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Abstract – We study a physical model for earthquakes which extends the standard spring-block
model. It is able to quantitatively describe the observations which detect differences between
the statistics of foreshocks and aftershocks and the properties of main shocks. The model uses
two layers to provide an intrinsic mechanism for stress relaxation and a stochastic equation to
describe the contacts of crustal plates which should be treated at the scale of the elastic correlation
length of the rocks and therefore result of the combined dynamics of many local contacts. The
model parameters are derived from the physical properties of rocks to provide a realistic picture
of the mechanisms involved in earthquakes. We show that the Omori law has different exponents
for foreshocks and aftershocks, in agreement with observations. Similarly the model detects the
differences in the b coefficient of the Gutenberg-Richter law for main shocks, foreshocks and
aftershocks. Moreover the dynamics of the model exhibits various classes of events such as swarm
of small earthquakes and major earthquakes extending over a broader fault range, suggesting that
it might be the basis for further studies of the phenomena at the contact of crustal plates.

Introduction . – Large earthquakes which occur at
normal hypocentral depths in brittle crustal plates are
seldom isolated events. They are followed by many af-
tershocks, and most of them are preceded by foreshocks
which could form premonitory phenomena. The empirical
Omori law, first proposed in 1894 and then refined in fur-
ther studies [1] expresses the decay of rate of aftershocks
as

R(t) =
K

(t+ c)p
(1)

where K and c are constants, p is an exponent which has
typically a value near 1, and t measures the time between
an aftershock and the main shock. This statistical law
was first established for aftershocks but it was further re-
alised that foreshocks too obey some systematic laws [2].
However foreshocks are not as ubiquitous as aftershocks
[3], and, when they are present, their number is gener-
ally much lower than the number of aftershocks and their
statistics less regular. Getting reliable data for them re-
quires the use of a stacking method which merges many
series of observations with a proper synchronisation with
the time of the main shock [4, 5]. It showed that, in most

of the cases, the rise of the foreshock activity before a ma-
jor earthquake is also well described by the Omori law (1).
However the foreshock exponent p′ is generally lower than
for aftershocks (p′ ≈ 0.7).

At a first glance it may seem surprising that foreshocks
which correspond to the rise of activity before an earth-
quake, and aftershocks which are understood in terms of
the redistribution of stress following the main event, can
be described by the same law. This is perhaps not so sur-
prising because the Omori law appears to be a basic law
for “excitable media” and was also observed in internet
traffic [6] or the activity of the blogosphere [7]. However,
in the case of earthquakes, there are further fundamental
questions beyond the simple validity of the Omori law. Is
there a fundamental difference between the events which
occur in the vicinity of a major earthquake, foreshocks and
aftershocks, and the statistics of the major events them-
selves? Some observations point to such a difference. They
show up when ones checks the Gutenberg-Richter (GR)
law [8] which expresses the probability density P (M) of
the events of magnitude M as

logP (M) = A− bM . (2)
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For earthquakes, the value of b is generally close to 1,
but, by compiling a large number of data, Papazachos
obtained a value b ≈ 0.82 for foreshocks and b ≈ 1.31
for aftershocks [2], suggesting that indeed the statistics
of foreshocks, aftershocks are different from each other,
as noticed above for the Omori law, and moreover that
they also differ from the statistics of large earthquakes.
One may wonder whether all these phenomena can be de-
scribed within a single framework.

Several approaches have been attempted to explain the
Omori law for aftershocks and foreshocks. Shaw [9] pos-
tulated a nonlinear equation for the dynamics of subcrit-
ical crack growth, which can lead to the Omori law for
aftershocks, with an exponent p which depends on the
postulated law. From there he could derive a law for the
foreshocks, which, for p < 1 and in the limit of large time
t, scales like the Omori law with p′ = 2p − 1. Statisti-
cal studies, using the “epidemic-type aftershock sequence
model” (ETAS) [10] can also relate the properties of fore-
shocks and aftershocks by assuming a “bare Omori law”
which connects an aftershock with the main shock that is
at its origin, and then deducing the observed laws. This
approach can also justify a lower b value for the GR law of
foreshocks. However, in spite of their interest, these stud-
ies are phenomenological and are not directly related to
the physics of plate friction which generates earthquakes.
Generic models which connect the physics of faults to
earthquakes and reproduce many of the observed features
have been derived from the Burridge and Knopoff spring
block model [11]. The hypothesis made on the proper-
ties of the contacts are crucial. It was soon realised that
contact ageing is important to get aftershocks [12]. This
viewpoint evolved into a rate- and state-dependent repre-
sentation of the fault constitutive properties [13–15], how-
ever the description of the GR law and the Omori law in
the same framework remained problematic or required fine
tuning of the parameters [16]. Moreover, to our knowl-
edge, no model could produce a satisfactory description
of both foreshocks and aftershocks, including the quanti-
tative difference in their statistics, as well as a GR law,
which also detects differences between foreshocks, after-
shocks and main shocks.

