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Abstract. This paper concentrates on the problem of fault interaction and
earthquake triggering through the 1980 Irpinia, Italy, sequence. More specifically,
this paper deals with the problem of the triggering of the second subevent by
the mainshock. The interaction between the two segments is modeled through a
dynamic Coulomb failure function. The aims of this paper are, first, to discriminate
between the dynamic and the static stress effects on the triggering, if these effects
exist, second, to estimate the fault strength relative to the initial state of stress,
third, to determine the parameters of a slip-dependent friction law that lead to the
observed delay of 20 s. Numerical simulations show that the critical slip D, may
range from 0.03 m up to 1.7 m, and that the initial slope of the friction law p'(0)
must be lower than 0.04 m~!. We show that the relative magnitude of the fault
strength and the initial state of stress govern the existence and value of a D, lower
threshold under which the fault always ruptures before 13 s. A close to failure fault
is not consistent with a critical slip D, less than 0.8 m, whereas small values of D,
typically 0.03 m, imply a far from failure fault. General results concern the effect
of a dynamic stress pulse. We show that an event can be triggered by a transient
stress pulse and that in this case the event can have an initiation duration much
longer than the pulse duration. We show that it is possible to explain both the
triggering and the time delay only with the effect of the transient stress pulse.
This may explain aftershock triggering even in regions of negative Coulomb failure
function or long distance triggering of earthquakes by propagating waves.

1. Introduction

1995; Harris and Simpson, 1996; Deng and Sykes, 1996;

Fault interaction and earthquake triggering have been
studied either with dynamic [Harris and Day, 1993; Hall
et al., 1993; Bodin and Gomberg, 1994; Gomberg and
Bodin, 1994; Gomberg and Davis, 1996; Gomberg et al.,
1997,1998] or static stress changes [e.g. Smith and Van
de Lwndt, 1969; Rybick:, 1973; Das and Scholz, 1981,
Stewn and Lisowsk:, 1983; Simpson et al., 1988; Okada
and Kasahara, 1990; Reasenberg and Simpson, 1992,
Harris and Simpson, 1992; Jaumé and Sykes, 1992;
Stewn et al.. 1992, 1994; King et al., 1994; Harris el al.,
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Jaumé and Sykes, 1996; Nostro et al., 1997; Reasenberg
and Simpson, 1997; Harris and Simpson, 1998; Hard-
ebeck el al., 1998; Nalbant et al., 1998; Toda et al.,
1998; Troise et al., 1998]. The latter studies use the
concept of the static Coulomb failure stress (ACFS)
and most clearly demonstrate the correlation between
the triggering of earthquakes and the positivity of the
ACFS. However, it is clear that triggering also oc-
curs in regions where ACFEF'S < 0, that is, in regions of
stress shadows and also far away from the event, where
static ACFS = 0 as observed after the 1992 Landers
earthquake [e g., Hill et al., 1993; Anderson et al., 1994;
Bodin and Gomberg, 1994]. These studies and observa-
tions remind us of some unresolved questions [Harrs,
1998]: Do dynamic and/or static stress changes trig-
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Figure 1. Map of the location of the fault segments
of the November 23, 1980 Irpinia (Italy) earthquake se-
quence (and principal aftershocks). The rupture prop-
agates on the 0 s fault and jumps to the 20 s fault
segment. Note the strike angle between these two seg-
ments: about 10°. After 40 s, the third segment rup-
tures.

ger earthquakes? Is there a triggering threshold? The
1980 Irpinia earthquake offers the opportunity to an-
swer these questions and to constrain the mechanics of
earthquake triggering. First, the use of geologic obser-
vations [Pantost: et al., 1993], geodetic data [Pingue
et al., 1993] and strong motion accelerograms [Vaccar:
et al., 1993; Cocco and Pacor, 1993] provided a good
knowledge of the history of the Irpinia rupture. This
event can be decomposed into three subevents (see Fig-
ure 1 for the location of the fault segments). The first
one is the mainshock, associated with a normal slip of
1.5 m and a seismic moment of 10'® N m. The second
shock called the 20 s event has a seismic moment of
4.10'® N m, estimated from seismological data [Cocco
and Pacor, 1993]. The last event, called the 40s event
has a seismic moment of 3.10'8 N m. Second, the stress
field produced by the mainshock has been modeled by
Belardmells et al. [1999] in terms of a dynamic Coulomb
failure function. A transient stress peak of 0.6 MPa
reach the second fault segment and is followed by the
static stress field. Third, we have developped a nu-
merical procedure that is able to model the interaction
between the fault segments. This procedure is based on
a finite difference method that allows the computation
of a time delay of the order of 20s without encountering
numerical instabilities.

