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ABSTRACT

In regions with low-to-moderate seismicity, the return-period of seismic events with large magnitudes is relatively high.
Nevertheless, historical seismic events are relevant for the evaluation of seismic hazard in those regions. Thus, seismologists study
the records of the effects of historical earthquakes to map the distribution intensity points, using an Intensity Scale. Afterwards,
the maximum intensity point is identified as well as the probable epicentral location and magnitude. Another method, introduced
by earthquake engineers, incorporates the knowledge of the behaviour of structures into posterior distributions of magnitude using
fragility functions and the damage reported in historical documents. The method uses the total probability theorem to combine the
uncertainty in the structural behaviour, ground motion intensity, site-to-source distance. Then, the Bayes’s theorem is employed to
update a prior magnitude model into a posterior magnitude distribution. Thus, the reduction of the uncertainty in the final estimates
requires the preliminary application of the method to instrumental events in order to validate the appropriate framework to address
historical seismicity, namely ground motion and structural response. This paper investigates the earthquakes of January 1st 1980
with M,=6.8-7.2 and of July 9th 1998 with M,,=5.9-6.2 in Azores Islands (Portugal) as study cases to test the sensitivity to different
attenuation models Ambraseys ef al. (2005) and Akkar et al. (2014). A single set of fragility functions, derived from a detailed
vulnerability assessment in Faial, is assumed to model the structural response in both events. The results show that, for both events,
the attenuation model from Akkar ef al. (2014) and the fault source model presented results closer to those of detailed methods.
Discrepancies can also be explained by differences in the prior distance model resulting from source models assumptions. The
intervals Mw=5.96+0.53 and Mw=6.91+0.42 have been estimated for the 1998 and the 1980 earthquake, respectively.

Keywords: fragility functions; historical seismicity; 1998 earthquake; 1980 earthquake;

INTRODUCTION

In regions with low-to-moderate seismicities, such as the Azores Islands (Portugal), the return period of
seismic events with large magnitude is relatively high. This fact drove seismologists to investigate the
historical ground motion intensities that are described in historical documents through earthquakerelated
phenomena, as shakes in objects, cracks in the ground and walls, and even structural failure. Each intensity
point is mapped using an intensity scale, as the Mercalli Modified Scale (MMI), enabling the identification
of the probable epicentral location and intensity. Afterwards, an empirical relationship is utilized to calculate
the likely magnitude of the historical seismic event. Nevertheless, the traditional methodologies translate the
damage of structures into a single intensity value, leaving their behaviour out of consideration (Eisinger et
al., 1992).
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Another method, proposed by earthquake engineers (Ryu et al., 2009), uses fragility functions of the type
P(DM>ds;[IM=im), which describe the conditional probability of exceeding a certain damage state in
structures ds; given an intensity measure IM, with instances im. This is possible because the method defines
the damaging seismic event £ in terms of damage occurrences using probability theory. The calculation

process is schematised in Figure 1.

Historical Fragility Functions f IMIM R (im|m,r )]

damage record P(DMz=ds|im)

Total
probability
theorem

P(Elim,m,r)

Bayes’ theorem

Figure 1. Flowchart of the magnitude estimation method (based on Ryu et al., 2009).

The fragility functions are then utilized to compute the probability of observing single damage states
P(DM=ds;|im) using Eq. (1).

P(DM = dmy| im)=P(DM > dm|im)-P(DM > dmy., | im) (1)
Using Eq. (2), these probabilities are then combined with the number of damage occurrences 7« to find the
probability P(E|im,m,r) of a damaging event given an intensity measure im, magnitude m and distance 7.

nd

!
n,!

HZd:o ny
P(E | imm r,)= x[ | P(DM=dm [im,im.r)", )
! k=0
This step is possible due to the assumption that the observed damage is also caused by magnitude and
distance. Afterwards, the total probability theorem employed together with an attenuation equation

fmmr(im,m,r) and a prior distance distribution fz(r) to estimate the probability of the damage event given
magnitude P(E|m), as in Eq. (3).

P(EM=m)=[ [ PE(|immr,)x farun. (im Jm r)x fi(-)dim dr 3)
Finally, the Bayes’ theorem is employed as in Eq. (4) to update a prior magnitude distribution fis into the
posterior distribution of magnitude fik.

fur(m E| )= PEM(| = m)x fir(n) (4)
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[P EM(| = m)x fis(m dm)

In order to apply this method to historical contexts, it is first necessary to validate the framework. One option
is to utilize data from recent instrumental earthquakes. The present study cases are the January 1st 1980 with
M,~=6.8-7.2 (Borges et al., 2007; Carvalho et al., 2001) and of the July 9th 1998 with M,,=6.0-6.2 (Borges et
al., 2007; Matias et al., 2007) in Azores Islands (Portugal). More specifically, the method (Ryu et al., 2009)
is here employed to study the sensitivity of the magnitude estimates to different attenuation models, namely
Ambraseys et al. (2005) and Akkar et al. (2014), and soil types A, B and C. The fragility functions are derived
from a detailed study of the structural vulnerability distribution of typical buildings from Faial damaged by
the 1998 earthquake (Ferreira et al., 2017). The same set of fragilities is extrapolated for the case of the 1980
earthquake, despite the different damage datasets (“Soeiro” and “GAR?”, from Lucas ef al., 1992).

