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Dynamic triggering of earthquakes: the linear

slip-dependent friction case

Christophe Voisin!

Laboratoire de Géophysique Interne et Tectonophysique, Observatoire de Grenoble

Université Joseph Fourier, Grenoble, France

Abstract. This paper is devoted to the modeling of dy-
namic triggering of earthquakes by a sinusoidal plane wave.
I consider a 2D antiplane finite fault of length L under a
linear slip-dependent friction law, characterized by a non-
dimensional weakening parameter 8. The finite fault is per-
turbed by an incident sinusoidal stress wave of wavelength
A and amplitude a. The positive pulse of the wave loads the
fault and promotes the instability, while the negative pulse
tends to heal the initiation process that may lead to the rup-
ture. The occurrence of triggering depends on the balance
between the loading terms and the intrinsic mechanics of the
fault. Both amplitude and frequency exert a clock advance
effect on the triggering. A threshold in frequency for the
incident wave to trigger the rupture is revealed, which de-
pends on the non-dimensional weakening parameter 8 and
separates a nontriggering domain with stable slip from a
triggering domain with unstable slip.

Introduction

The interaction between two faults is composed of a static
part and of a dynamic part. During the last 30 years, many
studies have developed the Coulomb stress method and used
the static Coulomb Failure Stress, ACFS (see Harris [1998]
and references therein). These studies most clearly demon-
strate the correlation between the triggering of earthquakes
and/or aftershocks and the positivity of the ACFS. How-
ever, it is clear that triggering also occurs in regions where
ACFS <0, that is, in regions of stress shadows and also far
away from the event, where static ACF'S = 0 as observed
after the 1992 Landers earthquake (e.g., Hill et al. [1993]).
The waves emitted during the mainshock seem to play a role
in the spatial pattern of aftershocks and also on the remote
seismicity [Kilb et al., 2000]. Since rate-and-state friction
laws are difficult to reconcile with this observation|Gomberg
et al., 1998], I investigate an alternative slip-dependent fric-
tion law [Ohnaka et al., 1987]. In a recent study, Voisin et al.
[2000] have shown the key role played by the dynamic stress
pulse in the 23 November, 1980 Irpinia earthquake sequence.
They have raised the possibility that dynamic stress waves
could explain both aftershock triggering and long distance
triggering of earthquakes, where the static stress field is in-
significant. All over this paper, I focus on this last point.
I consider a finite fault under slip-dependent friction that
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is perturbed by a dynamic stress wave. I aim to test the
ability of the incident stress wave to trigger the rupture on
the fault, assuming that the static stress is zero.

Model

The finite fault

A 2D antiplane finite fault of length L embedded in an
elastic space is considered. The fault length is set to L = 10
km, a typical value for a fauit segment. The shear wave
velocity is ¢ = 3000 m/s, the density of the medium is p =
3000 kg/m®. The normal stress Sy is assumed to correspond
to a depth of 5000 m.

The friction law

A linear slip-dependent friction law derived from the ex-
perimental works performed by Ohnaka et al. [1987] is im-
plemented. The friction law is fully described by 7, = psSn,
T4 = 1aSN, and D., respectively the static friction, the dy-
namic friction and the critical slip. I choose ys — pq = 0.08,
which leads to a stress drop AT = 11.5 MPa. The friction
linearly decreases from 7, to 74 with the ongoing slip (initi-
ation phase) until the slip reaches D. on some part of the
fault (Figure 1). The onset of rupture (and the occurrence
of triggering) corresponds to the end of the initiation phase
and to a propagation at the constant residual dynamic stress
level. The initiation phase is characterized by the constant
weakening rate a, given by the following relation:

o= (s — pa)Sn ’ (1)

GD.

where G = pc® is the rigidity modulus. Following Dascalu
et al. [2000], I introduce the non-dimensional weakening
parameter (3 as:

B=ax %, (2)
where L is the fault length. This non-dimensional param-
eter completely characterizes the fault behavior. Dascalu
et al. [2000] have performed a static stability analysis that
reveals the intrinsic fault mechanics. They have computed
the first nondimensional eigenvalue G, that determines the
range of instability for the dynamic problem. This constant
was found to be:

Bo = 1.15777388 ... 3)

The fault behavior is governed by the relative magnitude of
B and Bo. In case of § < B, the fault is stable. In case of
B > Bo, the fault is unstable and can be triggered. With
the numerical values of the set of parameters, the previous
condition of instability can be written as follows:

D.<19m (4)
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Figure 1. The linear slip-dependent friction law. The shear
stress degrades from pu. to p14 with the ongoing slip until it reaches
D., the critical slip. This is the initiation phase. At this point,
the rupture propagates away on the fault.

