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ON TWO ASEISMICALLY CREEPING AND INTERACTING BURIED
VERTICAL STRIKE-SLIP FAULTS IN THE LITHOSPHERE
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 ABSTRACT

Two aselsmically créeping and interacting buried vertical lithospheric
strike-siip faults aro taken to be situated in a visco-elastic half-space,
representing the ithosphere-asthenosphere system. A technique Invelving
the use of Green's functions and integral transforms is :used to ghtain
sclutions {or the displacements, stresses and strains in the model, in three
diflerent cases-the case where no fault is creeping, the case when one fault
Is creeping and the other Is locked, and the case when both the faults are
creeping, taking into account the displacements and stresses present
inltially, and assuming that tectonic forces maintain a constant shear stress
tar away from the faults, The types of fault creep for which the displace-
ments and stresses are tinite everywhere are identifled, and the conditions
satisfled by these types of fault creep are determined, Detailed computational
algorithms are developed and used for the computation of the displacements,
stresses and strains. 1t is found that the influence of fault creep across one
fault on the displacements, strecses and strains near the other depends on
the distance, dimenslons, nature of the creep and the relative positions of
the faults, In particular, it is found that, In some cases, including the case
In which the faults are ot similar dimenslons and are at nearly equal depths,
creepacross one {ault leads to aseismic release of shear stross near the
other, thus reducing progressively the possibility of a sudden earthquake
gonerating fault movement. But in some other cases, Including the case in
which one fault is vertically above or below the other, creep across one fault
is found to increase the rate of shear stress accumulatlon near the other
tault, thus increasing the possibillty of a sudden selsmic fault movement
across the other fault, if it is locked. The effect of one creeping fault on
another is found to decrease quite rapidly with Increase in the digtance
between the fauits. The possible uses of the model in the study of the
interaction between neighbouring burled strike-slip faults in the lithosphere
and the influence of the interaction on the possibility of earthquakes due to
seismic movements across such fauits is examined,
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INTRODUCTION

Aseismic surface movements in seismically active regions of the earth
during apparently quiet aseismic periods have attracted the attention of
seismologists in recent years, and the possibility of utilising them to obtain
greater insight into the dynamics of earthquake processes, including
accumultation of stress and strain, leading to seismic fault movements, has
been recognised [Kasahara (1981)]. Some theoretical models for ase-
jsmic surface movements in seismically active regions have been develcped
in recent years, and have been discussed by Mukherji et al. {(1984) and
Cohen et al (1984). In most of thesa theoretical models, a single locked
or creeping fault is considered in models of the lithosphere-asthenosphere
system. However, Mukherji et al. (1984) have considered a theoretical
model of the lithosphere-asthenosphere system with two surface-breaknig,
creening and interacting fauits, and have explained the significance of fault
interaction in the process of stress accumulation and release in seismically
active regions  But no theorstical models of interaction between buried
faults have been developed till now. Keeping in view the fact that creep
across buried faults is supposed to be occurring in many seismically active
ragions [Kasahara {1981)], the case of two creeping and interacting buried
vertical strike-slip faults, situsted in a simple model of the lithosphere-
asthenosphere system, has been considered in this paper.

FORMULATION -

We consider a simple mode! of the lithospehre-asthenosphere system
consisting of a visco-elastic half space with its material of the Maxwell
tvpe. Wae consider here two long, vertical and interacting strike-slip faults
F, and F; in the hali-space across which creep occurs under suitable con-
ditions. We take both the faults to be buried We introduce rectangular
Cartesian coordinates (y,,Y:.vs) with the free surface as the plane vy =0 and
the ys-axis pointing into the haif-space. We take the y,-axis to be paraliel
to the ptanes of the faults. Then we can assume that the displacements,
stresses and strains will be independent of y;. We take the planes of the
faults F, and F; to be given by y,=0 and y,=D respectively. We take D,
and D, to be the depths of the lower edges of the faults F, and F; respecti-
vely below the free surface (y;=0), while d, and d, are the depths of their

upper edges below the free surface (y,=0).
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Fig. 1 shows the section of the model by the planey, = Q. For the
model, since the displacements, stresses and strains are independent of y;,
woe find that the displacement component u; along the y,—axis and the
stress components v;a and T3 associated with it are independent of the
other components of displacement and stress, and satisfy the relation

—

o o Y;
T | X >y
d, : |
-X_ | d,

D, |
F |
-
I A 2
|
Y; Y
!
|
V,
Y

Fig. 1. Section of the model by the plane y;=0
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where u is the effective rigidity and «» is the effective wsoosity as in
Mukherji et al. {1984).