Here we show that a block model with two layers to al-
low some stress redistribution can quantitatively describe
all these phenomena in a unified framework if the prop-
erties of the contacts are modelled by a stochastic equa-
tion which results from the fluctuations of the many local
contacts contributing to a macroscopic contact between
plates. Moreover we pay attention to selecting parame-
ters leading to a realistic model. Being one-dimensional
to allow reasonably fast calculations in spite of the huge
separation of the time scales that contribute to the the dy-
namics of earthquakes, the model cannot claim to describe
the fine details of earthquakes generated by a particular
fault. Nevertheless the values of the parameters can be
determined from actual physical properties of the mate-

rials to make sure that the correct order of magnitude
of the different physical phenomena which contribute is
preserved. Moreover we show that the results do not re-
quire any fine tuning of the parameters which can vary
in a rather broad range without significantly affecting the
results for the Omori and GR laws.

Model. – We consider the earthquake model intro-
duced in our earlier studies [3, 17, 18], which extends the
Burridge-Knopoff model in two respects.
1) First it takes into account an intrinsic length scale,

the elastic correlation length introduced in [19, 20] over
which the interface responds rigidly λc ≈ a2Y/k, where
a is the average distance between local contacts, Y is the
Young modulus of the material, and k the average elastic
constants of local contacts. As a result all the local con-
tacts situated in an area λ2

c move collectively as a “macro-
contact”. However within the macro-contact area which
moves as a whole, local contacts can break or form again.
Therefore the macro-contact does not obey a simple fric-
tion law. Its properties fluctuate with the dynamics of
the local contacts that make it up. This behaviour can be
described by a master equation [21], but its average prop-
erties can be modelled in a simpler way by a stochastic
Langevin equation for the threshold force fλ for which the
macro-contact breaks [3]

dfλ/dt = B(fλ) +Gξ(t) . (3)

where B(fλ) and G are the so-called drift and stochas-
tic force respectively and ξ(t) a Gaussian random variable
(〈ξ(t)〉 = 0 and 〈ξ(t)ξ(t′)〉 = δ(t − t′) ). The idea be-
hind the replacement of a master equation for the micro-
contacts breaking and reforming by a Langeving equation
is a simplifying assumption which has already been in-
vestigated in the context of friction [22]. As in the study
of Brownian motion, the Gaussian δ-correlated fluctuating
force summarises many short scale phenomena, the fluctu-
ations of the micro-contacts themselves, but also external
influences, such as tremors in the earth crust. To describe
the ageing of the contacts we postulate

B(f) =
f0

tageing

(1− f/f0)(f/f0)
ν

1 + ǫ(f/f0)ν+2
(4)

and
G = (2/tageing)

1/2∆f0 , (5)

where t−1
ageing determines the rate of ageing and ǫ and ν

(ν = 2 following [3]) are dimensionless parameters. For
ǫ = 0 and ν = 0 the stationary solution of the Langevin
equation (3) leads to a probability distribution of the con-
tact thresholds P (fλ) which is a Gaussian centred at f0,
with a half-width ∆f0, which gives a physical meaning to
these two model parameters. At the start of a simula-
tion, or when a macro-contact reattaches after breaking,
its breaking threshold fλ is randomly selected with such a
Gaussian distribution. Then, for ǫ > 0, the initial Gaus-
sian distribution gradually develops a power-law tail on
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the side of large thresholds, i.e. the macro-contacts tend
to get stronger, at a rate defined by t−1

ageing. As shown
in [3], the factor (f/f0)

