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Abstract. A layered model of the lithosphere-asthenosphere system consisting of an elastic layer
overlying a viscoelastic half space is considered. A long, buried, inclined strike-slip fault is taken
to be situated in the medium with a bending at the surfaee of seperation. The mantle convection
induced a constant force on the fault resulting in a sudden movement across it. The movement
on the fault changes the stress pattern in the nearby region. A mathematical model incorporating
the essential features of the tectonic forces and therassociated.fault movement has been devel-
oped. Analytical expression for displacements;\strains. and stresses are obtained using suitable
mathematical techniques involving integral transforms,(Green’s function etc. Computational work
indicates that a sudden movement across the-fault ‘as significant effect on the stress accumulation
in the region. The variation of shering-stress with depth and distance from the fault show some
iteresting features. It is expected that such features.will be usefull in understanding the mechanism
of eartquakes processes during the aseismic ‘period.
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1. Introduction

The nature of ground deformation during the aseismic period in seismically active
regions in between two major seismic events should be studied in depth for a better un-
derstanding of the stress accumulation pattern in the region. Such studies can be carried
out by developing suitable mathematical models incorporating the essential features of the
local geological structure and the eartquake faults situated in the region. In the present
paper, the lithosphere-asthenosphere system has been taken to be represented by a layered
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model consisting of an elastic layer of finite depth overlying and is welded contact with a
viscoelastic half space. In most of the earlier studies (e.g.Steketee,J.A.[32],Maruyama,T.[17],
Rybicki, K. [28], Sato,R.[29, 30],Chinnery,M.A., [4, 5, 6, 7, 8, 9],Rani,S.,Sing,S.[26, 27],
Mukhopadhyay,et.al. [18, 19, 20, 21, 22, 23, 24],Brink,U.S.et.al., [1],Martin,F.L.,[15],0glesby,
D.,[25], Ide,S., [11], Fowler,A.C.,[10]) the faults are usually taken as single planar fault,
but in reality the earthquake faults are not planar, but consisit of a number of planar
segments. In view of this a long, buried, strike-slip fault F having two adjacent planar
parts F} and F5 is taken to be situated in the model with the part Fj in the layer and F5
in the half space with a common line of joint on the surface of separation. Tectonic forces,
primarily due to mantle convection, results in accumulation of shear stress in the vicinity
of the fault, which, in turn lead to a sudden movement across either F} and / or F; causing
earthquakes, when the accumulated stress exceeds the frictional and cohesive forces across
the fault. The sudden movement across the fault induces significant in changes the stress
accumulation pattern in the region. The present paper has stressed upon these aspect in
detail and tried to correlate such changes with the prediction of next major seismic event.

2. Formulation

We consider a simple theoretical model of the lithosphere-asthenosphere system with a
locked buried and long, non-planar strike-slip fault consisting of two planar parts F; and
F, with edges parallel to the free surface. The first part F; which is situated in elastic layer
of depth H inclined at an angle 8; with horizontal and second part Fy which is situated
in viscoelastic half-space inclined at an angle 62 with horizontal.

We introduce a rectangular Cartesian coordinate system (yi,ys2,y3) with origin o at
free surface with the plane free surface y3 = 0 and y; axis is taken along the straight line
on the free surface which is parallel to upper edge of the fault. The boundary between
layer and half-space is given by y3 = H.

For convenience of the analysis we introduce another two rectangular system of Carte-
sian coordinates (v}, y5,v5) and (y7,v4,y4) associate with the parts Fy and Fy of the fault
respectively with origin at 0/(0,0,d;) for first and 0”(0,l;cos 61,dy + lysin 61) for second
part.

The plane of first part F; of the fault is given by the plane y5 = 0 and the plane of
second part Fh of the fault is given by the plane y5 = 0. With this choice of axes the
layered medium occupies the region 0 < y3 < H and the half space occupies the region
y3 > H. While the fault is given by (F} : y5 = 0,0 < y5 <lj and F5 : y§ = 0,0 < y5 <ls).
The relations between (y1,y2,y3),(y], ¥4, y5) and (y{, vy, y4) are given by :

y1 = Z/1
yo = yhsin 01 + yheos 0,
Y3 = —yheos 01 + yhsin 01 + dy

and



Y /)
Y1 =M1y
Yo = yhsin O + y5cos Oy + licos 0,
ys = —yhcos Oy + y4sin Oz + lysin 0y

A section of the theoretical model by the plane y; = 0 has been shown in the Fig : 1
in which the coordinate axes (y2,ys3), (v5, y5) and (y5,y5) have also been identified.
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Figure 1: Section of the model by the plane y1 = 0 and coordinate system.

We assume that the length of the faults are large compared to their depths, so that the
displacements, stresses and strains may be taken to be independent of y; and dependent
on yo,y3 and time t. With this assumption, the components of displacement, stress and
strain uy, (712, 713) and (e12,e13) in the elastic layer and u}, (715, 7{3) and (€}y,€}3) in
the viscoelastic half space are found to be associated with the strike-slip movement of
the fault. The material of the half-space is assumed to be linearly viscoelastic and of the
Maxwell type.

We start with a situation when the model is in a quasi-static, aseismic state and is
undergoing slow, aseismic deformations, with a shear stress 7., in the model far away from
the fault maintained by some tectonic forces arising possibly due to mantle convection and
/ or other geological changes. We measure the time ¢ from a suitable instant in the aseismic
state of the model, before any fault movement occurs.