Since the second event did occur, the main problem
we focus on is whether the dynamic pulse or the static
stress variation triggered the second subevent. The dy-
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namic triggering theory stumbles over the problem of
the time delay between the wave passage and the trig-
gering of the event. Actually, the first question is to
know why did a dynamic stress peak of 0.6 MPa not
trigger the event before the static stress was reached.
The two (first and second) subevents are separated in
time by nearly 20 s. Belardinelli et al. [1999] computed
the dynamic stress caused by the rupture of the first
subevent. The origin of time ¢y chosen by these au-
thors and used in this study is the onset of the rupture
on the first subevent. These modeling results of Belar-
dinelli et al. [1999] show that the dynamic stress peak
on the second subevent fault plane is reached at time
t ~ 8 s after {y. The static stress level on the second
event is reached nearly 14 s after 5. In other words,
the time between the arrival of the stress perturbation
on the second fault and the onset of the rupture of the
second segment is about 18 s, assuming 2 s for the wave
propagation between the two faults. The duration of
the transient dynamic stress perturbation on the sec-
ond fault is about 12 s. The time between the static
stress being reached and the onset of the rupture on
the second segment is approximately 6 s. In this study,
the details of the loading history of the second fault
segment are taken into account in the initiation process
simulation and analysis. The initiation duration is then
the duration between the beginning of the stress pertur-
bation and the onset of the rupture on the second fault
segment. This initiation duration is then equal to 18 s.

The rupture initiation stage has been described in pa-
pers about laboratory experiments [e.g., Ohnaka, 1996]:
this is a slip-weakening period of time during which the
slip velocity increases slowly, followed by the propaga-
tion stage. Campillo and Ionescu [1997] theoretically
studied the initiation phase in the case of a slip weak-
ening friction. They show how the initiation duration
is linked to the friction law parameters in the case of
an infinite and homogeneous fault. Furthermore, Das-
calu et al. [2000] proposed a similar analysis for a fi-
nite fault. Our working hypothesis is to relate the time
delay of 18 s with the initiation duration, assuming a
slip-weakening friction. We attempt to answer to a set
of questions,

1.Is it possible to discriminate between the dynamic
and the static effects on the triggering of the second
subevent, if these effects exist?

2.Is it possible to estimate the fault strength rela-
tively to the initial state of stress?

3.Does the timing of rupture with respect to the load-
ing constrain the friction law parameters?
In other words, we want to determine the domain D
which contains the suitable values of the friction law
parameters that lead to an initiation duration of 18 s,
estimate the fault strength and discuss the question of
the dynamic triggering of earthquakes. To achieve these
three goals, we perform a series of computations, vary-
ing the friction law parameters D, (critical slip) and
' (0) (slope of the friction at the origin) with or without
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Figure 2. The slip-dependent friction law used in
our computations. I, is the critical slip as defined by
Ohnaka [1996]. The static (4s) and the dynamic (uq)
friction cofficients are kept as constants. The parameter
& modulates the linear friction law with a sine function;
¢'(0) is maximum when £=0 (linear law) and minimum
when £=1 (sine law).

the static stress field, and with different assumptions on
the strength of the fault segment.

2. Description of the Model
2.1. Medium

We consider the two-dimensional (2-D) antiplane elas-
tic problem of slip instability, with two semi-infinite
elastic half-spaces bounded by their common side along
which a fault of finite length is defined: the second fault
segment. We use a finite difference method to approach
the problem of the development of an instability on the
fault surface. This method is fully described by Ionescu
and Campillo [1999]. The medium is discretized with
a grid step of Ar = Ay = 100 m. The fault length
1s set to 10 km [Pantosti et al., 1993], while the entire
model has a length of 80 km. The shear wave veloc-
ity 1s fixed to 3000 m/s, the density of the medium to
2700 kg/m3, an average value for crustal rocks. The
normal stress Sy is computed at a depth of 8000 m:
Sy = pgz = 9.81 % 2700 » 8000 = 212 MPa. This is the
depth of the beginning of the rupture front on the sec-
ond fault segment, as seen by Belardinell: et al. [1999].

2.2. Friction Law

We use a slip-dependent friction law derived from the
experimental works performed by Ohnaka [1996]. These
experiments clearly show the slip dependence of the fric-
tion, at least at the beginning of the evolution. Other
friction laws, based on rate and state model [Dieterich,
1979; Ruwna, 1983], are not so different from the slip-
dependent friction law, since they are regularized with
the help of a characteristic slip. The slip-dependent {ric-
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tion law is then the simplest law that describes the be-
ginning of the evolution, the so-called initiation phase.
The friction law is fully described by 7,, 74, D. and
£. Figure 2 shows these parameters and their relations.
Variables 7, and 74 represent the static friction and the
dynamic friction, respectively. They are related to the
normal stress Sy by

Ts = BsSN, (1)