ν introduces a “delay” in contact
formation in the sense that a new-born contact, initially
very weak, has a threshold that grows faster than in the
asymptotic limit. The choices made for the properties of
the macro-contact are consistent with the assumptions of
the rate- and state-dependent representations of the fault
constitutive properties [13–15] but take into account fluc-
tuations instead of assuming a deterministic equation for
the evolution of the contacts because they are based on
an underlying physical model at a smaller scale [21]. This
approach provides a basis to include the physical proper-
ties of the local contacts, such as the formation of chemical
bonds or contact plasticity, in the properties of the macro-
contacts.

2) Second, the model takes into account the internal
elasticity of the crustal plates. It splits the thickness of
a plate in two layers, which have some relative motions
as shown in Fig. 1. The interface layer carries the macro-
contacts which may attach or detach from a fixed basal
plate, while the upper layer is driven by a plate moving
at speed vdrive. This structure allows a redistribution of
the stress within the system, which occurs dynamically,
while keeping this one-dimensional model much simpler
than a true three-dimensional model of the elasticity of the
rocks. In the spirit of the Burridge-Knopoff model, both

Fig. 1: Schematic picture of the model. The upper layer (UL)
is split in rigid blocks of size λc × λc × NLλc connected by
springs of elastic constant KL. The interface layer (IL) is split
in rigid blocks of size λc×λc×λc connected by springs of elastic
constant K. The UL and IL are coupled by springs of elastic
constant KT . The IL is connected with the rigid bottom block
(the base) by contacts of elastic constant k, which break when
the local stress exceeds a threshold value. The UL is driven
with the velocity vdrive through springs of elastic constant Kd.

layers are divided in N rigid blocks. The size of a block
in the direction of the fault is defined by the elastic corre-
lation length λc. The interface layer, carrying the macro-
contacts, is made of cubic blocks, of volume λ3

c . The upper

layer is thicker, with thickness NLλc to represent the bulk
of the crustal plate. Along the fault, the blocks in both lay-
ers are connected by elastic springs representing the rock
elasticity. Their elastic constant can be derived from the
Young modulus of the rocks, i.e. K = Y λc for the interface
layer and KL = NLY λc = NLK for the upper layer. The
coupling constant KT , which controls the relative motion
of the two layers, is given by KT = Y λc/[2(1 + σP )NL],
where σP is the Poisson ratio of the materials. Note that
the geometry of the blocks is introduced to express the
elastic constants of the model (K, KL, KT ) as a func-
tion of the elastic properties of the material of the crustal
plates. It is not an essential feature of the model. The
upper layer plays the role of an elastic reservoir, where
elastic energy is stored and partly released at the main
shock, while the unreleased part of the elastic energy can
contribute to the stress release and aftershocks. Each
block i (i = 1 . . . N) of the interface layer is in contact
with a fixed, rigid, base through a macro-contact having
the breaking threshold fλ,i which evolves according to the
Langevin equation (3). Its elastic constant k is related
to K by k = κK where κ is a dimensionless parameter,
chosen as κ = 0.02 to allow stick-slip at the level of the
macrocontacts [22]. Simulations showed that changes in κ
do not significantly alter the results if the stick-slip at the
contacts is preserved. To simulate the driving of earth-
quakes by plate motion, the blocks of the upper layer are
connected by harmonic springs of constant Kd = KT to a
rigid plate moving as speed vdrive.

Model parameters. Most of the model parameters can
be derived from typical properties of the rocks of the
crustal plates. The elastic coherence length, i.e. the length
over which a piece of rock behaves as a rigid block was
taken as λc = 10m. As a typical Young modulus for
rocks is Y = 51010 Pa [23] we get the longitudinal cou-
pling constant between the blocks of the interface layer as
K = Y λc = 51011 N/m and the longitudinal coupling con-
stant between blocks of the upper layer as KL = NLK =
125 1011 N/m if we assume a thickness of 250m = 25λc.
The Poisson ratio was taken as σP = 0.2 to calculate KT .
The mass per unit volume for the rock is of the order of
ρ = 3103 kg/m3. These data correspond to a speed of
sound in the rock vs =

