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1. DESCRIPTION OF THE DELIVERABLE
1.1 INTRODUCTION
This action aims at producing seismic scenarios focused on non-structural damage in
pilot areas of the three participating countries, namely i) Lisbon in Portugal, ii) Etna and
Northern Regions in Italy, and iii) the South Iceland Seismic Zone. In methodological
terms, the hazard analysis considers macroseismic data together with other ground
motion parameters instrumentally derived or by means of synthetic simulations. This
action is addressed to map the areas that are mostly exposed to intensities/shaking
typically representative of non-structural damage.
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1.2 SEISMIC SCENARIOS FOR LISBON PILOT AREA
1.2.1.

Introduction

Portugal is a country considered as with a moderate seismicity, however with some
peculiarities. In what respects to Lisbon, it seems that a pattern characterized by two kind
of ground shaking intensities seems to exist. One, with Inter-Arrival Times (IAT or
Return Periods, TR) of around 90-150 years leading to Intensities of about 6,5 – 7,5, and
another one, with a larger TR of about 200-250 years with higher values of ground
shaking, leading to Intensities of 8,0 – 9,0 in the 1998 European Macroseismic Scale
(EMSS). Besides that, earthquakes in Portugal have their genesis in seismogenic regions
with different characteristics: Inter-Plate sources located offshore, in the South, generated
in the junction of the Euro-Asian and in the African Plates, and Intra-Plates onshore
faults acting as near-sources, with higher frequency contents. It can be noticed by the
historical records that both mixes of Magnitude-Distance and Earthquake Type (I or II)
can be responsible by the two Damages Clusters (Moderate Intensities prone to high
Non-Structural Losses, and High Intensities responsible by high Structural losses, where
in this last case Non-Structural Lossescur become less important. In both cases, the
dimension of the seismogenic regions is large enough to lead to a high uncertainty about
plausible epicenter locations, and so a high uncertainty in epicentral distances to the
targeted cities or regions.
During this Action B1.1 several tasks were performed and completed:
1. Portuguese Seismic Hazard was reviewed, with special emphasis to the City of Lisbon,
2. Portuguese Building Stock was also reviewed and adapted in order to feed the most
recent Seismic Simulator and Damages Models. This resulted in a data-base with about
16.647.423 records to the 255.897 Urban Blocks in Portugal Mainland, and, for each one
of them the number of buildings from each of the 69 typologies. For the case of Lisbon,
this resulted in a Database with 33.730 georeferenced records, covering the whole Lisbon
Building Stock.
3. Data was organized and prepared in GeoData (GIS) Format, in order to feed the
QuakeIST Seismic Simulator, which is now totally ready to simulate any desired scenario
for Action B3. Besides that, a “Reference Scenario” designed specifically for the
KnowRISKProject was here advocated, proposed and prepared.
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4. The QuakeIST Seismic Simulator, was also modified in order to accommodate the use
of “Uniform Ground Shaking Scenarios” instead of only “Magnitude-Epicentral
Location” ones, and other minor improvements were done.
1.2.2.

Ground shaking scenarios and damages calculation

Besides a revision of Lisbon Seismic Hazard, here, damages or losses, were derived from
the impact of ground shaking in the building stock. As so, the characterization of
Lisbon’s building stock was a first need.
At the present moment, Lisbon’s Building Stock is already organized in 69 different
Typologies (49 Masonry Typologies representing about 53% of the whole Building stock
and 20 Reinforced Concrete Typologies in representation of the remaining 47%
buildings), and for each one of them, Capacity Curves, recently reviewed (Mota de Sá,
2016), have been used with the N2 Method to calculate buildings damages. However, this
review required the adaptation of the existing data about buildings distribution along the
3600 urban blocks that exists in Lisbon. This work, was based in Portuguese CENSUS
2011 and, for the special case of Lisbon, the works of C.S Oliveira allowed a crispier
differentiation in Lisbon Typologies, especially in what concerns typologies characteristic
of the periods from 1755 to 1930, not considered by the CENSUS data.
In what concerns to ground shaking, a “Soils Map” for Lisbon based on previous works
of Paula Teves Costa & Isabel Moitinho, later adapted in order to achieve a Soils
Classification in accordance with EC8 for the development of previous Seismic
Simulators for Lisbon (Mota de Sá, 2009), were used.
1.2.2.1

