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Seismic cycle on a strike-slip fault with rate- and state-dependent strength
in an elastic layer overlying a viscoelastic half-space
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A numerical simulation of seismic cycles is performed using a two-dimensional model with a vertical strike-slip
fault in an elastic layer overlying a Maxwellian viscoelastic half-space, where the frictional stress on the fault is
assumed to obey a rate- and state-dependent friction law. Simulated seismic cycles in the viscoelastic Earth model
are nearly the same as those in a uniform elastic half-space model. The simulated postseismic deformation on
the Earth’s surface due to viscoelastic relaxation is significant for time duration comparable to the viscoelastic
relaxation time following the occurrence of an earthquake, and after that the deformation due to aseismic sliding of
the fault dominates over that due to viscoelastic relaxation.

1. Introduction
Kinematic models of seismic cycles on a strike-slip fault

in a viscoelastic Earth have been developed to understand
variation in crustal deformation observed during a seismic
cycle (e.g., Nur and Mavko, 1974; Savage and Prescott,
1978; Cohen, 1982; Li and Rice, 1987). In these models,
an elastic layer overlying a viscoelastic half-space or more
complex multilayer viscoelastic Earth model is assumed and
earthquake slip is imposed on a shallower brittle part of the
fault. These models may explain rapid postseismic defor-
mation observed on the Earth’s surface and overall charac-
teristics of crustal deformation cycles. On the other hand,
based on the dynamical property of rock friction revealed
in the laboratory, Tse and Rice (1986) developed a model
of seismic cycles on a strike-slip fault in a uniform elastic
medium. Their numerical simulation showed that significant
postseismic sliding takes place on the fault mainly just below
the seismogenic zone. This postseismic sliding may also ex-
plain the observed postseismic deformation on the Earth’s
surface. Savage and Prescott (1978), Thatcher (1983) and
Savage (1990) pointed out that the surface deformation due
to viscoelastic response following seismic slip on a strike-
slip fault in viscoelastic Earth models can mathematically
be expressed by distributed slip on the strike-slip fault in an
elastic half-space, indicating that it is difficult to distinguish
the surface deformation due to viscoelastic response from
that due to deep aseismic slip.

Existing models for deformation cycles may be divided
into two groups; one is the kimematic fault model in vis-
coelastic layered Earth and the other is the dynamical fault
model in a uniform elastic medium taking into consideration
realistic friction on the fault. Kenner and Segall (1999) theo-
retically examined postseismic stress changes taking into ac-
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count both viscoelastic relaxation and postseismic sliding on
a deep fault beneath seismic faulting, where freely slipping
was assumed on deeper parts of the faults. Although this
model seems to be an advanced one in comparison with pre-
ceding studies that considered only the effect of viscoelastic
relaxation or aseismic sliding, they did not assume a realis-
tic friction law. It may be beneficial to develop a dynamical
fault model in viscoelastic Earth. In this study, I construct a
model for seismic cycles on an infinitely long vertical strike-
slip fault in an elastic layer over a viscoelastic half-space, as-
suming the friction on the fault obeying a laboratory-derived
rate- and state-dependent friction law, which has been used
in many numerical studies on seismic cycles (e.g., Tse and
Rice, 1986; Stuart, 1988; Rice, 1993; Stuart and Tullis, 1995;
Kato and Hirasawa, 1999). Using this model, I perform nu-
merical simulations of fault slip process to calculate surface
deformation from the simulated slip histories on the fault
surface. This model is expected to give some insight into
the contributions of viscoelastic relaxation and deep aseis-
mic sliding to surface deformation.

2. The Model
I consider an infinitely long vertical strike-slip fault in an

elastic layer with a thickness h overlying a Maxwellian vis-
coelastic half-space. A Cartesian coordinate system (x, y, z)
is used as shown in Fig. 1. All physical quantities are as-
sumed to be independent of x . The rigidities G of the elastic
layer and the viscoelastic half-space are assumed to be the
same. The viscoelastic relaxation time tr is defined by 2η/G,
where η is the viscosity of the viscoelastic half-space. The
two plates in the elastic layer move past each other at a con-
stant velocity Vpl of relative plate motion in the far-field as
in the model by Savage and Prescott (1978). In the simula-
tion the fault (0 ≤ z ≤ h) is divided into n cells each with
uniform slip. The xy-component of shear stress acting at zi ,
the depth at the center of the i th cell, on the fault at time t is
given by
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Fig. 1. A model of an elastic layer with thickness h over a Maxwell-type
viscoelastic half-space with an infinitely long vertical strike-slip fault at
y = 0 in the elastic layer. The frictional stress on the fault obeys a rate-
and state-dependent friction law. The fault in the elastic layer is loaded
by a constant plate velocity Vpl .