Td = /*LdSNa (2)

where p, and gy are the static and the dynamic fric-
tion coefficients. We fix pus to be 0.6 [Byerlee, 1978;
Zoback and Healy, 1984; Iio, 1997], and pq to 0.56, so
that the stress drop is about 8.3 MPa, a typical value
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Figure 3. The wave shape used in this study. (a) The
complete CFF computed by Belardinells et al. [1999].
(b) The dynamic pulse alone, with a static stress field
of 0 MPa. The origin of time corresponds to the onset
of the rupture on the first segment. The maximum of
the shear stress occurs at time t =8 s. The static stress
field is reached at time t 215 s. The onset of the rup-
ture on the second fault segment is recorded at t =20
s. Assuming 2 s of propagation, we then consider an
mnitiation duration of 18 s.
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for intraplate earthquakes. D, is the critical slip: it
represents the necessary amount of slip for the fault to
weaken completely. Parameter £ modulates the linear
friction law with a sine function [lonescu and Campillo,
1999]. This parameter ranges from 0 (linear friction) to
1 (sine friction). The slope of the friction law at the
origin '{0) is related to D, by

1-9

u'(0) = D.

(s — pa) (3)
Ionescu and Campillo [1999] demonstrate the link be-
tween p/(0) and the initiation duration: the lower p'(0)
is, the longer the duration is. The extreme case p’(0) =
0 (£ = 1) leads to a stable equilibrium position, when
no instability can develop on the fault. We concentrate
on cases ' < Ap/D. (€ >0). The cases ' > Ap/D,
(¢ <0) are not discussed here, but since p'(0) is then
greater, one can expect a duration of initiation shorter
than for a linear friction law, that is, an almost instan-
taneous rupture. Consequently, we consider the linear
friction law as a limit to our study.

2.3. Incident Stress Waveform

We consider that the interaction between the first and
the second segment, is done through the propagation of
the waves and the static elastic response of the medium.
Figure 3 presents the dynamic Coulomb failure function
computed by Belardinelli et al [1999]. The origin of time
is the onset of the rupture of the first segment. The first
wave arrives on the second fault segment at time t =
2 s. The dynamic stress peak is reached at time t = 8
s. The last wave arrives at time t = 15 s. This lapse
in time, from 2 s to 15 s is referred to as the dynamic
stage. After time t = 15 s, the shear stress does not
evolve anymore on the second fault segment: the static
configuration is reached. The onset of the rupture of
the second fault segment is recorded at time t = 20
s. The dynamic stage is a transient stage that leads
to the static stress configuration [Cotton and Coutant,
1997]. In accordance to the actual geometry of the Ir-
pmia fault system, we consider a plane wave with an
angle of incidence of 80° (Figure 4). One of our goals
is to discriminate between the dynamic and the static
effects on the triggering of earthquakes. To achieve this
goal, we separate the CFF in a dynamic part (from 0 s
to 15 s) and a static part (from 15 s to co). Figure 3a
presents the dynamic CFF computed by Belardinell: et
al. [1999] and used in section 5 of this paper. Figure 3b
presents the shape of the dynamic pulse used in section
4. The shape of this pulse is the one of the CFF, except
that the signal comes back to zero at timet = 15s. In
other words, we consider the static stress field to be zero
in this case. As the normal stress dynamic variation on
the second fault segment is small (less than 0.1 MPa)
compared to the shear stress one (more than 0.6 MPa)
[Belardinelli et al., 1999], we neglect the normal stress
variation effect. We assimilate the CFF computed by
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Incident

wave
x

Figure 4. Schematic geometry of the problem (scales
are not respected). We use a 2D antiplane geometry
to investigate the triggering of the 20 s fault segment
by the incident plane wave emitted by the first fault
segment. This plane wave has an angle of incidence
of 80°, since the two fault segments are approximately
oriented N315° and N305°.

Belardinelli et al. [1999] as the incident shear stress 7.,
on the second fault segment.

3. Examples of Evolution of the System

Depending on the assumptions about the strength,
the loading on the second fault segment, the initial state
of stress, and the friction law parameters, the system
may behave in three different ways: the first one is re-
ferred to as the fast-triggering case and happens when
the second fault triggers before 20 s. The second one
is the slow-triggering case and happens when the sec-
ond fault triggers after 20 s. The last case is referred
to as the non triggering case and happens when the
instability aborts and the second fault remains stable.
Figures 5, 6, and 7 present examples of computations
done with the complete CFF. The critical slip is 0.9
m, and the fault strength equals the initial state of
stress. The only varying parameter is p’'(0) (through
the value of €). These figures illustrate the three pos-
sible behaviors of the fault. Figures 5 and 6 show the
time evolution of the stress on the second fault segment
and in the medium, for a fast-triggering case and for a
slow-triggering case. The only difference is p/(0), 0.03
m~" in the fast triggering case and 0.01 m~! in the
other case. The two figures are plotted with the same
The length and the width of the domain rep-
resented is 40 km. The shear stress is plotted on the
vertical axis, ranging from 115 to 145 MPa. One can
see that the behaviors are not fundamentally different
from each other, except for the duration of the initiation
phase. The stress is decreasing inside the fault segment
whereas 1t Is increasing outside. The two stress peaks
al each tip of the fault correspond to 1/./r singularities