For the elastic layer,the constitutive equations are taken to be

— ., 0w

T12 = K15y, (1)
_ Ou1

T13 = Nl@

0<ys <H, —00<y; <00

3



where 1 is the rigidity of the elastic layer.
For the viscoelastic half-space of Maxwell type, the constitutive equations are

1, 19\ _ 9
(5 + 4590712 = G

92 / ( )
1 10 u
(77] + 7,11«2 781‘/) {3 dtdys 3?413

ys > H, t >0, —00 < yz < 00

where po and n are the effective rigidity and viscosity respectively. We consider quasi-
static aseismic deformation of the system when the inertial terms in the stress equations
of motion are small and can be neglected, as explained by Mukhopadhyay et.al.,[21]. For
such aseismic deformation the stresses satisfy the relations

0 0
8‘;122 + 87?;133 =0 <0 Sys < H)

(3)
or] ot/
,9222 ,973:,133 =0 (y3>H)

+

From (1),(2) and (3) we find that
%(Vzul) =0

and
G (V2u) =0
which are satisfied if
V2up =0 (0 <y3 < H) } (4)
Viuy =0 (y3 > H)

(t>0,—00 < yz < 0)

We assusme that the upper surface of the layer is stress-free and the upper layer is in
welded contact with the half-space. Then the displacements and stresses would satify the
following boundary conditions :

713:0aty3:0

Ti3 =75 at y3 = H
up =uj at y3=H
T3 = 0 as y3 » o0

(5)

(t>0,—00 < yz < 00)
We assume that tectonic forces result in a shear strain far away from the fault which
may changes with time. We then have the following boundary conditions :
e12 = (€12)occ + 9(t)
/ / (6)
€l = (€12)oco +9(1)
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as |ya| = oo fort>0

where .
(e12)000 = lim (e12)o
ly2|—o0
(€12)o00 =  lim (e}5)o
ly2|—r00

where (e12)0, (€]5)o are the values of e12 and €/, at ¢ = 0 and g(t) is a continuous function
of ¢ such that g(0) = 0. Same g¢(t) is taken for both eja and €}, since the media are in
welded contact.

2.1. Initial conditions :

We measure time t from a suitable instant when the model is in aseismic state and there
is no seismic disturbance in it. (ul)o, (ull)(] (7'12)0, (7{2)0, (Tlg)o, (7'{3)0, (612)0, (6’12)0,
(e13)0, (€13)o are values of u, u', 712, {9, T13, T|3, €12, €)|9,€13, €5 at time t = 0 and
they satisfy the relations (1)—(6).

2.2. Displacements, stressses and strains in the absence of fault move-
ment :

We start with the situation when the system is in aseismic state. In this case displace-
ments, stresses and strains are continuous throughout the system and all the equations and
boundary conditions given in (1)—(6) are valid. To obtain the solutions for displacements,
stresses and strains in absence of any fault movement, we take Laplace transformations
of (1)—(6) with respect to time ¢. This gives us a boundary value problem which can be
solved easily. Finally, on inverting the Laplace transforms we get the following solutions

ur = (u1)o +y29(t)
T12 = (T12)0 + p19(t)
713 = (T13)0 (7)
e12 = (e12)o +g(t)

= (112)0 + p1sin Og(t)

t

rho = (laloeap(—45) + i [ g (eap(~25ar |

where g1 (t) = & {9(0)}

We assume that the strain ej and €}, gradually increases under the action of 7o. So
that both g(¢) and g;(t) are taken to be increasing functions of time ¢. From (7) and (8)
we find that both 719 and 7, increase with time. When the accumulated stresses exceeds
some threshold values the fault parts F; and Fs undergo sudden movement resulting in
an eartquake.



2.3. Displacements, stresses and strains after the restoration of aseismic
state folowing a sudden strike-slip movement across the fault part F

The sudden movement across F' has two constitutive parts— movement across F} and
at the same time a movement across Fy. We first consider the effect of sudden movement
across Fi. It is to be noted that due to the sudden fault movement across the fault F,
the accumulated stress will be released at least to some extent and the fault becomes
locked again when the shear stress near the fault has sufficiently been released. For a
comparatively short period of time, during and aftter the sudden fault movement when
the seismic disturbances generated by this fault movement are still present in the vicinity
of the fault, the inertial forces are not small and can not be neglected. We leave out this
short period of time, during and immediately after sudden fault movement and consider
the model after the restoration of the aseismic state, which happens when the seismic
disturbances near the fault gradually disappear. We shall determine the displacements,
stresses and strains during the second phase of aseismic state with respect to new time
origin ¢ = 0, denoting the instant at which this aseismic state has been restored in the
system after sudden fault movement.

We note that, for period ¢ > 0 (corresponding to the new phase of aseismic state of the
model re-established after the sudden fault movement), the inertial forces again become
very small and are therefore neglected, so that all the equations from (1)—(6) are valid in
this case also. The displacements, stresses and strains are continuous everywhere except
for the fault Fy, F5. The displacement component u; has a discontinuity which charac-
terises the sudden fault movement across the fault F; given by the following conditions :

[w1] = Urfi(ys) across Fi (y, =0, 0 <yg <li, t>0)  (9)

where [u] is the discontinuity of u; across Fi defined as

ul = lim (up)— lim (u

(1] i (u1) m (u1)
and f1(y5) is a continuous function of y4 giving the dependence of the relative displacement
across I] on the depth along the fault part Fy and U; is a constant, independent of v, 5.
Similarly, for sudden movement across Fs, we have :

[ui] = Uafa(yy) across Fy (y§ =0, 0 <yi <ls, t>0) (10)

where [u}] is the discontinuity of v} across Fy defined as

/ : / : /
ui] = lim (u})— lim (u
o] = Jim ()~ Jim ()
and f(y4) is a continuous function of y4 giving the dependence of the relative displacement
across I, on the depth along the fault part F, and Uy is a constant, independent of ¢, v4.
The stresses and strains 712, 713, T{9, Ti3, €12, €] are continuous everywhere in the
model.