√

Y/ρ = 4.08 103 m/s which is a
reasonable order of magnitude. With our choice κ = 10−2

we get an elastic coupling constant k = 5109 N/m for a
macro contact. The expression of λc = a2Y/k leads to an
average distance a = 1m between local contacts, and 100
local contacts contributing to the properties of a macro-
contact. The critical stress at which a solid rock breaks
depends on its normal load. A typical value is of the or-
der of 400MPa to 1GPa [23] so that the force that would
break a macro-contact of area λ2

c would be in the range
4 1010−1011 N. However most of the contact breakings do
not require rock fracture but simply sliding over multi-
ple local contacts so that the critical force fλ at which a
macro-contact breaks can be expected to be significantly
lower than the rupture force. In our calculation we have
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chosen f0 = ∆f0 = 109 N/m in Eqs. (4) and (5). In the
simulation program that solves the Langevin equation for
fλ we set an upper bound of 5 1011 N. However our simu-
lations detect maxima of only ≈ 1011 N so that this upper
bound is not reached.

Numerical protocols. The model, with N = 200 sites
and periodic boundary conditions was investigated by
numerical simulations. A viscous damping with coeffi-
cient η = 0.3ω0 = 0.3

√

Kb/m (m = ρλ3
c being the

mass of a block in the interface layer), corresponding to
underdamped dynamics, has been included to describe
all sources of energy losses. The mechanical equations
have been solved by a 4th order Runge-Kutta algorithm
while the Greenside-Helfand method [24] was used for the
Langevin equations for the breaking thresholds. At each
step the forces on the macro-contacts are monitored. If
one of them exceeds the contact breaking threshold, the
stretching of the contact drops to 0 and a new threshold is
selected with a Gaussian probability distribution of aver-
age f0 and standard deviation ∆f0. The data for this step,
including the total variation of the elastic energy during
the step is recorded for further analysis.
Then, in a post-simulation analysis, all consecutive steps

in which at least one macro-contact was broken are com-
bined in what we henceforth call an “event”. The date of
the event is the average time of the combined steps. The
sum of all energy drops in the combined steps is called the
energy E of the event, and, following [25], but measuring
energies in Joules, we define the magnitude of the event
as M = (2/3) logE. The average displacement of all con-
tacts that broke during this event is defined as the slip
displacement δL of this event.

Typical relative velocities between plates lie in the range
35 − 160mm/year. A value of 100mm/year amounts to
about 3 10−9 m/s. This velocity should be compared to the
sound velocity in the system vs = 4.08 103 m/s. Therefore
the typical velocities involved in the physical process that
we study vary by 12 orders of magnitude. This is beyond
the possibilities of numerical calculations. We decided to
chose a much larger driving velocity. Our reference value
is vdrive = 310−3 m/s. This fast driving can be expected
to reduce the time interval between major earthquakes by
a factor 106. Let us check whether our results remain in
line with observations. If we define a major earthquake
by an elastic energy drop E which exceeds the average
energy drop E of the events by 50σE , where σE is the
standard deviation of the energies of all recorded events,
we find an average interval of 3806 s between earthquakes,
i.e. 3.8 109 s after rescaling or about 120 years. The mag-
nitude of such earthquakes, M = (2/3) logE with E in
Joules [8] is found to be M = 8.3. Therefore the delay
of 120 years between such large earthquakes is realistic.
It is important to notice that this conclusion holds even
if we vary vdrive in the range 0.9 10−3 − 9 10−3 m/s, i.e.
by one order of magnitude. The rescaled time interval be-
tween earthquakes of magnitude 8.3 was found in the range

101 − 138 years, i.e. almost constant taking into account
the expected fluctuations between different realisations.

However the need to speed-up considerably the driving
has a drawback. By reducing the time interval between
earthquakes to a few hours, it only allows us to monitor
foreshocks and aftershocks in a small time interval around
an earthquake because we have observed that the dynam-

ics of foreshocks and aftershocks does not scale with vdrive.
The results on foreshocks and aftershocks that we present
in the next section are all observed within the same time
interval of 350 s from the main shock although the values
of vdrive vary by one order of magnitude. This observa-
tion time is small and is a constraint of our simulations,
but on the other hand it is already an interesting result
because it shows that these shocks are true foreshocks and

aftershocks. As they do not scale with vdrive, they are not
caused by the driving. Instead they occur due to the inter-
nal dynamics of the crustal plates, due to stress relaxation
and reconfiguration.

