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The process of stress accumulation near earthquake faults during the aseismic period in between two major
seismic events in seismically active regions has become a subject of research during the last few decades. In the
present paper a long dip -slip fault is taken to be situated in a viscoelastic layer over a viscoelastic half space
representing the lithosphere-asthenosphere system. A movement of the dip-slip nature across the fault occurs
when the accumulated stress due to various tectonic reasons, e.g., mantle convection etc., exceeds the local
friction and cohesive forces across the fault. The movement is assumed to be slipping in nature, expressions for
displacements, stresses and strains are obtained by solving the associated boundary value problem with the help
of integral transformation and Green's function method. A detailed study of these expressions may give some
ideas about the nature of stress accumulation in the system, which in turn will be helpful in formulating an
earthquake prediction programme.

Key words: aseismic period, dip-slip fault, earthquake prediction, stress accumulation, viscoelastic-layered
model.

1. Introduction

It is the observational fact that while some faults are strike slip (finite or long ) in nature, there are
faults (e.g., Sierra Nevada/Owens valley: Basin and Range faults, Rocky Mountains, Himalayas, Atalanti
fault of central Greece- a steeply dipping fault with dip 60, 80 (deg)) where the surface level changes during
the motion, i.e., the faults are dip-slip in nature.

It is therefore necessary to understand the mechanism of plate motion in the dip direction before the
fault movement and after the fault movement with a displacement dislocation and to understand the nature of
stress-strain accumulation/release in spacial and temporal co-ordinates to predict the future event in space
and time.

A pioneering work involving static ground deformation in elastic media was initiated by Maruyama
(1964; 1966). Savage and Hastie (1966) did a wonderful work in analyzing the displacement, stress and
strain for dip-slip movement. Later some theoretical models in this direction have been formulated by a
number of authors like Rybicki (1971; 1973), Sato (1972), Rosenman and Singh (1973; 1974), Nur and
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Mavko (1974), Sato and Yamashita (1975), Rundle (1978), Mukhopadhyay et al. (1979a; 1979b; 1980a;
1980b), Cohen (1980a), Sunita and Singh (1991; 1992), Ghosh et al. (1992), Singh et al. (1997), Savage
(1998), Oglesby (2005), Zhang et al. (2006), Savage (2007), Ma and Beroza (2008). Segall (2010)
discussed various aspects of fault movement in his book. Ghosh and Sen (2011) discussed stress
accumulation near buried fault in the lithosphere-asthenosphere system. The study of Fuis ef al. (2012) can
also be mentioned.

In most of these works the media were taken to be elastic and /or viscoelastic, but a layered model
with viscoelastic layer(s) over viscoelastic half space will be a more realistic one for the lithosphere-
asthenosphere system.

The following are some reasons behind our consideration of viscoelastic materials. The laboratory
experiments on rocks at high temperature and pressure indicate the imperfect elastic behavior of the rocks
situated in the lower lithosphere and asthenosphere.

Investigations on the post-glacial uplift of Fennoscandia and parts of Canada indicate that at the
termination of the last ice age, which happened about 10 millennia ago a 3 km ice cover melted gradually
leading and upliftment of the regions. Evidence of this upliftment has been discussed in the work of
Fairbridge (1961), Schofield (1964), Chathles (1975). If the Earth were perfectly elastic, this deformation
would be managed after the removal of the load, but it did not so happened, which indicates that the Earth
crust and upper mantle is not perfect elastic but rather viscoelastic in nature. In the present case we consider
a long dip-slip fault situated in a viscoelastic layer over a viscoelastic half space which reaches up to the free
surface. The medium is under the influence of tectonic forces due to mantle convection or some related
phenomena. The fault is assumed to undergo a slipping movement when the stresses in the region exceed
certain threshold values.

In our paper, we consider a viscoelastic layer of thickness H km (say) over a viscoelastic half space
to represent the lithosphere-asthenosphere system, with constant rigidity (2.0 x 10° Mpa) and viscosity (10°’
— 10°" pa-s) following the observational data mentioned by Chift er al. (2002). Shunichiro Karato (July,
2010). Analytical expressions for displacements, stresses and strains in the system are obtained both before
and after the fault movement using are appropriate mathematical technique involving integral transformation
and Green’s function. Numerical computational work is carried out with suitable values of the model
parameters and the nature of the stress and strain accumulation in the medium is investigated. It is expected
that complete understanding of the stress-strain accumulation/release will be helpful in predicting the future
event in space and time.