Ground Shaking Scenarios

In order to facilitate Action B.3 where Risk has to be addressed and communicated to
non-academic´s audiences, in this task, Risk Scenarios have been developed in two
flavors: Uniform Ground Shaking and Magnitude-Epicentral Location. It was a privilege
of those involved in Task B.3 to choose the more convenient ones, as also the way of
presenting results.
In the domain of Deterministic Scenarios, two processes were be used:
Procedure P1: Uniform Ground shaking (be it measured in Peak Ground Acceleration,
PGAS or in Macroseismic Intensities, IEMS).
Procedure P2: Magnitude-Epicentral Location again measured in the same way, but
derived from specific scenarios, each one defined by an Epicentral Location and
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Magnitude, then translated into PGA’s, using some Attenuation Law and Soil Site
Amplification.
At the end, a unique scenario is justified and proposed.
Procedure P1: Uniform Ground shaking
Once the aim of this Project resides in the domain of “Non-Structural Losses”, even if
“Non-Structural Losses” may start to occur at Intensities VI/VII, all possible values of
Ground Shaking have been considered once at higher Intensities, more resistant buildings
suffered from them. That is, not only Intensities VI or VII should be considered but all
the Plausible Range {VI … X} must be taken into account, unless that these higher levels
are not plausible in the targeted territory.
So, scenarios for each one of these Intensities (Or PGA’s) were simulated.
However, a uniform scenario is not realistic in terms of Intensity, once Site (Soil) effects
are present.
Instead, a Uniform Ground Acceleration in Rock Soils, agr, could be considered, than, at
each site amplified due to Soil Nature that, for the City of Lisbon is illustrated in Figure 2.
A possible solution could be to consider several values of agr that lead to Intensities {VI,
VI, VII, VIII, (IX and X if plausible) in Moderate Soils (Soils from EC8 Class C, with an
amplification factor Smáx=1,6), and then calculate the Macroseismic Intensity in all the
city.
To do so, the following expressions were used:

IEMS  7, 4  3,6.Log10 (agrm/ s2 )

agr  1 m / s 2

: S  S max

1 m / s 2  agr  4 m / s 2 : S  S max 
agr  4 m / s 2

(1)

Smax  1
(agr  1)
3

: S  1, 0

Equation (1) was derived using data from several Historical Earthquakes (Both generated
Inland and Offshore that targeted Portugal Mainland {1969 M 8,0; 1755 M9,5; 1909
M6,0; 1858, M7.2}. From them, their Magnitude, Epicentral Location and the published
Isosseismal Maps were matched using different attenuation Laws considered relevant for

(2)
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Portugal Mainland (Atkinson & Boore, 2006, 2011; Carvalho, 2009). The cited equation
has resulted with a R2adj=0,98 and is strongly similar with S. Lagomarsino’s Law
(Lagomarsino, 2006) with a degree of conformity, R2adj=100%.
Equation (2) is no more than the amplification of the Peak Ground Acceleration, due to
Soils effect, suggested in EC8 (CEN, 2010).
By this procedure, the following scenarios were considered as shown in Table 1.
Table 1 – Uniform Scenarios of Ground Shaking to Lisbon. Values for PGA (agS, m/s2 ) and IEMS in each Soil Class.

Scenario
1
2
3
4
5
6
7

agr agS (A) IEMS (A) agS (B) IEMS (B) agS (C) IEMS (C) agS (D) IEMS (D)
0.26 0.26
5.3
0.34
5.7
0.41
6.0
0.51
6.3
0.35 0.35
5.8
0.47
6.2
0.56
6.5
0.70
6.8
0.48 0.48
6.3
0.65
6.7
0.77
7.0
0.97
7.3
0.67 0.67
6.8
0.90
7.2
1.07
7.5
1.33
7.8
0.92 0.92
7.3
1.24
7.7
1.47
8.0
1.83
8.3
1.31
1.98

1.31
1.98

7.8
8.5

1.73
2.45

8.3
8.8

These scenarios are here presented in Figure 2 to 9.

2.02
2.78

8.5
9.0

2.49
3.32

8.8
9.3
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Beside the above scenarios, others are also of interest.
With Risk defined as the likelihood of failing some target, then, one can elect as targets,
or as objectives, the ones prescribed in Eurocode:




The “Damages Limitation”, by which Functional/Non-Structural Damages
should be avoided, not occurring with a probability higher than 10% in 10 years
(corresponding to a Return Period, TR 95 years), and
The “Collapse Limitation”, by which Collapses occurrence should not exceed a
probability of 10% in 50 Years (TR 475 Years).

