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Abstract

A combination of Green’s function and stochastic method is developed to generate strong
ground motion time histories for engineering applications. This approach is an example of
obtaining strong motion data in a region without strong seismicity. Hao and Gaull (2004)
proposed a stochastic model based on recorded motion from minor-large magnitude
earthquakes on SWWA rock sites. This model is found to be apt to generate moderate-
sized earthquake events and below over different epicentral distances. In this study, the
strong ground motions from large earthquake events are generated using the Green’s
function method. The results of this are validated by comparing the Fourier spectrum of
the simulated events with the larger magnitude recordings (The M, 6.2 event in Cadoux
in June 1979 and a M_ 5.5 event recorded in Meckering in January 1990).

Introduction

Because there are very few recordings from significant southwest Western Australia
(SWWA) earthquakes (M_ 4 or more), it is difficult to derive a reliable strong ground
motion attenuation model for this region. Two previously established PGA and PGV
attenuation models that are based on local data are Gaull and Michael-Leiba (1987) and
Gaull (1988). Gaull (1988) warned of the large uncertainties using his relations due to
the limited database. Other models used in SWWA in more recent times are mainly from
central and eastern North America (CENA) (Atkinson and Boore 1995, Atkinson and
Boore 1997 and Toro et al. 1997). These models are believed to be reliable because both
CENA and SWWA are located in the stable continental intraplate region. However, Hao
and Gaull (2004) and Kennedy et al. (2005) showed that none of these models yielded
very satisfactory prediction of the recorded strong ground motions in SWWA.

Hao and Gaull modified the Atkinson and Boore (1995) model and incorporated SWWA
seismological parameters into the model which resulted in a better correlation with the
existing SGM data. However, its reliability in representing larger SWWA earthquakes is
not known due to the lack of data from events of large magnitude. This means the model
could be biased to the ground motion characteristics associated with small events and
narrower frequency band biased towards the high frequency region. Furthermore, this
cannot be verified because of the lack of such data.

To overcome the problem of paucity of data from large magnitude events, it was decided
to use a two-stage approach: 1) Simulating ground motion time histories from minor
earthquake events using the stochastic model (Hao and Gaull 2004) and then 2) These
time histories will be used to simulate time histories of large magnitude events using
empirical Green’s Function method. This approach is an example of obtaining strong
motion data in a region without strong seismicity. The validity of this approach is verified
by comparing the simulated Fourier spectrum with the recorded motions in SWWA from a
M_ 6.2 event centred in Cadoux in June 1979 and a M_ 5.5 event in Meckering in January
1990. It should be noted that these are the only two events that are large enough for
this validation process.
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Simulation of strong ground motion

Methodology

There are two main approaches of simulating strong ground motions. One is stochastic
approach (Hanks and McGuire 1981, Boore 1983, Boore and Atkinson 1987, Boore 2003,
Hao and Gaull 2004), which is based on a set of assumptions regarding the earthquake
source spectrum, propagation path and site conditions. The modified model by Hao and
Gaull (2004) was verified yielding reliable prediction of recorded motions in SWWA.
However, because most of the recorded motions are from minor earthquakes, this
modified model may be biased towards events of this magnitude and may bias the
prediction of ground motions for large or greater magnitude earthquakes.

Green’s Function method is the other method based on the representation theorem for a
kinematic dislocation model. In the empirical Green’s function technique of Irikura
(1986), the large event has been modelled from the aftershocks that may not be well
distributed within the rupture plane. Irikura (1986) divided the mainshock fault plane
into subfaults plane to satisfy the scaling law of the source spectral. The size of the
mainfault and subfault corresponds to the rupture area of main event and small event
respectively. Because the frequency contents of a small event are usually not the same
as those of a large event, Irikura et al. (1997) modified an exponential slip function to
boost the low-frequency energy in the simulation. Their equation is given as