2. Formulation

We consider a long dip-slip fault 7' and width D situated in a viscoelastic layer over a viscoelastic
half space of linear Maxwell type.

A Cartesian co-ordinate system is used with a suitable point O on the strike of the fault as the origin,
the Y; axis along the strike of the fault, the Y, axis is as shown in Fig.1 and the Y; axis pointing downwards.

We choose another co-ordinate system Y}, ¥; and Y; axes as shown in Fig.1 below, so that the fault is given

by F': ( V5=0,0<y5< D). Let 0 be the dip of the fault F. Let v;, wy be the displacement component along

the ¥; and Y; axes and rf;,eg,

motion in the layer and half-space respectively for k=1,2.

i,j=2,3 be the stress and strain component associated with the dip-slip
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Fig.1. Section of the model by the plane y,=0.

Then we have,

Y=A4Y’
Vi Vi 0 0
where, Y=y, Y'=|y) and A=|0 sin® cosO |,
V3 V5 0 —cos® sin
T =Bt
.2 . 2
T5) Tyy sin” O sin 20 cos” 0
where, T=1T3 1|, T=|1yz and B=|(-1/2)sin20 —cos20 (I/2)sin20 |.
T33 T35 cos’ 0 —sin20 sin” ©

2.1. For a viscoelastic Maxwell type medium the constitutive equations are taken as

For the layer: M1 and for half-space: M2
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where, k=1 for the layer and k=2 for the half-space.

(2.2)

(2.3)

where, U;,l, are the effective rigidity and m;, m, is the effective viscosity of the layer and half-space

respectively.

2.2. The stresses satisfy the following equations: (assuming body forces do not change during our

investigation)
%(tgz ) +8yi3(T]§3 ) =0,
aj%(rgz)Jra%(r%) =0

where, for the layer (—oo <y, <w0,0<y;<H,t> 0).

(2.4)

(2.5)

And for the half-space, (—oo< Yy, <o, y;2H ,tZO)and assuming quasi-static deformation for which the

inertia terms are neglected.

2.3. The boundary conditions are taken as, with =0 representing an instant when the medium is in

aseismic state

1152 (yz,y3,t):1:w(t)0056 for —0 <y, <0,

vV

and 0<y;<H for k=1, V3
On the free surface y; =0, (-0 <y, <o, >0)

i

1:23 (J’z,y3,l)=0,

T§3 (yg,yg,l) =0.

Also as y; y; — o0(—00< y, <0, >0)
2
133 (2,23:1) =0,

T§3 (yg,y3,t) =Ty (t)sine

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)
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where, k=12
t§3(y2,y3,t)=T§3(y2,y3,t)=tH (say) at y3:H,(—oo<y2<oo,120), (2.11)
and wi (12, 53.1) =wy (15, 13.1) at y3=H, (-0 <y, <0,t>0) (2.12)

[where T, (t) is the shear stress maintained by mantle convection and other tectonic phenomena throughout

the medium].

2.4. The initial conditions are

Let ((V)I)O,((W)I)O,((v)z)o,((w)z)o,(rfs)o and (efs)o r,s=2,3 be the value of
((v)l),((w)l),(vz)and (WZ), (tfs) and (efs) respectively at time =0 which are functions of y,, y; and
satisfy the relations (2.1)-(2.12).

2.4.1. Solutions in the absence of any fault dislocation

The boundary value problem given by Eqs (2.1)-(2.12), can be solved by taking the Laplace
transformation with respect to time ‘#’ of all the constitutive equations and the boundary conditions. On
taking the inverse Laplace transformation we get the solutions for displacements, stresses as :

For M1
v (92:33:0) = (7)) + [ (7)1 Jx 70 (1) = 70 (0) ] xcos,
wy (¥, 35.8) =(wp), +(v3/0,) %[ 10 (£) — 7., (0) | x sin 6,
Ty (92,3.1) = T, () cos 6, w3 (12, 73:1) =0,
53 (2.51) =1, (¢)sin6.