We try to obtain displacements and stresses for ¢ > 0 (with new time origin) due to
movement across Fj in the form

ur = (u1)1 + (u1)2
T12 = (T12)1 + (T12)2
713 = (113)1 + (713)2

11
o} = (o) + () )
/ / /
19 = (T12)1 + (T2)2
13 = (T13)1 + (T3)2 )
where (u1)1, (712)1, ..., (713)1 satisfy relations (1)—(8) are continuous everywhere in the
model. The solutions for (u)1, (112)1, ..., (7{3)1 are therefore given by

(u1)1 = (u1)p + y29(t)
(t12)1 = (T12)p + 119(2) (12)
(113)1 = (T13)p

(

(W))1 = (uh)p + 29(t)
(Tio)1 = (rfy)peap(—H2t +u2f91 Jeap{—£2=Tydr (13)
(T13)1 = (T13)pexp(— Mst)

where (u1)p, (W))p, ..., (713)p are the values of (u1)1, (u))1, ..., (73)1 at time ¢t = 0
(i.e. the new time origin) satisfying all conditions from (1)—(8) and ¢1(t) = S$g(¢) and
(u1)2, (u})2, ..., (7{3)2 satisfy the relations (1)—(5) and the dislocation condition (9)
together with the following conditions :

(e12) = 0 as |y2| = oo for t >0 (14)
(€12) = 0 as |y2| — o0 fort >0

Thus (u1)2, (u})2, ..., (713)2 satisfy the following relations

(T12)2 = Mla%Q(Ul)Q
(15)
(T13)2 = 1 5o ()2

—c0o<yy<o0, 0<ys<H, t>0
9 82 ’
(2 + L 2)(rla)s = G
(16)
1,120 _ 9%
(5+@a)(713)2 = até‘;j
—00 <Y <00, ys > H, t>0

aw (T12)2 + ayS (t13)2 =0, 0<y3s < H

(17)
622 (T12)2 + ay3 (T13)2 =0, y3 > H
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—oc0o <ya <00, t >0

V3(u1)2 =0, 0<y3s < H (18)
V3(u})2 =0, y3 > H

—oco<y2 <00, t>0

—(u))s atys = H

(
27'13)2 = (7‘{3)2 at Ys = H (19)
(115)2 = 0 as y3 — oo

—o0o<yYyg < oo, t>0

(612)2 —0 } (20)

(€12)2 = 0
as |ya| — o0, t >0

and
[(u1)2] = Urfi(ys) across Fy: (yy =0, 0<yy <l, t >0) } (21)

To obtain the solutions for (u1)2, ()2, ..., (713)2 satisfying the above relations, we take
Laplace transforms of these relations with respect to . The resulting boundary value prob-
lem involving (@1)a, (u))2, . . ., (T]3)2, which are the Laplace transforms of (uy)a, (1), - . -
(713)2 respectively with respect to ¢, can be solved by using a modified form of Green’s
function technique developed by Maruyama,T.,[17] and Rybicki,K.,[28] as explained in
APPENDIX. On taking inverse Laplace transforms, we obtain the complete solutions for
(u1)2, (u})2,...,(m3)2 for t > 0. Finally we obtain the complete solutions wuy,u}, ..., 73
from (11) as follows :

Ul(?JQa Y3, t) = (ul)p + yQQ(t) + %¢1(y27 Y3, t)
e12(y2,¥3, ) = (e12)p + g(t) + 51402 (y2, y3, )
T12(Y2, Y3, t) = (T12)p + ng(t) + Uy (yo, y3, )
T13(y2, Y3, 1) = (T13)p + F5203(y2, y3, 1)
Tyrgr = T128in 01 — T13c08 01
Wi (Y2, y3,t) = (u))p + y29(t) + L1 (ya, y3, 1)
t
Tia(y2, 93, 1) = (Tip)pexp(—12°) + p2 fgl(T)efp{_W}dT + D o(y2, y3, 1)
0
T]/.B(y27 Y3, t) = (T{B)pexp(_%ﬁ) + %¢3(y27 Y3, t)
T{ign = T198in Oy — T{5c08 b9

(22)

where 11, 9,13 and ¢1, ¢a, ¢3 are given in APPENDIX.
Due to movement of fault part F5 the displacement component (u1 )3, stress components
(112)3, (713)3 of elastic layer satisfies equations (1)—(5) and displacement component (u})s,



stress components (715)3, (713)3 of viscoelastic half-space satisfies also equations (1)—(5)
and also they satisfies dislocations condition (9) together with the conditions

(e12)3 — 0 as |y2| — oo for t >0
(€12)3 = 0 as |y2| = 00 fort =0

Using the similar method we get the solution as
(w1)3(y2, y3,t) = L2 (o, y3,t) )
(e12)3(y2, 3. 1) = 224 (ya, y3, 1)
(112)3(y2, Y3, t) = 202400 (yo, y3, )
(713)3(y2, Y3, 1) = L2200 (3o, 3, t) (23)
(u)3(y2,y3, 1) = 5204 (y2, 3, 1)

(7—{2)3(3/27 Y3, t) = %gbé(y% Y3, t)

(13)3(y2,y3,1) = 24(y2,y3,1) )

where the explicit form of functions 9], ¥4, V5, ¢}, ¢, ¢4 are given by (A30), (A31),
(A32), (A34), (A35), (A36) respectively in APPENDIX.
The complete solution is given by

up = (u1)1 + (ur)2 + (u1)3

1
e12 = (e12)1 + (e12)2 + (e12)3
T12 = (T12)1 + (T12)2 + (712)3
7'13 = (113)1 + (113)2 + (113)3 (24)
= (u )1 + (uh)2 + (uh)s
7'12 = (Ti2)1 + (T12)2 + (T12)3
T3 = (7'13) + (T13)2 + (113)3 )

It is found that for sudden movement the displacements, stresses and strains will be
finite and single valued everywhere in the model, if the following conditions are satisfied :

For fi(y5) :
(1) f1(y5), f1(ys) are continuous functions of y5 for 0 < yh <1y
(i) f1(0) =

(iii) f7(y4) is continuous in 0 < y4 < I; except for a finite number of points of finite
discontinuity in 0 < y4 <y or, f{(vy4) is continuous in 0 < y4 < l; and there exist
real constants m,n < 1 such that (y4)"f7(y4) — 0 or to a finite limit as y5 — 01
and that (I; — y5)"f"(y4) — 0 or to a finite limit as y4 — I7°.
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For fa(yy) :

(1) f2(y3), f5(y4) are continuous functions of y4 for 0 < y4 < ls.