Uty=Y D(rlr) F()#(C-u(t) (1)
F(t-t1;,)=0(t-1,)+

(N=Dn’ (2) and
{ @/m(1-exp(-1)) } J[exp{-(k-1)/(N-1)n" }x6{r =1, -(k=1)T/N-Dn' }]
tlj=‘rl:].—r0‘/VY+(rU—r0)/=V, (3)

where * means convolution, U(t) is the ground motion of large event; r the distance
between the hypocenter of small event and the receiver; r; the distance between the
subfault(i,j) and the receiver; rp, the distance between the subfault(i,j) and the
hypocenter of large event; F(t) the slip-time filtering function; C the stress drop ratio; Vs
the rupture velocity; V, the shear wave velocity; u(t) the contribution of the jth sub
event; 4(t- t;) the Dirac delta function; t; the phase delay term. N is the scaling law
between large and small event, which is derived from the study of Kanamori and
Anderson (1975) and Aki (1967) and Brune (1970). n’ is an appropriate integer to
eliminate spurious periodicity. The reader is reminded that small events will be generated
by using Hao and Gaull (2004)’s stochastic model and Green’s Function will then use
these to simulate ground motions from large events.

Case study
Parameter modification

In Figure 1, the predicted FFT spectrum of the ground motion from a M_ 5.5 event by Hao
and Gaull (2004)’s model is compared with the recorded motion of the M_ 5.5 Meckering
event. It can be seen that the Hao and Gaull (2004) model underestimates the ground
motion energy at frequencies lower than 2 Hz. This observation implies that the corner
frequency used in the model should be lower in order to more reliably predict motions in
SWWA. To achieve this, the source spectrum used in the model is modified as

Su(f)= k(l1-¢) - ke .
L+ k(f1f,) 1+k(f1f,)

S,(f)=10 (4)
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where k is a modification parameter. It is found that, by trial and error, k=10 gives
better prediction of the recorded motion. As shown in Figure 1, using the stochastic
model and the modified source spectrum yields good prediction of the recorded motion.
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Fig. 1 FFT Comparison of the recorded and simulated M 5.5 Meckering earthquake motion

Gaull and Michael-Leiba (1987) used the following relation to estimate the length of fault
in accordance with surface-wave magnitude.

logL=32+0.5M, (5)
where L is the length of the fault in cm and M; is the surface-wave magnitude.

Because the earthquake source parameters in SWWA are not well studied and the
geophysical conditions of CENA are relatively similar to that of SWWA, many CENA
parameters are adopted here. Equation (6) was given by Somerville et al. (2001). It will
be used to estimate rupture area.

A=89x10""x M, (6)
where A is the rupture area in km? and M, is the seismic moment in dyne-cm.

Boore and Atkinson (1987) indicated that constant-stress model appears to be supported
by CENA data. Following this idea, the constant-stress model is used in this work. The
shear wave velocity g in SWWA was found around 3.91km/s (Dentith et al. 2000), which
is used in this study.

Because no magnitude conversion relation that is specifically for SWWA earthquakes is
available, a popularly used conversion relation for CENA earthquakes (Hanks and
Kanamori 1979) is used in this study. It has the form

Log,,M, =1.5M, +16.05 (7)

where My is the seismic moment and M, is the moment magnitude. This conversion
relation was also used in Hao and Gaull (2004). There is no reliable relation between M,
and M,, for SWWA. For the magnitudes below its saturation point (M, 6.5), M, and M, are
almost equivalent. However, more accurate estimation of equivalent M, and M, is needed
in the future.

The rise time was computed using Equation (8) of Somerville et al. (1993).
T=1.72x10"(M,)" (8)
where T is rise time in sec.
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Simulation

The Green’s function method has been cited many times in its application to simulation of
large earthquakes from smaller ones, such as Sinadinovski et al. (1996); Frankel (1995);
Joyner and Boore (1986), Sinadinovski et al. (2005). For SWWA events, the validity of
the method will be verified by comparing the simulated and recorded motions in SWWA.
The two events used for the comparison were the 1979 M, 6.2 Cadoux earthquake that
was recorded near Meckering, 96 km distant and the 1990 M, 5.5 Meckering event that
was recorded near Dowerin, some 78 km distant.

