing stress.

A brief examination of each of the models dis-
played indicates two trends: (1) a gradual decrease of
slip with depth 1s assoclated with a positive stress
distribution ( Tz ) of smaller magnitude, (2) for deeper
fractures, much of the stress must have been relieved
in the process of downward propagation. Thils would ex-
plain the relationship between the slip, depth, and
positive ( Ti. ) stress component for the models discus-

sed. Contours of the stress change T3 are shown



here for the sake of completeness and because they are

required in the calculation of the maximum shear stress.

A physically more meéningful quantity, the

maximum shear stress, has been calculated in the plane

Y =0 for models A, B, and C. Contour maps for
each of these models are exhibitedﬁin figures 3.13 to
3.15. They display shapes very si@ilar to those of the

Tia stress component and are divided into two basic
reglons. These are the region of stress relief which
borders the ground surface and the region stressed above
the breaking strength of the medium (the breaking strength
1s the theoretical approximation 'té ). Thelatter is |
centred about the fault base in a zone 1n which after-

shock activity 1s often recorded.

‘Based on the above lideas, we propose that a
vertical strike-slip fault will tend to propagate down-
wards 1in order to relieve the positive stress about its
base. In chapter 5 we attempt to associate the after-
shock zone of.an actual earthquake with the aforementioned

region of high stress.
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CHAPTER 4

A COMPARISON OF THE THEORETICAL DISPLACEMENT FIELD

WITH OBSERVATIONS

We shall now apply the general analyses
of the previous chapter to the displacements of the

ground observed around flve surface faults.

Of‘course no real fault corresponds exactly
with any theoretical ﬁodel. There wlll always be
topographic features, lnhomogeneitles in the surround-
ing medium, lnaccurate measurements of the varilous
fault parameters, and several other factors (see Chap-
ter 1.3) thatiwill prevent us from simulating an accu-~

rate reproduction of the actual physical conditions.

Hence, in the following discussion we shall
try to fit the geodetic data with several reasonable
theoretical approximations rather than attempt to gilve

a single 1ntérpretation.
4,1 The Source of Geodetic Data

The horizontal displacements of triangulation
polnts around an earthquake fault provide valuable

Informatlon about the physical conditions of the fault-
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ing.. Here. we apply the dislocation theory of a variable-
slip, strike-slip fault to some actual casesin order

to determine thelr probable depths. The following ana-
lyses pertain to the San Andreas fault, the Gomura

fault, the Tanna fault, the Imperial Valley fault, and
the Fairview Peak fault. Geodetlic data for each of

these have been reported in considerable detall by

several authors.
4,2 The San Francisco Earthquake

The San Frandisco earthquake of April 18, 1906,
is associlated with a long shallow fracture known as the
San Andreas fault. This fault is of prime interest t6
us, not only because it 1s straight and displays very
little vertical movement, but also because accurate
triangulations were made to determine the displacements
of the ground around it. Two surveys are relevant to
the actual fracture - that of 1868 before the fracture
zone exlsted and the resurvey (only 47 triangulation
 points) after the fracture occurred. A plot of the
geodetic data, given in figure 4.1, shows that this
time interval of about thirty-eight years has been
long enough for a considerable amount of strain to ac-
cumulate in the region. However, other small regional

faults, the nearby sea, and inhomogeneities in the
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medium should also be considered as factors contribut-
ing to the more or less random movement of the ground

surface.
4.3 The Tango Earthquake

The Tango earthquake occurred on March 7,
1927 on the northern coast of central Japan. The two
fractures produced at this time Were the Yamada and
the Gomura faults. Our interest lies only in the lat-
ter for which 273 triangulation points were‘resurveyed.
Some of this data have been plotted in figure 4.2 to-
gether with an elevated base line which has been attri-
buted to the block movements that have occurred during
the time interval between surveys (about 30 years).
Such activity and also some dip-slip movement (about
0.7 meters) imply that this fault departs considerably
from 'the idealized dislocation surface that we have
been aiscussing. However, approprilate adjustments may
be made so that our analysis using dislocation theory

is applicable.
4.4 The North Izu Earthquake

The North Izu earthquake occurred on Novem-
ber 26, 1930 in the northern part of the Izu Peninsula