We consider the model during sseismic periods !saving out the
relatively small pariods (if any) following sudden fault movement, when
seismic disturbances are present in the model. For. the slow, ageismic,
quasi-static digplacements we congider, the ingrtial forces are very small
and are neglected. Hence the relevant stresses satisfy the relation

b o
——-{Tya) + —== (713} =0 (2)
Dy, Oy,

(—o <yy<coo,¥2012=0).
From (1) and (2), we find that
0
" (Viwm) =0 ' ' (3)
which is satisfied if Viu, = 0
(—o<ys<ow, V320t 0)
At the free surface y; = 0, we have the boundary condition
T3=0 Ony, =0 : (4)
(t20, —o <y < ®©).

We assume that tectonic forces maintain a constant shear stress = o far

away from the faults, while stresses near the fault may change with time,
due to fault movement (including fault creep). We than have the boundary

conditinns
ﬁa—*OBSVa—F—w (5)
(for —o<va< @, t220)

and T —+>70 88 'Ya| @ (&)

(forys = 0, t= 0)
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‘DISPLACEMENTS AND STRESSES IN THE ABSENCE OF FAULT
MOVEMENT

" In the absence of any movemeant across the faulits, the displacements
and stresses are continuous throughout the model. In this case, we

measure the time tfrom the instant at which the relations (1) — (6)
bscome valid for the model. Let {(u;)e, (710)e. (*13)o. Which may be func

tions of (vs. v3), ba the values of (Ui}, (r13). (71a) 8t t=0. {(u;)e, (r1s)
(+13)o also satisfy the relations (1) — (B).

This initial and boundary value problem is solved, following exactly the
same method as in Mukherji and Mukhopadhyay (1984) using Leplace
transforms 1o obtain,

Too Yat —
ul (v’r y‘r t, == (ul)n + —— e e
) |
12 (Vo Yat) = (rundo 8B oy (1—o~#t/0) )]

s (Va Vo 1) = (m)e &V THUM _

As in Mukherji and Mukhopadhyay (1984), we find from (7}, that if
the shear stress 713 near the faults, tending to cause strike-slip movement
is less than T att = O, then there would be a continuous accumulation
of shear stress near tha faults for t > 0, with 13 —+rp near the feults
as t—» @,

Wae assuma,as in Mukhatji et.al.(1984),that aseismic creep commences
across Fj and F; when 74 reaches critical values 7, and 7.’ respactively near
F[ and Fa.

If 7o OF 7o, < T gn, then seismic creep would commence across Fj or Fy
after a tinite tima, From (7), we find that the fault across which aseismic
creep commences first would be determined by the values of =, v’ and the
values of(x1q), near the fauits F; and Fg. Assuming that 7¢. ve' <<t o, W6 cON-
sider next the situation after ageismic creep commences across Fyor Fy or
both.
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DISPLACEMENTS AND STRESSES AFTER THE COMMENCEMENT
OF FAULT CREEP

If fault creep commences across F, or Fy or both, the relationg (1)—
{8) are still satisfied, together with the following conditions of creep acsess

Fyand Fy ¢

[ui)s = Yy (ty) f1 (va) H (1) (8a)
across F; (d; < v; < Dy, ya = 0)
and [u)]s = Us(ts) fa (Va) H (t1) (8b)

across Fs (dz < va < D, v2 = D).
where tih=mt—T,tg=t — Ty,

[n], = Lt [u]—Lt [u’]
y:—>0+0 y1—+0—0

is the relative displacement acioss F, corresponding to the fault creep and
Uy (t1) = Oforty < 0 iie, t Ty, s0that [u;], = O fort < T,.

The velocity of creep across F, is

2
— [u]r = Vi {t)) £y (vs)
ot

where V;(1;} = _(::_1 [Ul (h) J .

Again, . .
[ui]e = Lt {up)—Lt (ug), (ds < 3 =5 D)

v.—+D+0 va—>D—0
is the relative displacement across F; corresponding to the fault creep and

Us (ta) = 0 for 13 < 0, 1e,, t < Ty S0 that
{L‘l]g = 0 for t<< Tg

The valocity of creep across Fy is

8
— {th]s T2 1ys), = Vy (t2)
at
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d
where Vi (tg) = é_ U, (t,).

ta
T, and T, are the times of commencement of creep across F, and F, respec-
tively. In case no creep occurs at any time across F, or F,, we simply take
\
Ui {t;) =0 forallt >0,
or Us{t:) = 0 foralit =0,

so that fu;J; = Oor {u;]a =0 forallt > 0.
Considering the model after the commencement of fauit creep,across F,
ot . or both, we try to find solutions for uy, 715, 113 in the form
U = (w4 (W) + (U,
iz = (Tish + (T1)s + (T)a . (9
and 713 = (rish + (71s)y + (713)s
where (u1)y, (712)1. (715)1 are continuous everywhere in the model, satisfy

the relations (1)—(6), and have the values (u,),. (r12)o, (T13)0 At = O,

while (Uy),, (T12)s, (r13)s are zero for t < T, satisfy (1) -(5), (8a) and
are continuous everywhere except across F,. satisfying the follawing
condition which replaces (6) :