For M2: (Sen and Debnath, 2012)

v, (yz,y3,t) =(v2)0 +, (cos@/},tz)[('cOO (l)—rOO (0))+(uz/n2)£ T, (‘c)dr}

Wz(yZy3>’):(W2)o+(J’3/H2)[(Too(f)_foo(o))ﬂL(Mz /nz)J; Too(‘c)d‘c:lSinea
2.13)
=1, (t)cose—[rw (0)cos9—(r§2 )o}e_(“z/m)t,

135 = (t§3 )0 eluaimz)r, 35 = [Too (1), (O)ef(”/m)t}sin 0.
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From the above solution we find that 152 increases with time and tends to T, (t)cos@ as ¢ tends to

w , while 13; tends to zero, but t3; tends to T, (¢)sin®. We assume that the geological conditions as well

as the characteristic of the fault is such that when 7,3 reaches some critical value, say 1, <7, (t)cos@ the

fault F undergoes a sudden slip along the dip direction.
The magnitude of the sudden slip shall satisfy the following conditions as discussed by
Mukhopadhyay et al. (1980a).
(CI)  Its value will be maximum on the free surface.
(C2)  The magnitude of the slip will decrease with y; as we move downwards and ultimately tends to zero
near the lower edge of the fault.

(y§ =0,y =D).
2.4.2. Solutions after the fault movements: (Debnath and Sen, 2013)

We assume that after a time 77, the stress component 15'3, (which is the main driving force for the

dip-slip motion of the fault) exceeds the critical value t,, and the fault /" undergoes a sudden slip along the

dip direction, characterized by a dislocation across the fault given in Appendix-A.

We solve the resulting boundary value problem by modified Green’s function method following
Maruyama (1966), Rybicki (1971; 1973) and correspondence principle (as shown in the Appendix-A) and
get the solution for displacements, stresses and strain as:

ForMI
b (30)=07) [0 o 1) (0) s
w]()/2,)/3,t)=(w])0+(y3/;,tl,)><[rgO t —tw(O)]xsin6+
(ol [ el (€] 3 (B xotin oy

(0 300) = (), (). (1)~ (1) esind (s

where,

v = Laplace transformation of v,

j 0(15,15,0)dx;.

(@)« [, st/ (co/m)]-3, (B

By +H

Therefore taking the inverse Laplace transformation we get,
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and

where

and

v=(U/(2xn))x jF g(x3)x[(4,/B,)+(C,/D;) ]+
—ij: (a/b)m{]+i (MJ(rlilr])!tr_le_“ﬂ}[A__+A_++A+_+A++],

r=I1

A;=(y,)sin6—(y;)cos6, B, :[(x§)2 =2(x"),(»; cos6+y3sin6)+(y§)+(y32)},

C, =(y2)sin9+(y3)cos€), D, =((x§)2)—2(x§)(y2 cos0—y; sin9)+(y§)+(y32)

0(55,15.0)= ((AJ )_+/(BI ), ) + ((AJ )__/(Bl ). ) +

(€ (@), )~ (D), )=+ 4+ 4+, (say),

A=((4)_ f(B)) A =((a)_/((B)_).
A-=((C).M((P).2) A =~((C))/((2)..).

(4)_, =(v,)sinB—(2xmx H + y;)cos,

(B,).. =[(x}z)—Z(xé)Z(yzcose+(2><mxH+y3)sin9)+(y§ +(2><m><H+y3)2)},
(A7) =(32)sin0~(2xmx H = y;)cos6,

(B;)__ =[(x§2)—2(x§)2(y2cos@+(2xmxH—y3)sin9)+(y§ +(2><m><H—y3)2)},

(Cr),_=(y2)sin0+(2xmxH - y;)cos,

(1), =((3) = 2(x), (320050~ (25m>x H = 3 )sin®) + (3 ) + (2xmx H - ),
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(Cr),, =(2)sin0+(2xmx H + y;)cos6,

r\2 ' . 2 2

(D1)++ =((x3) —2(x3)(y2 cosG—(mexH+y3)sm6)+(y2)+(2><m><H+y3) ),

and aBiog oyt a,:ﬁx[L;} b&[u_u_j
) K2 Hp Ko uy—uy M2 Ny
az=a _:;—j: Tr(’)ze_(wmz)t X[]_eajterfz(aﬂ)}
2 r—1

where e,_(ast)=1+(ast)+(ast) /2 o (agt) ™ J(r=1),
and r—120, ey(ast)=1,

th (12,3,0,¢) =1, (¢)cos,

I 0

13 (¥2,3,0.1) =1 x§(\v)=uﬂ(\v2) (say)