axes.
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Figure 5. Map view of the shear stress time evolution of the stress in a fast-triggering case.
The shear stress falls from 7, down to 74 inside the fault segment. At each tip of the fault, the
stress decreases as the square root of the distance to the tip. p/'(0)= 0.03 m~!, D,=0.9 m. The
corresponding length of the initiation zone is [;=6 km. The length of the fault is 10 km. Then,
the ratio /./ly << 1 and the initiation duration is short: the onset of the rupture is around t=9

S.

[Akr and Richards, 1980]. In the fast-triggering case the
initiation phase lasts 8 to 10 s. In the slow-triggering
case, the initiation duration is much longer than 20 s.
Figure 7 presents the third and last case, referred to as
the non triggering case, that -happens when there is no
development of a dynamic instability. The difference
with the previous case is y’(0), that is now 0.005 m~!.
The stress evolution is limited: one can observe small
stress peaks at each tip of the fault. Inside the fault
segment the stress release is very limited and non ho-
mogeneous, due to the wave reflection at each end of
the fault. For such u’(0) the unstable evolution of the
fault is so slow that the negative pulse of the incident
wave stops it. lonescu and Campillo [1999] have inves-
tigated the effect of '(0) on the initiation duration, in
the framework of the perturbation theory. They have
shown that the initiation duration is linked to the ratio
between the theoretical length of the initiation patch /.
and the fault length ly. When I /l; << 1, the initia-

tion duration is small. When [./{; ~ 1, the initiation
duration is longer. When I./l; >> 1, the fault is stable
and the initiation duration is infinite. The rupture is
not observed. fonescu and Campillo [1999] relates u’(0)
to l. (equation (24) in their paper) by

TG
ST ¥

Since the length of the initiation patch is related to
#'(0), the lower u’(0) is, the longer the duration of the
initiation phase is. Equation (4) defines I. in the case
of an infinite fault. In our simulations the fault has a
finite length of 10 km. However, if we calculate I, the
theoretical length of the initiation zone, for the three
cases previously described, we obtain [.=6 km for the
fast-triggering case, 18 km for the slow-triggering case
and 36 km for the non triggering case. These three
theoretical lengths are to be compared with the fault
length: 10 km. When [ is lower than the fault length,

l
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Figure 6. Map view of the shear stress time cvolution of the stress in a slow-triggering case.
Actually, the different stages shown here are the same as in figure 5. The difference lies in the
time evolution, much slower in this case. The last stage (t=21.33 s) of the slow-triggering case
looks very similar to the second stage of the fast-triggering case (t=8 s). The initial slope of
friction is p’(0) = 0.01 m~!, and the critical slip is D.=0.9 m. The corresponding length of the
initiation zone is /.=18 km. The ratio I./l; > 1 and consequently, the initiation duration is far

more longer than in the fast-triggering case.

the triggering is easy. This is the fast-triggering case
When [, is of the same order than the fault length, the
imtiation duration is much longer. This is the slow-
triggering case. When I, is much greater than the faull.
length, the initiation process is not possible: this is the
non triggering case [Dascalu et al., 2000]. The friction
parameters govern the fault evolution. The transition
from one case to the other is continuous, which allows
us to determine a set of friction parameters relevant to
our problem.

4. Numerical Study Without the Static
Stress Field

Our aim in this section is to show that an event can
be triggered by a transient stress pulse and that, in this

case, the tmtiation duration cau be much longer than
the pulse daration.

4.1. Casc of a "Close to Failure” Fault Segment

We assume that the shear strength equals the ini-
tral state of stress, in such a way that any perturbation
leads to an unstable evolution of the fault. The fault
segment 15 1 an cquilibrium position, exactly on the
verge to slip. IYigure 8 shows the results of our com-
putations. The eritical slip D, is plotted on the x axis
versus the initial slope of the friction law p’(0). All sym-
bols correspond to the fast-triggering cases, except the
squares that correspond indifferently to slow-triggering
or non triggering cases. The fast-triggering cases are
sorted by initiation duration. The relevant cases are
the 15-20 s cases. Some of them are shown by big as-
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terisks in Figure 8. However, since the initiation du-
ration is a continuous function of 4/(0), no doubt that
we could find relevant cases for D, between 0.8 m up
to 1.5 m. These cases are not apparent because of the
discreteness of the calculations but are shown by the
thick dashed line. Relevant cases correspond to D, val-
ues lower than 1.5 m, and ranging from 0.015 to 0.025
m~! for x/(0). Values of p/(0) smaller than 0.015 m™!
lead to the third case referred to as the non triggering
case. For such p/(0), the unstable evolution of the fault
is so slow that the negative pulse of the incident wave
stops it. We assume a complete restoration of the fric-
tion when a point stops sliding [Scholz, 1990]: it means
that each stopped point has to be reloaded to 75 to start
sliding again. As soon as the sliding at some points on
the fault is stopped, the actual length of the slipping
patch is reduced. The unstable evolution of the fault

Time=746675.

