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Stochastic Ground Motion Simulation of the 9th
of July 1998 Faial Earthquake (Azores, North
Atlantic)
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STUDY AREA

The Azores plateau is located at North America, Eurasia, and Nubia
triple junction.

Several earthquakes occurred in the re%;ion during history: 1926 with
Mb ~5.6, 1958 with the maximum modified Mercalli intensity
(MMImax) of X, and 1998 with a moment magnitude (Mw) of 6.2.

The 1998 Faial earthquake occurred between the islands of Faial and
Pico in the Azores plateau.

The earthquake caused severe structural damage in Faial and Pico
with the MMImax of VIII (Matias et al., 2007).

The earthquake was recorded at five strong ground motion stations
(Figure 1).

Table 1 lists detailed information on the stations.

-29° —28° =27° -26° -25°

39°

Figure 1. Study area with the two alternative potential faults (FL1 and
FL2) and their corresponding epicenters as shown by stars
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Table 1. Information of the stations that recorded the 1998 Faial
earthquake (Mw=6.2)

AGU - iPosterSessions.com

Station R Latitude Longitud | PGA-EW | PGA-NS | PGV-EW | PGV-NS
Code i e {cm/st) {em/s?) {cmis) {cmis)
GZC T2 39084 -28.006 17.76 14.62 (.91 1.02
V1 132 38,726 -27.057 8.32 10.06 .76 0.73
HOR 11 3B8.53 -28.63 41810 39916 31.94 37309
MOS 254 37.802 -25.822 408 5.10 .15 0.19
SEB 129 38.668 =27.088 17.17 21.73 1.40 1.98

. Among these stations, the highest shaking level was recorded at
the near-field station, HOR, with an epicentral distance of 11 km.

. At the other far-field stations, lower shaking levels were

observed.
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GROUND MOTION SIMULATION METHODOLOGY

In this study, the recorded ground motion time histories of the 1998
Faial earthquake at selected four stations with epicentral distances
less than 150 km are simulated.

For simulations, the stochastic finite-fault approach by Assatourians
and Atkinson (2012) is employed.

In this method, the fault plane is considered as the grid of smaller
sub-sources.

Each sub-source is considered as a point source with an w™ source

spectrum (Boore,1983; 2003).

Each sub-source ruptures with an appropriate time delay depending
on the distance of the sub-source from the hypocenter.

The contribution of sub-sources is summed in the time domain as
follows:

A(t) = Zf\il HY;(t+ At; + T;) (1)

where A(t) is the total seismic signal at tlme t, N is the total number of
sub-sources, Y is the seismic signal of sub-source as the inverse
Fourier transform of the /1 sub-source spectrum (Boore, 2003;

2009), At;is the sum of fracture initiation and time delay due to the
distance of the " sub-source from the hypocenter, T;is the fraction of
the rise time considered for additional randomization, and H; is the
normalization factor of the i sub-source introduced for conservatlon
of energy.

Hi is calculated as follows:

H; = M,

2 r2 2 2 2 £2 2 2
[ Mo/ 15212/ (F2 + FOIR/N S IF2 12/ (F2 + )2
(2)
where fo is the corner frequency of the entire fault plane, fis
the j frequency ordinate, M is the total seismic moment

and Mp; and fp; are, respectlvely, the seismic moment and corner
frequency of the i sub-source as follows:

Moy; = (My x 83)/ (X5 4 80) 3)
foi = 4.9 x 10°8,(Ac/(p x My)'/3 (4)
where,
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[ Ng/N if Nr< N x PP -
| PP if Np> N x PP

In equation (3), s;represents the slip of the i sub-source. In equation
(4), Ng represents the total number of sub-sources that is activated
when the i sub-source triggers and Ao is the stress drop in bars.

The term PP is the pulsing percentage.
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INPUT PARAMETERS

In the literature, different source and attenuation models are available
for the region.

One is the ruptured fault plane employed by the study of Zonno et al.
(2010) (FL1 in Figure 1).

The other one which is proposed by Marques et al. (2014) has the
Ic:l_extral 1s;[rike-slip EastNorthEast-WestSouthWest solution (FL2 in
igure 1).

For the path effects, two alternative geometric spreading models are
tested: The first model was already employed by the study of Zonno
et al. (2010) and the second model is the region-specific model
proposed by the study of Carvalho et al. (2016).

For the quality factor, two different models are tested: The
model employed by Zonno et al. (2010) and the region-specific model
of Carvalho et al. (2016).

As a result of testing different models in the simulations, three sets
?f the ing)ut-model parameters are verified: Set 1, Set 2, and Set 3
Table 2).

