© Birkhéuser Verlag, Basel, 2004

Pure appl. geophys. 161 (2004) 1829-1839 - .
0033 -4553/04/101829 11 I Pure and Applied Geophysics

DOI 10.1007/s00024-004-2534-1

Statistical Tests of Load-Unload Response Ratio Signals
by Lattice Solid Model: Implication to Tidal Triggering
and Earthquake Prediction

YUCANG WANG'*2, PETER MORA'!, CAN YIN!, and DAVID PLACE!

Abstract— Statistical tests of Load-Unload Response Ratio (LURR) signals are carried in order to
verify statistical robustness of the previous studies using the Lattice Solid Model (MORA et al., 2002b). In
each case 24 groups of samples with the same macroscopic parameters (tidal perturbation amplitude 4,
period T and tectonic loading rate k) but different particle arrangements are employed. Results of uni-axial
compression experiments show that before the normalized time of catastrophic failure, the ensemble
average LURR value rises significantly, in agreement with the observations of high LURR prior to the
large earthquakes. In shearing tests, two parameters are found to control the correlation between
earthquake occurrence and tidal stress. One is, 4/(kT) controlling the phase shift between the peak
seismicity rate and the peak amplitude of the perturbation stress. With an increase of this parameter, the
phase shift is found to decrease. Another parameter, A7 /k , controls the height of the probability density
function (Pdf) of modeled seismicity. As this parameter increases, the Pdf becomes sharper and narrower,
indicating a strong triggering. Statistical studies of LURR signals in shearing tests also suggest that except
in strong triggering cases, where LURR cannot be calculated due to poor data in unloading cycles, the
larger events are more likely to occur in higher LURR periods than the smaller ones, supporting the
LURR hypothesis.

Key words: Load-Unload Response Ratio (LURR), Lattice Solid Model (LSM), numerical
simulation, tidal trigger, earthquake prediction.

1. Introduction

Tidal trigger of earthquakes or possible correlation between tidal forces and
earthquakes aroused interest for several decades (CATTON, 1922; TSURUOKA et al.,
1995; EMTER, 1997). It seems plausible that tidal forces should trigger earthquakes
considering the fact that the peak rate of tidal forces may be significantly higher than
average rates of tectonic stress buildup. Although there are studies reporting a
positive correlation between earthquake occurrence and the earth tide (TSURUOKA
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et al., 1995; WiLLIAM and WiLcock, 2001; ToLsTOY et al., 2002), negative results
have also been published (HEATON, 1982; RYDELEK et al., 1992; VIDALE et al., 1998).
This discrepancy at least suggests that no significant strong correlation has been
widely observed.

The Load-Unload Response Ratio hypothesis (LURR) views this problem from
a different perspective. The basic assumption of LURR is that at an earlier stage of
damage a system is stable, and not sensitive to minor external disturbances, whereas
when approaching the macroscopic failure, the system will have a quite different
response to minor external loading and unloading. At this stage it may be possible
for tidal correlation to be observed. The reason why no significant tidal triggering has
been widely observed may be that the instantaneous tidal loads are not large enough
to always trigger earthquakes and are not the only factor effecting earthquakes. In
retrospective studies, high LURR values have been observed months to years prior
to most events and intermediate-term earthquake predictions have been made (YIN
et al., 2000, 2002). Recent study indicates that optimal LURR region sizes scale with
magnitudes of forthcoming events, similar to Accelerating Moment Release (AMR)
observations (BOWMAN et al., 1998), which suggest that both LURR and AMR may
be used as a measure of the proximity to a critical state, and may have the same
underlying physical mechanism (YIN et al., 2002).

As a first step towards understanding the underlying physical mechanism for the
LURR observations, numerical studies are conducted using the Lattice Solid Model
(LSM) (MORA et al., 2002b). The preliminary simulations reproduce signals similar
to those observed in earthquake prediction practice with a high LURR value
followed by a sudden drop prior to macroscopic failure of the sample, suggesting that
LURR provides a good predictor for catastrophic failure in elastic-brittle systems.
Since random-sized particles are involved in the model, different random configu-
rations and parameters are needed to test statistical robust and possible dependence
on the parameters.

In this paper, we first present the statistical features of LURR under uni-axial
compression using the Lattice Solid Model. Since shearing simulations generate more
events, in the second part, we investigate the effects of parameters on earthquake
occurrence and statistical features of LURR under shearing loading.