Shear S:r.aa! (MPa)

o 5 0 5 0

21,653

is made more difficult, in some cases impossible. Fi-
nally, the shear stress on the fault has been partially
released to a value between 7, and 74. The evolution of
the whole fault is the result of two competing effects:
the positive pulse that loads the fault and produces the
instability, and the negative pulse that unloads it and
may lead to a complete arrest of the process (Figure
7). Since we deal with a nonlinear problem, 1t is not
trivial to find any relation between the triggering and
the friction law that prescribes the evolution of the sys-
tem. The initiation process will continue if the dynamic
effects dominale over the unloading of the fault by the
stress wave. If not, the evolution is stopped before the
propagation phase is reached. Small values of D, (lower
than 0.8 m) always lead to short initiation duration (less
than 13 s), whatever the value of /(0). For such values
of D, the fault is sufficiently loaded by the stress pulse

[}
L
b3
:
ﬁl
]
]
£
9

Figure 7. Map view of the time evolution of the shear stress in a nontriggering case. The two
first snapshots (t=7 s and t=20 s) have the same vertical axis values for the comparison with the
previous cases. The third snapshot is a zoom of the second one. Once again, the tips of the fault
exhibit small stress concentrations. The main difference lies in the stress release inside the fault,
inhomogeneous 1n this case. The initial slope of friction is p/(0) = 0.005 m~1, the critical slip is
D.=0.9m. The corresponding length of the initiation zone is =36 km. The ratio {./l; >> 1,
and consequently, the initiation process is stopped. The rupture (propagation) stage will never

be attained.
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Figure 8. Time before rupture for a close to failure
fault segment. The snapshot shows the configuration
used for these simulations : we consider only the dy-
namic stress pulse. The fault strength equals the initial
state of stress. The results are sorted by range of du-
ration of initiation (7 to 9 s: circles; 9 to 11 s: crosses;
11 to 13 s: stars; 13 to 15 s: diamonds; 15 to 20 s:
big asterisks; nonevent: squares). The label nonevent
corresponds to the second and third cases described in
section 3 The dashed lines correspond to theoretical
relations between p' and D, for £ varying from 0.0 to
0.9. The thick dashed line describes the domain D: the
complying values range from 0.8 m to 1.6 m for D, with
w'(0) lower than 0.038 m~1.

to rupture regardless of the initial shape of the friction
law. This particular value of D, constitutes a minimum
critical shp threshold that must be exceeded to match
the observed initiation duration.

4.2. Case of a "Far From Failure” Fault

Segment

The previous section was supported by the idea of a
close to failure fault, which can be related to the hy-
pothesis of a critical state of stress for the upper crust
[e.g., Bak and Tung, 1989; Grasso and Sornette, 1998].
In this section we explore the possible behaviors of a
fault segment for which the initial stress is lower than
the strength (see the snapshot in Figure 9). In this par-
ticular case, the shear strength is set 0.3 MPa above
the initial state of stress. The incident stress wave 1s
the same as in the previous section. The results are
shown on FFigure 9, on which we plot D, versus p/(0)
The comparison with Figure 8 shows that there is now
a larger range of (D,, ') couples leading to a nontrig-
gering case (see section 3) and therefore not relevant
for our study. A careful look at Figure 9 indicates that
small values of D, (0.6 m) can lead to long duration of
initiation. When the critical slip is lower than 0.4 m,
the fault segment always turns to a fast-triggering case,
independently from the initial shape of the friction law.
This implies that the time evolution of the finite fault
segirient is more sensitive to p’(0), rather than to D..
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The values of x/(0) complying with the observed delay
are lower than 0.038 m~!, whereas D, ranges from 0.5
m to 1.2 m. They are shown by the thick dashed line
in Figure 9.

5. Numerical Study With the Complete
CFF

The aim of the previous sections was to demonstrate
that 1t 15 possible to explain a 20 s delay before the
rupture really occurs only by considering the effect of
a lransient stress pulse. This was done without taking
into account the static stress field. The CFF computed
by Belardinell: et al. [1999] shows that the static stress
is reached after 15 s. We have already seen that the
shear strength on the fault is not well constrained by the
value of the observed delay, since it 1s possible to reach
long initiation duration in both cases of far or close to
faillure fault. The question is now to know what are
the implications of the static stress field component on
the duration of the initiation phase and if it is possible
to constrain the fault strength relatively to the static
stress field using the delay duration.