τ(zi , t) =
n∑
j=1

∫ t

0
Ki j (t − s)(Vj (s) − Vpl)ds − G

2c

dui
dt

,

(1)

where the last term on the right-hand side represents ra-
diation damping, which was introduced by Rice (1993) to
approximately evaluate shear stress reduction due to elas-
tic wave radiation and to enable computation during seismic
slip, c is the S-wave speed, Vj (t) is the slip rate at the j th
cell at time t , and Ki j (t) is the static shear stress at zi at time
t due to unit slip uniform over the j th cell at time 0. Accord-
ing to, for instance, Bonafede et al. (1984), Ki j (t) is written
by

Ki j (t) = G

2π

{
[F0(zi ; z j + �z j/2) − F0(zi ; z j − �z j/2)]

+
∞∑

m=1

Am

(
t

tr

)
[Fm(zi ; z j + �z j/2)

− Fm(zi ; z j − �z j/2)]
}
, (2)

where �z j is the length of the j th cell and

Am(t) = 1 − exp(−t)
m−1∑
l=1

(
t l

l!

)
, (3)

F0(z; z′) = 1

z − z′ − 1

z + z′ , (4)

Fm(z; z′) = 1

z − 2mh − z′ − 1

z − 2mh + z′

+ 1

z + 2mh − z′ − 1

z + 2mh + z′ . (5)

The infinite series of the second term on the right-hand side
of (2) are approximated by taking the initial 10 terms. This is
a good approximation, as shown by Singh and Rani (1994),
because |Fm | rapidly decreases with m for z and z′ smaller
than h.

The frictional stress τ on the fault is assumed to obey a
composite rate- and state-dependent friction law proposed

by Kato and Tullis (2001). This friction law was made by
slightly modifying existing rate- and state-dependent friction
laws (slip law and slowness law) originally developed by
Dieterich (1979) and Ruina (1983) so that a wide range of
experimental observations may be fitted. In this case τ is
written by

τ = μσ e f f
n , (6)

μ = μ0 + a ln
(
V

V∗

)
+ b ln

(
V∗θ
L

)
, (7)

dθ

dt
= exp

(
− V

Vc

)
−

(
θV

L

)
ln

(
θV

L

)
, (8)

where μ is a friction coefficient, σ
e f f
n is an effective normal

stress, V is a sliding velocity, θ is a state variable represent-
ing a contact state of sliding surfaces or an internal structure
of a gouge zone, L is the characteristic slip distance, and a, b,
and Vc are constants. V∗ is an arbitrarily chosen reference ve-
locity and μ0 is a reference friction coefficient dependent on
V∗. Following Kato and Tullis (2001), I assume Vc = 0.01
μm/s in Eq. (8) in the present study to fit theoretical frictional
property to experimental data of friction on granite surfaces
obtained by Blanpied et al. (1998). Kato and Tullis (2002)
performed numerical simulations of seismic cycles on a fault
in an elastic half-space using the composite law to compare
the simulation results for the slip law and the slowness law
to find that overall characteristics of simulated seismic cycles
for the three laws are qualitatively similar to one another.

In the present study, the effective normal stress is given
by σ

e f f
n = (ρ − ρw)gz, where ρ = 2.8 g/cm3, ρw = 1.0

g/cm3 and g = 9.8 m/s2. The rigidity G = 30 GPa and
the S-wave speed c (= √

G/ρ) = 3.27 km/s. The relative
plate velocity Vpl is assumed to be 35 mm/year, equal to the
value estimated at the San Andreas fault, California (e.g.,
Lisowski et al., 1991). I assume the variation with depth of
a and a-b as shown in Fig. 2 in the depth range considered
here on the basis of the experimental results of temperature
dependence of friction property obtained by Blanpied et al.
(1995). The characteristic slip distance L is assumed to be
5 cm independent of depth. Seismic slip may nucleate in a
region with negative a-b (e.g., Ruina, 1983). It should be
remarked that the assumed values of friction parameters are
similar to those used in preceding studies for seismic cycles

Fig. 2. The variation with depth of parameters a and a-b assumed in the
present model.
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Table 1. Model parameters and summary of simulation results.