- off the southern coast of Japan. The Tanna fault, a
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vertical but slightly convex (to the East) fracture
was assoclated with this earthquake. In the vicinity
of the fracture, 81 triangulation points were surveyed
and resurveyed during the seven year interval between
the time of the Great Kwanto earthquake of 1923 and
~the above event of 1930. The measured differences
are assumed to be due entirely to the Tanna fault al-
though there 1s no way of determining whether or not
other seismic activity in the surrounding area was

a contributing factor to the movements. Thls data
has been plotted in figure 4.3 so that it may be com-
pared with the displacements obtained using a theore-

tical model.
4.5 The Imperial Valley Earthquake

A plot of the movements of the triangulation
stations on elther side of the Imperlal Valley fault
of May 18, 1940 were taken from a map prepared by C. A.
Whitten (1949) of the Coast and Geodetic Survey. Kasa-
hara's (1958a) interpretation of this map shows a de-
crease of horizontal dilsplacement, U, , with distance
from the fault. The geodetlc polnts used by Kasahara
have been plotted in figure 4.4. It is important to
note that the fall-off 1s considerably different on

the two sides of the fracture. Thils would indicate
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that the fault dips steeply (to the East). As a result,
depths obtalned from the data on each side of the frac-
ture must:be”éveraged before a meaningful value can be

determined.
4,6 The Nevada Earthquake

On December 16, 1954 two earthquakes about
four minutes apart shook the neighbourhood of the Dixile
Valley, Nevada. Assoclated with the largest shock was
the Falrview Peak fault which displayed both vertical
movement andpa dip (to the East) as well as a large
horizontal siip. Scarps caused by the faulting and
many minor fractures wére also present in the limmediate
vicinity. This activity was sufficiéent to obscure the
trace of the maln fault so badly that 1t could be deter-
mined only roughly from the movements of the triangula-
tion stations. The latter were presented by Whitten
(1957) and interpreted by Kasahara (1958a). Once again
the fall-off of horizontal displacement, W, , (see
figure 4.5) varies considerably on each side of the
fracture and thus requires that we make sultable com-
pensation when calculating the depth. The fall-off
discrepancy has been attributed to a dip of the fault
plane at an angle of 62 1/2° to the East (Romney 1957).
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4.7 Application of Theory to Observation

When calculating the dilsplacements using
dislocation theory, each change in the fault dimen-
sions produces some noticeable change in theanalyti-
cal reéults. Such an approach is the only way we
have of determining any trends or characteristics ex-
hibited by a given fault model. In such analyses the
mathematiclan rarély concerns himself with the accur-
acy of the geodetic data which he uses as a basls for
his model. Rather, he tends to become completely in-

volved in an examination of the theoretical results.

This situation was not allowed to develop
in our analyses of the various fault models. Care
was taken to remember that such parameters as the
fault semi-lengtﬁ.L and igs slip U can be measured
only approximately in the field. For instance, in
resurvéying the ground surface a base line must be
chosen on the assumption that it has not been affected
by the disturbance. This of course is never Jjustified
since the resurvey must include the areé very close
to the fracture. As a result, errors in both the
magnitude and the direction of the observed displace-

ments must be expected.
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The meaéurements of the length 2L of some
of the five éurface faults exaﬁined were only rough
estimates. For example, 1t has been suggested that
the San Andreas fault actually extends north-westwards
into the Pacific, and that the Imperlal Valley fault
may extend well into Mexico. The latter idea 1is sup-
ported by the fact that the maximum fault displace-

ment occurs near the Mexlcan border.