Table 2. Information on the verified input-model parameters
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Parameter Set 1 Set 2 Set 3
. right-lateral SS right-lateral SS
Fault Type right-lateral SS (FL1) (Marques et al., 2014) (Marques et al., 2014)
Mw 6.2 (Zonno et al., 2010) 6.2 (Marques et al., 2014) 6.2 (Marques et al., 2014)
Fault Length (km) 16.5 (Zonno et al., 2010) 12 (Marques et al., 2014) 12 (Marques et al., 2014)
Fault Width (km) 9.4 (Zonno et al., 2010) 5.5 (Marques et al., 2014) 5.5 (Marques et al., 2014)
Strike 165° (Zonno et al., 2010) 84° (Marques et al., 2014) 84° (Marques et al., 2014)
Dip 85° (Zonno et al., 2010) 83° (Marques et al., 2014) 83° (Marques et al., 2014)
Epicenter 38.640 N, -28.590W 38.618N, -28.555W (Marques et 38.618N, -28.555W (Marques et
P (Zonno et al., 2010) al., 2014) al., 2014)
Depth of Fault (km) 4 to 6 (Dias et al., 2007) 6 (Marques et al., 2014) 6 (Marques et al., 2014)
Depth to top of Fault 1.1 (Dias et al., 2007; Matias et al.,
(km) 2007) 5 (Marques et al., 2014) 5 (Marques et al., 2014)
_1 R<18 R R<18 R!
. . R<30 R 18 <R <30 R 18 <R <30 R°
Geometric Spreading else R —05 —05
(Zonno et al., 2010) R>30 R R>30 R
” (Carvalho et al., 2016) (Carvalho et al., 2016)
Duration model T0+0.1R T0+0.1R T0+0.1R
(Zonno et al., 2010) (Zonno et al., 2010) (Zonno et al., 2010)
) Q(f) = 239f1% Q(f) = 76 + 11069009 Q(f) = 76 + 1106009
Quality Factor (Olafsson et al. 1998; Carvalho et (Carvalho et al., 2016) (Carvalho et al., 2016)
al., 2008)
Pulsing Percent 50 (Zonno et al., 2010) 50 (Zonno et al., 2010) 50 (Zonno et al., 2010)
Window Type Boxcar Saragoni Saragoni
Shear ‘t']fr‘r’l‘js;/e'““y 3.5 (Zonno et al., 2010) 4.2 (Carvalho et al., 2016) 42 (Carvalho et al., 2016)
Rupture velocity 2.8 (Zonno et al., 2010) 3.57 (Carvalho et al., 2016) 3.57 (Carvalho et al., 2016)
Density(g/cm3) 2.8 (Carmichael, 1980) 2.86 (Carvalho et al., 2016) 2.86 (Carvalho et al., 2016)
Damping 5% 5% 5%
Hypo Loc. 8.25,4.7 50,10 50,10
Slip Weigth Random Random Random
50
Stress Drop (bars) (Mohammadioun and Serva, 2001) 90 (Carvalho et al., 2016) 90 (Carvalho et al., 2016)
Iseed 309 309 309
Crustal Amplifications Joyner and Boore (1997) Joyner and Boore (1997) Assatourians and Atkinson (2012)
Soil Amplifications Joyner and Boore (1997) Joyner and Boore (1997) Joyner and Boore (1997)
Kappa 0.075+0.02 0.075+0.02 0.075+0.02
PP (Carvalho et al., 2016) (Carvalho et al., 2016) (Carvalho et al., 2016)
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RESULTS OF SIMULATION

Results for the real ground motion records are compared against the
simulations based on alternative sets of input-model
parameters (Figure 2).
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Figure 2. Real and simulated full-time series, FAS, RS at the stations

Results reveal that all three sets of simulated ground motion records
are in good agreement with the real records in the entire time,
frequency, and period domains.

Next, for validation of the simulations, the goodness of fit (GOF)
score)s are evaluated using the following formula (Olsen and Meyhew,
2010):

GOF = 100 x er fc|NR)|, where,
NR = 2|Rsimulated - Rreal |/ (Rsimulated + Rreal) (6)

The results for the GOF scores are listed in Table 3.

Table 3. GOF scores between the real and simulated records
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Set 1 Set 2 Set 3

Station
GOF Fit Type GOF Fit Type GOF Fit Type

GZC 65 | Very Good Fit | 65 | Very Good Fit | 65 | Very Good Fit
PVI 73 | Very Good Fit | 70 | Very Good Fit | 65 | Very Good Fit

HOR | 74 | Very Good Fit | 73 | Very Good Fit | 74 | Very Good Fit
SEB 72 | Very Good Fit | 53 Fair Fit 75 | Very Good Fit

The statistical results mostly demonstrate the validity of simulations in
the category of very good fits compared to the real records from
different seismological aspects.
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CONCLUSIONS

In this study, the real-time series of the 1998 Faial earthquake
(Mw=6.2) are simulated using the stochastic finite-fault ground motion
simulation algorithm of Assatourians and Atkinson (2012).