(i) foll2) = 0 and f5(0) = f3(l2) = 0.

(iii) Either fY(y4) is continuous in 0 < y4 < Iy or,f5(y4) is continuous in 0 < y4 < Iy
except for a finite number of points of finite discontinuity in 0 < y5 <y or, f5(v4)
is continuous in 0 < y4 < ly and there exist real constants m,n < 1 such that
(o — )™ f2 (y4) — 0 or to a finite limit as y¥ — 150 and (y4)"f5 (y4) — 0 or to a
finite limit as y§ — 070,

3. Results and Discussions

The following values of the model parameters are taken for numerical computations :
Iy =10 km., ls)= 12 km. are length of the fault parts F; and Fj respectively.

H= width of the elastic layer= 40 km, representing the upper part of the lithosphere
(the crust).

p1=the rigidity of the elastic layer= 3.0x 10! dyne/sq.cm.

uo=the effective rigidity of the viscoelastic half space representing the asthenosphere
(up to depth of about 600 km)= 3.78x10*! dyne/sq.cm.

n= the viscosity of the half space = 3x10?! poise.

Uy =40 cm and Uy = 40 cm, are slip across the fault F; and F5 respectively.

The above values are taken from different books and research publications (e.g. Cathles,[2],
Chift,P.et.al.[3], Karato,S.[13]).

We carried out the numerical computations with the following choice of fi(y4) and

"y. AN Y3\2 1/Y3\3 " _ (yé'2—l§)2
fo(ys): filyy) =1 — (F) + §(H) and fo(ys) = BT The depth dependence of
f1 and fo are so chose in a way that the continuity at the common edge be maintained
ie.fi(at y5 = l1) = folat y§ = ls) = k is chosen as § (may be taken otherewise). This
continuity condition however violated the conditions stated earlier for bounded stress
even at the common edge. However, stress very close to this common edge are found to
be bounded.

We compute the following quantities :

(i) Additional surface displacement due to fault movement

W= [u1 — (u1)1 — Y2 9(t)]ys—0 at t = 0, just after the commencement of the fault
creep.

= %wl + %w’l for different values of 6; and 6, (fig. 2 and 3).

(ii) Surface shear strain (Rs) given by

(Rs)=[e12 — (e12)p — g(t)]y; = 0 at t = 0, just after the commencement of the fault
creep.

=Uipy 4 Y24t (fig. 4 and 5).
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(iii) Variation of shear stress 712 with depth within the elastic layer and viscoelastic half
space are respectively given by

(112) = 112 — (T12)p — 111 9(t)
=4y, 12y (in fig. 6)

and

Hzt t

(m12)" = 715 — (T12)pe 7 +M2ng( T)exp{—LL(t — 7)}dT

Ul¢+ 52 ¢ (in fig. 7)

(iv) Variation of shear stress 713 with depth within the elastic layer and viscoelastic half
space are respectively given by

(113) = 713 — (T13)p
_M1U1w + MIU2¢, (1n ﬁg 8)

and

_ k2
(113) = T3 — (Tis)pe nt

Ul¢ +3 ¢3 (in fig. 9)

(v) The stress pattern changes due to the presence of an elastic layer over lying the
viscoelastic half space when compared with the half space model. (732) represent
these changes due to presence of the layer given by :

Tio = sin 6?1(“1U1 x series part of o + ’” 2 x series part of ) — cos 0, (”1U1 X
series part of 3 + “17r 2 x series part of 1/13) (in fig. 10)

Fig. 2 and 3 show the surface displacements due to the fault movements across F7 and
F; after one year with different combinations of ¢y and 2. For ¢ = 02 = 7, the surface
displacement curve is anti-symmetric. In each case there are regions of displacements
is opposite directions with one maximum in each direction. The magnitude of surface
displacements is of the order of (-2) cm to (43) cm, depending on ¢; and 2. As we move
away from the fault |IW| — 0 as expected.

Fig. 4 and 5 show the change in surface shear strain immediately after the sudden
movement across F; and Fb, for different values of #; and 6s. It is found from these figures
that movement across the part F} is more pronounced on the change of surface shear shear
strain. In both the cases, the magnitude of strain is of the order of 10~7, which is good
agrement with the observed value. The changes in shear strain is found to be maximum
near the faults and gradually die out as we move away from the fault.

Fig. 6 indicates the changes in shear stress 712 with depth in the layer 10 years after
the re-establishment of aseismic state following the sudden movement across F; and Fj
along a vertical at which yo = 15 km. It is found that there is a region of marginal
accumulation upto a depth of about 15 km and thereafter the accumulated stresses reduce

11



to some extent due to the sudden movement across the fault. The magnitude of stress
enhancement/ reduction depends on the angles 6; and 65.

Fig. 7 show the variations of shear stress T2 with depth in the half space due to fault
movement along a vertical through yo = 15 km one year after sudden movement. For
vertical fault (01 = 62 = 7), the changes are negligbily small. It is found that in most of
the region in the half space there are stress reduction up to a depth of about 70 km from
the the free surface. The magnitude of stress reduction however does not exceed 45 bars.
The reduction attains maximum values at a depth of about (30-45) km, that is just below
the lower edge of the fault segment F5. The effect of the fault movement dies out beyond
ys = 70 km.