Such discrepancies become evident from a
theoretical viewpoint on an examination of the W,
fall-off curves produced by a variable-slip model rep-
resentation of the Tanna fault (L ~ D, Kasahara). In
this instance, they showed very little similarity to
the geodetic results untll we increased the length of
the model by about 75% (keeping the depth constant),
indicating that a. gross errof in the measurement of
the length, 2L, of the fault 1s inherent in the data.
Such a situation is indicatlive of some of the problems
that arise in a comparison of theory with observation.
To make these matters even more confusing, we have no
means of obtaining actual depth measurements of any

dlslocation surface located 1n the earth's crust.
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4,8 1Interpretation of the Fall-off Curves

In figures 4.1 - 4.5 we have superimposed
on the geodetic data several theoretical fall-off
curves. Among these (figures 4.1 - 4.3) are the ap-
proximations of Chinnery (1959) calculated from his
constant-slip model. No discussion of actual depth
measurements will be given in this section. They have
been listed, however, in table 4.1 along with previous

estimates prepared by Chinnery (1962) and Kasahara (1958).

From a general analysis of the trends exhibited
in figures 4.1 - 4.5, several changes in depth estimates
are evident. Those values approximated by Chinnery (1962)
are generally 40 - 60% less than our effective fault
depths and about 100% less than.our total depths. These
discrepancies are to be expected, however, since the
constant slip model does 1nvolve the movement of?ﬁ%st
ground. Kasahara (1958), on the other hand, has produced
estimates (except in the case of the Tanna fault) equi-
vaient to our effective depths. Such similarities are
not surprising because Kasahara's model, as our own,
exhiblts displacements which fall off with depth. Those
depths suggested for the San Andreas, Imperial Valley,
and Fairview Peak faults by Byerly and De Noyer (1958)

(their calculations were based on a consideration of
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strailn eﬁergies and earthquake intensities) agree

very well with our total depth estimates 1n‘a11 three
cases., However, we have no way of knowing whether

or not thls agreement 1s a colncldence or reality,
especially since Byerly and De Noyer state "The value
of 10 Km was distasteful to us, but the répid dle off
of intensity from the féult seems to demand a shallow
break" (the reference here 1s to the San Andreas fault).
The similarity of these results to our own remains,

nevertheless, and should be investigated further,
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CHAPTER 5

A COMPARISON OF THE THEORETICAL STRESS

DISTRIBUTION WITH OBSERVATION

In this section we apply phe general ana-
lyses of Chapter 3 to a specific geodetic situation.
The contours of maximum shear stress displayed there
lead us to'enquire whether or not there is any connec-
tion between them and aftershocks. The Rat Island
EarthquakeX (off the Alaskan coast) is used to investi-
gate thils bossﬂﬁlity. Although no definite results
are obtained from this analysis, further work may reveal

some matters of interest.

Since the sea covers most of the affected
region, the exact position of the fault trace cannot
be located. Furthermore, nelther the fault type nor
1ts relative dimensions have been measured. Thus the
following comparison of theory and observation must be
treated as a hypothesis rather than as an exact inter-

pretation of the avallable geodetic data.
5.1 The Geodetlc Data

The U.S. Coast and Geodetlc Survey located

870 aftershocks following the Rat Island earthquake
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of February 4, 1965. The epicentres (figure 5.1) are
located between the axis of the Aleutian trench and

the island chain in the region of the Aleutian Island
arc and form an approximately rectangular zone about

650 km long and 200 km wide. In this region both tem-
porary and permanent seismograph stations were used to
determine the hypocentrés of the main shock (about 40 km
in depth) and twenty aftershocks. The latter have been
plotted in plan along witﬁ a hypothetical fault trace

on figure 5.2 and in elevation on figures 5.3 and 5.4.

The pbsition of the fault trace drawn on figure
5.2 was not chosen in an arbitrary manner. Rather,
aftershock regions displayed by Richter et al. 1958,
Tocher 1956, and Plafker 1965 were consulted. Each of
these situations showed an array of aftershocks, the
position of the main shock, and the relevant fault
trace. It was noticed that the aftershock zone was
divided in a ratio of about 1{2 with the main epicentre
lying not on the fault trace but rather near it at one
end of""the zone. These observatiéns were then appliled
to the Rat Island earthquake so that its fault trace
~could be drawn in a physically significant location.
The length and depth of this fracture were assumed to

correspond respectively, with the extent of the after-
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shock zone and the depth location of the main shock.
A horizontal slip, () was then arbitrarily chosen
in order to carry out model calculations representa-

tive of the geodetic situatioh.