(ra)s—>0as [ys] —> 0 (v3 > 0, t>Ty). (10a)

Again, (r13)s. (U1)s. (710)s are zero for t < T, satisfy (1)—(5), (8b) and
are continuous everywhere except across F,, satisfying the following condi-
tion which replaces (6) : ‘

(t12)s —> 0 as [yz] > (v = 0,t=T,. . (11b)
In this case, it is clear that the solutions (8) will sd}isfy (1)—(6), (8a)
and (8b). :

-On substituting t; =t — T,, we find that (u;)s (1,4)s (71a}s which
are functions of (t,, v,. ys) satisfy the followipg relations, obtained from(1)-
(5). (10}, (8a) and (8b).

1 1 9 02 (uy)
(—+——J(mh=——m
‘f‘| |13 0‘1 atl ay2

1 1 8 08 (u;)e
(—+nm-J<mh=u-u
h i Btl 6!1 6‘/3 .

{1a)
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0 8

B—Y; (t1a)e 4 -5:/-. (tis)s =0 (28)

V4 (U)s =0 _ (38)
[(12), (2a), (3a) being valid for — 0 < y, < 0, vs < 0, < 0].

(r132 =0 on y3=0 (—0 <Yz < o t; == 0) | (4a)

(ra): —> 0 asYsa—> o (— <Y1 < oo ts > 0) (b8)

(tu)s —> 0 &Sy — o (520.420) (6a)

[{u1}e] = Uy (t;) f, (vs) across F,
(Yl = or dl ‘~<-. Ys < D.I.J tl ? 0) (73)
with U; (0) =0

and (Ul)., (Tlg)g, (T]_a)g = 0 for tl = 0

To obtain solutions for (u;); (ria)s, (7a): fort, > 0, we take
Laplace transforms of (1a)—(7a) with respect to t,.

This gives a boundary value problem which can be solved by using
a suitably modified form of a Green's function technique developed by
Maruyama (19686), as explained in Mukherji et. al. (1984). On inverting
the Laplace transforms, as in Mukherji et. al, (1984). ws obtain,
_ U, (t) '
(u)s = H (t- Tl)—z"'""—' ¥11 (Y2 ¥3) (1)

T

t:
Gud=H =T (£) (v g v (12
0

tl )
= H @-Ta(£) Vi 07O M giravy a9y
' 0

where t;=t — T,, H{t — T,) is the Heaviside function, so that H(t— T,) =0
for tT,, and H(t—T,)=1 fort>T,. In(11) — (13),
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. ‘ Dl ’
) Yy y
Yulvaya) = ffl(xs) -~ + - - dx, (14)
d, (Xs—¥s) +vi*  (Xatys)r4yy?
R (Retvatmys |
X3 —Y3}® —¥.3 Xy+-Ys)8-—y, 3
$11(Ye.Ys)= ff;(xa) A i Ya_ dx, (15)
d, E{(xa—ys)2 +y,t)e {(Xatys)r+y,)s |
and D, [' oy , y
Ya(Xy—Y 2ya(xs+y
$21(Y2.Ys)= f filxy) | —— — ) dx, (16)
d; {(6=yad2+yatl  {(%5+y,)14yas)2 J
(v:7#0).
ou,
Hence €3 = —- , the shear strain is given by
Ovs
Teot U;‘(ll) I
@13+ (813)0 + ~—- + H({t—Ty) ——— é 1(Yays)
N 2n

In (11) — (186), we note that‘Ul {t:) and V, (t;) vanish for t,<0, Following
exsctly the same technique, we obtain expressions for (u,)s, (712)a (715)q

in the following from :

Us (ts)

(u)s =H (t —Ty) —'—;;:-' ¥ (¥, vY) (17)
ts
(r12)s = H (t—T,) -Z:f ve(r) o™ H (ti—r)/n dv  ¢'11(¥aYs)
0 (18)
LY
and  (713)3=H(t—Ta)u/2n f vaz) 6= BT g0 g v (19)
0

(Ya#0i. e, ys5% 0),
d

wheret; =t—T;, Ya=ya—D, ¥y =y, Vs (T_s) = —d—' Ua (ta)
ta
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and W'y, ¢y, @'y, are obtained directly from ¥, , $11 , $m ON replacing
Yo Yo, Dy £y (vs) in Wy, 415, dur by v, Y'a Ds, fa(y's) respectively,
where ¥,;, ¢1,, g1 are given by (14)—(186).