Once, in Portugal, two Earthquake Types can be responsible for these scenarios, one defined 4 cases of
2

Uniform Ground Shaking in terms of uniform accelerations agr j (m/s ), as shown in

Table 2, where

agrj was obtained by Eq (3).
1/k

 TR 
agrj  agri  j 
 TRi 

(3)
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Table 2 – Scenarios of Uniform ground accelerations, agrj (m/s2)

Years
EQ Type TRi

Years

m/s2

m/s2

TRj

agri

k

agrj

Objective

I

475

95

1.50

1.5

0.51

Non-Damages Limitation

I

475

475

1.50

1.5

1.50

Collapses Limitation

II

475

95

1.70

2.5

0.89

Non-Damages Limitation

II

475

475

1.70

2.5

1.70

Collapses Limitation

The above scenarios are illustrated in Figures 10 to 13, and their expective damages are
reported in Table 3. From tat, some consideratios seem of interest.
From the same Table (Table 3), one can observe from the figures in row 3 and 4 th, that
regardless of an higher acceleration of 1,70 m/s 2 generated by an earthquaque type II,
damages from this scenario are much lower than the ones genereted by the scenario in
row 4, with a lower acceleration of 1,50 m/s2 generated by an earthquaque type I. This
illustrates the influence of spectral frequency contents, with a corner period TC=0,25 s in
the first case and TC=0,6 s in the second one. In fact, and in the Lisbon case, where higly
fragile (low ductility) and rigid (high frequency) massonry structures represents more than
50% of the whole building stock, are expected to suffer very high damages when targeted
by an earthquake Type I, being responsible by higher damages in this cases. This was one
of the the reasons by which, in this studdy, damages expectations were calculated by the
N2 method, instead of using a Macroseismic one, this last one based in Macroseismic
Intensity and blind in what concerns the frequency contents of the Demand Spectra that
in Portugal assumes two different shapes according to the type of eartquake (seismogenic
source) being considered.
In fact, one can easily be induced in error while observing Figures 2 to 13, where
Intensity Maps for several levels of PGA (Peak Ground Acceleration) are shown.

So, as a 1st conclusion, one can state that “Intensity Maps” generated as above
constitute a biased representation of Seismic Risk and, by so, should not be
considered to communcation purposes.
Table 3 – Expected damages from EC8, Portuguese Annex, and some Historical Earthquakes (PGAs – Peak Ground
acceleration at surface)

In the next Table (
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Table 4), Expectations and consequences for some Catalogue Scenarios meaningful to Lisbon are shown.
There, the following values are shown:
Year
Type
Median agr
TR

Earthquake Year,
Earthquake Type,
Median Peak Ground Acceleration in Rock (from QuakeIST),
Return Period of agr in accordance to Eq (4),

P[x≥1|Δt=50 years] Exceedance probability of agr during an Exposure Period of 50 years, in accordance to
Eq (4). Values of agri and k as shown in

Table 2,

Sligth-Moderate
Extensive-Global

Percentage of Buildings with Damage Grades {1; 2},
Percentage of Buildings with Damage Grades {3; 4}.

 agrj 
TR j  475. 

 agri 

P[ x  1| t ]  1  e

k

t
 TR

Table 4 – Expectations for an Exposure Period of 50 Years, taken from scenarios registered in the
Portuguese Seismic Catalog (meaningful to Lisbon).

At a first glance, one could conclude from this Table 4, that it seems clear that Scenarios
with the highest probability of occurrence are of most importance to the prevention of
Non-Structural Damages. Be it because of their high probability, but also because
scenarios with larger Return Period leads to such high Structural Damages that
prevention of Non-Structural ones becomes less important.
But, a closer look to expectations from a less probable scenario (TR 475 years,
P[Exceedance | 50 years] = 10%, due to Earthquakes Type II can generate significant
Non-Structural Damages both in Masonry and in RC buildings as shown in Table 5.

(4)

(5)

Task B: RiskMAP - Deliverable B1: Definition of seismic scenarios

10

Here, one can observe that in Masonry structures Moderate-Extensive Damages
represent ~ 67% while Extensive-Total are of about 44%. This difference is even more
important in RC buildings where Moderate-Extensive damages are ~ 45% while
Extensive-Total are of about 24%.
Table 5 – Damages expectations in masonry and RC buildings, due to an Uniform acceleration in Rock, PGA
= 1,70 m/s2, TR 475 years, P[Exceedance] 10% / 50 years, due to an Earthquake Type II. (Values Simulated
by QuakeIST).

From the

From the above considerations, it seems reasonable to purpose that in order to address
the prevention of Non-Structural Damages following possible Earthquakes, in Lisbon:




The low Probability Scenario generated by Earthquakes Type I with a Return
Period of 475 years, seams of no much interest, not only due to low probabilities,
but especially because of its high percentage of High-Level Damages (54% from
the 1551 Scenario and 59% from the 1755 one, against 15% and 26% lower
damages in these scenarios, respectively).
However, the first 3 scenarios shown in Table 3 are of concern. The first two are
more probable (TR 95 Years, P[Exceedance]=10% / 10 years, while the 3 th one,
with a Return Period of 475 years, even with a lower probability is also of high
concern.