MAIN RESULTS

The framework of assumptions for the presented approach, consistently with Figure 1, is endorsed by earlier
studies on ground motion, building typologies and damage. The fragility functions — assumed as lognormally
distributed with moments xds={0.037 0.078 0.153 0.328 0.907} and 0as={0.126 0.132 0.210 0.212 0.212} —,
attenuation equation for different Joyner-Boore distances R;z, assuming a strike-slip fault type, M,,=6.1, and
soil of type C (Vs30=270 m/s), as well as prior distance densities in the form of histograms are presented in
Figure 2.

13 ( : : 0.5 : : : 0.2 : : 0.1

0.8 % ....... ........ ......... 04 \ E 015 0.08

g (N | & TR D S F ED 0.3 - 0.06
4 :

g/ O4HEL &t w2 on2 0.04

0.05

0.02

20 40 60
Repi (lam)

0 - - i
0 025 05 075 1

PGA [g]

Figure 2. Sequence of fragility functions, on the left; attenuation models Ambraseys ef al. (black) and Akkar
et al. (blue), on the centre-left; histograms for the densities of the epicentral distances for Faial earthquake,
considering epicentral locations Epil (blue) and Epi2 (green), on the centre-right, and for

the densities of the epicentral distances in Terceira for “Soeiro” (blue) and “GAR” (green), on the right.

The epicentre of the 1980 earthquake was considered in 38.810°N, 27.780°W, and the epicentre of the 1998
earthquake in locations “Epil” with 38.634°N, 28.523°W, and “Epi2” with 38.640°N, 28.590°W (Borges et

al., 2007). Additionally, the fault systems are also studied, considering Joyner and Boore distances Rz to the
edges of a 30 km fault, in the case of the 1980 earthquake (Estevao & Oliveira, 2012), of a 16.5 km fault, in
the case of the 1998 earthquake (Estevao & Carvalho, 2014). The expected values of magnitude um and
respective standard deviations ou are presented in Table 1 and Table 2, respectively, for the 1998 and 1980
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earthquakes. The distance model has a uniform uncertainty of £ 1.0 km on the site and point sources, while
the fault sources are assumed as deterministic. The prior magnitude distribution is considered here as uniform
in the strong magnitude range (5.0<M,,<8.0).

Table 1. Magnitude distribution moments um(om) for the 1998 “Faial” earthquake.

Ambraseys ef al., 2005 ‘ AKKar et al., 2014
Fault Epil Epi2
Ml A | B | C A|B|]C|]A[B|C|]A]|B]|C

1[5.43 538  5.3006.025.96 5.99 6.055.97598 | 5.915.855.89
(0.59) (0.59) (0.60)  |(0.86) (0.85) (0.88) | (0.78) (0.78) (0.81)| (0.78) (0.77) (0.81)

Table 2. Magnitude distribution moments gm(an) for the 1980 “Terceira” earthquake.
Soeiro | GAR Soeiro | GAR | Soeiro | GAR

Ambraseys et al., 2005 AKkKar et al., 2014

Ryp (Fault) Repi
mA | BJ]c|A[B|]c|A[B|]c|[A]|]B|]C|[A]|B]JC|]A]|B]C
1/7.066.926.69 |6.786.666.44 |7.107.056.94 |6.966.906.79 |7.016.956.83 | 6.876.80 6.68
(0.39) (0.40) (0.43)| (0.52) (0.51) (0.51)[ (0.72) (0.72) (0.75)[ (0.77) (0.77) (0.79)| (0.69) (0.70) (0.73)| (0.73) (0.74) (0.76)

The attenuation model Akkar et al. (2014) provided higher estimates with relatively higher standard
deviations for both case studies. This trend is consistent with the spectral accelerations and standard
deviations presented for the two attenuation models in the second plot of Figure 2. Within attenuation, the
model from Akkar et al. (2014), provided magnitudes in between 6.05(0.78) and 5.85(0.77) for the 1998
earthquake, and 7.10(0.72) and 6.68(0.76) for the 1980 earthquake. The use of epicentral distances or the
attenuation model Ambraseys et al. (2005) resulted in relatively smaller standard deviations.

CONCLUSION
This study aimed at understanding the impact of different attenuation and source models in the final

magnitude estimates. The expected values of magnitude were found in ranges consistent with magnitude
estimates obtained with instrumental data, namely in the case of the attenuation model Akkar et al. (2014),
with M,,=5.96 + 0.53 for the 1998 earthquake, and ,~6.91 + 0.42 for the 1980 earthquake (confidence level
0f'95%). The epicentre source model presents relatively lower standard deviations for both earthquakes, while
the source models presented relatively more accurate values of magnitude. The resulting distance
distributions can partially explain the discrepancies found between the results obtained from assuming the

“Epil” and “Epi2” models, in the case of the 1998 earthquake, and between “Soeiro” and “GAR” damage
datasets.
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