Hence we have after the commencement of fault creep,

T oot U, (t1)
€13=(813)g + —— + H (t—Ty) —— — 11 (V2. ¥s)
n 2%
Us (t2)
L H (=T, —'2—— $1 (V'3 V') (20)
]

:(:1 =1t - TI! |t' =1— Tl: V's = yy—D, ‘/‘smys)

The integrals for ¥,,, ¢,, and #2; in (14) — (16) can be obtained in closed
form if f; (y,) is a polynomial. In particular, If the relative displacement

due to creep is independent of depth, we have,

f1 (yy) = constant = K (say) (dy < ¥ < Di).

We find easily,

Dl"""ys Dl+ys
¥ (y2, y5) =K | tan= ( ._-_.._.) + tan-t | ——"

Ye Y2
) (d1—‘/s ) (dl +Ys ):I
—tan-1 | ——— | —tan-1 | ———
Yz Yz
1~ Vs \ Dy +ys
$11 (Vo Va)=—K | ——— + —————
(D1—vy)2+y,2 (D1+vs)2+y,2 1)
dl—Vs d1+ya ]
{d1 —yy)2+ys? (di+¥s)e + .2
and
. 2 Yz
P21 (Y2, ¥a) =K [— —— e e _
(D1 —y3) 24-y,? (D14vs)24y,2
¥Ya Ya ]
(dy—y3)2 4 yy2 (di+ys)2+ya2

We note that $,; and #21 (and hence t,5 and ¢ 13) have singularities at
[(ya=0,ys=Dy), (ya =0, yy = di)7.
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which are the lower and upper edges of the fault. The integrals for ¥,

" . ¢'n8nd ¢’y can be also obtained in closed form if fa(y';) is a polynomial,

Following exactly the method as mentioned in Mukhrji et al, (1984), we
find that the integrals ¥y, 11, $a1 are finite everywhere in the model
including the edges of the faults, provided the following conditions are all
satisfied simultaneously by f,{y;) :

{i) fi(ys) and i';(v,) are continuous in d,<y,<D,

(i) "2(ys) is either continuous in d; <y; <D,, or has a finite number of
points of finite discontinuity in d; <y, <D,,

(iii)) either (a) ", (v,) is finite and continuous at V,.== d, & v;=D, (C1)
or (b) there exist constants m; and n, both >1, such that

m
(ys—dy) 1f”;(v,)—> 0 or to a finite limit as y, — d, 4 0
n
and (D1 —vs) £" (y:) = O orto s finite limit as Ya—> D; — 0.

(iv) 1, (Ds) = 0 =1, (dy)
1 (D) = 0= 4 (d1)

These conditions imply that the magnitude of the retative creep displacement
across the fault varies smoothly with depth and approaches zero with
sufficlent smoothness as y, —+D; — 0 andasy, — d, 4+ O at the upper
and lower adges of the fauit, .

Similarly the integrals ¥y, , $11. ¢'n are finite everywhere
in the mode! including the edges of the faults, provided
fa(y'y) setisfies conditions (C2) similar to (C1) mentioned above,
where for f4(y's), we replace (ys, v,, d;, D) by (y',, Y's, ds, D;) in these
conditions. Hence, after the commencement of fault creep, the displace-
ments and stresses will remain finite everywhere in the mode! including
the edges of the faults provided the above conditions are satisfied by
fi(ys) and fa(y’s). We obtain, in this case, the following solutions for
(U1, 733, 713, €;3), Which are finite for all finite values of (vs. vs. t) and
valid for all t> 0 and for all types of fault creep across F, and/
or Fy, satisfying (C1) and (C2), when we take Ui(ty). Us(ta), f1(vs), fa(y's)
in appropriate form, satisfying (C1) and (C2).
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. T oo Yat Uity ™
Up = (U1)p + ———— 4+ H (t—-T)) —2—-— ¥1(ys va)
) L

Us(ts)
+ H(t—T,) —{ - ¥u(Y's. ¥sa)

T

—ut/y

Mt —e )

Tis = (11s)o ©

t

+ H (t—Ty) (; f vi (7) e Hti—)/y d'l')¢u (Ya. Ys)
T
0

ts

+ H{t—Ta) G fw. () o~ H 7}/ n-d‘f)“"u (vVa, Va)
= 0

‘ (22)
m
T13 = {T13)o O_P't/n'FH(t —Ty) (—')

2n

ts
(u oe g g v
0

ts
+ H(t—-T.)(p— f vs () o ¥ (ta—7}/n df)¢'ni (Vs V)
21! 0
Teot U, (ty) :
and e,3 == (@) + .—2—' + H{t—Ty) —fz'— - $11 (Y3, vs)
7 "

