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ARTICLE INFO ABSTRACT

Artic{e history: Reduction in b-values before a large earthquake is a very popular topic for discussion.
Received 16 January 2008 ) This study proposes an alternative sandpile model being able to demonstrate reduction
Received in revised form 9 April 2008 in scaling exponents before large events through adaptable long-range connections. The

Available online 9 May 2008 distant connection between two separated cells was introduced in the sandpile model.

We found that our modified long-range connective sandpile (LRCS) system repeatedly
approaches and retreats from a critical state. When a large avalanche occurs in the LRCS
model, accumulated energy dramatically dissipates and the system simultaneously retreats
from criticality. The system quickly approaches the critical state accompanied by the
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Precusory phenomena increase in the slopes of the power-law frequency-size distributions of events. Afterwards,
Intermittent criticality and most interestingly, the power-law slope declines before the next large event.
Seismicity The precursory b-value reduction before large earthquakes observed from earthquake
b-value catalogues closely mimics the evolution in power-law slopes for the frequency-size

distributions of events derived in the LRCS models. Our paper, thus, provides a new
explanation for declined b-values before large earthquakes.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Numerically simulating earthquakes is mainly based on conceptual models such as the spring-slider model of Burridge
and Knopoff [7], the block structure model of Gabrielov et al. [12], the lattice-solid model of Mora and Place [26], and the
sandpile model of Bak et al. [1]. The spring-slider model [7] and the sandpile model [1] are two types of simple cellular
automata models among them. Bak et al. [ 1] originally introduced the self-organized criticality (SOC) concept. The study of
the SOC has been mainly based on simulations using sandpile model. Bak et al. showed their sandpile model can reach a
critical state without the need to fine-tune the system parameters. Their model has large avalanches randomly in critical
state. The sandpile model can drive itself into a statistically stationary state characterized by spatial and temporal correlation
functions exhibiting power-law behavior. The model has no characteristic avalanche size. It covers all possible values with
power-law distribution. The exponent of the power law between avalanches size and frequency could be characteristic of
the self-organized criticality ([1,2,9,27]).

Seismic activity is caused by stress accumulation in a rock. The rock fractured by stress accumulation releases energy
to the surrounding materials. The surrounding material in the critical state that cannot bear the energy increase would
set off a chain of events, namely a large earthquake, caused by energy release from neighboring sites. The universal
Gutenberg-Richter power-law relation describes the energy distribution of earthquakes. Gutenberg and Richter in 1956
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Fig. 1. Scaling exponents (crosses) of the long-range connective sandpile models with various connective probabilities P, gradually increasing from 0 to
1[10]. All the scaling exponents are normalized to the value of scaling exponent, i.e. By = 1.06, of the nearest neighbor sandpile with P, = 0. Also shown
in the plot is the average number of total grains staying on the grid (circles) for each P.. Again, the total grain number is normalized to the number for the
case of P, = 0, which is averagely (Z)o, = 5244.

noted earthquake frequency where energy larger than ~10!°M+16.1 dyne-cm is released, following a simple power law,
logN>y = a — bM. The scaling exponent in the power-law Gutenberg-Richter relation is very well known as the b-
value. The literature often discusses variation in the b-value and considers it a monitoring index related to forthcoming
large earthquakes ([31,34,36,38,15,14,19,40,18,16,4,28,41,20,39]). Laboratory experiment results modeling natural faults
also clearly show a lower scaling exponent during the foreshock period than during background periods ([37]). Several
researchers have reported b-value reductions before large earthquakes ([33,21,23,32]).

Our present paper presents an alternative model reminiscent of real seismic activity, based on the original sandpile model
([1]). The modified sandpile model long-term averagely also has characteristics of power-law frequency-size distribution.
The current work proposes an alternative sandpile model variant with random internal connections to demonstrate
intermittent criticality and reductions in the scaling exponents before large avalanches.