2
where (Wz)zi(\u),
oy,
r§3(y2,y3,9,t)=1:w(t)sin9+u1x(;—wjzrw(t)sin9+p1xw3 (say)
2
where (\v3):i(\y). (2.14)
,

3. Numerical computations

Following Aki and Richards (1980) and recent studies on rheological behavior of crust and upper

mantle by Chift e al. (2002), Shun-ichiro Karato (2010) the values of the model parameters are taken as:

iy =3x10" pascal, |1, =3.5><]010pascal, n, =2x10% poise, 1, =3x10% poise

D = depth of the fault = 10 km [noting that the depth of all major earthquake faults is between 10-15 km)].
H = thickness of the layer = 40 km, say (though the thickness varies from region to region of the Earth) ¢; = ¢-T .

Ty, (t)=2 x 10 pascal (200 bars), [post seismic observations reveal that stresses released in major

earthquake are of the order of 200 bars, in extreme cases it may be 400 bars].

(‘Céj )0 =5x10° pascal (50bars) and 1, (0)=0.

We take the function g(x})= W{((x} )2 -p? )Z} / (D)4 ,



Pattern of stress-strain accumulation due to a long dip-slip ... 661

with W = I cm/year, satisfying the conditions stated in (C ; ) —(C 2) .

We now compute the following quantities:
For layer M1

Wl(yz,y3,9,t)=w1 (yz,y3,6,t)—(w1)0 +(y3 /p])x[roo (t)—roo (0)]><sin9, (3.1)

33(72:3:0:) = T3 (12, 5,0.1) (3.2)
where, T;,eb;,¢5; are given by Eq.(2.14), for i=1.
4. Results and discussions
4.1. Variation of shear stress 7,; with depth due to the movement across F
Figures (2)-(7) show the special as well as temporal variation of shear stress #,; for various 6.
Spacial variation

Equation (2.14) gives the expressions for shear stress #,; due to the fault movement. Figure 2 shows
the variation of shear stress #,; with depth y; for y,= 8 km, ¢, (i.e., t - T) = lyear and 0= 60 (in deg.) due to the
fault movement. It is observed that the shear stress #,; gets accumulated up to a depth of about 20 km, then
releases with a very slow rate attaining a maximum with magnitude of 0.38 bar /year at a depth of about 5
km and then starts releasing .

Figure 3 shows the variation of shear stress #,; with depth y; for y,= 8 km, ¢, (i.e., +-T) = 1 year and 0 =
45 (in deg.) due to the fault movement. It is observed that the shear stress gets released up to a depth of about
10 km, then starts accumulating at a comparatively slower rate attaining a maximum at a depth of about /3
km with magnitude of 0.25 bar /year and then gradually decreases to zero.

0.04 T T T T T T T

003+ 1

0.02 -

001+ =

t23(in bar)

=001+ 2

-0.02 I | L L 1 L L
0 5 10 15 20 25 30 3B 40

y3(inkm.)

Fig.2. Variation of stress #,; with depth y; for y,=8 km. 6= 60(deg); ¢, (i.e., t—T) = I year due to fault
movement.
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t23(in bar)
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y3(in km.)
Fig.3. Variation of stress #; with depth y; for y,=8 km. 6= 45(deg); ¢, (i.e., +—T) = I year due to fault

movement.

Figure 4 shows the variation of shear stress #,; with depth y; for y,= 8km, ¢; (i.e., -T) = I year and 6 =
90 (in deg.), H=40 km due to the fault movement. It is found that the shear stress gets released up to a depth
of about 7 km then starts accumulating at a comparatively slower rate with a maximum accumulation of
magnitude 0.02 bar/year at a depth of about /3 km from the free surface.

004 T T T T T T T

0 ] 10 13 20 25 30 3 40
ya(in km.)