2. Statistical Tests of LURR under Uni-axial Compression Using Different Random
Configurations

As in the previous study (MORA et al., 2002b), the model is initialized as a
heterogeneous 2-D block made up of random-sized particles with diameters ranging
from 0.2 to 1 model units. The system is subjected to uni-axial compression from
rigid driving plates on the upper and lower edges of the model. Experiments are
conducted using both strain and stress control to load the plates. The detailed
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calibration and fracture orientation can be found in the previous papers (MORA
et al., 2002a, 2002b; PLACE et al., 2002). A sinusoidal stress perturbation is added to
the constant loading rate to simulate loading and unloading cycles induced by tidal
forces

Ao, = Acos(2nt/T) (1)

where T and A are period and amplitude of tidal stress. Thus total stress is a,, =
Ao., + kt, k represents loading rate of tectonic stress g,,. LURR is calculated using

LURR = E* JE~ (2)

where E* and E~ respectively denote the cumulative seismic energy release during
loading and unloading within a given time window. The cumulative seismic energy
release is obtained by summing total kinetic energy released during all loading or
unloading cycles within the specified time window, where we define loading when
do,/dt = 0, and unloading when do,/dt <0. The total kinetic energy release at any
given instant ¢ is the sum of the kinetic energy within the system and the energy lost
to the artificial viscosity energy prior to time ¢ (MORA et al., 2002b).

In this test, 24 groups of simulations with the same parameters of 7, 4 and k but
different configurations of random particles are conducted. LURR values are
calculated for each sample in the same way as previous work (MORA et al., 2002b).
Due to sample specificity (XI1A et al., 1996; BAl et al., 2000), the fracture pattern and
catastrophic failure times are different for each sample. Therefore failure times are
normalized to unit for comparison and average. Figure 1 shows plots of the averaged
LURR values from 24 groups versus normalized time for the same parameters used
in the previous study. One can see that the averaged LURR begins to rise from
t = 0.5, and reaches its peak at t = 0.9 and then drops just before the main event at
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Figure 1

Evolution of ensemble average LURR computed from 24 samples. The dotted line marks the standard
deviations. Parameters are: k = 30 MPa/100,000 time steps, 7' = 4000 time steps and 4 = 0.96 MPa.
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t = 1.0. After r = 1.0, although there are many events, it is flat. It is also noted that
the standard deviations of LURR increase before the main event.

Due to the limitation of computer power, it is unfeasible to scan all the parameter
range, simulations are conducted using values T, 4 and k with a factor of five larger
and smaller. Similar results suggest that our previous results are statistically robust.

Figure 2 shows the evolution of averaged cumulative energy release before the
catastrophic failure using the same 24 groups of samples as in Figure 1. The dotted
line is the fitted time-to-failure function according to Q(t) = 4 + B(¢; —t)" (BUFE
et al., 1993), here ¢, is set to 1.0. Apparent accelerated energy release is observed,
suggesting that both high LURR and AMR appear in these tests just before the main
fracture.

There are still very few events before the catastrophic failure (generally 20-30
events) under uni-axial compression. In order to generate more events before the
larger earthquakes, shearing tests are used in the next section.

1.6x107° 1 averaged energy release

—eemeees fitted line
1.2x10%{ m=0.6
8.0x10™

4.0x10™ 1

0.0l

Cumulative energy released
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Figure 2
Evolution of ensemble average cumulative energy release . The dotted line is fitted time-to-failure function
according to Q(r) = 4 + B(ty — t)" (BUFE et al., 1993), i/is set to 1.0. Parameters are the same as above.

3. Statistical Test of LURR under Shearing Tests

3.1 Model Description

In this test the model consists of a central fault sandwiched between elastic regions
which are attached to rigid driving plates at their outer boundaries (Fig. 3). The fault
region is composed of random-sized particles. The surface roughness of the fault is
controlled by two parameters: a fractal dimension D and height of asperities H (0.5
and 1.6 in this simulation). Between the fault particles, simple frictional force with
magnitude proportional to the normal force is employed (PLACE et al., 2001; MORA
et al., 2002a). Boundary condition is circular in a horizontal direction. The shearing
is achieved by moving the driving plates at a moderate and constant rate which
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Figure 3
Snapshot of a shearing test. Boundary conditions are circular in the horizontal direction. A constant
normal stress of 150 MPa is applied at the upper and lower rigid driving plates.

models the slow tectonic loading while maintaining a constant normal stress of
150 MPa. Similarly, a slight sinusoidal perturbation is added to the slow tectonic
loading, simulating tidal stress. The model allows rupture to occur along the internal
surface within the fault region, modeling the slip and stick process (and even
breaking of asperities). Thus this model can be considered as a simplified model for
an interacting fault system containing a long single fault.