This is recapped here in Table 6.
Table 6 – Retrieved scenarios as meaningful for Non-Structural Damages Prevention.
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Here arrived, the choice of a unique Reference Scenario has to be made. But, before to
do so, it may be also of interest to look at some of the historical earthquakes that targeted
the city of Lisbon.
Procedure P2: Magnitude-Epicentral Location
In this procedure, several scenarios were generated based in Real Earthquakes that
targeted Portugal Mainland. These episodes were selected by the fact that they were
simply felt or caused minor damages, while others caused severe human injuries and
damages in the Portuguese building stock. In Figure 14 and in Figure 15 their epicentral
location and year are shown.

Figure 14 – Epicenter Location for Inshore (Near) Earthquakes that affected Lisbon (in the last 1000 years).
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Figure 15 - Epicenter Location Offshore (Far) Earthquakes that affected Lisbon (in the last 1000 years). (The
2009 earthquake was mainly felt in the Southern Region of the Country, Algarve (Faro), and only slightly felt
(Intensity III-IV) in Lisbon.

Their impact, translated by Intensities Maps are shown in Figure 16, Figure 17, Figure 18,
Figure 19, Figure 20, Figure 21, Figure 22, Figure 23, Figure 24, Figure 25, Figure 26 and
Figure 27.
By the reasons above said, and in accordance with Table 6, there are 3 scenarios that may
be candidates to be used in this study. Furthermore, from pure probabilities, Earthquakes
with a Return Period of 95 years are more probable to occur. But in what concerns to the
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Earthquake Type to be used (I or II), it can be seen in Figure 14 and Figure 15, that there
are more Near Source Earthquakes than Far sources affecting Lisbon. As a simple, but
also arguable rule, one is more willing to select a Near Source Earthquake than a Far
Source one. This choice could also be sustained by the fact that in the Seismic Catalog,
the number of earthquakes that reached Lisbon with Intensities ≥ VI, is not significantly
different between the two types of Earthquakes.
By this rule, and coming back to Table 6, the Far-Source (Type I) earthquake there shown
in row 2, may be discarded. This can also be supported by the fact that the 1st scenario
with equal probability (shown in the first row of that table) is more interesting for the
purposes of this work with 65% of Light-Extensive damages while the Type I has 49% of
such damages.
Being so, at this point, the choice can go to a Type II (Near Source) scenario but with
different Return Periods (95 or 475 years).
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Two rules can be used to choose among them:
•

Choose the more Probable,

•

Choose the more Destructive. Not so probable BUT EQUALLY PLAUSIBLE.

Reasons in favor and against each one of them exists and are not consensual among the
scientific community. So, which one to choose? It is one’s opinion that, once Global
Damages are almost equal in both scenarios, the stronger one should be chosen. But, if
this reasoning is not enough to choose the more severe (but equally plausible) one, after
visiting the recent occurrences in Italy (L’Aquila, Amatrice and Norcia), it becomes clear
that if citizens from Norcia had pursued the “Probabilistic” and not the “Plausible”
scenario, they would be, today, in the same situation that citizens from the other
Villages/Cities.
From that, it seems that a Type II scenario with Return Period of 475 years, may be the
most adequate in order to communicate and too be used in this work.
Now, one has to decide between an “EC8 Uniform Scenario” or between a fictitious
one.From that, it can be argued that due to the nature of Near-Sources, these events have
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a rapid attenuation, and taking into account that Lisbon has about 80 km2 Area, a path
across the city can reach distances of about 15km, along which accelerations may have a
not insignificant difference. This is even more influential if one take into consideration
the opinion expressed by Vilanova & Fonseca (Vilanova & Fonseca, 2004) by which, a
Magnitude 6,5-7,0 with a Return Period of 200 years can be expected from the Lower
Tagus Valley Fault and also the location of historical earthquakes around Lisbon as
mapped in Figure 28.

Figure 28 – Low Tagus River Fault (Red dashed line), Historic Earthquakes and Hazard Map proposed by
Vilanova & Fonseca for Earthquakes Type II, Lisbon.