The parameters which determine the shape of the dis-
tribution P (fλ) of the contact breaking thresholds are the
only parameters which cannot be readily estimated from
the standard properties of the rocks making crustal plates.
The value of tageing, which sets the time scale for the evo-
lution of the breaking thresholds of macrocontacts has to
be evaluated in connection with the driving velocity which
determines how long contacts can stick before being bro-
ken by the plate motions. In most of our calculations we
have imposed d = vdrive × tageing = 7.5 10−4 m. At a re-
alistic driving velocity of 3 10−9 m/s, this corresponds to
a rescaled ageing time t′ageing ≈ 70 hours, which would be
an estimate of the time that a contact must stick to un-
dergo a plastic deformation or the formation of chemical
bonds which significantly alter the breaking threshold of
the contact. Fortunately this is not a critical parameter.
We have checked that, even if it is increased by one order
of magnitude, the observable quantities, i.e. the powers p
and p′ of the Omori law as well as the coefficients b of the
GR laws for aftershocks, foreshocks or main earthquakes
are only weakly affected (see Table 1). Similarly ǫ which
determines the asymmetry of the distribution i.e. the prob-
ability to get strong contacts which behave as hard points
and tend to promote bigger earthquakes can be reduced
from ǫ = 3 to ǫ = 2 without significantly changing these
results (calculation 5 in Table 1).

Results. – Figure 2 shows a typical pattern of events
in a short time interval containing a main shock. The
intensity of the events is schematically indicated by a
colour scale, from red (weak events) to blue. It illus-
trates the variety of the events which can be observed
with the model. They correspond to different classes of
earthquakes observed in nature. The weakest events (red
colour in Fig. 2) tend to form sequences of similar-sized
earthquakes occurring over a short period of time, sim-
ilarly to swarms, which have interested seismologists for
a long time [26, 27]. Stronger events (blue) are generally
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more isolated but, when they reach a sufficient intensity
(marked as a main shock on the figure) they occur al-
most simultaneously with other smaller events appearing
slightly before or after them and spanning the whole fault
range that we are investigating (which extends along 2 km
in this calculation with N = 200 blocks). This leads to
an average slip-displacement δL of all the macro-contacts
that break which reaches a few meters and this pattern
of events occurring in a very short time domain exhibits
the common features of real earthquakes which generally
include a sequence of motions within tens of seconds or a
few minutes.
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Fig. 2: Time evolution of the model during a small time in-
terval. On this image the events are marked by points with a
colour scale going from red (small energy E) to blue. A main
shock is marked by a large black circle containing a cross. Black
symbols (circles if they occur before the main shock, crosses if
they occur after) mark events with a size exceeding the size
considered for foreshocks and aftershocks. In this picture only
those occurring within a few seconds of main shock are marked.
They make up the line of black marks in the vicinity of the main
shock. Those events actually belong to the same earthquake
which typically extends over a few tens of seconds up to min-
utes. Therefore they are not counted in the analysis of the
foreshocks and aftershocks.

Beyond this qualitative observation, for our study of
foreshocks/aftershocks around such main shocks, we se-
lect the time interval ∆tmax = 350 s. As explained above
this limited observation time is imposed by the need to
use a high driving velocity in the numerical simulations.
However the observation of several hundred main shocks
in a simulation allows us to get good statistics to obtain
meaningful results. Then we look for all moderate-size
events with E > E+4σE . If there is more than one in the
time domain 2.5∆tmax we only keep the biggest. These
events are treated as the main earthquakes (MEQ). We
then make the list of smaller events (E > E + 0.1σE).
Those sitting within ∆tmax of the main shocks are treated
as foreshocks or aftershocks. Note that we do not im-
pose any condition on the distance between a main shock
and its related events because our model only describes a
small piece of a fault. Remember that the size of a block
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Magnitude

P
(M

)