2. Long-range connective sandpile models

We currently build a sandpile model by a very simple set of rules similar to the original Bak-Tang-Wiesenfeld-type
sandpile model [1]. For a square grid of L by L cells, we randomly throw sands, one at a time, onto the grid. In the original
sandpile model, once the total amount of accumulated sands within a single cell reaches the threshold amount of 4, they are
redistributed to four adjacent cells (the nearest neighbors) or lost off the edge of the grid. All cells receiving grains from their
neighbors are checked, and redistribution continued further away if any of them reaches over the threshold. Redistribution
for each throw of new grains proceeds until none of the meshes receiving new grains exceeds the threshold. The total amount
of cells involved in the redistribution process initiated by a single throw is defined as the size of the event. Note that the
total amount of grains retained within the grid increases linearly in the beginning, transient thousands of iterations, and
then stays at a quasi-static value with small fluctuations.

The modified rule of random internal connections is implemented by slightly changing the redistribution procedure as
the following. When accumulated grains for any particular cell exceed the threshold and redistribution occurs, one of the
original nearest neighbor connections faces a connective probability P., 0 < P, < 1, of redirecting to a randomly chosen,
distant cell, replacing the original connection by a randomly chosen mesh that might be faraway from the toppling cell. We
may call such a sandpile model version the long-range connective sandpile (LRCS) model. Apparently, when P, = 0, the LRCS
model reduces to the original nearest neighbor sandpile model of Bak et al. [ 1]. Findings show that the connective probability
P, has significant impact on scaling exponents of power-law frequency-size distributions in the LRCS model (| 10]). Chen
etal.[10] perform a series of simulations each with 10° throws of single grain on a square grid with 50 by 50 meshes, starting
with the original nearest neighbor sandpile (P. = 0) and then gradually increasing the connective probability P.. Each P,
robustly emerging has the frequency-size power law and the manifested SOC state. Their investigation finds a systematic
steady increase of the scaling exponent along with a notable decrease in total grain amount staying on the grid (Fig. 1) when
connective probability P, gradually increases from 0 to 1.

In recent years, there have been numerous attempts to combine sandpile models with complex networks. Some papers
have also studied the role of non-locality in sandpile behavior [25,17]. In addition, there have been attempts to apply
sandpile with time-varying exponents and non-trivial connectivity to seismology and earthquake prediction [35]. In this
study, more different from previous studies is essentially that we give an additional rule of self-adaptedly tuning P.. We
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Fig. 2. Temporal evolution of the spatially averaged amount of grains on board (Z)(t) for three long-range connective sandpile models with P. = 0 (blue
solid line), P, = 1 (blue dotted line) and self-adapted P, (green line). Also shown in the plot are the occurrence of avalanches with size >1000 (downward
red bars) and P, larger than 0.1 (upward black bars) in the corresponding sandpile model with variable P,. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

assume that P, strongly depends on topographic change in last generation throwing single grain on the grid. Consider
that topographic height of the sandpile at the time step i is Z;(x). At the next time step i+1, due to the throw of single
grain on the grid, it changes from Z;(x) to Z;.;(x). Therefore, total change in the topographic height of the sandpile is
AZ(i+ 1) = le |Zi+1(x;) — Zi(x;)|. Usually, on a square L by L grid, AZ ranges from 1, which means no toppling occurs,

to al? (@ = 1.25). We then simply define P.(i + 1) = [AZ(i + 1)/«L*]?. The meaning for the coefficient « is basically
more like the normalization constant, which makes the Pc value of the connective probability range between 0 and 1. It is
very likely that there are many other different ways to define P, for different physical systems. At the end of demonstrating
intermittent criticality in the sandpile model, we have found that the exact choice of formulation for P. is not crucial. The
system after a large avalanche can thus evoke a higher connective probability P, value. Our motivation is that a more active
system will have higher probability to establish the long-range connection due to, for example, dynamic triggering of seismic
waves. Intuitively, a larger earthquake generates more radiated energy carried by seismic waves, thus, is more capable
of dynamically triggering remote tremors far away the main shock. It has been noted that seismicity increased in Long
Valley Caldera following the M,, (moment magnitude) = 7.9 2002 Denali Fault earthquake, M,, = 7.1 1999 Hector Mine
earthquake and M,, = 7.3 1992 Landers earthquake. The three main shocks were 3460, 400, and 440 km from Long Valley,
respectively. In these long-range triggering cases, the stress perturbation of seismic waves is the immediate cause of the
triggered earthquakes.