State of stress

The state of stress on the fault and in the medium is
homogeneous and equals the static friction level 5. This
allows to focus only on the effect of the stress wave, and not
on the possible effect of prestress.

The incident stress wave

The incident stress wave is a plane SH wave of sinusoidal
shape. The wavelength A and the amplitude a are both
variable. The angle of incidence is set to § = 45 °.

Results

First case: D, =1 m (unstable fault)

Figure 2 presents the results of our computations with
the following notations: the wave’s amplitude a is normal-
ized to the stress drop AT = 7, — 74 and the wavelength
A to the fault length L. Depending on the characteristics
of the incident wave, the fault is triggered (crosses) or not
(open squares). The limit between these two behaviors is
formed by a vertical line, which proves that the wave’s am-
plitude has not any effect on the occurrence of triggering
under linear slip-dependent friction. The initiation duration
is inversely proportional to both amplitude and wavelength,
which both exert a clock advance effect. The main trigger-
ing factor is the wavelength A, or reciprocally the wave’s fre-
quency f = ¢/A. For this particular value of D. and (3, the
limit between the triggering and the nontriggering domains
is given for a ratio A/L = 0.39, which gives fi,., = 0.77 Hz.
Figure 3 presents the map view of the slip distribution in the
two cases of nontriggering and triggering wave. When the
wave's frequency f > fiim the incident wave does not trigger
the rupture. The corresponding slip distribution is given by
Figure 3a. The slip profile along the fault is not elliptical,
but rather presents a directivity that is linked to the wave’s
propagation direction. The maximum of slip is correlated
to the amplitude of the wave a. In the example shown in
Figure 3a, this maximum is about 2.107% m. On the con-
trary, when f < fiim the incident stress wave triggers the
rupture on the fault. Figure 3b shows the map view of the
corresponding slip distribution. The slip profile along the
fault is roughly elliptical (as expected for the development
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of a shear crack). The maximum of slip has nothing more
to do with the wave’s amplitude a. It is rather controlled
by the friction law and the fault length L.

Second case: D, =2 m (stable fault)

It is impossible to trigger the rupture on such a stable
fault. The slip is necessary stable, aseismic. The slip dis-
tribution is extremely similar to the one observed in Fig-
ure 3a, corresponding to the nontriggering slip distribution
of an unstable fault.

Dependence of fi;,, with 3

For a given value of L, and for each value of 3 such that
B > o, it is possible to compute the corresponding value of
Sfuum that allows the triggering of rupture. Figure 4 presents
the dependence of fi;», with the non-dimensional weakening
parameter 8. Globally, fi.n increases with 8. Actually, the
larger 8 is, the more unstable the fault is. Consequently, the
limit frequency for the incident wave to trigger the rupture
is larger, and the domain of triggering is extending towards
higher frequencies. The results presented in Figure 4 are
in perfect compliance with the static stability analysis per-
formed by Dascalu et al. [2000]. As 8 < (o, it is impossible
to trigger the rupture and fi;, is not defined. As 8 > fo, it
is possible to define fi;,, and to trigger the rupture, depend-
ing on the wave’s characteristics. The noticeable point is the
sudden increase in fi,,, as 8 — B1, where £, is the second
static eigenvalue obtained by Dascalu et al. [2000]. Actu-
ally the finite fault admits two deformation modes as 8 > 3.
The fault becomes far more unstable and this explains this
sudden increase in the curve. The numerical investigation
extends up to the third static eigenvalue. Unfortunately, be-
cause of discreteness of calculations, the jump in the curve
is not as pronounced as the first one.
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Figure 2. The normalized wave’s amplitude versus the nor-
malized wavelength. The critical slip is D¢ = 1 m, the fault
length L = 10 km. The transition between triggering (+) and
nontriggering (O) is obtained for A/L = 0.39. The time associ-
ated with the crosses correspond to the initiation duration before
triggering. The amplitude has no effect on the limit, but exerts a
clock-advance effect (as the wavelength does). The © and the X
denote the two cases presented in Figures 3a and 3b respectively.
Note that the initiation duration may be much larger than the
pulse duration that is here about 1.2 s at the triggering limit.
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Interpretation