In figure 5.3 the hypocentres of the twenty
aftershocks noted in figure 5.2 have been plotted on
top of a contour map of the maximum shear stress 1in
the vertical plane ﬂ.==o . Calculations of the
maximum shear stress were also performed in the planes
Y = 0.75L and Yy,= 0.95L. Significant changes in the
contour shapes and positions were noticed only in the
latter plane which is illustrated in figure 5.4 along
with the twenty hypocéntres. Fault models of other
depths, slips, and lengths were also examined but the

results showed no relevant changes.

5.2 The Relationshlp Between the Aftershock Zone and

Maximum Shear Stress

The contours of maxlimum shear stress whose
magnitudes are greater than the stress release 75;.
exceed the estimated breaking strength of the surroﬁﬁd-
ing medium (3.83 x lO7 c.g.8. in this case). It will
be assumed that the downwards propagation of the frac-

ture mentioned in Section 3.10 willl tend to release
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Ground Surface

Figure 5.3

Contour map of the magnitude of the maximum shear
stress 1in the vertical_plane y1 = O,

Contour
units are 105 dynes/cm=.

Stress reiease T]; = 3.83 x’107 dynes/bmz.

Model D d = 0
U = 10m E = 30 km
T = 46 Kmll
L = 325 km }u = 3 x 10 cgs
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Ground Surface

Figure 5.4

Contour map of the magnitudé of the maximum shear
stress in thg verticaleplane vy = 0.95L. Contour
units are 10° dynes/cm~. -

Stress release T = 3.83 x 107 dynes/cm

Model D - . d = 0
= 30 Km
46 Km

E
U = 10m :
, T
11
L = 325 km }L = 3 x 10 cgs
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this stress build up in the form of aftershock acti-
vity. As a result, all the aftershocks would be ex-
pected to lie within the highly stressed regidn about
the fault base. It 1s quite evident that this proposal
does not apply to the geodetic siltuatlion shown in figure
5.3 ( Y =0 ) wheré-approximately one-third of the
hypocentres are located within the highly stressed
reglon. However, this 1s not the case in the plane
0.95L where about 80% of the aftershocks lie in the
desired position (figure 5.4).

There are several probable explanations why
the aftershock hypocentres do not all lie in the highly
stressed region. Indeed, the fault may not be bf the
strike-slip variety. Thils 1s indicated by the fact
that fewer aftershocks appear on one side of the main
eplcentre than on the other i1.e. the region to the
north-east (figure 5.2) appears to be in compression
while that to the south-west appears to be in tehsion.
A situation similar to this arose from the Alaskan
earthquake of March 27, 1964 (Plafker, 1965) where

.vertical displacements of up to 1lOm were measured.

If the same explanation does not apply to
the Rat Island earthquake, then the fault must extend

well beyond the aftershock zone and exhiblt both a
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variable horizontal as well as a varlable vertical slip.
‘A horizontal slip of téardrop shape would be a reason-
able discontinuity (Chinnery, private communication)
since it would represent a large displacement in the
region near the main epicentre which would diminish
with distance from the initial shock. It 1is also evl-
dent by comparing figures 5.3 and 5.4 that dislocation
theory supports this proposal - most of the aftershoéks
lie in the region of High stress only near the end of
the fault (figure 5.4) and not its central plane (figure
5.3). This would also indlcate thét thé aftershock
sequence could be assoclated with the stress released
when the fracture extends 1tself lengthwise. Any
definité conclusions in this respect, however, would
require a considerable amount of work including the
feconstruction of the specifilic equations for the dis-

placement field and stress changes.
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CHAPTER 6