-0.08

Fig.4. Variation of stress #,; with depth y; for y,=8 km. 6= 90(deg); ¢, (i.e., t-T) = 1 year H=40 km due to
fault movement.
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Temporal variation

Figure 5 shows the rate of shear stress accumulation/release in the model, for y; = 1 km, for y, = §
km, © = 45 (in deg.). It is observed that the rate of shear stress release increases linearly with a non vanishing
initial value which is quite expected for a viscoelastic model as it possesses a past history. But Fig.6 shows
that the rate of stress accumulation decreases linearly with time “#” at a point where y; = 1 km: for y, = 8 km:
0 =45 (in deg.).

Figure 6 shows the rate of shear stress accumulation/release in the model, for y; = I km, for y, = &
km, 6 = 60 (in deg.). It is observed that the rate of shear stress accumulation decreases linearly with a non
vanishing initial value which is quite expected for a viscoelastic model as it possesses a past history.
Figure 7 shows that the rate of stress release increases linearly with time “¢#” at a point where y; = 1 km;
for y, = &8 km: 6 = 90 (in deg.), it is found that the pattern is the same as that of Fig.5 with a different
numerical value.

-011831 T L] I T I T T 1 !

-0.1831

-0.1831

-0.1831

-0.1831

-0.1831

-0.1831

-0.1831

-0.1831

1 1 | 1 L |
0 100 200 300 400 500 600 700 800 900 1000

-0.1831

Fig.5. Rate of stress 7; accumulation/release for y;=I km. for y, = 8 km. 6=45 (deg), due to fault
movement.



664 S.K.Debnath and S.Sen

0.0259 T T T T T T T T T

0.0259

0.0259

0.0259

0.0259

0.0259

0.0259

0-0259 1 l 1 1 1 l L 1 1
0 100 200 300 400 500 600 700 800 900 1000

Fig.6. Rate of stress #,; accumulation/release for y;=1 km. for Y, =8 km. 6=60(deg), due to fault movement.
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-0.0604 |- i R

\
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Fig.7. Rate of stress #,; accumulation/release for y;=1 km. for y, = 8 km. 6=90(deg), due to fault movement.
4.2. Effect of layer thickness on accumulation / release of shear stress 7,;
As discussed above in Fig.4 we have seen that the shear stress first gets released up to a depth of

about 7 km then starts accumulating at a comparatively slower rate up to a depth of about 13 km from the free
surface for H=40km but Fig.8 shows variation of shear stress #,; with depth y, for y, = 8km, ¢, (i.e., t—T) =
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I year and 0 = 90 (in deg.), H =100 km due to the fault movement. We observe that the shear stress first
gets released up to a depth of about 8km, then starts accumulating at a comparatively slower rate up to a depth
of about 29 km attaining a maximum with magnitude 0.02 bar/year and then gradually diminishes.

Thus we conclude that the viscoelastic thickness has a major role in the accumulation/release pattern
in the viscoelastic layered model and accumulation/release of stress in the region also depends on the dip
angle and the position of the points with respect to the fault.

0.1 T T T T T T T T T

-0.05 =

t23(in bar)

015} !
02 \/ -

-0.25 | | L 1 1 L | 1 1
0 10 20 30 40 50 60 70 80 80 100

¥3(in km.)

Fig.8. Variation of stress #,; with depth y; for y,=8 km 6= 90 (deg); ¢, (i.e., t-T) = I year, H (thickness of
the layer) = 100 km due to fault movement.

5. Appendix-A
5.1. Solutions after the fault movement

We assume that after a time 7 the stress component T3 (which is the main driving force for the

dip-slip motion of the fault) exceeds the critical value 1., the fault F undergoes a sudden slip. Then we have
an additional condition characterizing the dislocation in w due to the slipping movement as

[(w)],, =Usg(x3)H (1) (A1)

where, U is the maximum dislocation along the dip of the fault occurred at the free surface, it is value
gradually diminishes with increasing direction of x% governed by the function g(x§) and H (tl) is the

Heaviside function and [(w)l P The discontinuity of w; across F'is given by

[(W)] .= lim (w),= lim (w), (A2)
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for (¥5=0,0<y; <D).