Us (ta)
+ HQ=T)) ——— ¢ (¥'5, V)
2
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where Di1—vs T
Fi 0o va) = — [F1 (v, +v)tan = (v/vs) dy
di— v,
Di-t+y,
—[t @z — va) tan-1 zpys) 2
di+y,
Dy--v,
$11 (v, Ya) = —} ff'a (v -+ vs) loge (y* + vs?) dy
di—v,
Di1+Y, (23)
+ j‘ﬂ — va( [0ge (2% + vs?) d2)z
dy-+Ys
and Dy- v,
$u (e, va) == [F1 (o ¥) tan=t (vjya) dy
. ‘ dy —vs
D1+,
~ [t @ — v et @) dz
d,+ys —_

and ¢°y,, %11, ¢'s; can be obtained from ¢4, ¥'11 and Wy, by replacing vy,
Y D1, du f1(Ys) bY ¥'a, ¥'s, Dz, de. fa(v's) respectively.

The solutions are valid for all t = 0, for all (yay,) in the model and
for' all values of Ty, Ta (= 0).

We also note that, to abtain u,, r1s, 71, In the neighbourhood of F,,
we make ys— 040, and y;—+ O -0 to obtain the limiting values on the
right and left of F, in Fig. 1. Similarly, to obtain p;, <3, 753 in the
neighbourhood of F;, we make y;— D40 and y:— D~ 0 to get the limiting
values on the right and left of F; in Fig. 1.

If fault creep across F; or Fy starts and stops after some time, the
results remain valid on taking appropriate forms of Uy(t,) and Us(ta) in (8a)
and (8b). The resuits will however, be valid only for aseismic periods,
and will not be applicable to seismic disturbances in the model due to
sudden seismic fault movements, since the inertial terms in the equations of
motion cannot be neglected in this case, so that (2) has to be modified.
‘DISCUSSIONS OF THE RESULTS AND CONCLUSION

To study in greater detail the changes of the displacements, stresses
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end strains in the model near the fault with time, and specially the influence
of fault creep, we compute the changes of the surface displacement (u;)ys_e
and the surface shear strain (e12Vys=o near the faults, as well as the shear
stress T,3 noar the faults at different depths, tending to cause strike-slip
mavement, for relevant values of the model parameters p, n, d,, ds, D1.D;,
D, o r and for relevant types of creep across the faults, Keeping in view
the case of strike-slip faults in the lithosphere, we take values for @ in the
range (3 to 4) X 1011 dynes/cm?, while d;, ds, Dy, Dy, D are taken to have
values in the range 6 to 40 Kms. We have catried out computations for
creep displacements across F, and F,, commencing at times t—T,, t=T,(T,>

T1>0) having the following form :
fu.] = Vl t f1 {ys} across F,,

end (U] = Vatafs (y'3) across F,,

where V,, V; are constants, and f,(y,) and fy(y's) are polynomials, satisfy-
ing the conditions (C1) for finite displacement, stresses and strains. in

particular, we consider the case,

fifys) = K (y5 —dy)® (D;—ys)2 ‘ (24)
[K=1 6/(D1'—d1)‘] .
and fo(y’a) = K’ (y'a—ds)2 (Dg—y's)2 ' {(25)

[K'=16/(De—ds)*1 ,

Wae have choesen the valuss of K, K’ such that f;{y;) has the maximum valua
1 atys = (Dy+d;)/2, at the midpoint of F, and fo{y's) has the maximum
value 1 at y', = {D2+4d;)/2, at the midpoint of F;, so that V,, V, are the
maximum creep velocities across Fy, F, st their middle points. In this case,
the integrals in the expressions for ¥;,, $11: o F'n. . S’ can be
evaluated in closed form.’ However, the expressions are very long, and
are not given here. ' '

For V, and V,, the maximum creep velocities across F, and Fi., we
consider values in the range 0 to 5 cms. per year, which is the normal range
of observed creep velocities across creeping strike-slip faults, For 7, we
take values in the range 1011 to 1022 poise, keeping in view the fact that
reasonably good agreement between observational data on pdst-gfaciai
uplift and corresponding theorstical results for theoretical models of the
lithosphere-asthenosphere system has been obtained by Cathles (19786)
with values of 1 in this range. For < q, we take values in the range 50 to
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200 bars, which is of the same order as the estimated stress-drops in major-
strike-slip fault movements, and for (t.3), near the faults we consider
values in the range 0 to 100 bars, with (r12), near F; and Fy less than in
ali cases.