If that is so (agr ~ 1,6 … 2,0 m/s2 / TR 475 Years), then by Eq (3), in an Exposure
Period of 95 years, accelerations can reach the value of a 1,1 m/s2. Now, taking into
consideration the Alexandra Carvalho Attenuation Law for Earthquakes Type II
(Carvalho, 2008), such a scenario can be simulated by a M 6,5 located at about 15 km NE
of Lisbon, as indicated in Figure 30 by which these accelerations can be achieved (Figure
29). This can then become a Reference Scenario as illustrated in Figure 31.

a

1,1~2,0.(95/475)1/2.5
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Figure 29 – Seismic Hazard in Lisbon from Near Sources of the Low Tagus River Faults (Earthquakes Type
II) for a Return Period of 475 years (Exceedance Probability 10% / 50 years) in accordance with Vilanova &
Fonseca. The two Figures correspond to different plausible rupture scenarios.
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Figure 30 – PGAr (cm/s2), along Lisbon, from M 6,5 ~ 15km NE Lisbon (Mode: 1,1 m/s2, Median: 1,10
m/s2 Mean 1,12 m/s2). Surface PGA and Macroseismic Intensities are mapped in Figure 34 and in Figure 35
respectively.

Figure 31 – Magnitude 6,5 and Epicentral location for the Reference scenario.
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Table 7 – Expected Damages from the Reference scenario (TR 95 years).

From the above figure, one can then say that:
1. The EC8 Objective of “Damages Limitation” (Non-Structural Losses) is violated
in 58 % - 74% of all buildings (Damage Grades 2- Moderate Damages to
Extensive Damages- Damage Grade 3).
2. This figures correspond to a violation of the objective in 78%-95% in Masonry
buildings (that, in accordance to CENSUS 2011(INE, 2011) represent about
57% of the whole building stock) and in 32%-47% of Reinforced Concrete
buildings (representative, in accordance with the same source, of about 43% of
the whole building stock).
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Figure 32 – Pictorial representation of the Reference Scenario.
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Figure 33 – Alternative representation of expected damages from the Reference Scenario, here using
“Averaged” values of “Mean Damage Grades”.
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Figure 34- Expected Surface PGA (m/s2) from the Reference scenario.

Figure 35 - Expected Macroseismic Intensities from the Reference scenario.
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1.3 SEISMIC SCENARIOS FOR MT. ETNA PILOT AREA
1.3.1.

Introduction

Simulating the effects produced by an earthquake is a multidisciplinary field of
investigation aimed at assessing the level of seismic risk to which an area is exposed. A
variety of methods, leading to deterministic or probabilistic seismic scenarios, have been
developed according to different levels of accuracy required - the most complete
generally being based on numerical models that take account of ground-motion predictive
relationships (expressed in acceleration, velocity or displacement), local geologic
conditions (site effects), historical macroseismic intensity data, together with building
typologies and their vulnerability. These seismic scenarios are normally envisaged for
large cities and refer to the strongest earthquakes or their occurrence probability.
On the other hand, a simplified approach, adopted worldwide, that provides a
preliminary, semi-quantitative assessment of the level of shaking and extent of potential
earthquake hazard, is obtained through the software package ShakeMap (Wald et al.,
1999). This procedure seeks to automatically estimate, in a few minutes, the level of
expected ground shaking using real-time data acquired by a seismic network, which are
converted into maps of peak ground acceleration (PGA), peak ground velocity (PGV)
and macroseismic intensity.
However, ShakeMap as it stands cannot be used at Etna region due to the different
attenuation and scaling laws of purely tectonic earthquakes vs volcano-tectonic events
(Rovelli et al., 1988; McNutt, 2005; Giampiccolo et al., 2007).
The problem of seismic scenarios at Mt. Etna has been tackled in terms of macroseismic
intensity, adopting the probabilistic approach based on the Bayesian statistics (Rotondi
and Zonno, 2004) proposed by Azzaro et al. (2013).
According to two attenuation models, isotropic (point source, symmetric decay) and
anisotropic (linear source, decay depending on the direction), the method calculates the
probabilistic distribution of the intensity at a given site (I S) conditioned on the epicentral
intensity (I0) of the earthquake and the epicentre-site distance through a binomial-beta
model (Zonno et al., 2009).
A detailed analysis of occurrence probability of shaking is the first step in the process of
seismic risk evaluation since it provides indications for eventual interventions and allows
the definition of possible earthquake scenarios. In particular, the disaggregated data
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analysis performed on some key localities of the study area, enabled defining the ‘‘design
earthquake’’ - and hence the causative fault - which most contributes to the seismic
hazard at a site-scale.
1.3.2.

