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lntoduction

It has been pointed out by Mukhopadhyay, Pal and Sen (1980) that Savageand.Rus{atsi
(1971,.1973), Spence -and;. Turewtt, (l&?ﬁ} and others hwq reported contindous ase:smtc, }‘ault
creep ranging.from 1 to 6 cxos per year in the central section of the Spp %}nﬂreas f'aqlt sxst
In order to study the effect of such creep on the styess mumuhchn in the fault rcgion nﬁ

other related phenomenon near active strikesslip faylts, Mukhoplﬁhyay, Pa,} and Sen 19’80)
considered a theoretical model consisting of & continuously - creeping vertn;a! stuke-shp fault
in a, visco-elastic half SPage, “with quorq; v;sgp-c}chupropmm, Tlpl model has’ the
aqvamage that it is possible to obtain exact solutjona in closed form for the dnsp‘\aoements and
stresses, for various types of creeping dnlocauon aGrofs the fault and for a,rbutrnry distribu-
uons of duplacements and stresses at the time of commencemeny of the fault creep, In this
connection, we note that the effective viscosity of the lithosphere would be expected to depend
on the depth. The lower lithosphere, being at a much lngher temperature and pressure
would be expected to undergo greater creeping dnsplacgmems without fracture. We also
note that the observed faulling on shallow strikeslip faults, such as the San Andreas fault, is
often estimated to extend jo depths of about 10 to 13 Kms. This appears to indicate the
accumulation of shear stress at greater depth does not reach sufficiently high values to cause
further downward extension of the fracture. This phenomenon can be explained easily if we
assume thet the material of the lower lithosphere below the fault crecps under tectonic
stresses without fracture. We again note that according to the results of the laboratory
experiments on the deformation of rocks at high temperatures and pressures as reported by
Griggs and Handin (1960), Heard (1976) and others, the rocks at depths below 15Kms,, at
the strain rates of the order of 0.1 u strainfyear reported in the neighbourhood of the San
Andreas fault by Prescott and Savage (1976), would be sufficiently ductile to undergo large
creeping deformations without fiacture. This effect is likely to be more pronounced in the
asthenosphere. Finally, we note, that the tectonic forces causing accumulation of shear
stress are likely to be more prominent in the lower lithosphere and asttiencsphere. Keeping
all these points in view we consider a two-layered model. The upper layer is taken to be
elastic, resting on and in welded contact with a visco-elastic half-space. For this model, it is
found that analytical solutions can be obtained for the displacements and stresses for certain
types of creeping dislocation across a long vertical strike-slip fault in the upper layer.
Although the layered mcdel is more realistic, the form of the soluion in this case is much
more complicated than that of the solwmion obtained by Mukhopadhyay, Pal and Sen (1980)
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for a creeping sttikecslip fault in & visco-elastic haif-space and the solution obtained for the
layaredimadel is ypplicable to & mazre restrivted elam: of -ereqping dislocations, But. much
usefu) informatiom; sap; il be;qbtaised from the sojution. for g creeping fault in the layered
mode], as shown later in this paper. It is therefme hoped that the analysis of the layered
model considered’ “here "would provide a useful additidn’ to “the results obtained by
Mukhopadhyay, Pal and Sen {1980).

We connder ' venicdl Strtke’-ﬂlp fault F of‘« depth g i situ!ted in an elastic layer'of
Muess HO <D ( ). 'The fayer resti on’ aﬂu i# in welded conta¢t with' a visco-elastic’
hal('-space "lhe fauft reaches ‘the free s’drfade of the elastic Tayer: We introduce cartesian
coordmates Iyl, s Y3 3 with the vl-axis oht‘h‘ free sutface along the trace of the fault, the
y*-axls vertncaily d,owrxwards and ihe yg-axis along surface; perperidicular to the trace of‘the
fault. The secuon of this lheoreucﬁl mode! by the’ vertical Ya-ys-plane is' shown™in 'Fig: |
We assume "that lhe length of ‘the fhuli"ls' largé chmpared to its depth and’ we take the
dlsplacemems and stresses to be mdependent of' ¥y and’ Hependmg oh 'y, ys and the time t.
This displacement component parallel to the y,-axis in the layer and half-space are repre-
semed by @ and wy. These components are assoctated with' the stiike-slip fault movement.
The relevant stress components associatéd 'with w, w; are répresented by (*1g, *13) for the
jayer and by (12, t'13) for the half-space. Since, the displacements and stresses are

independent of y;, {w@, w), (13, 12), (*'13 %'18) are independent of the other component of
displacement and stress. For the ¢lastic layer the constitutive equations are taken to be

_ o Pw
Ti2 —_Fl ay .
Bw ‘ )
and 713 = 4 Bva _
(0 < ya < H).