The computed values of the displacements, stresses and strains show
that, in the absence of fault creep, there is generally a gradual accumulation
of the surface shear strain e;; and shear stress 713 near the faults, tending
to increas the possibility of strike-slip fault movement. The accumulation
of shear stress r,; Is found to decrease siowly with time, and ultimately
if there is no fault creep or sudden fsult movement. However, if creep
commences across F, or Fy or both, it has a significant influence on the
subsequent displacements, stresses and strains near the faults. The
magnitude of this effect is found to depend on the following factors :

(a) the creep velocities and spatial distributions across the faults of
the relative aseismic creep displacements . e., vy , va and f; (y3), f (¥'s.)

{b)} the depths and dimensions of the ?ahlts and the distance between
them i. e., d1 . ds, D1 ' Dg and D,

(¢) the shear streas tco far away from the fault maintained by tectonic
forces, '

(d)} the disp!acementé, stresses and strains present at t = 0,

(e} the values of the model parameters 1. and 4 related to the materia!
rheology, and

{f) The relative pagitions of the faults,

The computations show that when creep across any fault commences,
it generally reduces the rate of accumulation of shear stress and shear strain
near itself and greater creep velocities result in greater reduction of the rate
of accumulation ofshear stress end strain near the fault. For sufficiently
large creep velocities across a fault there is a continuous aseismic release
of shear stress and strain near the fauit, so that the possibility of a sudden
fault movement, generating an earthquake, is progressively reduced: The
effect of creep across one fault of the model on the shear stress near the
other is found to depend on the relative positions of the two faults and on
their dimensions and creep velocities. If we  consider any particular fault,
say Fy , it is found that if the other fault Fg lies  in two particular regions of
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the model - which we call Il and is, creep across F, tends to increase the
rate of accumulatian of stress and strain near F,. But if F, lies in two
other regions of the model which wae call R, and R;, creep across Fy reduces
the rate of accumulation of shear stress and strain across Fy. These regions
are shown in Fig. 2. The actual positions of the boundaries of these regions
of the model depend on the model parameters d,, D, and f1 (vs) for F,.
However, the general from of the regions remain as shown in Fig. 2.

0

-
~

SC— e m——

Fig 2: Creep across F\—regions of incresse in the rate of
Stress accumulation (h, h) and decresse in the rate
of stress accumulation (R1. Rs)

Similarly, for creep across Fa, the effect on the shear stress near F; depends
on the positions of F, relative to F*, and we have regions I'y, Iy, K", R’y of

the model such that cteep across Fy increases or decreases the rate of
accumulation of shear stress and strain near F? according as F* is in [ 1]

orin [R*; R",].

These . regions are shown in Fig. 3. In particular, if the faults are of
similar dimension; and of nearly equal depth, creep across one fault tends
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R, F, R}

Fig. 3: Creep across Fy—regions of increase in the rate of
stress accumulation (I'y, I's) and decrease in the rate
of stress accumulation (R*, R's)

to release the shear stress and strain near the other, reducing progressively
the possibility of a sudden fault movement, generating an earthqueke. In
this case, the two creeping faults tend to release the shear stress and
strain near each other, But if one faultis more or less vertically below or
above the other, creep across one fault tends to increase the rate of
accumulation of shear stress and strain near the other, so that the

possibility of a sudden seismic fault movement across the cther faultis
increased. In this case, the two creeping faults tend to reinforce the shear
stress and strain accumulation near each other.

The influence of one fault on the other is found to decrease quite
rapidly with increase in the distance D between them and if D >> (D, Dy)
then the effect of creep across one fault on the stresses and strains near
the other becomas quite small, However, in this case also, creep across
any fault gensraily tends to reduce the rate of shesr stress and strain
accumulation near itself, Anpother interesting result is that in the, absence
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of fault creep the rate of accumulation of surface shear strain near the
faults is of the order of 1077 per year, which is of the same order of
magnitude as the reported rate of surface shear strain accumulation near
the locked northern and southern parts of the San Andreas fault.

The influence of creep across one fault (say F;) on the shear stress
and strain near the other and near itself is found to be proportional to the
creep velocity across F, if the creep velocity does not change with time, i.e.,
if V) () or V. (ta) is constant, However, the relation is more complex if
the creep velocity changes with time, although an increase in creep velocity
across one fault still increases its influsnce on the shear stress and strain
near the other fault and near irself,

We now consider, in greater detail, the effect of fault creep on the
surface shear strain (on the free surface) in the region near the faults,
whose changes with time can be monitored observationally by repeated
geodetic surveys and instrumental observations, and changes in the shear
stress near the faults, which may be expected to influence fault creep and
sudden seismic fault movements across the faults. We consider two cases.

In the first case, represented by Fig. 4, the two faults F,, F, are at the
same level. In the second case, reprasentad by Fig. 5, onefault is vertically
above or below the other.