Seismic hazard

Earthquakes are by far the most important source of hazard for the densely urbanized
areas of Mt. Etna. Despite its low energy (MW ≤ 5.3), volcano-tectonic seismicity is
capable of producing severe damage and even destruction, due to the shallow nature of
hypocenters (Azzaro, 2004; Alparone et al., 2015). Macroseismic intensity at the epicentre
may even reach degree IX on the EMS (European Macroseismic Scale, see Grünthal,
1998) but fortunately the related strong ground motions affect small areas owing to the
rapid attenuation of seismic intensity that is typical of volcanic regions (Azzaro et al.
2006; Azzaro et al., 2013b and references therein). Studies aimed at assessing seismic
hazard at Mt. Etna have been undertaken in the last years by means of a probabilistic
approach based on the use of macroseismic data - “site approach’’ (Albarello and
Mucciarelli 2002) - whose computational procedure was implemented by D’Amico and
Albarello (2008) in the SASHA code.
The contribution of the volcano-tectonic sources to the seismic hazard at a local scale
was investigated by Azzaro et al. (2008, 2013a), exploiting the huge historical dataset of
earthquakes available for this area. In brief, these analyses have demonstrated that seismic
hazard in the Etna region is determined by two distinct seismotectonic regimes, namely
regional earthquakes occurring in eastern Sicily (6.2 ≤ MW ≤ 7.4) and local events due to
seismic sources in the area of the volcano, each characterized by different magnitude
ranges and occurrence rates. The former prevail on long exposure times (50 years), the
latter on shorter exposure times (30 years or less), producing the same values of intensity
(VIII and IX degree) in the sites located along some of the main seismogenic faults
affecting the eastern flank of Etna.
In the framework of the aims of the project, the Probabilistic Seismic Hazard Assessment
(PSHA) was computed by considering a time series of macroseismic intensities at the site
of interest (i.e. the local seismic history). These time series were compiled by combining
seismic effects observed at the site during past earthquakes, and, when needed, ‘virtual’
intensities deduced from epicentral data through an attenuation relationship. Each
intensity evaluation was considered as being affected by a measurable uncertainty, which
depends on the available information. Completeness of the information that was locally
available, was then evaluated along with the relevant uncertainty (local completeness).
The seismic recurrence at the site was parameterised for each intensity threshold I, using
a fully distribution-free approach that does not require any pre-processing (e.g. aftershock
removal, selection of mainshocks within a seismic sequence).
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Figure 36. Map of damaging earthquakes (I0 ≥ VI EMS) occurring in the Etna area from 1600 to 2013 (data
from CMTE Working Group, 2014; Azzaro and Castelli, 2015). Solid black lines indicat e the main active
faults (from Azzaro et al., 2012); blue dashed lines show the studied area and the Timpe Fault System; C.C.
central craters of Etna.

The SASHA code was used that provides i) hazard curves (i.e. probability that at least one
event with intensity not less than IS will occur in the exposure time at the site under
study); ii) reference intensity IREF (which is determined from the hazard curve as a
function of the probability threshold considered); iii) magnitude/distance pairs that are
more representative for the reference ground motion (disaggregation).
The intensity database and earthquake parameters of the Macroseismic Catalogue of
Etnean Earthquakes (CMTE Working Group, 2014), which lists earthquakes in the Mt.
Etna area from 1832 to 2013, was used as input data. This dataset was extended as far
back as the year 1600, with new data coming from recent historical investigations (Azzaro
and Castelli, 2015). For the aims of the present work, only the earthquakes above the
damage threshold (epicentral intensity I0 ≥ VI EMS) were considered, obtaining a dataset
of 4,432 intensity values referring to 140 events, with moment magnitudes ranging from
3.7 to 5.3. As shown in Figure 36, most seismicity is located in Etna’s eastern flank,
though it is noteworthy that all the destructive events (some ten with I 0 ≥ VIII EMS)
occur in the area among the towns of Acireale, Giarre and Zafferana, the most populated
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sector of the volcano (Meroni et al., 2016). These earthquakes are due to the
seismotectonic activity of the Timpe fault system (Azzaro et al., 2012).

Figure 37. Distribution and number of intensity observations for the localities reported in the macroseismic
database, referred to the earthquakes above the damage threshold (I0 ≥ VI EMS) considered in the study.

Regarding the distribution of the observed intensity data related to these events, Figure
37 shows that the 415 localities (53 of which are municipalities) reported in the
macroseismic database are ‘‘clustered’’ in the eastern flank, where there are major
settlements - the city of Catania included - characterized by exceptionally well
documented seismic histories (71-105 intensity data per site). Among them, the towns of
Acireale and Zafferana, located on the boundary of the Timpe seismogenic zone (see
Figure ), have more than 100 observations each.
To improve the completeness of the site seismic histories, the dataset of the observed
intensities has been integrated with ‘‘virtual’’ values calculated through a probabilistic
attenuation model, starting from the epicentral parameters (coordinates, I0) of the
earthquakes reported in the CMTE catalogue. This solution was applied only if the
intensity data related to a given earthquake in the considered locality was missing. For the
probabilistic attenuation model, the one calculated in the framework of the UPStratMAFA project (Sigbjörnsson et al., 2016) by Rotondi et al. (2016) was used. Although the
localities whose seismic history is well documented represent about 30% (112) of the sites
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considered in the hazard analysis, most of them appear densely distributed on the sector
of the volcano most exposed to earthquake impact. This ensures that the contribution of
real data (i.e. macroseismic intensities) in reconstructing the integrated seismic histories
(observed plus calculated data) of important localities is prevalent.
1.3.3.