The half-space is taken to be linearly visco-elastic and of the Maxwell type, with the
constitutive equations

1 32 wy
e v + T2 = froy,
13, m 2wy | | @
Sl T L 3t dys " :
(ys > H)

‘We consider slow quasi-static aseismic deformation of the system when the inertial terms in the
stress equations of moétion are small and can be neglected as explained by Mukhcpadhyay,
- Pal and Sen (1980). For such aseismic deformation, the stresses satisfy the relation :

0~1g _Qm=o, 0 ys < H

G oys

(3)
B‘r13+ 31]3 0,

0y ay3

_Ys)H
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Fig. I Section of the model by 't.hqfupllr.ne yy v 0.

We assume that the upper surface of the Jayey is stress-free, and the shear stress t'yg in the
half-space vy > H, at a large distance from' the fault plane has a constant value 7y )
maintained by tectonic forces, while thie shear strgsses near tkie fault plane may change from
time to time due to fault movements. We also assume that the upper layer is in welded
contact with half-space. ‘Then‘the displacemennts -and :stresses would satisfy the: following
boundary conditions : ~ ~ °© b : ST
B ‘ l 1‘“ -0 “at Y8 = 0?- ' .
g = 13 8t  ys.=H, : ('4)_"
w = . at ys = H, 7

and T > T, as “"ygr"-'-b ,-,? in"yg> H
From (1), {2) and (3), we find that ' L

Y% = 0 and a% (Q%y) = 0, which are satisfied if V2w = 0,
' _ 0y <H & - (5)
and V2w =0,
¥Ys > H

For the shear type deformat’ons ‘we ‘consider for our model, we take the displacements
to be anti-symmetric with respect to the plane yg ‘we 0, s0that

w (y1, Yo Ya) = — w {y1, — Y2, Ya) and @y (¥1, Y5, ¥a} = - oy (Y1, = Y Y8)

Displacements and stresses in the alpl.ech:p!‘-,f#_gil_; 9!'%.9? :

In this case, we take the displacements and stresses to be continuous throughout the
system, We measur¢ the time froma suitable instant-after which the conditions (1) — (5)
become applicable, so that they are valid fort 3» 0. We assume that at t = 0, there are
displacements and stresses (w)o, (®w1)o, {*12)e; .(-.t'm)o, (v'12)e and (x'ya)o satsifying the relations
(1) — (5)- o S i

We take Laplace transforms of (1) — (5) with respect tot. This gives a boundary
value problem which can be solved easily in some cases. Inversion of the Lapiace transform
then gives the soluion for the -displacements and stresses. Sinse, (r13)o and {+'1g)p satisty
(1) — (5), they have the same value at vs = H. '

Le  Ta(y) = {(riad] yg=H
= [(*'13)0] Y3.= H.
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1f Tw (ve) is a constant == T'g (say), we obtain theamph solution-

v (g € g T

e'-'*"*“'t. My ey ('l:-”-e"‘-&’il';‘) -

et B 1,

L] "I. |

= (@1t t-z—:-!-—‘- B Tat '|
w13 = (T13) !r ©

iy = O‘l"u.f}-“f.l;.’%g:-;—t' ‘ W [ K {

A

I

|

)

o = (="12)o
From (6) we. find: that for ¢ >0, the stress s’y O ast — .. The,stress 51y in the layer
increases steadily as t increases and becomes large as t » @, but r'1g remaing bounded and
tends to ©, as t->y . This indicates that fracture or fault creep would be more likely to

develop in the upper layer than the lower layer half-space. This is consistent with the observ-
ation that most of the major strike-slip faults appear to be confined to fairly shallow depths.