E, o E; E_0 €
D
l

v B
¥
Fig. 4. Faults F,, Fy 8pproximately at the same leve/.
On computing the shear strain e,; on the free surface ¥s=0, it is found
that, in both the cases, creep across F, or F, results in an increase in the
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rate of accumulation of shear strain ©;2 over regions E,E; for F, and E'E’s
for Fs, shown in Fig. 4 and Fig. . These regions are symmetrical about
the lines verticaily above £, and Fs on the free surface. But outside these

regions, creep across F, or F, results in a decrease in the rate of accumula-
tion of the shear strain e,y on the surface. The widths E,Es and E"YE’y of

the regions of increasing strain accumulation on the surface depend on the
fault parameters for F,, F, including d,. dy, D,, Dy, f, {vs). fa(y's).

’
& EE o E; €, y
+ + 'o, + " 4!
I
|
e
|
FZ
.

¥ ¥
Fig. 5: F, vertically above Fa

Woe show in some detsil the changes of the shear strain on the surface
above the faults and the shear stress ~ig near the faults, tending to couse

strike-slip movement, for some typical velues of the modei parameters,
taking %=1022 poise, p=3x1011 dynes/cm?, 7o = 100 bars, (113)0=26
bars in the region of the faults, [fatys). f2(ys')] - given
by (24) and (25) and V,, V, in the range O to 5 cms/year. The reasons
for such choice of tne.model parameters have been explajped earlier in the
paper here, and also by Mukhopadhyay et al. (19 . b, 1979a, b, ¢, d
and 1980a, b). Fig 6 shows the variations in the quanity :
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w000l | | f, and F, creeping
,| F, creeping ;
i |
E; '
2 soo}- | !
ot | L
| |
100 : I | i |
0 30 1_0L0 "o

Ty} (T}
t {inyears) —

Fig. 6: Changes in the surface shear strain with time above
F\ and F3 which are at the sama level.

Eys = [@13 — (©12)] Vs = 0 X107

( = change in surface shear strain X 107)
with time, at points vertically above F,, Fs in the situation shown in Fig. 4,
where F,, F; are parallel and at the same depth, with

d, = dg = B kms, D, = Dy = 15 kms,

V, = V; = 2 cms/year,

T, = B0 years,

Ts = 100 years,
and D = 10 kms,

The lines | and I show the changes In Ejs with time t at surface points
vertically above F; and F; respectively. In this case, creep across Fy or Fy
increases the rate of accumulation of surface shear strain above the fault
itself. But creep across F; or Fy reduces the rate at points vertically above
the other faults. The surface shear strain above F; (or F3) is influenced
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to a greater extent by creep across Fy (or Fs). The effect of creep across
the other fault F; (or F,) is smaller, but still appreciable. In particular,
during the period T; < t < T,, when Ficreeps and F, is locked, the rate
of accumulation of surface shear strain above Fa is almost reduced to zero.

Fig. 7 shows the variation of the same quantity E,; with time in the
case corresponding to Fig. 5, where F, is vertically above F;, taking d; — &
Kms, D; = 16 Kms, d, = 20 Kms, Dy =30Kms,D=0,V, = V, = 2cmsy

| o
1200} | !
1000} | l Y, n

I I é"ﬁ
' | 9 &
| | « <, W
En | |/ « &
500 - l' cq_\“q
<% |
N% rl::'uplt | < -
\4]
l hd‘ep\ |
1 I
v | L
o 50 100 50

t lin years) ——e=

Fig.7: Changes in the surface shear strain with time
above Fi and Fi, with F, vertically above Fy.

year. In this case, as shown in Fig. 7, creep across F; and Fi both increase
the rate of accumulation of surface shear strain above F; and Fs (y;=y;=0),
But the effect of creep across Fy, which is at a greater depth below the
surface, is much less pronounced, The line | carresponds to the case in
which T,=60 years and T,=100 years so that Fy.starts creeping first and
Fy starts creeping later, and the line || corresponds to the case in which T,
== 100 years and T,=50 years, so that Fs starts creeping first and F, starts
creeping later.

Fig. 8 shows the variations with time of the quantity
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Tim=max [(r12)yz ——— 0, d; < v; < D],
in the case in which the two faults F,, F; are parallel to each other and at
the same leval, as in Fig. 4, with d; =d3—6 Kms, D;=D;=156 Kms, T,=50
years, Ta==100 years, and D=10Kms. Thecurves I, !l and Il in Fig. 8
correspond to Vi =V.=0 (the case of no fault creep), V,=V,==2 cms/year
and V,.=Vy=D0 cms/year respectivaly.