Occurrence probability of non-structural damage

As described in the EMS scale (Grünthal, 1998), the non-structural damage (grade 1, 2
and 3) may be confined mainly between the VI and the VII degrees, while starting from
VIII the contribution of structural damage becomes more relevant (grade 3, 4 and 5). For
this reason the seismic hazard has been mapped (Figure 38) as occurrence probability for
the selected expected intensity (IEXP), rather than in the more common form of IEXP for
the exceeding probability.

Figure 38. Maps of the occurrence probability for expected intensity Iexp calculated for the exposure times of
30 and 10 years.
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Figure 38 shows that settlements located in the eastern flank of Mt. Etna have a high
probability (> 80% in 30 years; > 50% in 10 years) of undergoing shaking capable of
producing slight non-structural damage (at least VI EMS). The probability of large nonstructural damage (at least VII EMS) is greater than 50% for 30 years of exposure time
for the entire eastern flank, and is greater than 10% in 10 years. This analysis confirms the
high seismic hazard of this sector of the volcano, not only for destructive events but also
for moderate energy earthquakes.
The village of Zafferana Etnea has a probability greater than 50% to be struck with an
intensity at least of VII EMS in 30 years. This result is in agreement with the maximum
observed intensity (IMAX = VII EMS) for this locality, reported in 1984 (CMTE Working
Group, 2014), and allows selecting this village as a reliable site for the disaggregation
analysis.
1.3.4.

Disaggregation analysis

A disaggregation analysis was performed to determine the most representative
earthquakes that contribute to the hazard for the test site of Zafferana Etnea, located in
the eastern flank of Mt. Etna.
The starting point was the value of IREF obtained by the statistical analysis of the seismic
history. On this basis, a search of the past earthquakes that contributed most to the
hazard was carried out. Since the events are characterized in terms of magnitude and
epicentral location, it is possible to identify the most significant magnitude/distance bins,
namely the ‘‘design earthquake’’. In this framework, the ‘‘design earthquake’’ represents a
class of seismic events that actually occurred in the past and that can be identified. It is
worth noting that it does not necessarily correspond to a single earthquake, since a
number of events located at similar epicentral distances and with similar magnitude could
contribute (Albarello, 2012).
SASHA code (D’Amico and Albarello, 2008) gives as output, for each site analysed, the
list of events contributing to the IREF determination and the associated probability. As
explained in Albarello (2012), these values can be represented in a disaggregation matrix,
where for each bin of magnitude and distance, the normalized sum of the probability in
the bin is reported. The earthquake corresponding to the maximum value of the paired
distance/magnitude can be assumed to be the most ‘‘representative’’ event in the hazard
estimation.
In this study, the probability values of IREF were binned into classes of epicentral
distances (2 km) and magnitude (0.25 unit). The probability values for each earthquake
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are summed up in the associated distance/magnitude bins, and normalized to provide the
disaggregation of data (Figure 39).

Figure 39. Disaggregation of moment magnitude (bin 0.25) versus epicentral distance for the village of
Zafferana on Etna’s eastern flank.

The hazard for Zafferana Etnea (Iref = VII) is mainly due to small earthquakes (MW 4.004.25) very close to the site (up to 6 kilometres away). Conversely, stronger earthquakes of
the lower eastern flank contribute less to the hazard assessment. In the seismic history of
the village, the earthquake which greatly contributes to the hazard occurred on October
19th, 1984.
1.3.5.

Seismic scenario

Following the results obtained by the disaggregation analysis, the seismic scenario was
calculated using the parameters of the 1984 Zafferana Etnea earthquake. The moment
magnitude MW used for the scenario is 4.2, which is equivalent to an epicentral intensity
I0 = VII EMS (Azzaro et al., 2011).
The scenario was calculated in terms of expected intensity at site IS, in EMS scale. The
intensity at site IS, and correspondingly, the decay ΔI = I0 - IS, are considered as binomial
distributed random variables of a Bayesian model using a beta distributed random
variable; the α and β hyperparameters include the prior information on the phenomenon.
The mode of the smoothed binomial distribution is taken as an estimate of the intensity
at site IS; moreover, through the posterior distribution of the parameters, the Bayesian
paradigm also provides rational measures of the parameter uncertainties.
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A detailed description of the method used is described in Meroni et al. (2016), Azzaro et
al. (2013b) and Rotondi et al. (2016).