The following conclusions are made by this study:

. Comparison of the real and simulated records in the time and
frequency domains reveals that the simulations are generally in
agreement with the real-time histories.

. Evaluation of the GOF scores in terms of frequency, energy, and
amplitude content of records reveals that the three sets of
simulated ground motion records are seismologically acceptable
fits when compared to the real-time series.

. When the GOF scores are considered, most of the fits are
categorized as very good fit (65<GOF<85).

. Finally, the verified input-model parameters can be utilized and
calibrated for simulating region-specific scenario earthquakes in
future studies.

https://agu2021fallmeeting-agu.ipostersessions.com/Default.aspx?s=D5-71-AE-45-70-34-28-EA-F 3-D4-C1-75-7F-5B-40-7E&pdfprint=true&guestvie... 11/16



ESSOA | https://doi.org/10.1002/essoar.10508875.3 | Non-exclusive | First posted online: Fri, 10 Dec 2021 06:23:19 | This content has not been peer reviewed.

11/22/21, 5:37 AM AGU - iPosterSessions.com

ACKNOWLEDGMENT

This study is funded by the STAND4HERITAGE project (New
Standards for Seismic Assessment of Built Cultural Heritage) that has
received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation program
(Grant No. 833123) as an Advanced Grant.

https://agu2021fallmeeting-agu.ipostersessions.com/Default.aspx?s=D5-71-AE-45-70-34-28-EA-F3-D4-C1-75-7F-5B-40-7E&pdfprint=true&guestvie. ..

12/16



ESSOA | https://doi.org/10.1002/essoar.10508875.3 | Non-exclusive | First posted online: Fri, 10 Dec 2021 06:23:19 | This content has not been peer reviewed.

11/22/21, 5:37 AM AGU - iPosterSessions.com

AUTHOR INFORMATION
Shaghayegh Karimzadeh' and Paulo B. Lourenco?

TPost-Doctoral Researcher, Institute for Sustainability and Innovation in Structural

Engineering (ISISE), University of Minho, Guimaraes, Portugal,
shaghkn@civil.uminho.pt

2Professor, Institute for Sustainability and Innovation in Structural Engineering (ISISE),
University of Minho, Guimarées, Portugal, pbl@civil.uminho.pt

https://agu2021fallmeeting-agu.ipostersessions.com/Default.aspx?s=D5-71-AE-45-70-34-28-EA-F 3-D4-C1-75-7F-5B-40-7E&pdfprint=true&guestvie...

13/16



ESSOA | https://doi.org/10.1002/essoar.10508875.3 | Non-exclusive | First posted online: Fri, 10 Dec 2021 06:23:19 | This content has not been peer reviewed.

11/22/21, 5:37 AM

AGU - iPosterSessions.com

ABSTRACT

Earthquakes are among the most destructive natural disasters, resulting in a
huge number of fatalities and economic losses all over the world. For regions
with limited number of seismic networks or for regions where there is a seismic
gap to produce large magnitude and destructive earthquakes, ground motion
simulation approaches provide alternative region-specific time histories for
potential events. Region-specific simulations require modeling and calibration of
input parameters in terms of source, path and site effects. Verification of these
parameters is a challenging task and can be accomplished through comparing
the real time histories of the past events against the simulated data. In this
study, the recorded time histories of the 9th of July 1998 Faial earthquake
(Mw=6.2) at available stations are simulated with the stochastic finite-fault
ground motion simulation approach based on a dynamic corner frequency
concept. For ground motion simulations, alternative region-specific source, path
and site models are employed and tested. The best model is proposed through
goodness of fit score which is evaluated through the complementary error
function in terms of various seismological parameters between the real and
simulated record sets. These seismological parameters include peak ground
acceleration peak ground velocity, the ratio of peak ground velocity to peak
ground acceleration, Arias intensity, cumulative absolute velocity, acceleration
spectrum intensity, modified acceleration spectrum intensity for the period
range of 0.1 to 2.5 seconds, velocity spectrum intensity, Housner intensity,
significant duration, bracketed duration, Fourier amplitude spectra within the
frequency range of 0.1 to 25 Hz and pseudo response spectra within the period
range of 0 to 4 seconds. The simulation results demonstrate that for the event
of interest the input parameters are verified, and the fits between the real and
simulated time histories are satisfactory.