A

|
|
100}~ II
| I
| F\ creeping o
T No f |
m o fault . = =
{inbars) creep ! .W
50 f m
' |
‘ 1
25 I |
i' ;
0 [ I ——
50 100 150 -
! Tll ) ':Tz }

t (in yegrs ) —

Fig. 8 » Changes in the maximum shear stress near Fy with
time {F,and Fz st the same level)

Fig. 9 also corresponds to exactly the same model; with F,, Fy parallel
and at the same level, and it represents the variation with time of the
quantity

Tam=max [{t1aly's —— 0. d2 < ¥ 5 € Ds],
with the same values of the model parameters as in Fig 8. As in Fig 8, the
curves |, Il and 111 in Fig. 9 correspond to V,=V.=0, V;=V,=2 Cms/year
and V,=V;=5 Cms/year. We note that Tym and Tym, which are functions
of t, reprasent, at any time t, the maximum values of the shear stress ri:
near the faults F, and Fy respectively at that time. Fig. 8 and Fig 9 show
that, in the absence of fault creep, there is a steady accumulation of shear
trass near the faults, leading to, ap increasing possibility of a sudden
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|
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100 | Fy ond F, creeping *
|
l

Fy creeping

1
Tim
{in bars) T
»
50
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l |
\ : |
‘ | |
0 50 100 50
(7)) {Ty)

t {in years ) ————mu=

Fig. 9: Changes in the maximum shear stress near F2 with
time (F1, Fa at the same level)

seismic faults movement, Creep across either fault reduces the rate
of accumulation of shear stress near itself and, to a smaller extent near the
other fault, and in thecase V; = V; = 5 cms / year; the cumulative
effect of fault creep when both the faults are creepig {fort >T;), leads
to a steady aseismic release of shear stress near the faults, reducing
progressively the possibility of a seismic fault movement generating an
earthquake. This effect is qualitatively similar to the effect of two creeping
surface-breaking. strike-slip faults on each other, discussed by Mukherji &
Mukhopadhyay (1984) We note here that Fig 8 and Fig. 9 show the
changes with time in the shear stress v1a near F, and F, tor the same model
for which Fig. 6 shows the variations with time of the surface shear strain
above F, and Fs Fig. 10 and Fig. 11 correspond to the situation in Fig.5,
with F, vertically above Fy and with ¢, = 6Xms, D, = 15Kms, da = 20
Kms, Dg = 30 Kmsand D = 0. Asin Fig. 8 and Fig 9, the curves |, |l
and 1l cortespond to Vy; =V =0, V; = Vp; = 2 cms/year and V, =
Vs = B cmsfyear respectively.
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Fig. 10 and Fig. 11 show the variations of the quantities Ty and Tam
defined earlier. Wae note that, in this case, the effect of creep across one
fault on the shear stress near the other is significantly different. Creep
across ane fault, in this case, reduces the rate of stress accumulation near
ifself, and increases the rate of accumulation of shear stress near the other
fault, which is vertically above or below. As a consequence of this effect,
even in the case V, = V; = § cms/year, there is no release of shear stress
even when both the faults are creeping, upto t = 160 years. In fact, as
shown is Fig, 10, while creep across F,, starting att = T;, reduces the rate
of accumulation of shear stress near F,, the rate is again increased after
t = Ts. when F; also starts creeping. Fig. 11 shows that after t = T

A

F, ond F, Creepihg

F, creeping -

!
l
!
|

vyt S
No fault 1
Tim creep
lin bars)
("
S0 ~ 5"""8/yr
| I
% | :
| |
l 1 Sy
0 50 100 150

M (T}

t {in years } —i o

Fig. 10 : Changes In the maximum shear stress near Fy
with time (F, vertically above F,)

creep across F, increases the rate of accumulation of shear stress near Fy.
But the rate is reduced after t = T,, when Fs also starts creeping, We note
that Fig. 10 and Fig. 11 correspond to the same model for which FHg. 7
shows the variations with time of the surface shear strain above Fy and F,.
Woe finally note that, in this case, with one fault vertically above or below
the other, interaction between the faults results in increasing accumulation
of shear stress near them, increasing the possibility of a sudden seismic fault
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movement, generating an earthquake. However, in this case, in which the
faults are parallel and at the same level, as in Fig. 4, interaction results in
aseismic release of shear stress, so that the possibility of a sudden seismic
fault movement, generating an earthquake is progressively reduced. This
shows that the effect of fault creep in system of byried and interacting

1001-

|

TZm l.
(in bars) l
So- I
1 I
| |
I ' “, ond F, creeping
Fi creeping
5 No fault | ' |
creep | |
| |
| |
! |
0 I | ]
SO 100 150
'Tl ! ’ ‘Tz] -
tlinyears) —— o

Fig. 11: Changes in maximum shear stress near Fy with
time (F, vertically sbove Fs) '

faults depends significantly on the relative positions of the faults, and may
lead to aseismic st_res’s’ accumulation or release, depending on their relative

positions.
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