Fig. 8 and 9 show the changes in the stress component(7i3) induced by the fault
movement in the layer and in the half space respectively along vertical at which yo = 15
km one year after the re-establishment the aseimic state following the sudden movement
across the fault. In the layer there are a region of stress accumulation upto a depth about
35 km followed by the narrow region of about 5 km depth where accumulated stress are
reduced due to fault movement. The angles of inclination of the fault parts F; and F5 do
not have much influence on the changes in the stress pattern. In the layer however the
entire region is a stress reducing region indicating that accumulated stress in this region
will be reduced some extent due to the sudden movement of the faults. The effects become
negligibly small at a depth greater than or equal to 70 km from the free surface.

A comparative studying for layered model and half space model of the liyhosphere-
asthenosphere system :

Most often the liyhosphere-asthenosphere system are modelled by taking an elastic
layer overlying the viscoelastic half space. An attempt has been made to identify the
extent to which in stress accumulation pattern due to fault movement differ if we stress
upon a single half space model instead of a layered model.

In the expression for stresses given in equation (24) the part involving infinite series are
due to the presence of the elastic layer. Numerical computations show that contribution
of this part remain well below the value 0.1 bar at a point for which y» = 2 km and
y3 = 10 km increasing very slowly with time ( 0.0002 bar/year(Fig. 10)). The ratio
of change in magnitude of 79 for half space model and layered model is found to be
(400:1) indicating that a half space model quite reasonable for representing liyhosphere-
asthenosphere system.

12



Additional surface disglacement due to fault movernent
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Figure 2: Additional surface displacement due to fault movement.
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Figure 3: Additional surface displacement due to fault movement.
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Figure 5: Change in shear strain.
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Variation of stress , ; with depth y,
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Figure 6: Variation of shear stress with depth in elastic layer.
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Figure 7: Variation of shear stress with depth in viscoelastic half space.
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Figure 8: Variation of shear stress with depth in elastic layer.
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Vaiation of stress (1,.)"with depth y,
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Figure 9: Variation of shear stress with depth in viscoelastic half space.
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Figure 10: Changes in stress pattern doe to presence of an elastic layer overlying the viscoelastic half space.
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Appendix

Displacements, stresses and strains after the restoration of aseismic state
following a sudden strike-slip movement across the fault— Method of so-
lution. Due to movement of fault part F), we try to obtain the solutions
for displacements and stresses in the following form:

ur = (u1)1 + (u1)2

T2 = (T12)1 + (T12)2

713 = (T13)1 + (713)2

wp = (uh)r + (uh): (41)

T2 = (T12)1 + (T{2)2

T3 = (T13)1 + (T13)2
(1

where (u1)1, (T12)1, .-, (713)1 are given by (12) and (13). The components of (u1)2, (712)2,
., (113)2 satisfying the relations (15)—(21). To obtain the solutions we take the Laplace
transforms of these relations with respect to ¢ and we get

(T12)2 = /1«1%(711)2
(A2)
(T13)2 = p1 g0z (t1)2

(Tla)2 = R2go; (@))2
(43)

- -9
(T13)2 = M2373(“/1)2

—00<y2<0o0, y3=>H, t>0

where fip =

Sl
=3 |-

A(T12) + O(T1s) _ 0 (O <y < H)

Oy2 Oy3
(A4)
o7, T
5420 0> 1)
—00 <y <00, y3 > H, t >0
V(1) =0 (0 <y3 < H)
(A5)

V2(uh)2 =0 (y3 > H)

(t>0,—00 < yz < 00)
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( 13)2:0aty3:0

(T13)2 = (T3)2 at y3 = H

_ "~ A6
()2 = ()2 at ys = H (46)
(T13)2 = 0 as y3 — o0

—co < yYg <00, t>0

b

as |ys| — oo, t >0

(512)2 —0
(El2)2 = 0

and
[(71)2] = %fl(yé) across Fy : (yh =0, 0<yh <1, t >0) } (A8)
where {(@1)2, ..., (Ti3)2} = [{(@1)2, ..., (T{3)2} e P'dt, p being the Laplace variable.
0

The boundary value problem (A1)—(A8) can be solved by using a modified Green’s
function technique developed by Maruyama (1966) and Rybicki (1971) and following them
we get

(11)2(Q) = /[(%)2(1’)][(?12(1’7 Q)drs — Gi3(P,Q)dxa]  (A9)
Py
where Q(y1,y2,y3) is any point in the layer and P(x1, z9,x3) is any point on the fault and
[(@1)2(P)] is the magnitude of discontinuity in (u1)2 across F; at P is equal to %f(yg) in
our model. For the half space we have

(@)2(Q1) = / (@)2(P)][Gho(P.Q1)ds — Gly(P,Qu)drs]  (A10)
Iy

where Q1(y1,y2,ys3) is any point in the half space.

In (A9)
G13(P,Q) = 1 3% G1(P, Q)
(A11)
G12(P,Q) = mz%G1 (P, Q)
where
G1(P,Q) = —gi-[n /(w2 — 10)? + (w3 — y3)* +
In\/(z2 — 42)? + (23 + y3)% +
Z_:ﬁﬁ%g;)m{ln V(@2 —12)? + (23 — 2mH — y3)* + (A12)
In/(z2 — y2)? + (w3 — 2mH + y3)° +
In /(w2 — y2)? + (3 + 2mH — ys)* +
In\/(z2 — y2)? + (z3 + 2mH + y3)?}
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Now P(z1,x2,x3) being a point on the fault F1, 0 < z9 <1 cos 01, 0 < z3 <[y sin 6,
and zo = x3 cot 01. A change in coordinate axes from (z1, 22, z3) to (£],&5,£5) connected

by the relations x1 = &}, xo =&, sin 01 + & cos 01 and x5 = —&, cos 01 + & sin 0y, is
intruduced so that &, =0 and 0 < & <1; on Fj.
Thus we get,

I )
()2(Q) = 575 [ /() [ttty

yasin 61+ (ys+di)cos 61

A +
00 .
Z (Hl*fm )m{ygszn 01—2mHcos 01— (yz—di)cos 61 +
p1+it2 As

m=1
yasin 61—2mHcos 01+ (ys+di)cos 01

+

pie +
yasin 01+2mHcos 61+ (y3+di)cos 01 }]dfl
3

5

Ay
yasin 61+2mHcos 61— (y3—dq)cos 61

where

Ap = &8 — 2¢4{yacos 01 + (y3 — d1)sin 01} + 3 + (y3 — d1)?