5.1. Computations for a Close to Failure Fault

In this section, the fault strength is set to the initial
state of stress, that is the fault is on the verge to slip.
Figure 10 summarizes all the computations carried out
under these particular conditions. The comparison be-
tween Figures 8 and 10 highlights the role played by
the static stress, since it is the only difference between
these two sets of simulations. There is no fundamental
dilference between these two figures. The threshold for
the De values is 0.8 m, the same as in figure 8: under
0.8 m, the second fault segment always ruptures before
[3 s Iigure 10 shows that even in this configuration
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Figure 9. Same legend as in Figure 8. We use only the
dynamic stress pulse. The fault strength is greater than
the initial state of stress. The thick dashed line show
the values of D, and p/(0) that fit with the observed
delay of approximately 18 s.
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Figure 10. Same legend as Figure 8. We use the com-
plele CFF computed by Belardinelli et al. [1999]. The
fault strength equals the initial state of stress. The thick
dashed line shows the complying values of the critical
slip D. and of 1/(0). The domain D extends from 0.8
m to 1.7 m for D, with z(0) lower than 0.038 m~!.

of a close to failure fault, highly favourable to the rup-
ture, it is possible to find long initiation duration: the
domain D is now extended from 0.8 to 1.6 m for D,,
and range from 0 to 0.028 m~! for x'(0). This has to
be compared with the result of section 4.1: the domain
D was from 0.8 to 1.5 m for D,, and from 0 to 0.028
m~! for ;/(0). The static stress slightly extends the
domain D towards greater D, for which the dynamic
pulse was not efficient enough to trigger the event.
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Figure 11. Same legend as in Figure 8. We use the
complete CFF computed by Belardinelli et al. [1999].
The fault strength 1s greater than the static stress field.
The thick dashed line shows the domain D that extends
from 0.2 m to 1 m for D, with p'(0) lower than 0.04
m~ L.
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Figure 12. Same legend as in Figure 8. We use the
complete CFF computed by Belardinells et al. [1999].
The fault strength is greater than the initial state of
stress. The thick dashed line shows the domain D that
extends from 0.5 m to 1.5 m for D, with p/(0) lower
than 0.038 m~1.

5.2. Computations for a Far From Failure Fault

In this section, the fault strength is equal to the static
stress field provided by the first event. The results of
our computations are shown in Figure 11. The main
difference between Figures 10 and 11 is the position of
the threshold. From 0.8 m, it has fallen down to 0.6
m. The relative positions of the fault strength and of
the initial stress control the value of this threshold: it
is around 0.8 m for a close to failure fault, and around
0.6 m for a far from failure fault. The domain D now
extends from 0.6 to 1.4 m for D, and from 0 to 0.038
m~* for y¢/. This has to be compared with the results of
section 4.2; the domain D was from 0.5 to 1.2 m for D,
and less than 0.028 m~! for p/(0). Once again we see
that the static stress field extends the domain P toward
greater D, values.

5.3. Computations for a Very Far From Failurc
Fault

We have shown that the difference R between o the
shear strength and the initial stress level 7y governs the
existence and the position of a threshold for the criti-
cal slip on fault. In the previous paragraphs the shear
strength was equal to the initial stress level (R = 0
MPa) or to the static stress level (R = 0.3 MPa). Here
we present. two other cases for which the shear strenglh
is higher than the static stress level. Figures 12 and 13
show the results of the computations for R = 0.5 MPa
and R = 0.6 MPa (close to the maximum of the stress
pulse) respectively. The only difference is the thresh-
old position. In the case R = 0.5 MPa, the threshold
is around 0.2-0.3 m. In the case R = 0.6 MPa, this
threshold falls down to only 0.03 m. Figure 14 repre-
sents the evolution of the lowest possible value for D,
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Figure 13. Same legend as i Figure 8. We use the
complete CI'F computed by Belardinell: et al. [1999].
The faull strength is greater than the initial state of
stress, close Lo the dynamic stress peak. The strong
dashed line shows the domain P that extends from 0.03
m to 0.6 m for D., with p/(0) lower than 0.05 m~'.