Case Medium h (km) tr (yrs) Tcy (yrs) us (m)
1 elastic ∞ — 138 3.8
2 viscoelastic 20 1 138 3.8
3 viscoelastic 20 3 138 3.8
4 viscoelastic 20 10 138 3.8
5 viscoelastic 20 30 138 3.8
6 viscoelastic 20 100 138 3.8
7 viscoelastic 20 300 137 3.8
8 viscoelastic 15 10 137 3.8
9 viscoelastic 12 10 137 3.8

h; thickness of elastic layer. tr ; viscoelastic relaxation time (= 2η/G). Tcy ;
earthquake cycle time. us ; average seismic slip.

at the San Andreas fault (e.g., Rice, 1993; Stuart and Tullis,
1995).

To compare the seismic cycles in the viscoelastic Earth
model stated above with those in the elastic half-space
model, I perform a numerical simulation of seismic cycles
on a vertical strike-slip fault in an elastic half-space (Case 1
in Table 1). In the model the fault extends infinitely deep and
steady slip with the slip rate Vpl is assumed below the depth
of 20 km. The depth variations of friction parameters a, b
and L are the same as those in the viscoelastic Earth model.
In the elastic half-space model, Eqs. (1), (2) and (6) to (8)
are used, where the second term on the right-hand side of (2)
is omitted.

In the numerical simulations with the rate- and state-
dependent friction laws, the cell size must be smaller than
the slip nucleation zone size approximately given by h∗ =
(2/π)[GL/(b − a)σ

e f f
n ] (Rice, 1993). In the present study,

the cell size is taken to be always smaller than 0.093h∗. Nu-
merical computation is done using a Runge-Kutta method
(Press et al., 1992).

3. Results
3.1 Seismic cycles

I perform simulations with various values of h and tr
as shown in Table 1. The assumed values are similar to
those determined or assumed in preceding studies as fol-
lows: From the comparison between the generalized Elsasser
model with a finite width viscoelastic layer and geodetic
observation data along the San Andreas fault, Li and Rice
(1987) determined h = 20 to 30 km and the Elsasser re-
laxation time, which is of the same order of magnitude as
tr defined in the present study, of 10 to 16 years. Pollitz
and Sacks (1992) modeled postseismic deformation follow-
ing the great 1857 earthquake, southern California, to obtain
h = 16 to 33 km and tr = 3 to 7 years. Kenner and Segall
(1999) assumed h = 25 km and tr =∼ 100 years in their fi-
nite element modeling for interactions of three parallel faults
in northern California.

In each case of the present simulation both for the vis-
coelastic Earth model and for the uniform elastic half-space
model, earthquakes with the same characteristics sponta-
neously recur at a constant time interval. The cycle time of
simulated earthquakes in the present model Tcy = 137–138
years (Table 1) is roughly consistent with Tcy = 132 years
estimated for great earthquakes along the San Andreas fault
in southern California from paleoseismology data (Sieh et

al., 1989). Seismic slip is defined by slip with slip rate equal
to or greater than 1 cm/s here, and the average seismic slip us
in Table 1 is the average value of coseismic slip at the region
with negative a-b.

Figure 3 shows spatiotemporal variations of relative slip
on the fault to steady plate motion (= Vpl t) during three
earthquake cycles for Cases 1 (elastic) and 4 (viscoelastic).
In the figure a sudden change in color from blue to red at
shallower parts (0 to about 10 km) indicates an earthquake,
and a delayed change in color at intermediate depths (about
10 to 18 km) represents propagation of postseismic sliding.
Quasi-stable sliding below the seismogenic zone slowly in-
creases shear stress in the locked zone of the fault. No
significant preseismic episodic slip occurs in the velocity-
strengthening (a-b > 0) region (z > 10.5 km). At depths be-
low about 18 km, the fault slip seems to be always balanced
with steady plate motion. Overall slip patterns in Figs. 3(a)
and (b) are very similar to each other.

To see more clearly the effect of viscoelastic response on
sliding behavior, I plot in Fig. 4 postseismic slip rate at the
depths (z) of 15 km and 18 km, which are in the deeper a-
b > 0 region, for Case 3 (tr = 3 years) and Case 5 (tr = 30
years). A stress increase due to seismic slip at shallower parts
immediately increases slip rate at these depths. Downward
propagation of postseismic sliding further increases slip rate,
which attains the peak at z = 15 km about 2.5 years af-
ter the earthquake occurrence. Although the peak slip rate
is slightly larger for the shorter relaxation time tr , the dif-
ference in postseismic slip behavior between the two cases
is very small. It may be concluded that the viscoelastic re-
sponse does not significantly affect sliding behavior on the
fault in the elastic layer.