Displacements and stresses after (ﬁe‘eommeqcemang of fault creep

The accumulation of the shear stress tyq in the upper layer would be expected to lead
eventually either to seismic fault movement or to aseismic fault creep. We consider here
the case of aseismic fault creep and we now measure the time ¢ from the instant at which
the creep commences. The relations (1)—(5) are valid in this case. But there is a dislocation
across the fault F which changes with time as long as the creep continues. The corre-pond-
ing boundaiy conditions across the creeping fault are taken to be

{w] = £(ya}. U) fort > 0,
(ys=100€ys<D; U0)=0) (7

where [w] . is .the discontinuity in w across F. Wetake 143, 13 10 be continuous across F.
To obtain solutions satisfying the relations (1)—(5), and the additional condition (7) across
the fault, we try to obtain the solution in the form -

o= (o) + (“)! )
r1g = (12h + (v1a)e
"-'rm = (118)1 + ('ﬁs’l

{8
- wp = (o) + (@1 & ®)
the = (v'1gh + (*1s)s
v'yg = (tish + (i
where (wh, (118)1serseeerene , ("1g) satisfy lhe-relations (1)—(5) and are continuous through-
out the system while (@), (r1)ey ov aereer , (¢'18)e satisfy the conditions (1)—(3), (5), (7) and

the following conditions given by (9), which replace (4) + - -
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s=0 at y3=0 7 - ,
g = <13 ‘t va=H - 9
and g+ 0 as Ya—+ &©

The solutions for (w)i, (T18)1, «veivennuens, (1)) aTe exactly s‘milar to the solutions (6). The
onlv difference is that (w)g, (wy)g, «oeeevnneens » (*'12)9 in (6) are replaced by {(®)ps (@2)py sevsenannieny
(19 which are the values of the functions{w);, (0th coneeevenny (27,8 at L = 0. To obtain
the solutions for {w)g, .. ... (-r 18)s, we take Laplace traml‘ormn of (1) = (3), (5), (7) and
(9) with respect to t. L'his gives rise to a boundary value problem for (m)g, ..cooovvunee » (7'18)8
which are the Laplace transforms of {(w)g; ............ » (*'18's-  This boundary value problem
can be solved by using a suitable modification of'a Green’s function technique developed by
Maruyama (1966) and Rybicki (1971). This techniquo has been explained by Mukhopadhyay ‘
Pal and Sen (1980). On inverting the Laplace tramsforms with respedt to' t, we obtain
solutions for (w)p, ......, (¥13's. Finally, from equaion (9), we obtain w, ey, .........,'1’1,.
It is then clear that they would satisfy (1) - (5) and (7). We note, however, that this method
enables us to calculate exact solutions of the displacements and stresses in the form of
convergent series of reasonably simple form only for certain simple distributions of the
dislocation across the fault. In parucullr, if f(¥3) = a constant.or.a polynomial in ys, and
U(t) = Vt, where V is a constant, in (7), then the solutions for the dicplacements and stresses
are obtained in the form of cenvergent series. In the case f(yg) = constant, when the
dislocation across F is independent of the depth it is found as.in Mukhopadhyay, Pal and Sen
(1980), that there is a singularity of the stresses in the neighbourhood of the lower end of the

_fault. Analytical investigations similar to those in Mukhopadhyay, Pal and Sen (1980) show

_that the displacements and stresses would be bounded everywhere including the tip of the
fault, if the following conditions were satisfied :

{(a) f(ys) and f’(yg) are continuous in 0 § vy < D.
(b) f"(ys)is continuous in 0 < yg < D, yy2 f*(yg) =+ 0 or to a finite limit,
as yg = 0+ 0, (D — yg)° {"(yg) = 0 or to a finite limit
as yg = D — 0, where m, n are constants, each < 1.
(¢) f'(0) =0 =f'(D) = f(D). |
The physical implication of these conditions is that the creeping dislocation vary smoothly
over the fault and approaches the value zerq with sufficient smoothness near the tip of the
fault. A simple type of dislocation uuisfying the conditions given above is -

o] = Vt‘(y;;)‘—D’)'.- o '. (10)

In this case, the dnsplacemenls and stresses can he obtamed in the form oi' convergent series.
We find that for 0  yy < H,

o (ol T2t T mya,y.) +r2 (£) t G

me=]

"'2',: ( ) S(m) by". %.l(vs.ﬁ)'- Q!(t) (1)

T
m=1 rm] ’
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Qt) = —, [T — e, ér—l (31 0] - |-+l [|'-¢*"‘1'b efaqt)]  (12)

e () e ';“+*‘ < [halrena)

| +2( ) ‘Put(mk)]

- _+ h “(:‘)m ﬁ( m{)-\'ll’f.- Qg.(t)- a1 (Vo ¥3).