3.2 Effects of the Parameters on Earthquake Occurrence

To simulate the effects of tidal stress on earthquake occurrence, the parameters
cannot be chosen arbitrarily, but according to the following conditions

|Ac..| < 0., (3)
d|Ac;|

k 4

e (4)

T,<T<T;. (5)

where T, is the earthquake rupture duration and 7; is the average time interval
between large earthquakes. Two dimensionless parameters are introduced to describe
the conditions above, k; = ‘A‘Tﬂl , k= d‘AJ daog| /f — 24 Equations (3) and (4) require
ky >>1,and ky < 1, or Tk/ 2n << 4K kt where t 1s the tectonic loading time.

In nature, tidal stresses can be up to 0.001-0.004 MPa, with its rate of about 0.001
MPa/h and typical period 7T of 12 hours. The tectonic stress should be in the order of
10-100 MPa, with long-term rate of approximately 107°-10™* MPa/h. so the
approximate ranges of two parameters are: k; = 107°-10* and k, = 10'-10°.

Due to limited computer power, it is impossible to use the observed parameters
in our numerical experiments, therefore we use a higher loading rate. In this
simulation, the parameters are: 4 = 0.06-4.8 MPa, T = 2000-8000 time steps and
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k =10"*~10"* MPa per time step. Strength of the sample is found to be about
120 MPa. Thus k; = 5% 107* = 4 x 1072 and k, = 1-100. Note that k&, < 1.0 means a
constant positive do,,/dt, and a violation of Eq. (4), therefore LURR is not
calculated in this case, nonetheless the probability density functions (see below) are
still carried out to compare parameter effects.

To study the effects of parameters such as A, 7 and k on earthquake occurrence,
we compared the probability density function (Pdf) of modeled events versus phase
angle for different parameters. Here phase angle 6 € [—=, 7], and 0 4 27n = 27’% ,nis
the integer number of cycles and ¢ is event time.

The typical Pdf curves are shown in Figure 4. One can generally see a peak and
phase shift ¢ between the peak seismicity rate and the peak amplitude of the
perturbation stress. Detailed studies indicate that the Pdf curve is mainly controlled
by two parameters, rather than 4, T and & individually. One is k,, controlling phase
shift ¢. This is clearly seen in Figure 4, where three curves have different A, T and &k ,
but the same k;, the Pdf peaks are found to appear in a similar place.

When k; is increased, the phase shifts seemingly decrease from 27 to 0 (Fig. 5),
indicating that the peak seismicity occurrence rate shifts from the position of peak
perturbation rate towards that of peak perturbation.

Another parameter, k3 o< AT /k controls the peak height of the Pdf curves. As this
parameter increases, the Pdf becomes sharper and narrower, indicating strong
correlation (Fig. 6 and Fig. 4). When 43 is too small (e.g., 0.08), however, Pdf is
almost flat, indicating no apparent tidal correlation.

Therefore we can conclude that in such an elastic-brittle system, a larger
amplitude of perturbation and smaller loading rate contribute stronger correlation
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Figure 4
Plots of Pdf of events versus phase angle for different A/k and T although the same k, The perturbation
stress is plotted for comparison. Parameters are: kK = 5 Mpa/10000 time step, 7= 8,000 time steps, 4 = 2.4
MPa (k; = 12.8); k = 5 MPa/10,000 time step, 7= 4,000 time steps, 4 = 1.2 MPa (k3 —3.2); k =5 MPa/
10,000 time step, 7= 2,000 time steps, A = 0.6 MPa (k3 _ 0.8).
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Figure 5
Dependence of phase shift ¢ on k,. When k; increases, ¢ decreases, indicating a shift of the peak seismicity
rate towards the position of peak tidal stress.
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Relation between the peak height of the Pdf curves and parameter k; The larger k3 corresponds to the
higher and narrower Pdf curves, indicating stronger triggering.

between tidal stress and seismicity. Besides 4 and k, the period of tidal stress T also
plays an important role. On one hand, decreasing 7" makes the peak seismicity rate
approach the peak of the perturbation stress. On the other hand, smaller T causes the
low peak height of Pdf curve, lessening the tidal effects.