(the threshold value) with R, the difference between the
initial stress and the fault strength. This figure sum-
marizes all our results and permits us to constrain a
domain (R, D.) that complies with the observed de-
lay. Our simulations suggest that when a fault is far
from failure the triggering threshold is independent of
D, (for values between 0.03 m and 0.8 m). It is worth
noting that the lowest possible value for D, is only a
function of the relative values of the shear strength and
of the initial state of stress. The static stress field is of
no importance for this threshold and this explains why
we have the same threshold for a “close to failure” fault
with or without the static stress field (0.8 m). The up-
per limit to the triggering threshold is provided by the
maximuin of the dynamic stress peak, which has to be
greater than the fault strength. The upper D limit that
separates the triggering and the nontriggering domain
is given by the maximum value of D, that leads to the
observed delay. The lower limit is given by the theoret-
ical work by Burridge [1973]. He has demonstrated, for
the plane-strain self-similar shear crack, that the rup-

ture front velocity is a function of the relative values of

Ty, 0, and 74: the parameter

s=2"T (5)

70 — 04

controls the rupture front velocity. Following Belar-
dinells et al. [1999], the rupture front velocity is about
2.8 km/s on the second fault segment, close to the
Rayleigh velocity. This implies according to Burridge

[1973], that S > 1.63 and therefore:
R > 1.63(us — pa)- (6)

This lower limit is plotted on Figure 14. Figure 14 pro-
vides a correlation between the strength of the fault and
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the lowest admissible value for the critical slip. If the
fault is close to failure, D, may range from 0.8 to 1.5 m.
If the fault is far from failure, 1t allows smaller values
for D.. In the extreme case D. may decrease to only
0.03 m. Inversely, small critical slip D, values imply a
high strength of the fault.

6. Discussion

The third question we asked was: Does the timing
of the Irpinia sequence constrain the friction law pa-
rameters? Our numerical simulations indicate that the
critical slip D, may range from 0.03 m to 1.7 m. This
range has to be compared with other studies. Ohnaka
[1996] performed a series of laboratory experiments on
block of granite of 30 cm in length. He measured a crit-
ical slip D, of the order of 1-2 pm. From the seismo-
logical records, Matsu’ura et al. [1992] have estimated
the width of the initiation zone (so-called [/.) for major
earthquakes (M = 7.0 —7.7) to 5-10 km, which leads to
a characteristic length D, of the order of 1 m. In the
same way. lio [1992] and Ellsworth and Beroza [1995,
1998] have compiled a series of earthquakes with mag-
nitudes 2.0-8.0: they infer an initiation phase and they
propose a critical slip D, ranging from 1 mm to 1 m.
These authors propose that the critical slip and the ini-
tiation duration both scale with the magnitude of the
associated event, such that a duration of 10 s would cor-
respond to a M=8 earthquake. The total moment mag-
nitude of the Irpinia sequence is 6.9, and the second

—T T

Upper limit to the triggenng

Non
o Fast
a 10" N
2 triggenng triggering
o
¥
ﬁ domain
o domain /
102k

Lower limit for a Rayleigh crack speed

107
Values of D, (m)

Figure 14. Evolution of the lowest (circles) and largest
(squares) possible D. values with R, the difference be-
tween Lhe fault strength and the initial stress level o-7y.
The upper limit for the triggering is determined by the
maximum amplitude of the dynamic stress peak that
has o be greater than the fault strength. The right lat-
eral limit between the triggering and the nontriggering
domain is given by the greater value of D, that matches
the observed delay. The lower limit is derived from the
theoretical work by Burridge [1973]. The hatched area
is the domain of the admissible values for D..
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subevent 18 much smaller. This contradiction caused
Belardimelly et al. [1999] to interpret the 10 s time de-
lay (between the dynamic stress peak and the onset of
the rupture on the second fault segment) in terms of
rate-and-state-dependent friction law. However, their
analysis did not take into account the finite fault effect
on the initiation duration. lonescu and Campillo [1999]
show that the fault finiteness is of great influence on
the initiation duration when the length of the fault is of
the order of the width of the initiation zone prescribed
by D. or p’(0). Since the length of the fault is fixed in
our geometry to 10 kin, we propose to explain this time
delay with a sunple slip dependent friction law and to
consider 1ot only D, but also ¢/ as a main control pa-
rameter of the initiation phase. The permissible values
of D, range from 0.03 m to 1.7 m, and are always less
than 0.04 m~! for u’(0). Our simulations are consistent
with the seismological estimations of the critical slip D,
rather than with the laboratory measures. These values
have been found considering a stress drop of 8.3 MPa,
a static friction coefficient p; =0.6, a dynamic friction
coeffictent p14 =0 56 These limits to the threshold in
the critical slip are likely to change with the choice of
the model parameters. Moreover, these numerical re-
sults may be consistent only for the case of Irpinia.