The self-adapted long-range connective sandpile models represent a family of intermittent criticality. The concept of
intermittent criticality [30,29,8,24,13] is based on the hypothesis that a great earthquake on the fault network cannot occur
until regional criticality threshold has been reached and stress is consequently correlated at all length scales up to the size of
the region. This great event then destroys the overall regional criticality on its associated network. After a period of relative
quiescence following the great event, the dynamical process of the earthquake fault system repeats by reloading energy
and rebuilding correlation lengths towards the criticality that leads to the next great event. The behavior of intermittent
criticality could be found in Fig. 2, in which large avalanches dramatically cause simultaneous energy reductions. For the
LRCS model with self-adapted P. the dynamic variable of (Z)(t) (green line) is often punctuated towards a smaller value
by a large event while its baseline approximately corresponds to the average of (Z)(t) in the case of constant zero P, (blue
solid line). The large fluctuation in (Z)(t) is an important and interesting feature mimicking intermittent criticality [30,29,
8,24,13]. Large avalanches are then followed by a period of quiescence and a new approach back toward the critical state.
This is similar to the dynamical process of the earthquake fault system which repeats by reloading energy and rebuilding
correlation lengths towards criticality and the next great event [29].

3. Scaling exponent in the size distribution of avalanches

A numerical sandpile system with 2 x 10* throws of single grain on a square grid of 50 x 50 meshes has about 8000 pieces
of avalanches. We have calculated the scaling exponent in the frequency-size distribution of avalanche events. Hereafter we
call the scaling exponent in the frequency-size distribution of avalanches the B-value. Throughout this paper the capital
B is exclusively used for denoting the scaling exponent of the power-law frequency-size distribution of avalanches. The
sliding window technique was adopted, selecting 250 events of avalanches to each calculation of the B-value and then
repeatedly shifting 25 events to obtain the next B-value calculation. The finite data with 250 events would cause noise in the



5266 Y.-T. Lee et al. / Physica A 387 (2008) 5263-5270

lol L

100 L

Frequency

101t

10! 10°
Event Size

Fig. 3. Power-law frequency-size distributions of avalanches for the self-adapted long-range connective sandpile models. The plot shows three example
of distributions with high scaling exponent greater than 1.3 (red inverted triangles), middle scaling exponent of about 1 (blue squares), and low scaling
exponent smaller than 0.8 (block circles). Also shown in this plot are three corresponding fitting lines for those distributions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

statistics, particularly for data with large avalanche sizes. We may apply the data binning technique to extract information
from the noisy tail. Data binning reduces the noise for large avalanche sizes and approximates the underlying avalanche
size probability well. For details of the data binning technique we refer readers to Christensen and Moloney [11]. We then
adopted the standard least-square method to fit the size distribution of avalanches. Fig. 3 displays three examples of high
(>1.3, red inverted triangles), middle (~1.0, blue squares) and low (<0.8, black circles) B-values. Also shown in this plot are
their corresponding fitting lines. Although data points of the distributions seem kind of noisy, B-values do change group by
group.

Fig. 4(a) shows the B-value variation (red line) with different time windows for the LRCS model. The B-value, following
a large avalanche, usually increases with accumulated energy until the system attains to critical state, and then the B-value
starts to reduce. It seems that the system moving up to critical state experiences large avalanches. As a demonstration,
we plot 10* generations in Fig. 4(a), showing a total of seven large avalanches with the sizes more than 2400. The B-value
typically reduces prior to those large avalanches and increases after those avalanches. Note that the B-values vary from 0.72
to 1.32 for the LRCS model. For comparison, Fig. 4(b) shows results from the original sandpile model with constant P, = 0,
where (Z)(t) fluctuates insignificantly at about an average value of 3.6 (blue line). Such a statistically stationary value of
(Z)(t) is recognized as a manifestation of the SOC state ([3]). Most importantly, in the original BTW-type sandpile, there
is no correlation between the B-value reductions and large avalanches (red line in Fig. 4(b)). Such observation shows the
possibility of detecting precursors of great events in our LRCS model.