CONCLUSIONS

Many aspects of geophysics deal with inac-
cessible areas such as the depths of the interior
of the earth, theoretically accessible regions of which
are only partially covered by geodetic obsefvations.
No mathematical model ever represents reality, yet,
given a certain set of assumptions, it is usually pos-
sible to establish a very close agreement between
theory and observation by varylng the parameters. Therel
are usually several models that can be Justified theore-
tically but of these only one approximates reality. The
préblem of eliminating the multiplicity of possibilities
and finding the one model that conforms to all available
geodetlic data is ideally sulted to the modern methods
of computer analysis. The computer can accommodate the
observatlons and similate the processes glven by the
pertinent equations. It can perform these operatlons
very rapidly, and incorrect solutions that fail to con-
form to reallity can be improved in a reasonable time
by amended equations, by new data or by'both° Thesé
arguments, together with the results oflthe previous

two chapters, Indicate that our attempt to represent -
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the natural processes of faulting, using dislocation

theory as a general mathematical model, is reasonable.

The use of Steketee's!"Elasticity Theory of
Dislocations" restricts our analyses to materials which
obey Hooke's Law fairly closely. This indicates that
the}non-elastic or plastic effects assoclated with the
process of fracture are conflined to a comparatively
sma}l'zone in the immediate vicinity of the fault, and
that this zone may be represented by a dislocation
surface. The medium, of course, 1s assumed to consist
of a homdgeneous isotropié material that 1s semi-

infinite with respect to the fracture zone.

The theory, however, does have limitations
"other than those mentioned above and those discussed
in Chapter 1. The horizontal slip W, was assumed
to vary only in the vertical and not in the horizontal
plane. Also, the stress reiease at the origin, 'Cé
is strictly a theoretical approximation. No physiqal
measurements of this fracture-causing stress have ever
been made. Hence, it is 1mpossible to account for the
‘reasons of the initilal fracturé and the magnitude of

the stress that cause it.
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Nevertheless, as long as we consider these
limitations in our interpretation of the numerical
results, we are Justified in expecting the theory to
provide much information about the displacement field
and stress changes produced by fracturing. Such know-
ledge allows us to estimate the depth of a given frac-
ture and to examine the contours of the maximum shear
stress in the disturbed region i.e. 1t allows us to
f‘predict a plausible afﬁershock sequence assoclated with
-a new fracture zone. Possibly, this approach can be
developed further so that the foreshock sequence and

the prediction of earthquakes may be facilitated.

Finally, there 1s an extension of the theory
which may be of special interest viz. the consideration:
of a dislocation surface that exhibits both variable
vertical and horizontal slip. With the theory allowing
for both of these features, the analytical results might
be able to suggest a possible connection between strike-
slip faulting and mountain building (Chinnery, 1965).

If such a relationshilip could be substantiated by actual
geological features, the importance of the use of dis-
location theory in assoclation with tectonlc changes

in the earth's crust would be fully realized.:
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APPENDIX

THE EVALUATION OF THE DISPLACEMENT FIELD

AND THE STRESS CHANGES

We have to determine the displacement fleld Uy

and the stress changes Ty at points P(.gu,ﬂz,jﬁ

due to a distribution of nuclel at points Q(%,,0, X,)

on the dislocation surface shown in flgure

2.1. The resulting algebra is very involved and tedious.

To simplify thé expressions, the following terms will

be used,
P=*s *ys
9 =% Ys
t;= X, - Y
sk= t* +-3§_' +q’-

S:=‘t2‘+tj%+[:2

Table A.l contains an array of expressions
that undergo specific transformations when differen-

tiated with respect to yYi ( { = 1,2,3). 1In particu-

lar we find the following three relationships,

02 -tAx

2y
Q2w .y, A,
B‘jz Uz
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BZK = = ZKH
9y

w

which are valld for both starred and non-starred vélues
of Z, A, B, and C. A second table (A.2) has also been
constructed to illustrate a similar set of transforma-
tions., In thls case two basic relationships exist for

both starred and non-starred values of I, J, K, and L,

viz.:
BIK = Luw
oy

The following two relationships are also applicable to
table (A.2), ‘
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A, THE DISPLACEMENT FIELD