Furthermore, Table 1 shows that the viscoelasticity little
affects the average characteristics of simulated earthquakes.
This is probably because shear loading due to aseismic slid-
ing just below the seismogenic zone of the fault is most sig-
nificant and the effect of shear loading due to viscoelastic
response is relatively small. I performed the same simula-
tions with the slowness law to obtain the same conclusion
about little effect of viscoelasticity on sliding behavior of the
fault (Kato, 2001).
3.2 Postseismic deformation

To evaluate postseismic crustal deformation due to vis-
coelastic relaxation and aseismic sliding on the fault, I com-
pare simulated histories of horizontal displacement ux , shear
strain εxy and shear strain rate ε̇xy on the Earth’s surface for
a viscoelastic Earth model with those for a uniform elastic
half-space model.

Figure 5 shows simulated histories of surface displace-
ment ux at the distance from the fault y = 0.3, 1, 3, 10
and 30 km for 50 years following earthquake occurrence in
the case of h = 20 km and tr = 10 years (Case 4). The plot-
ted displacement histories for the viscoelastic Earth model
are calculated from simulated slip histories on the fault for
Case 4 using equations for surface displacement due to slip
in an elastic layer overlying a Maxwellian viscoelastic half-
space given by Bonafede et al. (1984), and those for the elas-
tic half-space are obtained from simulated slip histories for
Case 4 and steady slip with the plate velocity Vpl at z > h
(=20 km) using equations for the surface displacement due



1080 N. KATO: SEISMIC CYCLE ON A STRIKE-SLIP FAULT

Fig. 3. The spatiotemporal variations of reduced slip on the fault for (a) Case 1 and (b) Case 4 during three seismic cycles. Relative slip on the fault to
steady plate motion is displayed with color.

Fig. 4. Simulated histories of slip rate on the fault at z = 15 km and 18 km
for 20 years following the earthquake occurrence in Case 3 (h = 20 km,
tr = 3 years) plotted with solid lines and Case 5 (h = 20 km, tr = 30
years) with dotted lines.

to slip in an elastic half-space (e.g., Hirth and Lothe, 1982).
It should be remarked that the simulated surface deformation
for the uniform elastic half-space in Fig. 5 is nearly the same
as those for Case 1, because simulated slip histories for Cases
1 and 4 are similar to each other as stated in 3.1. The post-
seismic deformation is caused by postseismic sliding, which
is most significant below the seismogenic (a-b < 0) zone
(Fig. 3), and viscoelastic deformation at z > h (=20 km).
Since deep slip or flow contributes surface displacements at
distant sites from the fault (e.g., Savage and Prescott, 1978),
postseismic surface displacement increases with a distance
from the fault as shown in Fig. 5. The displacements for the
viscoelastic Earth are always larger than those for the elastic
half-space. The former is about 50% at most larger than the
latter. The difference is the largest at 10 to 20 years after the
earthquake occurrence because of tr = 10 years.

Figure 6 shows simulated histories of surface shear strain
εxy in the case of h = 20 km and tr = 10 years (Case
4), where the shear strains are calculated by a similar way

Fig. 5. Simulated histories of postseismic horizontal displacement ux on
the surface at the distance from the fault y = 0.3, 1, 3, 10 and 30 km for
a viscoelastic Earth model (solid lines) in Case 4 (h = 20 km, tr = 10
years) and a uniform elastic half-space model (dashed lines).

to that for the surface displacements in Fig. 5. If shallower
parts of the fault are completely locked during an interseis-
mic period, postseismic shear strain is the largest near the
fault and it monotonously decreases with a distance from
the fault (Thatcher, 1983). Simulated postseismic strain in
Fig. 6, however, is the largest at y = 3 km, because signifi-
cant postseismic sliding occurs also at the shallower a-b > 0
region in the present model. Postseismic strains for the vis-
coelastic Earth are larger than those for the elastic half-space
and the difference between the two models is the largest at
10 to 20 years after earthquake occurrence. These character-
istics are similar to those for surface displacements.

To see more clearly the difference in postseismic strain
between the viscoelastic Earth model and the uniform elastic
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Fig. 6. Simulated histories of postseismic shear strain εxy on the surface at
y = 0.3, 1, 3, 10 and 30 km for a viscoelastic Earth model (solid lines)
in Case 4 (h = 20 km, tr = 10 years) and a uniform elastic half-space
model (dashed lines).