Ay = &8 — 285{yacos 01 — (y3 — da)sin 01} + y5 + (y3 — d1)?

Az = & — 2¢b{yacos 01 + (y3 — dy)sin 0y + 2mHsin 61} +
Y3 + (y3 — d1)* + 4(ys — dy)sin 01 + 4m>H?

Ay = &8 — 264{yacos 01 — (y3 + di)sin 01 + 2mHsin 0, }+
y3 + (y3 — d1)? — 4(ys — di)mH + 4m>H?

Ay = & — 2¢l{yacos 01 + (y3 — dy)sin 6y — 2mHsin 01 }+
ys + (y3 — d1)? — 4(y3 — di)mH + 4m?> H?

Ag = ;/;2 — 2&4{yacos 01 — (y3 + d1)sin 61 — 2mHsin 6, }+
ys + (y3 + d1)? + 4(ys + dy)mH + 4m*H?

Taking inverse Laplace transform we get,
(UI)Q = %wl (y27 Y3, t) (A]'S)

where

I .
V1(y2, y3,t) = [ fr(E5)[E 01_%’1—%)008 b

0
Y2.8in 91+(z32+d1)cos 01]d§é+
) Iy )
2 (5)"An(t) [ fig){ e pmtmiehoinstien by (414)
m=

yasin 61—2mHcos 61+ (y3+di)cos 01

v +
yasin 01+2mHcos 61—(y3—di)cos 61 +

As
yasin 61+2mHcos 61+ (ys+di)cos 01 }dé./
Ag 3 )

From (15) we get,

U
(T12)2 = B3 3%21/11(?42,?43,75)
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where

= U s(y2, s, ) (A15)

Iy

7/’2(y2,y3,t) = f fl(fé)[ Zsin 014+{(y3—d1)?>—y3}sin 61+2y2(y3—di)cos 91—2§§(y3—d1)+

and

A

E2sin 01+{(ys+d1)?—y3}sin 61—2ya(y3+di)cos 01+2§é(y3+d1)]d§/ N
A2 3

0

Iy

(%)mAm(t) bffl(fé)[%g{%?szn 01+ {(ys — d1 + 2mH)? — y2} x
sin 01 + 2y (ys — dy + 2mH)cos 6~
264 (ys — di + 2mH) }+
2z {68 sin 01+ {(ys + di — 2mH)* — y3} x
sin 01 — 2y2(ys + d1 — 2mH )cos 01+
26 (ys + di — 2mH)}+
az{€sin 01 + {(ys — dy — 2mH)* — 3} x
sin 01 + 2y2(y3 — di — 2mH )cos 61—
285(ys — dy — 2mH) }+
az{€sin 01 + {(ys + dy + 2mH)* — Y3}
sin 01 — 2y2(ys + d1 + 2mH )cos 01+
284(ys + di + 2mH)}]d&,

M2

1

(T13)2 = u1a¥2g(u1)2
(A17)

U
= Héﬂ'lﬂ%(y?, Y3, t)
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where

l . /
V3(y2, y3, 1) = ffl (gh)[Srcos Oty =) ug heos 012y (ys—d)oin 1426w |

A2
0 1
22cos 01+{y3—(ys+di)%}cos 01—2y2(y3+di)sin 01—2£§y2]d£/+
A2 3

Iy
(3)"Am(1) Offl(%)[fg{—fézcos 01 + 285y0—

2y5(y3 — dy)sin 01—

{y3 — (y3 — d1)*}cos 61—

AmH {yssin 01 — (y3 — dy)cos 01} +
4m?H?cos 61} + A%{{?cos 01 — 2&Lya—
2y2(y3 + dl)S’in 01+

{3 — (ys + d1)?}cos 1+ (A18)
dmH{yssin 01 + (y3 + dy)cos 01} —
4m?H?cos 61} + Aig{—ﬂfcos 01 + 28 ya—
2y2(y3 — dl)sin 91—

{y3 — (y3 — d1)*}cos 61+

dmH {yssin 01 — (y3 — d1)cos 01 }+
4m?H?cos 601} + 01} + %3{552008 0, —
285y2 — 2y2(ys + di)sin 61+

{v3 — (y3 + d1)*}cos 01—
dmH {yzsin 01 + (y3 + di)cos 01} —

gL

1

4m?H?cos 6, }]d&, )
where
_ pe2 _ M _ M _ M2 2#1#%
S_E’a_ﬁ_j’ﬁ_ﬁtl’al n(i+p2)" 7 (pf — )
en(2) =14+ F+ %5 + +25, eo(2) = 1,
Ap(t) =1+

From the above solutions we can compute the strain
— Ou Al19
e12 = g, (A19)

In case of half space )
13(P,Q1) = %G1 (P, Q1)
Gla(P,Q1) = =G (P, Q1)
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where
Gi(P7Q1) = —m[log \/(CCQ — y2)2 + (:1;,3 _ y3)2 +
log /(w2 — y2)? + (23 + y3)% +
2 (;'ﬁ%ﬁ:ﬁ)m{log V(T2 —y2)? + (w3 + 2mH — y3)2 +
m=1
log \/($2 — y2)2 + (,7;3 +2mH + yg)Q}]

(A20)