From equations (2.12), U is given by

Uk = PK,L:’. - % rli,ik (1)
L D _«
- |
rk = WJ f [_‘I?_ U, (x3) dxldXB
Pd-Ldd (2)
K
The Galerkin vector r; for a nucleus at the point

( X, Oy Xj ) is given by the following expressions:

. 3
mept(e ) =
e (25, +p)
n 3 tye 2c - 2(bp+a) - (p*-qg*)l2S+p
M = szPy,[ c ngvi l VSS. ]

where E>=~QLZ%£— and C-= —7H;A——— which reduce
A pr O\+r02
to b = 0 and c¢ = 1/4 on the assumption that

A=p

We now define a term &k such that
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. L 4 . 3 . 15
Ih = 3 Te= 33 Kez 22 Lo o3
.t St st
3t* -sf 3(5t*-¢}) 15(7t*-5%) /05(9¢t%~ 8¢)
Ib= 4 3_6 = ¥ Kb = 3 L(. ]
Sy 52. S2 S—Z
- =1 -_t w_o 1 o 1
IX= I“‘_ . E (.V\(S.‘Ft) 2(5.+1) Kl 2.(5.+t)l L_l = 5.(3.+t)3
_ P B . ! »_ 2S5+t
I;: S?_ i‘tl.n. (5|+t) J—Z = 5.+t Kz = S|(Sl+t)z LZ - 8'3(5|+t)3
Lt -l (sit) e <$s Aty Ly = BEdEs 03t
» ! 3 _ 15 .
- 3 e s I, S
- _t3 Tte é% ke = 15t - | /os;t
. Sl Sl t Sc
. 3t*-s? o 3(5t*-52) & . I15(7t*-5s2) «_ /05(9t*- 8%
I:' 5'5' J—@ - 5.1 KG 5.9 Lb 5'”

Inthe above table operations
of the 9ouow£v\3 Lorm are valid: 'a}j-

33. 7

2T . J‘m;'é_T_e ;37+|;’§_J:L=—3ZKL

byz

ayz

33l¢*=-gsz;3_3—i=—PKL5b_3j*= CL‘“

333 'ays

TABLE A.2
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L
€x =\£L |_||?. dx,
(4)

This implies that the displacement field Uy can be

expressed as

D
Uk = 8|_")"fd u, (x5) Wk dxs

where

| (5)
wK = EK,U. - % GC,EK

l. The components €y

From equation (A.4) we have

L
poef (21-2,)dx

-py, |Un (s, +t) +ln(sa+t)
Pye [Ln (s surt)] | o

(7)




and €, =j:t [713 dx,
L
=)”ﬂl\[l—t(3u ~29B; - 4% 43 Bs)dx,

P r2g Ry o Bo)|
(8)

where {(x.,o,xs) " = {( L, 0,%;) - ]((-L,O,XQ whenever
the symbol l appears,

2. The derivatives of €,

We shall now proceed to evaluate the deriva-

tives €x,ii  and €tk which are required in equa-
tion (A.5b).

a) The €, component

Cim P (24~ )|

= et (Aa-AJ)|

s = lnls)satir g2 (3 + T (g,
€= [-3(3 e Brut (Lol 15 3|

€2 = p (95 -pTs)|

€3 i [prAT +5°) + g (BF-ATT) - (3437

|

Ve, = ‘ZH‘jz(:ra +J—3*) ”
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b) The €, component

|

Conn = [(24-20) -t (A=A

€2,2 = HYa ( Z4°Z:) I

€222 M [24 "Z: "j% (A4'A4*)} _
| (10)

ez,a = ).L [PZ4 ‘CLZ:] ’

uapo [A (s -p)-AL (2 v )]

€2, = ‘}J,t ( Z4" —Z:)

Vzez = Z)A( 24 -Z:) H
c) The €3 component

€3, = )&szt (- B, +—2qu +4 X3Y3 Ba)