Also, for considering the possible finite-size effect in a square grid with 50 by 50 meshes, we have further changed
into the grid size 100 x 100 (Fig. 5) and taken 500 events within each sliding window for calculating the time-dependent
scaling exponent. We also plot 10* generations in Fig. 5, showing a total of six large avalanches with the sizes more
than 10000. Fig. 5(a) shows the B-value variation with different time windows, varying from 0.8 to 1.6, for the LRCS
model. For comparison Fig. 5(b) shows results obtained from the nearest-neighbor sandpile model, where (Z) (t) fluctuates
insignificantly around an average value of 3.6. Simply comparing Fig. 4(b) with Fig. 5(b) for the nearest-neighbor sandpile
models, most of the obtained scaling exponents for those two grid sizes lie around unity, implying no severe biases due to
the smaller size of 50 x 50 grid or 250 events per window. Most importantly, those error bars in Fig. 4(a), Fig. 5(a) suggest
that the fluctuation in the power-law exponents is really significant for the precursory dynamics in the LRCS model.

4. Discussion

A family of popular earthquake physics model is mainly based on cellular automata. The Bak-Tang-Wiesenfeld-type
sandpile model [1] is initially a cellular automaton similar to the earthquake fault system, with the SOC character. The
sandpile model arrives at criticality by itself, and keeps its critical state. Other researches (e.g.[24,13,29]), on the other hand,
suggest that the earthquake fault system is more likely with intermittent criticality. The earthquake fault system is far away
from critical state after large events occur. Differentiating between SOC and intermittent critical state of the fault system is
important for understanding earthquake physics. Sammis and Smith [30] presented a new class of cellular automata models.
They built a large scale heterogeneity system, fractal automaton, and studied the effect of loss factor on system behavior. A
large event in those models would be followed by a shadow period of quiescence and then approach back toward the critical
state. Castellaro and Mulargia [8] analyzed six different 2-D prototype cellular automata models. Their system approaches
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Fig.4. For asquare grid of 50 by 50 cells, blue lines represent the dynamic variable of the average topographic height of the sandpile (Z)(t) in (a) the LRCS
model with self-adapted P, and (b) the original Bak-Tang-Wiesenfeld-type sandpile model. Red lines are the variation in the scaling exponents. Error bar
show the 95% confidence intervals. The plot also shows avalanche occurrence (black bars) with size >1500. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

and retreats from a critical state. Note that all of the models mentioned above - displaying intermittent criticality — have
prescribed tuning parameters. Our model with self-adapted P, also displays similar intermittent criticality. However, there
is no tuning parameter in our modified LRCS sandpile model.

Moreover, the literature uses many variables for detecting precursory phenomena of a forthcoming great event (e.g.,
[24,13,5,6]). Several authors believe that change in the seismic b-value could be a statistically significant precursor. Main [22]
studies damage mechanics with long-range interactions, caused by the elastic stress field. Long-range interaction between
cracks in their laboratory creep experiments is taken as elastic, implying a positive interaction potential proportional to
crack size. This interaction also explains major temporal fluctuation in b-value in terms of the underlying physical process
of time-varying applied stress and crack growth under constant stain rate. Main [21] shows that b-value varies between
0.5 and 1.5 during the earthquake cycle, and that critical failure in a large earthquake should occur at b = 0.5. They also
discuss b-value evolution for laboratory creep experiments and seismicity during the Coalinga earthquake near Parkfield
California (Fig. 1(d) in Main [21]; Fig. 8 in Main [23]). Their studies suggest that before failure the b-value decreases as stress
increases. Results from the southern California earthquake catalogue, where seismicity precedes each large main shock is
associated with low seismic b-values [15]. Suyehiro [33] also presented the examples of foreshocks with low b-values for
the 1960 Chilean and the 1964 Japanese earthquakes. The b-values of their foreshocks (0.55 in the Chilean case and 0.35
in the Japanese case) are smaller than the aftershocks (1.33 for Chilean and 0.76 for Japanese) [33]. The other case is the
1989 Loma Prieta earthquake; the events from mid-1988 to 1989 have a b-value of 0.58 substantially lower than the value
of 1.13, prevailing from 1979 to 1988 [32]. Wiemer et al. [42] on the other hand, present that the b-value grows after both
the Landers and Hector Mine main shocks.