3.3 Statistics of LURR in Shearing Tests

Since a phase shift is observed between the peak seismicity rate and the peak of the
perturbation stress, loading and unloading are redefined here. In this study
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cos(2nt/T + ¢) > 0 is defined as loading, otherwise as unloading. Meanwhile, the
averaged triggering effect should be deducted in order to keep averaged LURR
around 1. A parameter is defined to roughly describe the average triggering effect.

total event number in loaing cycles

= - : . 7
* total event number in unloading cycles )
Then LURR values are calculated using
ET E-
LURR = w (8)

o

where Etand E~ are kinetic energy released during modeled earthquake events in
loading and unloading cycles respectively. Time window of 3 T and energy cut-off of
3e—5 (events with energy less than 3e-5 are employed in calculations) are used to
avoid large fluctuation. Unlike the compression test, no predominant large events are
found in this simulation, a different statistical method is adopted instead of
normalizing the failure time into unit. For 8 groups of simulation with the same
parameters, we divide the total events into two groups: the 10% largest events and
the rest of the smaller ones. Then we compare Pdf versus LURR values for the two
groups. Dot line in Figure 7 shows the percentage of smaller events which occur in a
certain pin of LURR; we can see that Pdf is nearly random distributed. However the
apparent right shift of Pdf for the 10% largest events (solid lines) means that the
larger events may occur more likely in high LURR periods and less likely in low
LURR periods than the smaller ones.
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Figure 7

Pdf versus LURR for the largest 10% of events (solid) and other smaller events (dotted). k = 5 MPa/
10,000 time step, 7" = 2,000 time steps, A = 0.6 MPa and k3 _ 0.4, « = 1.31.
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Pdf versus LURR for the largest 10% of events (solid) and other smaller events (dotted). k = 5 MPa/
10,000 time step, 7' = 2,000 time steps, 4 = 0.3 MPa and k; = 0.8, o« = 1.45.

Since in a strong triggering case very few events would occur in unloading cycles,
making it impossible to calculate LURR. LURR is calculated only in weak triggering
cases. Our statistical results show that except for strong triggering cases with large ks
(e.g. k3 > 0.8), similar results are observed in all other cases (Fig. 8). These results
suggest that although no apparent overall tidal correlations of earthquake are widely
observed, it is still possible that the large events are more likely to occur in high
LURR periods.

4. Discussions and Conclusions

The statistical studies presented in this paper verified statistical robustness of
previous results (MORE et al., 2002b). In the weak triggering cases of shearing tests,
larger events are found more likely to occur when LURR is high than the smaller
events, indicating that although no overall tidal triggering is observed, it is still
possible to observe some correlation prior to strong earthquakes.

Within our parameter ranges, a seemingly intrinsic phase shift between the peak
seismicity rate and the peak amplitude of the perturbation stress, decided by A/(kT),
is observed in this simple elastic-brittle system. This phenomenon is also supported
by experimental results (LOCKNER and BEELER 1999) and simulation (TSURUOKA
et al., 2002). The height of the probability density function of seismicity, or degree of
tidal triggering, is controlled by another parameter, AT /k. The physical mechanisms
of these two parameters remain unclear, they deserve further study, both observa-
tionally and numerically.

The results in this paper present another possible reason to explain why tidal
triggering has not been widely observed. According to Vidale (VIDALE et al., 1998),
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the preseismic stress rate is much higher (1,000 times) than the long-term tectonic
rate, subsequently the effect of tides is lessened. Our simulations do not contradict
this idea, for the high preseismic stress rate means low k&3 in our study, therefore low
correlation. A mechanism for delayed failure has been suggested to explain the
observations (LOCKNER and BEELER 1999) and such a mechanism should be
incorporated into the simulation model in future work. However, our studies suggest
that even in elastic-brittle system without time-delayed failure, smaller period of
perturbation 7 can also contribute to weak correlation between tidal stress and
seismicity. This also implied that when testing tidal triggering of earthquakes, it is
necessary to devote attention to the longer period components of tidal stress instead
of only the shortest one.
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