Hao and Gaull (2004)’s stochastic model was firstly used to simulate events of M, 4.5
with the same epicentral distances as those events used for comparison. The Green’s
Function empirical method with modifications from Irikura et al. (1997) was then used to
increase the magnitude of these simulated M,4.5 events to M,5.5 and M,6.2 respectively.
Figures 2 compare the FFT spectrum of the simulated with the recorded ground motion
time histories. These simulated ground motions agree well with the recorded motions.
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Fig. 2 FFT of the simulated and recorded ground motions (a. M, 6.2, epicentral distance 96 km,
b. M, 5.5, epicentral distance 78 km)

It should be noted that simply summing small events, as the original Green’s function
method, with delay time will underestimate low-frequency signal. The modified slip
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function proposed by Irikura et al. (1997) effectively overcomes this problem. The two
simulated motions agree well with the recorded motions in a wide frequency band, as
shown in Figures 2.

Table 1. The peak value of the observed record and simulated record

1979 Cadoux event, M, 6.2, | 1990 Meckering event, M, 5.5,
96km 78km
Observed Simulated Observed Simulated
record record record record

PGA (mm/s?) 191.25 223.92 62.17 64.23

PGV (mm/s) 16.06 9.81 1.38 1.04

The peak values of the observed record and simulated record are shown in Table 1. It
should be noted that the substantially larger PGV value of the recorded M, 6.2 event may
be caused by an abnormal low-frequency peak in the recorded time history at about 0.8
Hz, as shown in Figure 3. Because this record was hand digitised, the scope for
anomalous low-frequency data is increased.
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Fig. 3 Time history and FFT of the Cadoux earthquake in 1979

The exact reason why this record has a double peak is not known. It is believed that this
low-frequency peak is not the normal free-field ground motion. Other than this significant
difference between the simulated and recorded PGV of the M, 6.2 event, the simulated
peak values agree well with the recorded motions. Unfortunately, there is no other record
to further verify the validity of the simulation method. This method will be used in further
study to simulate ground motions.
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Conclusions

This paper presents a method that combines empirical Green’s function and stochastic
model for strong ground motion simulation. The main conclusions of the study are as
follows.

1. By comparing the model with the recorded data of the two earthquake events in
SWWA, this method, with the assumption of constant-stress scaling, was proved to be
suitable as most of simulated curves fit well against the curves of observed records.

2. Although some parameters referred from ENA data because of limited study of the
parameters of the source in SWWA, we still can find satisfaction in the simulation result.

3. Matching the longer periods is also possible if enough data are available for all range
of depths. However, there are too few data from large earthquakes in WA to prove that
this scaling is correct over the entire magnitude range.

4. It is suggested that this method with these parameters can be used in further study to
simulate ground motions that will be added to the SWWA database.

References

Aki, K., Scaling laws of seismic spectrum, J. Geophys. Res., 72, 1217-1231, 1967.

Atkinson, G.M., and D.M. Boore, Ground motion relations for eastern North America,
Bulletin of the Seismological Society of America, 85, 17-30, 1995.

Atkinson, G.M., and D.M. Boore, Some Comparisons Between Recent Ground Motion
Relations, Seismological Research Letters, 68, 24-40, 1997.

Boore, D.M., Stochastic simulation of high frequency ground motion based on
Seismological Models of Radiated Spectra, Bull. Seismol. Soc. Am., 73, 1865-1894,
1983.

Boore, D.M., Simulation of ground motion using the stochastic method., Pure and Applied
Geophys., 160, 635-676, 2003.