The second question we asked was: Is it possible to
constrain the fault strength? Unfortunately, our nu-
merical simulations are unable to discriminate between
a close to failure fault and a far from failure fault, since
both of them may explain a time delay of 20 s. De-
spite the fact that the absolute magnitude of the fault
strength is still unknown, we have showed that the rela-
tive magnitude of the fault strength to the initial stress
one governs the existence and the value of a lower D,
thireshold. We have derived a general relation between
the fault strength and the critical slip D.: a close to fail-
ure fault implies a critical slip D, > 0.8 m, and a small
critical slip D, = 0.03 m implies a far from failure fault
in order to match to the triggering delay observed in
the Irpinia sequence. The existence of a threshold for
the critical slip provides a relation between admissible
critical slip values and the fault strength relative to the
initial stress. It takes on 0.4-0.5 m for a far from failure
fault segment, and 0.7-0.8 m for a close to failure fault
segment The very far from failure fault, for which the
fault strength is higher than the static stress field value
leads to a even smaller D, threshold: it takes on 0.2 m
for the intermediate case (R = 0.5 MPa) and 0.03 m
for the extreme case. Once again, the numerical value
of this threshold may be sensitive to the choice of the
parameters of our model. However, the existence of this
threshold is independent from the values of the param-
eters.

The first question we asked was: Is it possible to dis-
criminate between the dynamic and the static effects on
the triggering of the second subevent, if these effects ex-
1st? Our simulations provide a good argument in favor
of the dynamic aspect of the triggering that could help
to understand these two points. Our work shows that
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an event can be triggered by a transient stress pertur-
bation where positive values of the CFF alternates with
negative values during the wave arrivals on the fault of
the triggered event. We show that this triggering can
occur even if the final static stress perturbation is equal
to zero. We also show that in the case of triggering by
a transient pulse, the initiation duration can be much
longer than the pulse duration. Even if we have con-
centrated on friction law parameters that provide long
imtiation duration, in a lot of cases the fault ruptured
before the static stress was reached. The static stress
field simply extends the domain D toward greater D..
That 1s, in a lot of cases, the dynamic stress pulse is suf-
ficient to trigger the event. King et al. [1994] describes
the static stress changes after a series of mainshocks
in ('alifornia, culminating in the Landers, California,
earthquake. They show the existence of a correlation
between areas in which the static stress is increased,
and many aftershocks (the stress trigger zones), and
also between areas in which the static stress is decreased
and few aftershocks (the stress shadow zones). Despite
the first correlation, the existence of some aftershocks
in the stress shadow zones is not easy to explain. The
decrease in stress unloads the fault region and should
delay the next event in the concerned area. Our sim-
ulations provide a possible explanation for these after-
shocks. In the stress shadow the difference between the
fault strength and the static stress increases, that is,
the faults become farther from failure. However, we
saw previously that the dynamic and transient stress
pulse may trigger events on such faults. The Irpinia se-
quence has been studied because of the relatively short
time delay between the two first events: 20 s. We
have shown that for such a short delay, the dynamic
stress field is more important than the static stress field.
Could other events associated with longer duration be
explained in the same way? Kilb et al. [1999] have
considered the Landers, California, aftershocks map.
They consider not only the static stress field but the
complete AC'FS(t), that is, they account for the dy-
namic phase. They have shown that the peak of the
ACFS(t) (the dynamic stress peak) better correlates
with the map of seismicity rate change, positive or neg-
ative than the static stress field do. This would imply
that the dynamic stresses exert a controlling influence
on the aftershock triggering, even for long (months to
years) time delays. Since the dynamic stress pulse may
trigger an event, even in regions where the ACFS < 0,
1t 1s probable that the same dynamic stress pulse is able
to trigger an event in regions where ACF'S =~ 0. That is
to say the dynamic stress pulse is a possible explanation
for long-distance triggering.

7. Conclusion

By considering the time evolution of a dynamic in-
stability, we have shown that the delay before the trig-
gering, that is, the duration of the initiation phase, de-
pends on the friction parameters. We have shown, as-
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suming a stress drop of 8.3 MPa, that the initial slope of
the friction has to be lower than 0.04 m~!, whereas D,
ranges from 0.03 m up to 1.7 m. Thus we propose p'(0)
is a primary controlling parameter in the friction law
when invoked to explain delayed rupture, as suggested
by Ionescu and Campillo [1999]. Our simulations show
the existence of a lower threshold in D, under which
the fault always ruptures before 13 s. The value of this
threshold seems to be a function of the relative mag-
nitudes of the fault strength and the initial stress. A
close to failure fault is not consistent with a critical slip
lower than 0.8 m, and small critical slip values (0.03 m)
are consistent with a far from failure fault to explain
such an observed delay of 20 s between the first and
second rupture. Our study shows that it is possible to
trigger an event with dynamic variations of the shear
stress and to explain long initiation duration without
the effect of the static stress field. This suggests that
the triggering of events can occur even in areas where
the static stress is decreased, since it can be due only
to dynamic variations of stress. This result provides
a possible explanation for long-distance triggering by
propagating waves.
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