Fig. 7. Simulated histories of postseismic shear strain rate ε̇xy on the surface
at y = 0.3, 1, 3, 10 and 30 km for a viscoelastic Earth model (solid lines)
in Case 3 (h = 20 km, tr = 3 years) and a uniform elastic half-space
model (dashed lines). A dotted line for each trace indicates ε̇xy = 0.

half-space model, I show simulated histories of postseismic
strain rate ε̇xy for tr = 3 years (Case 3), tr = 10 years (Case
4) and tr = 30 years (Case 5) in Figs. 7, 8 and 9, respectively.
The strain rates for the elastic half-space models in Figs. 7, 8
and 9 are calculated using simulated slip histories for Cases
3, 4 and 5, respectively. In these figures, to avoid plotting
very large strain rates due to rapid postseismic sliding im-
mediately after earthquake occurrence, I start plotting simu-
lated strain rates two months after the earthquake occurrence.
Figures 7 to 9 show that the strain rates for the viscoelastic

Fig. 8. Same as Fig. 7 but for Case 4 (h = 20 km, tr = 10 years).

Fig. 9. Same as Fig. 7 but for Case 5 (h = 20 km, tr = 30 years).

Earth are larger than those for the elastic half-space for time
duration comparable to the relaxation time (tr ) following an
earthquake and after that the strain rates for the viscoelas-
tic Earth and the elastic half-space are nearly the same. For
the case of tr = 3 years (Fig. 7), contribution of viscoelastic
relaxation to the surface deformation is significantly larger
than that of postseismic sliding at first at some points. As tr
increases to 30 years (Figs. 8 and 9), the difference in strain
rate between the viscoelastic Earth and the elastic half-space
becomes smaller but with longer time duration.

The duration of postseismic deformation due to viscoelas-
tic flow is related to the viscoelastic relaxation time tr =
2η/G (e.g., Nur and Mavco, 1974), while postseismic slid-
ing due to rate- and state-dependent friction approximately
obeys a logarithmic time function (Marone et al., 1991; Kato
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and Hirasawa, 1997; Heki et al., 1997). This explains the
present simulation results that the contribution of viscoelas-
tic flow to surface deformation is significant for time dura-
tion comparable to the relaxation time. The difference in
time function of deformation may be useful for discriminat-
ing between deformation due to viscoelastic flow and that
due to postseismic sliding.

4. Discussion and Conclusion
I perform numerical simulations of seismic cycles on an

infinitely long strike-slip fault in an elastic layer over a vis-
coelastic half-space, where the frictional stress on the fault
is assumed to obey a laboratory-derived rate- and state-
dependent friction law. In the simulations I assume the val-
ues of friction parameters and material constants following
those estimated for the San Andreas fault, California, in pre-
ceding studies.

Characteristics of simulated seismic cycles in the vis-
coelastic Earth model are nearly the same as those in the
elastic half-space model. This is because the effect of load-
ing to the seismogenic zone on the vertical strike-slip fault
by viscoelastic relaxation at deeper parts is smaller than that
by aseismic sliding on the fault just below the seismogenic
zone. Although the viscoelastic Earth model with a rate- and
state-dependent friction seems to be more realistic than the
elastic half-space model, the numerical computation for the
viscoelastic Earth model is much more time-consuming than
the elastic half-space model. The present simulation result
shows that in the case of vertical strike-slip fault the simpler
elastic half-space model gives good approximate solutions.

Analyzing GPS and leveling data following the 1989
Loma Prieta, California, earthquake (M = 7.1), Pollitz et
al. (1998) found that both postseismic sliding and viscoelas-
tic relaxation of the lower crust and upper mantle occurs and
the former effect is predominant in postseismic surface de-
formation. Similar conclusion was obtained for the 1994
Northridge earthquake, California, of M = 6.7 by Donnellan
and Lyzenga (1998). At subduction zones, more signifi-
cant postseismic sliding has been estimated for some large
interplate earthquakes (e.g., Heki et al., 1997; Yagi et al.,
2001). Realistic postseismic sliding can be simulated with a
rate- and state-dependent friction law for a fault in an elas-
tic half-space, and the spatiotemporal distribution of post-
seismic sliding is significantly affected by the distribution of
friction parameters (Kato and Hirasawa, 1997). The obser-
vational facts of significant postseismic sliding are consis-
tent with the present theoretical result that surface deforma-
tion due to postseismic sliding is much larger than that due
to viscoelastic relaxation in the cases where the viscoelastic
relaxation time is sufficiently long (Fig. 9).

On the other hand, Deng et al. (1998) and Pollitz et al.
(2000) showed that deep viscoelastic relaxation is more im-
portant in postseismic deformation following the 1992 Lan-
ders, California, earthquake (M = 7.3) than postseismic
sliding. Deng et al. (1998) estimated the viscoelastic relax-
ation time in the lower crust of about 2 years. This is consis-
tent with the present simulation result that deformation due
to viscoelastic relaxation is significant when the relaxation
time is short (Fig. 7). It is important for understanding the
mechanism of postseismic deformation to precisely estimate

parameters of the friction law and viscoelastic deformation,
which may vary with locality.
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