Main shocks b
0
 = 1.089

Foreshocks b' = 0.758

Aftershocks b = 0.810

Fig. 3: Probability distribution P (M) of the magnitudes of
main earthquakes (MEQs) which have a magnitude above 7.5
(black stars), foreshocks (blue circles) and aftershocks (red
squares) observed in calculation 1 (see Table 1). The dash
black line has slope −1. For each type of event, P (M) has
been fitted by Eq. (2) to determine the corresponding b coeffi-
cient of the GR law (labelled b0 for MEQs, b′ for foreshocks and
b for aftershocks). For large magnitudes the decay of P (M) is
limited by the finite simulation time. Therefore the fit is re-
stricted to the lowest magnitude range (8 points for MEQs,
20 points for foreshocks and aftershocks which are observed in
higher numbers).

is λc = 10m. With N = 200 blocks we only investigate a
piece of 2 km of a fault. We performed some calculations
for N = 500, i.e. 5 km, but, even in this case the events
are close enough to be considered as possibly related.

The statistics of the magnitudes of the main earth-
quakes, foreshocks, and aftershocks are plotted on Fig. 3
for one of the calculations. They are fitted by Eq. (2)
to determine the b parameters separately for the MEQs
(labelled b0), foreshocks (b′) and aftershocks (b). Due to
the limited time of a simulation, the number of very large
earthquakes (M > 8), which are very rare events, drasti-
cally decreases below the expected asymptotic limit of the
GR law. The fit is therefore limited to lower magnitudes
(see caption of Fig. 3).

To test the Omori law, our analysis uses the same stack-
ing approach as in the studies of real earthquakes [4, 5],
i.e. we collect the statistics of foreshocks and aftershocks
for a large number NMEQ of MEQs (given in table 1 for
each calculation) and we determine the absolute value of
the time difference t between each event and the corre-
sponding MEQ. We divide the observation time ∆tmax

into 100 boxes of duration δt = 3.5 s and count the total
number n(t) of those events that occur within each box
centred on a time difference t, in order to get the rate
R(t) = (n(t)− n)/(NMEQδt) for the foreshocks and after-
shocks. The value n is the average number of events in
a box over the whole simulation. It corresponds to the
background activity. The events in the first box (t < δt)
are discarded because those events occurring in a very
small interval of time from an MEQ are actually consid-
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Table 1: Results of 5 test calculations with variable parameters. Calculations 1, 2, 3 test the effect of the driving velocity vdrive,
calculation 4 tests the effect of ǫ and calculation 5 tests the effect of an increase of tageing by one order of magnitude. For
each calculation NMEQ gives the number of main earthquakes which were analysed to get the statistics of the magnitudes and
properties of the foreshocks and aftershocks.

Omori law GR law
Calc ǫ t′ageing vdrive NMEQ p′ p ϕ′ ϕ b0 b′ b

1 3 69.4 h 3.0 10−3 797 0.754 0.981 1.962 1.578 1.088 0.758 0.809
2 3 69.4 h 0.9 10−3 972 0.879 0.923 0.741 0.736 0.814 0.769 0.879
3 3 69.4 h 9.0 10−3 530 0.768 0.990 3.064 1.051 1.112 0.726 1.046
4 2 69.4 h 3.0 10−3 381 0.685 0.873 1.754 1.340 0.925 0.771 0.815
5 3 694 h 3.0 10−3 371 0.675 0.966 3.041 1.361 0.877 0.896 1.224
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Fig. 4: (a) Test of the Omori law for calculation 2 (see Ta-
ble 1). This figure shows a log− log plot of the decay rate R(t)
for foreshocks (blue circles) and aftershocks (red squares). On
each plot the dashed black line shows the level of background
activity n/δt. (b) Probability distribution P (τ) of the time in-
tervals between foreshocks (blue) and aftershocks (red) in the
same simulation. The black lines show the power-law approxi-
mation of P (τ) for large τ .

ered as part of the main earthquake. The rate R(t) for the
foreshocks and aftershocks is plotted in log− log scale on
Fig. 4-a, and fitted with Eq. (1) to determine the expo-
nents p (aftershocks) or p′ (foreshocks). The value of the
constant c, given by the fits, is always found to be smaller

than our time resolution δt and is therefore not signifi-
cant. Table 1 lists the exponents p and p′ for different
calculations.