éa,ln = MY, E?’(‘Cl*aqcz +4*333C3)“<*Bn*3982 t4X3 Yy, Bs)}

eg,z -'—).). [—A\+2C1A2+4-x3H3A3 e H% (— B'|+2 CLBZ*AFXS ‘ja BB)]

€3,22 =Y ['3(’ B *Zq,Bz*"l-xa‘js Bs) +yi (—C.+2.C1Ca +(4i>1<-3‘j3c3)]“v

N R (=A2+2pAs—4x 93A4)H

€3,33 = Y2 [3A3 ~2A4(pr2xs)rdxsys As }

L Ve apg (A 26|
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d) The dilvergence €y«
div € =€, t €0 + €3

- )131[2(24 ~Z)-A, +2pAs~4%3y;, A4} H (12)

e) The term Grad ( (d;v € )
Grad, (div €)=)¢32t(2A4‘2A1‘ B, *2[3 Bs =4 X3y B4) ”

Grad, (div €) =M [AZ_-ZZ: +4p A3—4X3lj3/-\\4~3§ (BZ-ZA:+4PB_3
el

G‘rd.d3 (CI.lV 6) = )*32 [22; "225 +3A3"2.A4. (P‘I’ 2-X3)+4->(3%3 AS')]
. 13

3. The formulation of the fterms Wik

We can now determine the expressions Wk by
applying the results of the previous sectilon (appendix

A.2) to equation (A.5b). The resulting terms are
w, = [_Z}A(jz(:r3 +J-3") — % })v Hz.t (A4 +‘3PB3—2A:"‘4)(383 Bq,):l u

we= g [2(Z4+20) - 2 (A -227 +4pAs -4 xaysA,)

+'§' Y2 (A, +3pBs ~2A¢ = 4xays B“)”l
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and
Ws = % }*32[3A3+2A4(‘jr 3X3)‘4"3‘:{3A5 *2(25"22)]”(:”)

For the sake of brevity, it is advantageous to define

four new expressions, viz.:

Fo=Ts+J3
F, = Ae-2A% +3pBs=4%y; B, | (15)
F3: Z«AZ.—ZZ ""PA3 ‘,"4)(333/[\4“ . .

Fa= 3A3+2As(Ys -3%5)~dxsys As +2(25-27)

4, The actual displacement fields

By substituting the expressions for W, ,w,
and w3; into equation (A.5a) we obtain the three dis-

placements

D
WU, = “4'—;1:}; U (Xg) 32<F. + ic3£2—) dxs
et [l ) s
, 121t q W(X3){Fat Yz Iz 3

and

5 .
Uz = TéTrh(d L, ()(3) (jz I:4. dxs
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which can be evaluated very easily with the aild of an
electronic computer (an I.B.M. TO4O was used in our

case).
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B. THE STRESS CHANGES

From equation (2.17), the changes in stress

are given by

rD
Tij= —g_l}}‘L Ui(xa)(&'.j Wi,k + Wi+ wj,c) dxs

(1)
We shall now evaluate the derivatives Wi,k , Wi,j
and Wj,l which are requlred to formulate these equa-

tions explicitly.
l. The derivatives of Wy

a) The W, component

Wiy = -2 P [3 (To+ TN -Ag+ 2A% ~3p By +4x,4: By
?"tz(Bq.-ZBq.* 1—3PC3 —4)(34:!3 Cq.)]“
Wia = ~2p [T+ 57 - 42 (ks k) @

+% {(A4-2A:+3P Bs "4X39334)— 35(84-ZB:+3P Cs-4 x's\jaCo,}] ”

- Z.MZ [FKa _%Kg__g_(_,c\ﬂzx\; +3Bs - By (3p+4xs)

¢ 433 Bs)|
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b) The U)i component
Wa = %)J.t [ZB?."A: —PB3 + 4X333B4+ljzi (84 "ZB:+3PC3"4X3L:I3C4>] “