. mm] e r-I ‘
o o (fM‘9<Y8<H)
In equations {11) — (13), = .
‘ R M . 1 : . py
LA B bwi® 13 -t .
*r A i NES!

where

where

.89,

m e Es  ;

2. Va {3 ?a’-‘Ya‘) 10 Y

#1070 y8) = s ~ 3D
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0 D ST TR (Dtyst et
yat—val. (6 ys2—2D2) + (yo2-D22 @

+ _— _-—.ﬂ'—D‘—-— x

Lot (35,70) ot (2532) ]

Yy (Yl: Ys) =¢1(ys,p) + 1 (Ya, k-
p=2"H+ys q=20H —y,
|"6 (ys®—ys¥) _ 10

by lyays) = — — D ~3p
2ys. (Ys’ —3 vs *D')  (D—-v3)* + v4®
+ Dé ‘ ETHYs) Ya‘ -
_,_‘m' Ys: (Y8’ —ya?- D’){ o l _
D4 (D--!"‘s")r + vi? (D+)’s)’ + yq?

L m(avw!n*){m_, rs) fapt (2R )5

%1 (Ya, Ys) = $2,(ys, p) + e (ve, ),
P -2‘“H+Ys,q pLY QERES

. (a; t) = J -l- ﬂlt + (|lt) + + (

[ 1 i H e ) r!

> 1),

f . . )
e e e e e e e —, o ——

(%

. e e i e e e e e e s,

“rs
—
S
e



On Stress Accumula’ion , _ ' 35

We note that (w);, and (vys), are, in this case, the values of @ and rjgat t = 0, when the fault
creep commences. The expression for wy is similar to the expression for w and the expressions
for T13, *'13, 7’13 are similar to the expressions for tag except for the fact that there is no term
of the form t, . ys. t/y, which is present in the expression of t;9 and increases monotonically
with time. We have not given the detailed expressions for wy, 713, 7’39, 7'13, since the
displacement w alone can be observed on the free surface and the shear stress component Ty
is expected to control the strike-slip movement of the fault, so that w; and Ty are the
quaatities which are of primary importance in this investigation.

Convergence and computation of the series

On examining the behaviour of the mth term of the series giving the displacements and
stresses, in the case of any creeping dislocation [u] = Vt. f {y3) across the fault, where f(yy) -
satisfies the conditions (a), (b) and (c) for boundedness of displacement and stress, it is found
that as m — o, the mth term is of the order 0(1/m®. (a/b}™) or 0(I/m?). Since |a/b| < 1,
it follows that all the series converge. On actually computing the terms and the approximate
sum of the series after assigning suitable values to the parameters of the model, viz., u;, pg, 1,
D, H, 7, ,V (given later in this paper), it is found that the convergence is fairly rapid for the
creeping dislocation we have considered. It is found that, to obtain the sum of the series
correct to three significant figures (i.e., with error less than 0.1 percent), it is sufficient to
compute the first 20 to 30 terms of the series to secure the appropriate ord:r of convergence, the number
of terms required depend to some extent on the values assigned 1o the parameters u, pg,
% D, H, 7, and V. Although the terms of the series have been obtained explicitly in closed
form, the expressions for the terms are fairly long. Hence the computation of the sum of the

series has been carried out on an IBM 1130 type computer, after developing a suitable
programme in FORTRAN IV for the computation, '

Discussion of the results and conclusions

We now study the effect of fault creep in our model on the changes in the surface strain
near the fault and the shear stress 144 in the neighbourhood of the fault. In choosing suitable
values for the parameters in our model, we keep in view the San Andreas Fault and take
D= 10kms. We toke pj = pug = 378 x 10U dynesfcm?®, which is the value of the
lithospheric rigidity given by Aki (1967). We also note that Cathles (1975) gives estimates of
the effective viscosity of the lower lithosphere and asthenosphere in the range 1020 to 1022
poise. These estimates have been obtained from a comparison of theoretical results of
observational data on a post-glacial uplift of Fennoscandia in Canada. We therefore choose
values of y for the haif-space in the range 1020 poise to 5 X 1020 poise. - We also note that in
our model the creep velocity across the fault on the surface ys = 0is V. Since, Spence and
Turcotte (1973) report creep velocities in the range | to 6 cms/year in the central section of
the San Andreas fault, we consider values of V in the range 0 to 6 cmsfyear. We first
calculate the accumulation of shear strain on the surface near the fault. For this, we first

calculate the strain compotent egs = -é;l at Yy = 0, y3 = 0, near the fault on'the surface.
s ‘ .