Taking the Laplace transformation in Eq.(A1) we get,

(], =%g(y;). (A3)

The fault slip commences across F after time 7, therefore,

for ¢; > 0, where t; = t-T), F is located in the region (y',=0, 0<y% < D).
We try to find the solution as

(), = (), +(0),5 W) =(w);), +((w),),,

) =(T§2)1 +(T§2)2: Ths =(Ti23)1 +(T§3)2» T3 =(T§3)] +(T§3)2 (A4)

where i=1,2 and ((v) ; )1 ,((w) ; )1 ,(ris)l, are continuous everywhere in the model and are given by (A).
While the second part ((v)l. )2 and (ris )2 are obtained by solving the modified boundary value problem as
stated below. We note that ((v)2 )2 is continuous even after the fault slip, so that ([(v)} 2)2 =0, while

((w) 5 )2 satisfies the dislocation condition given by Eq.(A2).

The resulting boundary value problem can now be stated as: ((V)1)2 ((w)1)2 ((v)2 )2 ((w)z)z

satisfies 2D.
Laplace equations as

Vz((w)z )2 =0, VZ((V)2)2 =0 (AS)

where, r, s, = 2,3
where, ((w)

) is the Laplace transformation of (( w) )2 , with the modified boundary conditions,

2/> 2
For M1
U (12,5,0)=0 as |y, 0<y;<H, (A6)
t§3(y2,y3,9)=0 as y2—>oo(—oo<y2<oo), (A7)

r§3(y2,y3,9)=0 as y3 =00 <y, <), (A8)
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and the other boundary conditions are as previous.

For M1
(w),),(0)= [ Uxg(x5)[G(v235.2,5) J s
where [G(yz,y3,x2,x3)]=%G1(y2,y3,x2,x3)
and
G](yZay3’x2:x3):(A1/BI C]/DI i (Mpﬂbj (J’2,y3,9)dx§:
for 0<y;<H,
and
A;=(y,)sin0—(y;)cosH, B,z[( }2) Z(x')3(y2cosG+y3cos6)+(y5)+(y32)},
C; =(y,)sin0+(y;)cos6, DI=((x’)jz)—Z(xé)(yZcos@—y3sin6)+(y§)+(y§),
o((¥5:5:0)=((4)_ /(Br)_, +((A1 )W/((B, ) )-((C),_/(Dy), )-((Ch),, )/((Dl )..):
(4;)_, =(»2)sin0—(2xmxH + y;)cosb,
(B,)7+=[(x§2)—2(x§)2(y200s9+(2><m><H+y3)sin6)+(y§+(2><m><H+y3)2)}
where, (4;) =(y,)sinB(2xmx H - y;)cos6,

(B;)__ [(xéz) Z(xé)z(yzcose+(2><m><H—y3)sin6)+(y§ +(2><mxH—y3)2)},
(Cr),_ =(y2)sin0+(2xmxH — y;)cosb,
(D1)+_ :((xé)z —2(x§)(y20086—(2><m><H—yj)sin6)+(y§)+(2><m><H—y3)2),

(Cp),, =(y2)sin®+(2xmx H + y3)cos6,

(D1)++ =((x§)2—2(x§)(yzcose—(2><mxH+y3)sin6)+(y5)+(2xm><H+y3)2),
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wl(yz,y3,t)=(w1)0 +(y3/;,l])><[rOO (t))—rw(t)]xsin9+

+(U/(2X7t))x .L g(xg)x[(AI/BI)+(C1/D1)+
—i (a/b)” {Hi [mjiz”e‘“f’}u__ + A, +A,_+A,,]

1 = ) (r=1)!
Similarly the stress components can be found out, which are given in Eq.(2.14).
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Nomenclature

D — depth of the fault
H - thickness of the layer (taken in km)
M,; — layer
M, —half-space
t,;3 —part of 1,; due to the fault movement only
U - dislocation which is a constant in our paper
vy and w;, — displacement component along the horizontal and vertical axes for k=1 for the layer and k=2 for the
half-space respectively
6 —dip angle.(taken in degree)
Wi, N — effective rigidity and viscosity for k=1 for the layer and k=2 for the half-space respectively
t,1 —stress in the ‘prime’ and ‘unprimed ‘system respectively
T,y — stress component in ‘prime’ system
1, —critical value of the stress i.e., the value of the stress after which fault movement occur

rfj-,efj,i, j=2,3 —stress and strain tensor for k=1 for the layer and k=2 for the half-space respectively

1,(#) —tectonic force which arises due to mantle convection or any other tectonic phenomenon
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