The results presented above can be physically understood
if one think about the occurrence of triggering as the result
of the balance between the intrinsic mechanics of the fault
and the loading wave. When 8 < fo the fault is intrinsically
stable and it is impossible to trigger the rupture. When
B > Bo, the fault is intrinsically unstable. Therefore, the
occurrence of triggering depends only on the loading char-
acteristics. The positive pulse loads the fault and promotes
the instability, while the negative pulse unloads the fault
and tends to heal the rupture process by simply decreasing
the stress on the fault. I have shown that only the wave’s
frequency may act bn the occurrence of triggering. Let us
make the following hypothesis: the duration of loading is
important in the occurrence of triggering. The wave’s fre-
quency f is linked to the duration of loading on the fault
by:

1
tioad = m 3 (5)

Figure 3. Map views of the slip distribution. Top: for a nontrig-
gering case (a/AT = 0.1%,A/L = 0.333). Note the assymmetry
of the distribution and the small amplitude of slip on the fault.
Bottom: for a triggering case (a/A7T = 0.1%,\/L = 0.5). The
slip distribution is elliptical and the maximum of slip is large,
controlled by D. and the fault length L. :
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Figure 4. Limit frequency of triggering fi;,, (for a fault length
L=10 km) as a function of the non-dimensional weakening param-
eter 8. The vertical dashed lines correspond to the static eigen-
values computed by Dascalu et al. [2000]. fiim (black squares) is
increasing with 8, which indicates the increasing unstable behav-
ior of the fault with 8. The fault is perfectly stable and cannot be
triggered as 8 < fop. Note the sudden increase in fi;,, as 8 — 1
which indicates the appearance of the second eigenmode of the
fault. Because of discreteness of calculations, the second jump
(as B — B2) is hardly noticeable.

where 0 is the angle of incidence. Dascalu et al. [2000] have
shown that the slip velocity on the fault grows as follows:

v = exp(hot), (6)

where Mo is the growth rate of the instability, prescribed
by B. Consequently, for a given 3, and for a given Ao, the
slip velocity at the end of the loading increases with ti504.
The initiation process is launched in such a way that iner-
tial terms overcome the healing effect of the wave’s negative
pulse. This could explain why lower frequencies (associated
with longer tio.4) are able to trigger the rupture despite
the negative pulse. This could explain also why the wave's
amplitude a has no effect on the occurrence of triggering
since the duration of loading does not depend on the wave's
amplitude. But the main explanation is that a linear slip-
dependent friction law is considered. The non-dimensional
weakening parameter 3 is kept as a constant all along the
friction law. Consequently Ao that is prescribed by 3 is also
constant all along the law. Therefore, an increase in the
wave’s amplitude a implies an increase in the slip at the end
of the loading, and not an increase in the slip velocity. This
explains the clock advance effect of the wave’s amplitude.

Discussion

The waves emitted during an earthquake seem to be able
to trigger the seismicity at short or long distances, even in
stress shadow zones. Numerous studies have also reported
the occurrence of stable slip that was apparently triggered
by the passage of waves [Bodin et al., 1994]. Bodin et al.
[1994] have shown that the stable slip triggered by the Lan-
ders rupture was delayed by a minute after the wave’s pas-
sage and was going on for hours to weeks. However, stable
slip is generally of small amplitude, about a few millime-
ters, and its duration is short. This extremely simple model
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can’t explain all the above mentioned observations. How-
ever, keeping in mind the assumptions I have done (simple
shape of the wave, homogeneous stress field, linear friction),
this model has shown that even for an unstable fault both
stable and unstable slip could occur. A striking result is
that a dynamic stress wave may trigger the delayed rup-
ture of a fault under slip-dependent friction in the far field,
where the static stress change is negligible. In the near field,
both static and transient stresses have been shown to trig-
ger earthquakes and aftershocks. Despite the difficulty to
find any frequency threshold in the actual data, this simple
model is consistent with the observation that low frequencies
are more likely to trigger aftershocks and earthquakes [An-
derson et al., 1994]. In the linear friction case, the wave's
amplitude exerts only a clock advance effect on the trig-
gering. No intrinsic threshold in amplitude is observed. It
would not be true under nonlinear friction, since both 8 and
Ao would vary with the slip. Moreover, stress heterogeneities
and understressed fault segments will presumably make the
wave's amplitude as important as its frequency.
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