Wa, = - %}sz [ZBZ'A:—pBa+4x3338* :

- 2(A4‘2A:+3PB3 "4)(3 Ys Bq,) + Ej?z' (Bq.‘ ZB: + 3PC3(;)4*393C4)] "

U)z_,‘a =& p [2; = 3As+As(p+4xs) = 4%sy; As

i (2A% —As +3B; - 84(3P*4><a)+4><33385)]”'

¢) The W3 component

Wi, = —23} }*‘jzt [383+ZB4(H3'3X3)‘4><333 Bs -2As +ZAS] “

W3,2 = %)’L[3A3 ¥ ZA(‘*(% - 3%3) ~ 43 Y3 As + 2(%s - Z;)

(4)
— 2 (3Bs + 2B (s ~3x5) 4% ysBs + 2 (As-A2) |

W3, 3 =»%. MYe {—A,, +ZCI/A5 +4X3H3Ab+ 2(26“22)] “
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2. The grouping of specific terms

a) The divergence

div w = wi, + Wz,2 + W33

- %— Py (2As-As -2%3As) “ (5)
b) The symmetric sums
Wz v Doz =7 ’3’)*[3(3‘3 #35%) = 343 (Ky+k3)

-2t Yz (B4—ZBZ +3pCs3 —4x3 Lj3C+ ‘t(GBZ—SA4+8X3H3B4+A:> ]“

Wiz, + W3 = "32‘)"'32 [3(PK3 - %K;)
(6)

~at(AF + 24y, Bs - Balxs 2y)]|

U)a,i +Wa,3 = %)J. {" 2; +‘A4(X3 +553)-8X3y3A5

,.435 (A; +2%3Y3Bs - B4(X3+ZH3>>]H

3. The actual stress changes

Substituting the equations of appendix (B.2)

above into equation (B.1l) we obtain the six components
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of the stress change

U
n = BWL u.(x;) (div w r ZUJn,I) O|X3

Top = 8 f (x3) (div w +2 wz,z) dxs

Tas

. (D , | |
2= [ “u(xs) (div w +2 wa,3) dx;
8"fd 3 | (7)

D

Te = éLTTTL u..()(a)( Wiz + wz,n) dX3
D

TIS 81'r \(d U-n(xa) (U)l,.? "’U)s,l) dxs

| D
’CJ23 = é;rjd (W (xa) ( waia + UJ?)Z) dx3

Analytical solutions can easlily be obtalned for each
of these expressions with the ald of an electrdnic

computer (an I.B.M. 7TO40 was used to perform this task).
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C. THE MAXTMUM SHEAR STRESS

Having evaluated equations (B.7) at any
given point we may calculate the prinqipal stressés
and hence the maximum shear stress at that point. Equa-
tion (2.20),

rtQj"T:d;g =0

(1)

ylelds a cubic equation of the form
—-7:3+-C)quz"()z’cb+'()3’=() (2)
2

where Cl ,C)z and C)a are 1n6ariants of the stress

tensor and are described by the following equations:

§

®l = ’C|*'T2.+T3

= 7:|+‘I}z‘+‘133

C)a = T T +’CE'E3 + T3 T,

= ‘1:22 7723 + ’Cn ’téu + ’tn :S)

Tas  Tas T Tas ) T



..97._

and @3 = T, Tz, Ta

)
Tl\ S T|3
= *
' |'§_> ’C‘?.?. T?-B

Tha | T2z Tss

(3)

Here T, , T2 and T3 are the three roots of the cubic
equation such that T3> T ? T, .  The maximum

shear stress 1is given by

|qux

-—

- T3-T,

= 5

(4)
For the reasons mentioned 1n Chapter 2.7'no reference
will be made to the directions of maximum shear stress.
However, it is important to note that when an initial
stress dlstributlon 73: exists in the medium, 1t
must be added to the stress change given by equation
(B.7d). Thus in our case all the T,, terms in equa-
tions (C.3) are of ﬁhe form

T:;T= 732,*’73;
| (5)
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