Boore, D.M., and G.M. Atkinson, Stochastic prediction of ground motion and spectral
response parameters at hard-rock sites in Eastern North America, Bull. Seismol.
Soc. Am., 77, 440-467, 1987.

Brune, J.N., Tectonic stress and spectra of seismic shear waves from earthquakes, J.
Geophys. Res., 75, 49977009, 1970.

Dentith, M., V. Dent, and B. Drummond, Deep crustal structure in the southwestern
Yilgarn Craton, Western Australia, Tectonophysics, 324, 227-255, 2000.

Frankel, A., Simulation strong motions of large earthquakes using recordings of small
eathquakes: the Loma Prieta mainshock as a test case, Bull. Seism. Soc. Am., 85,
1144-1160, 1995.

Gaull, B.A., Attenuation of strong ground motion in space and time in southwest Western
Australia, in Ninth WCEE, Tokyo-Kyoto, pp. 361-388, Japan, 1988.

Gaull, B.A., and M. Michael-Leiba, Probabilistic earthquake risk maps of southwest
Western Australia, BMR Journal of Australian Geology and Geophysics, 10, 145-
151, 1987.

Hanks, T.C., and H. Kanamori, A moment magnitude scale, Journal of Geophysical
Research, 84 (B5), 2348-2350, 1979.

Hanks, T.C., and R.K. McGuire, The character of high-frequency strong ground motions,
Bull. Seis. Soc. Am., 71 (6), 2071-2095, 1981.

Hao, H., and B. Gaull, Prediction of seismic ground motion in Perth Western Australia for
engineering application, in Proceedings of the 13th World Conference on
Earthquake Engineering, pp. paper no. 1892, Vancouver, Canada, 2004.

Irikura, K., Prediction of strong acceleration motion using empirical Green's function, in
Proc. 7th Japan Earthquake Engineering Symposium, pp. 151-156, 1986.

Irikura, K., T. Kagawa, and H. Sekiguchi, Revision of the empirical Green's function
method by Irikura (1986), Programme and Abstracts, Seismol. Soc. Jpn., B25., 2,
1997.

218



Joyner, W.B., and D.M. Boore, On simulating large earthquakes by Green's-function;
Addition of smaller earthquakes, 37 Geophysical Monograph of American
geophysical union, WashingtonD.C., USA, 1986.

Kanamori, H., and D.L. Anderson, Theoretical basis of some empirical relations in
seismology, Bull. Seismol. Soc. Am., 65, 1073-1095, 1975.

Kennedy, J., H. Hao, and B. Gaull, Earthquake Ground Motion Attenuation Relations for
SWWA, in AEES, Albury, 2005.

Sinadinovski, C., H. Hao, and B. Gaull, Spectral Response of Recorded and Simulated
Strong Ground Motion in Southwest WA, in AEES, Albury, 2005.

Sinadinovski, C., K.F. McCue, M. Somerville, T. Muirhead, and K. Muirhead, Simulation of
intra-plate earthquakes in Australia using Green's function Method: Sensitivity
Study for Newcastle event, The Australian Earthquake Loading Standard;
Proceedings of the Australian Earthquake Engineering Society; Adelaide, Paper No.
11, 1996.

Somerville, P., N. Collins, N. Abrahamson, R. Graves, and C. Saikia, Ground motion
attenuation relations for the central and eastern United States, in Final report, the
U.S. Geological Survey, 2001.

Somerville, P., K. Irikura, S.Sawada, Y. Iwasaki, M. Tai, and M. Fishimi, Spatial
Distribution of Slip on Earthquake Fault, in Proc. 22 JSCA Earthquake Engin. Symp.,
pp. 291-94(in Japanese), 1993.

Toro, G.R., N.A. Abrahamson, and J.F. Schneider, Model of Strong Ground Motions from
Earthquakes in central and Eastern North America: Best estimates and
Uncertainties, Seismological Research Letters, 68, 41-57, 1997.

219



Earthquake Engineering in Australia, Canberra 24-26 November 2006

220