Results of the present study indicate that the LRCS model also displays B-value reduction before large avalanches and
growth after large avalanches. The increase of B-value is caused by a system far away from critical state with energy deficit. As
the LRCS system moves up to critical state, B-values start to reduce. The next large avalanche prepares to occur at this time.



5268 Y.-T. Lee et al. / Physica A 387 (2008) 5263-5270

a
)
s %
=1
0.4 — —3.8 2
=1
3.6 —_'// | L &
Q 3.4 -
v L1
T — 3.6
el
3 | T I T T T | T T T —
80000 82000 84000 86000 88000 90000
Iteration
b
1.6 — — 4
g 124 Tk i B
= e T AT e
o " H”“:HIHHH' il [}”:I:HH:I' , "}}IHHH“"”""'""'m“"}'f'"‘-""'“H'V‘I\[HHHH:” _
Q.8 — il —39 g
v
] g
0.4 — - IE
=1
3.6 |35 2
Q 3.4 —
V —
AL
3 |I I I | | | LU 1] | | 37
80000 82000 84000 86000 88000 90000

Iteration

Fig. 5. For a square grid of 100 by 100 cells, blue lines represent the dynamic variable of the average topographic height of the sandpile (Z)(t) in (a) the
LRCS model with self-adapted P. and (b) the original Bak-Tang-Wiesenfeld-type sandpile model. Red lines are the variation in the scaling exponents. Error
bars show the 95% confidence intervals. The plot also shows avalanche occurrence (black bars) with size >3000. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

If the LRCS model is similar to a real earthquake fault system, we can know that as large earthquakes occur system energy
reduces quickly, leaving the system far from critical state. Afterward, the system accumulates energy, and approaches critical
state again and so on, intermittently. Therefore, low seismic b-values may also be importantly associated with precursory
quiescence phenomenon.

5. Conclusion

This work proposes an alternative sandpile model variant through adaptable long-range connections. Long-range
connection probability (P.) of the LRCS model evolves according to the topographic change induced by the last event. This
model demonstrates intermittent criticality. Fig. 2 shows that energy decreases as large events occur. Accordingly the system
moves out of critical state and returns back toward the critical state waiting for the next large event. Adaptable long-range
connection probability is a strong controlling variable, inducing the system to a state of intermittent criticality.

Another interesting finding is that the variation in the scaling exponent before and after large avalanches has a striking
behavior in the LRCS system. When a system has long-range connections, the avalanche dynamics has both local and global
characters ([17]). The links to the nearest neighbors, like in a system without long-range connections, give rise to the local
events, whereas the long-range connections induce two phenomena, on the one hand by removing grains from the local
avalanche and on the other by facilitating an initiation of another local avalanche in the other end of the long range link. The
grain removal causes the local avalanches to relax and thus halt quicker, i.e. damping down the avalanche size, while the
long-range jumps tend to increase the avalanche activity, i.e. nucleating new local avalanches. It thus could be expected that,
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before a large event, the system probably shuts off most of the long-range connections and stops the relaxation process of
long-range grain removals, meaning the activity of small local avalanches decreases and consequently the values of scaling
exponent declines.

Our study suggests that seismic b-value reduction might be caused by changes in criticality and that large earthquakes
would possibly occur as the system moves up to critical state. This study concludes that long-range connection should be
integrated into the numerical simulation process of seismicity. Moreover, we can use the LRCS model to test other variables
for detecting precursory phenomena of a forthcoming great event in a real earthquake fault system and explain that. This
work also tries to improve the seismicity model to better represent real earthquake activity.
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