_ in 01— (y3—d 0 in 01+(y3+d 0
(@))2(Q1) = %?(H?}Fuz) J‘fl(gé)[{wsm 1 (jfi 1)cos 61 4 b2sin 61 (,?f; 1)cos S
oo

Z (,ulfﬂz )m{ygsin 01— (ys—di)cos 61+2mHcos 61 +
ot} p1+p2 Asg

Y28in ‘91+(y3+d1)808 01+2mHcos 01 }]d&l

Ag 3

Therefore taking inverse Laplace transform we get,

l

in 01— (y3—d 0 in 0 d 0
1(§é)[yzsm 1 (115131 1)cos 61 4 Yesin 1+(}¢/132+ 1)cos 1}df§+

—=s
\

(W))2(Q1) = L (1 — preort)

L3 (§mit

Mse

()L — e le, (i)} — pipe -

I )
brt" _ e 4 ; o ,
(T) F(r1+1)€ a1t] g‘fl (%){yzsm 1—(ys 12525 1+2mHcos Ly

yasin 01+(ys+di)cos 61+2mHcos 61 /
P }Hdgs

ﬁ
Il
—

£
NE

ﬁ
Il
A

= %¢1(y27y37t) (A2]-)
where

51

_ in 01— (y3— 9
o1(y2,y3,t) = (1 — 135e “1t)0ff1(f§)[y2sm ! (}ﬁ dajcos b

yasin 01+(ys+di)cos 61 /
Ao }d€3+

o0 m
2 () X (M) 2y {1 — e ute,_y (art)} — e M- (A22)
r=
l
3 (7 rhme ™) ] fa(gg) (e mnsdin dsnileos

yasin 01+(ys+di)cos 61+2mHcos 01 de!
) Yjae, |
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From (A3) we get
(Tla)2 = fi g, ()2

! .
_ Ui ¢ I\ E2sin 01+{(y3—d1)?—y2}sin 0142y2(y3—di)cos 61—2€5(ys—di)
= — [ f1(&3)]

p  w(pi+iz) 0 1 A2 +
ézsin 014+{(y3+d1)? —yg}szn 01—2y2(y3+di)cos 01+2§3(y3+d1 ]dfl
A3
00 I
U i 1 ,
B it 2 ()" [ AE) e sin 1+ {(us — di — 2mH)? — y3}x

sin 01 + 2y2(ys — di — 2mH )cos 01—
285(y3 — dy — 2mH) }+
Aig{fgsin 01 + {(ys +dy +2mH)? — y3} x

sin 01 — 2y2(ys + d1 + 2mH )cos 01+
264(ys + dy + 2mH)}]déE,

Taking inverse Laplace tranform,
_ U
(T12)2 = L ¢2(y2, Y3, 1) (A23)
where

—ait T R2sin 014+{(y3—d1)%— 0142 —d 6;—2 d
¢2(y2’y37t):1u7+256 altffl(gé)[fg, sin 01+{(ys—d1)2—y2}sin 01+2y2(ys—di)cos 01—2€5(ys—d1)

A1 +
é2gin 01-+{(y3+d1)>? —y2}szn 01—2y2(y3+di)cos 01+2£3(y3+d1)]d€,
o 43
H2 1—s\m —at Brmt
+i5 21(”5) Y1+ E )X
m=

lh (A24)
J fl(fé)[ﬁ{fé%m 01+ {(ys — d1 — 2mH)? — y3}sin 01+
0 5

2y2(ys — di — 2mH )cos 01 — 284 (ys — di — 2mH) }+
Aig{.fffsin 01+ {(ys + d1 +2mH)? — y3}sin 61—

2y2(ys + di + 2mH)cos 61 + 28 (ys + d1 + 2mH)}|dg,

Similarly,
(T13)2 = %(ﬁ:’)(yz, Y3, 1) (A25)
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where,

B 1 —¢2¢0s 014+ (ya—dy)2—y2 61 —2y2(y3—di)sin 01+2¢
P3(y2, ys, t) = {55e " [ f1(&3)] € cos 01+{(ys—d1)?—y3}cos 01—2ya(ys—di)sin 01+2€5ys

Az +
22cos 01—{(y3+d1)?—y3}cos 01—2y2(y3+di)sin 91—2§éy2]d€,
A2 3
)
i 35 (e i1+ 3 Bty
. m=1
1
J F1(€8) [z {~€Fcos 01 + {(ys — d1)* — y3}cos b1~ (A26)
Ag
0

2ya(y3 — dy)sin 01 + 285y2+

4mH {yasin 01 — (y3 — di)cos 01} + 4m>H?cos 01 }+
%3{5:/32‘303 01 + {(y3 + d1)? — y3}cos 01—

2ya(y3 + d1)sin 01 — 28Lys—

dmH {yasin 01 + (y3 + di)cos 01} — 4m>H?cos 61 }]dgs )

Due to movement of fault part F, the displacement and stress components are (u)s,
(u))3, (112)3, (113)3, (T12/)3, (T13/)3. Applying similar method taking Green’s function

G1(P,Q) = W log \/ (22 — y2) + (z3 — y3)2 +

log \/(z2 — y2)? + (3 + y3)% +

> (k) flog \/(ws — y2)? + (w3 + 2mH — y3)? + (A27)
m=1
log /(w2 — 42)? + (w3 + 2mH + y3)°}]
For layered medium (y3 < H) )
and
G1(P,Q1) = —5:[7; log /(w2 — y2)? + (23 — 3)* +

%giliﬁ log \/(z2 — y2)? + (x3 — 2H + y3) +

sy log /(w2 — 42)? + (w3 + 43)% + (A28)

(o0}
Gt 2 (s 0g /(ay = ) + (wa + 2mH + )7 ]
m:

For viscoelastic half space (y3 > H)
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We get,
(u1)3(Q) = %wi(y27y37t)