We net calculate Ejg = {ejq — (e12)p} X 108, where (e18)g is the value of eyg at t =0. Ey
depends on the time t, and is obtained in the form of a convergent series. This is evaluated
numerically, taking D = 10 kms., H = 100 kma., y = 5x 1020 poise, p = 3.78x 1011 dynes/-
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210 bark, | TH ol of the Faraitetét &, gives » vale of Bag, which ghver
increase of 13 — (en),so%xltr-cyear, '16¢ (hé cuge V' == 0. . This is of the

same order ai the rate of sirain accumulation in the neighbourhood of the northern locked

Jj‘P B "’54 e
cm%ﬁj’?
the rate of

+

section of the Sen Andreas faull, as féﬁqrfgé'fﬁy’ Savage and Burford (1971, 1978). We there--
fore adopt” this valie of 'z, , ‘and calcolate Ejyy for different values of V, for ¢ > 0." The'

c"ﬁmp:i}iaft_iq_ixg"h,a\'v_e"bg‘.'qrfi:;griéd' out on an 1BM 1130 ‘computer. The results’ are shown in
Fig. 11. “1tis seen th X . :

the surface becomes smaller, ahd when the vaiue of V, the velocity of creep, resaches 0.8 cms/-'
iyear, the strain accumulation becomes virinally gere,. . . .0 o i - ‘

B 4
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at, for larger values of V, the rate of accurulation of shedr strain on
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e '-‘.Fig. n Changes of the surface shear strain with time.
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(,“)‘ is,_qbtained easily from (13), in ibe form of 'a convergent series. We use the samé

values of the model pa;sfmgie!’i, and compute '(-E{g)';.‘-j‘f"ft;l"'ihg_ first case, we take'(tjy)p =0,
where (rjslo is the value of (tig)a att = 0. ' ‘Thié fesults for this case are shown in Fig. II1.

It is found that the g,a't'e;_:f'nc_rg'_'ie')?f,(‘l"‘i_"a):‘,il smaller for farger” values of V,'and when' V
Teaches gj;’gé'_y_??lue_ of 2.9 cms[year, the tate of accimalation 8f the ‘average shear Siress (tye)a

becomes nearly zero. Thus, the Faulf créip Prevenis acciimuliRidh 0f shear stresd'in 1hid ‘¢ase.
showy in ,Fig. 1IV. We, agaip find that, for lar&&f values of V, the rate of increase of (vi1g)a

‘becommes smaller.  When ¥ exceeds 3icmafjeiat, tnére is u steady decrease ih the value of =y

with e, For V = 40 éingjear,’ () hpftoaches “the valie' zbro in ablotit 300 years.
Thus, in this case, thefe'is continudus ‘aseisinic refeasé of shiedrsiresy due 16 fauld creep. ~'We
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note here that the creep velocmes for which complete stress release can. be achleved are of the
same order (i.e., a few cmsfyear) as the aseismic creep velocities mpqrted in oentrnl section of
the San Andreas fault, by Spence and Turcotte (1976). These resuits are simijlar to. those
obtained by Mukhopadhyay, Pal and Sen (1980). But one important difference is that a
much smaller vajue.of z,, , the shear stress mamtamed by tectonic forces in the Half space
far away from  the fault, gives the same rates of accumulauoq of stresh’ a.nd strain as those
obtained by Mukhopadhyay, Pal and Sen (1980). In fact, in the hyered mbdel we consider
liéfe" a com wgly sma‘ll shegr’ stress, mhiqtlined in lhe Half ‘ﬁa&‘a‘wﬁy from the fault,
leads to the accumulition of much larger ihear stresecs hear the uult in {he upper layer,

unless’ w,e as&ismi&cfgcpvélodtyil"iﬁﬁémy hr‘q. SN
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We note that, more rehiﬁld EWE: of the ﬁ:lcdel arameters may be obtained if
reliable and detailed observauon;'i data over suffici gdy Ibng riods of time are available for
the ground deformation near aseismié creepm ifnki fl: fadlts. It may then be possible e
obtain reliable estimates for the changes ir' the sheal\ siress near tlﬂe fault. This may enable
us to assess the pos:ibility of a sudden seism qfault movemeni and to estimate the magnitude
of such a movement, if and when it sceugs.  Itis also hoped that this model might add o
our insight into the tectonic processes that lead ‘to accumulation of large shear stresses in the
upper lithosphere, leading 10 :udden seismic f\;lt iﬂwemem, and the release of such shear
stresses by aseismic fault creep..
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