Keywords: The 1998 Faial Earthquake, Azores- North Atlantic, Stochastic finite-
fault Ground Motion Simulation method, Goodness of Fit Score

https://agu2021fallmeeting-agu.ipostersessions.com/Default.aspx?s=D5-71-AE-45-70-34-28-EA-F 3-D4-C1-75-7F-5B-40-7E&pdfprint=true&guestvie... 14/16



ESSOA | https://doi.org/10.1002/essoar.10508875.3 | Non-exclusive | First posted online: Fri, 10 Dec 2021 06:23:19 | This content has not been peer reviewed.

11/22/21, 5:37 AM

AGU - iPosterSessions.com

REFERENCES

Assatourians, K., Atkinson, G. (2012). EXSIM12: a stochastic Finite-Fault
Computer Program in Fortran, https://www.seismotoolbox.ca/EXSIM12.html
(Last accessed 13 August 2021).

Boore, D. M. (2009). Comparing stochastic point-source and finite-source
ground-motion simulations: SMSIM and EXSIM, Bull. Seism. Soc. Am., 99:
3202-3216.

Boore, D. M. (1983). Stochastic simulation of high-frequency ground motions
based on seismological models of the radiated spectra, Bull. Seismol. Soc.
Am., 73: 1865-1894.

Boore, D. M., Joyner, W. B. (1997). Site amplifications for generic rock sites,
Bull. Seism. Soc. Am., 87(2): 327-341.

Carmichael, S. R. (1990) Practical Handbook of Physical Properties of Rocks
and Minerals, CRC Press, Inc, 741.

Carvalho, A., Reis, C., Vales, D. (2016). Source and high-frequency decay
parameters for the Azores region for stochastic finite-fault ground motion
simulations, Bull. Earthq. Eng., 14(7): 1885-1902.

Carvalho, A., Zonno, G., Franceschina, G., Serra Bilé, J., Campos Costa, A.
(2008) Earthquake shaking scenarios for the metropolitan area of Lisbon, Soil
Dyn. Earthqg. Eng., 28: 347-364.

Dias, N.A., Matias, L., Lourenco, N., Madeira, J., Carrilho, F., Gaspar, J.L.
(2007) Crustal seismic velocity structure near Faial and Pico Islands
(AZORES), from local earthquake tomography. Tectonophysics, 445: 301-317.

Marques, F. O., Catalao, J., Hildenbrand, A., Costa, A. C. G., & Dias, N. A.
(2014). The 1998 Faial earthquake, Azores: Evidence for a transform fault
associated with the Nubia—Eurasia plate boundary?, Tectonophysics, 633: 115-
125.

Matias, L., Dias, N.A., Morais, A., Vales, D., Carrilho, F., Gaspar, J.L., Senos,
L., Silveira, A. B. (2007) The 9th July 1998 Faial Island (Azores, North Atlantic)
seismic sequence, , J. Seismol., 11: 275-298.

Matias, L., Dias, N.A., Morais, |., Vales, D., Carrilho, F., Madeira, J., Silveira,
A.B. (2007). The 9th of July 1998 Faial Island (Azores, North Atlantic) seismic
sequence, J. Seismol., 11(3):275-298.

Olafsson, S., Sigbjornsson, R., Einarsson, P. (1998). Estimation of source
parameters and Q from acceleration recorded in the Vatnafjtll earthquake in
south Iceland, Bull. Seism. Soc. Am., 88(2):556—-563.

Olsen, K.B., Mayhew, J.E (2010). Goodness-of-fit criteria for broadband
synthetic seismograms, with application to the 2008 Mw 5.4 Chino Hills,
California, earthquake, Seismol. Res. Lett., 81: 715-723.

https://agu2021fallmeeting-agu.ipostersessions.com/Default.aspx?s=D5-71-AE-45-70-34-28-EA-F3-D4-C1-75-7F-5B-40-7E&pdfprint=true&guestvie... 15/16



ESSOA | https://doi.org/10.1002/essoar.10508875.3 | Non-exclusive | First posted online: Fri, 10 Dec 2021 06:23:19 | This content has not been peer reviewed.

11/22/21, 5:37 AM AGU - iPosterSessions.com

Zonno, G., Oliveira, C. S., Ferreira, M. A., Musacchio, G., Meroni, F., Mota-de-
Sa, F.,, and Neves, F. (2010). Assessing seismic damage through stochastic
simulation of ground shaking: the case of the 1998 Faial Earthquake (Azores
Islands), Surv. Geophys., 31(3): 361-381.

2. Upload new

https://agu2021fallmeeting-agu.ipostersessions.com/Default.aspx?s=D5-71-AE-45-70-34-28-EA-F 3-D4-C1-75-7F-5B-40-7E&pdfprint=true&guestvie... 16/16