(7—12)3 = MITU2¢é(y27 Y3, t) (A29)

(13)3 = 20241 (y2, y3, 1)

where

B

l2 )
- L os 01 sim (o .
Wi (Y2, Y3, 1) = pge 1 [ fo(gy)|Lamhcos 00) sin bo(ys—H) cos 63 |
0

(y2—licos 61) sin 92+(y3+H) cos GQ]df

oo
1LJrSefalt Z (%+§)m fa1t(1+ Z B,«mt )
m=1

T ot r2=tcos 0) sin 0a=(ys— ) cos 02 Hcos
3

Bs +
(y2—licos 01) sin O2+(ys+H) cos 62+2mHcos 02 del
Bsg ] 53

l2
%(y%yg,t) = %_i_sefaltf.]%( :’)’/ Sm 92 + sin 92+

2{(y2—l1cos 01) sin O2—(ys—H) cos 02} (licos 01+E5 cos Ba—1y-2)

B? +
2{(y2—licos 01) sin Oo—(y3+H) cos O2}(l1cos 01+ cos Hgfyg)]dé.,/
B2 3
— Brmt"
+1ise ‘“tZ( o™ (1+Z )

m=1

ﬁfQ( :/3/ szn 02 + sin 06+

2{(y2—l1cos 91) sin 02—(y3—H) cos 62+2mHcos 62} (licos 01+EY cos 92—y2)+
32

2{(y2—licos 61) sin O2+(ys+H) cos 92+2chos 02} (l1cos 91+£ cos Ga—yo
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P5(y2,y3,t) =

B2
2{(y2—licos 01) sin O2+(y3+H) cos 92+2chos 02} (H+2mH+EY sin 92+y3)]d€,,
32 3
and .
(u1)3(Q1) = 3261 (y2,y3,t)
(T{2)3 - %¢é(y27 Y3, t) (A33)
(T13)3 = S2¢5(ya, ys. t)
where
(;5 yg,y3, Oﬁf y2 licos 91)smei2 (y3—H)cos 02+
( e—ait _ )(yzfllcos 01)sin O2+(ys—H)cos 92+
1+ B
( s€ ( )) (y2—licos 91)sin39227+(y3+H)cos 92+ (A34)

lo
e [ f2(85) -

cos 92 + cos 02 +

0
2{(y2—licos 01) sin 927(@/3 H) cos 02} (H+EY sin 02—ys)

BQ
2{(y2—licos 01) sin 92+(y3+H) cos 02} (H+EY sin 62+y3)]d€”
32 3
e 21( M1+ E Bemll)
m=

ffZ( é __cos 92+cos 92+

0
2{(y2—licos 01) sin Op—(y3—H) cos H2—2mHcos 02}(H+2mH+EY sin 62—y3) .

{2() t) - §1<g>m+2Am+z<>}><

(yg llcos 01)sin O2+(ys+H)cos O2+2mHcos 02 del
Bg ] §3
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gbIQ(yQa y37

(ng’,(yQ; Y3, t)

bt sin 92
ff2 §3 ) uze” [ 4

2{(y2—licos 01)sin 927(y37H)cos 02} (l1cos 01+&f cos ngyg)]d //+
B% 53
_ Hat

l2
ug(e n  — %He—mt)fo( é 51%792_’_

0
2{(y2—licos 01)sin O2+(yz3—H)cos 2}(l1cos 0144 cos Oa—y2) del!
32 ] £3+
4o

e M =+ (§)*Aa() }ffz [sinte y

2{(y2—licos 01)sin 92+(y3+H)cos 92}(llcos 01+E% cos B2—y2) del!
BQ ] §3+

Z::{ 2(33) e M (1 + Z Boall) — pa(§)™ Am(t)+

(8™ A (1)} [ Fa(€) 505+

0
2{(y2—licos 01)sin O2+(y3+H)cos H2+2mHcos 03}(licos 0145 cos Oa—y2)

B2 Jdéy

_ngt b2
= pge ff?(é 00302+

0
2{(y2—l1cos 01)sin 02— (ys—H)cos O2}(H+EY cos H2—y3) del!
B2 ] €3+
_ Mot

'u2(€ o 1+S —a1t ff 5// COS 92

2{(y2—licos 01)sin 02+(y3 H)cos 02}(H+§3 cos 02—2H+y3)

1) Jigi-+
{T2e ! — iy + 1 (9)As(1) }f F2 (€)%~

2 1 01)sin 02+ (ys+H 02} (H+&4 O2+

{(y2—1icos 01)sin 02 (ySBg )cos 2}( scos O2tys) ]d€§'+

Z {fi?g(1+s) e M1+ Z Brnll) — 11 ()™ A () +
p1(§) ™2 Ao (t) }ff2 (g te

2{(y2—licos 01)sin 02+(y3+H)cos 02+2mHcos 02} (H+EY cos 92+2mH+y3)]d§,,
B? 3
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where

By = &% — 2&{(ya — licosb)cos Oy + (y3 — H)sin 02} +
(y3 — H)* + (y2 — licos 61)?

By = €2 — 2¢4{(y2 — lyicosby)cos 02 — (y3 + H)sin O3} +
(y3 + H)? + (y2 — licos 07)?

B = &2 — 2¢8{(y2 — l1cos61)cos 02 + (y3 — H)sin 03 — 2mHsin 02} +
(y3 — H)? 4 (y2 — licos 01)% +4m?H? — 4mH (y3 — H)

Bs = &2 — 2¢8{(y2 — l1cos61)cos 02 — (y3 + H)sin 03 — 2mHsin 02} +
(ys + H)? + (y2 — licos 01) + 4m2H? + 4mH (y3 + H)

Br = &2 — 2¢{(y2 — l1cosbh)cos 03 — (y3 — H)sin O} +
(y3 — H)? + (y2 — licos 61)°

(A37)

30