Figures 3 and 4 illustrate the statistical properties of
many earthquakes and of their foreshock-aftershock activ-
ities for a simulation with a typical parameter set. Table
1 gives a broader and quantitative view by presenting re-
sults for a series of calculations with different parameter
sets.

The first noticeable result is that, although the results
rely on a spring-block model, besides the main shocks
which follow the standard GR law, we detect true fore-
shock and aftershock activities which are clearly distinct
from the main shocks. We have already pointed above
that these activities around main shocks do not scale with
the driving velocity vdrive. This indicates that they are
not governed by the external driving due to crustal plate
motion. The statistics of these events confirm this feature.
First, although the range in which we can study the GR
law is strongly limited by the small size of the system and
finite simulation time, for all parameter sets, the b′ and b
parameters of the GR law for foreshocks and aftershocks
are different from b0 ≈ 1 for the main shocks. Moreover,
in agreement with observations [2] b′ is significantly lower
than b0 (b

′ ≈ 0.7) and b > b′. Second, as shown in Fig. 4-a,
the Omori law is very well verified, both for foreshocks and
aftershocks because their rate of activity R(t) is well fitted
by Eq. (1). All other calculations, with other parameter
sets, give the same quality of fits, demonstrating that the
results are robust and not due to a fine tuning of the model
parameters. This allows us to determine the exponents of
the Omori law, p′ for foreshocks and p for aftershocks, with
a good accuracy. Here too the results clearly distinguish
foreshocks and aftershocks (see Table 1). In agreement
with observations [2, 4, 5] we get p′ ≈ 0.7 for foreshocks
and p / 1 for aftershocks.

The data that we recorded for aftershocks and fore-
shocks allow us to test another important property of
earthquakes, the non-Markovian nature of these events
[28]. This can be done by studying the time-interval distri-
bution P (τ), where τ is the delay between two successive
aftershocks (or foreshocks). The analysis shows that, in
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the limit of large τ , P (τ) is a power law P (τ) ∝ 1/τ1+ϕ,
as shown in Fig. 4-b We observe such a behaviour, for
both aftershocks and foreshocks, for all set of model pa-
rameters that we investigated. However, in contrast to p
and p′, the values of ϕ (aftershocks) and ϕ′ (foreshocks)
appear to depend on the driving velocity (Table 1), pos-
sibly pointing a limitation of the simulations to study the
fine structure of time-dependent properties as we cannot
use realistic values of vdrive. For the lowest driving speed
(calculation 2 of Table 1), we have p, p′ < 1 and ϕ,ϕ′ < 1.
In this case, a Markovian process should verify the scaling
relation p + ϕ = 1. This relation is clearly violated by
our results which show that aftershocks (and foreshocks)
are non-Markovian, in agreement with the observations
for actual earthquakes [28]. This is related to the large
scale stress redistribution which is caused by earthquakes.
With its two-layer structure our model exhibits the same
behaviour.

Discussion and conclusion. – Spring-block mod-
els have been widely used to study earthquakes. Refining
the friction law by introducing rate- and state-dependent
relations allowed them to describe aftershocks and even
foreshocks, at the expense of parameter fine-tuning [16].
We have shown that an extended model based on physical
ideas introducing two layers to allow stress redistribution
and a stochastic model for the complex contacts between
plates, which actually involve the dynamics of many local
contacts over the elastic correlation length for which the
interface responds rigidly, allows to go much further in the
analysis of observations. Most of the model parameters
can be derived from the physics of the crustal plates, and
the results are robust with respect to large variations of
the few parameters that cannot be readily quantitatively
estimated. The model exhibits true foreshock/aftershock
activities which are distinct from the main earthquakes.
Moreover the statistical analysis leads to GR laws and
Omori laws which are in rather good quantitative agree-
ment with observations, even for subtle effects such as the
different properties of foreshocks and aftershocks.

Being one-dimensional the model cannot claim to quan-
titatively describe all phenomena involved in real earth-
quakes, but it is nevertheless able to exhibit different
classes of events, such as swarms of small-intensity earth-
quakes which had only been observed in much more elabo-
rate models [29]. Therefore this model should also allow a
further understanding of some earthquake properties, be-
yond the Omori and GR laws on which we focused our
attention in the present study.
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