Figure 40. Left: Maps of the observed intensities of the 1984, October 19 th earthquake, used as reference
event. Right: seismic scenario in terms of synthetic intensity field (I0 = VII EMS; MW = 4.2).

Figure 40 shows the macroseismic intensities observed at sites for the 1984, October 19th
earthquake (left), compared with the intensities estimated for the scenario (right). The
colour of IS assigned with uncertainties (like “VI-VII” or “IV-V”, for example) are
referred to the greater intensity value. The scenario well represents the observed data,
especially for higher EMS values. Major variability concerns the extension of IV degree,
which can be explained taking into account that in a macroseismic survey the elements to
assess lower degrees are more subjective. Moreover, it should be noted that IV EMS does
not imply the presence of damage.
1.3.6.

Definition of Ground Motion scenarios for the town of Zafferana

Zafferana Etnea has been hit by various earthquakes occurring on Mt. Etna (Figure 41).
In the last 200 years the maximum intensity felt in the area reached degree VII EMS, and
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several times degrees of VI-VII or VI. In general damaging earthquakes on Mt Etna are
of relatively small magnitude but – as they occur very close to the surface – entail a
considerable risk in the vicinity of the epicenter.

Figure 41. Seismic history of Zafferana in the last 200 years (from CMTE Working Group, 2014,
http://www.ct.ingv.it/macro/etna/html_index.php.)

From the distribution of seismic events around Zafferana (Figure 46) we may identify
two relevant scenarios (Table 68): 1) seismic events with Zafferana falling in the epicenter
zone, 2) events occurring at some epicentral distance (5-10 km):
Table 8 – Scenario earthquakes for the test site Zafferana.

Epicentral intensity
I0 (EMS)

Magnitude
Mw

1984, Oct 19

VII

4.2

2001, Jan. 09

VI

3.7

VIII-IX

4.6

Earthquake
Scenario 1

Scenario 2
1879, Jun 17

1914, May 08 IX-X

5.2

2002, Oct 29

4.8

VIII

32

Task B: RiskMAP - Deliverable B1: Definition of seismic scenarios

Synthetic simulations of ground motion scenarios are based on the code Exsim (Boore,
2009) with slight modifications (see Langer et al., 2015). First simulations carried out so
far regard an earthquakes M 3.5 close to the site and a further one, M 5 at a distance of
ca. 7 km. Parameters were chosen following Langer et al. (2015).

Figure 42. Seismic sources relevant for ground shaking at Zafferana (from CMTE Working Group, 2014,
http://www.ct.ingv.it/macro/etna/html_index.php.)

Two types of sites were considered (Table 69). For the hardrock site no specific
amplification factors were applied. Besides we also considered site amplifications for a Dtype soil applying the functions given in Scarfi et al. (2016, see also Langer et al., 2015).
are shown in.
Table 9 – Simulated ground motion parameters for both scenarios.
Event M 3.5, epicenter

PGA (gal)

PGV (cm/s)

IH (cm)

Site H

6.5

0.4

1.5

Site D

65

4.4

19

Event M 5, dist. = 7 km

PGA (gal)

PGV (cm/s)

IH (cm)

Site H

11

1

8

Site D

58

8

67
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Figure 43 gives samples of response spectra obtained from the above ground motion
parameters.
40
35

PSA (gal)

30

25
20
15

10
5
0
0

1

2

3

4

5

Period (s)

Figure 43. Response spectra for “Hardrock”. Blue: M 3.5, epicentre. Red: M 5, d=7 km.
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Figure 44. Response spectra for “Soft Soil”. Blue: M 3.5, epicentre. Red: M 5, d=7 km.
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1.4 SEISMIC SCENARIOS FOR SOUTH ICELAND AREA
1.4.1.

Introduction

Iceland is seismically very active, and has experienced many moderate to large
earthquakes. Seismicity in Iceland is due to tectonic earthquakes originating near the rift
between the Eurasian and the North-American plates, commonly known as the MidAtlantic ridge, as well as those due to volcanic activities. Tectonic earthquakes are less
frequent and more damaging, while small volcanic earthquakes which cause no physical
damage are frequently felt.
1.4.2.

Seismotectonics

Most of seismic activity in Iceland is related to the Mid-Atlantic Ridge (MR), a divergent
boundary in the North Atlantic Ocean between the North American and the Eurasian
Plates (see Figure 45). A hotspot under the Vatnajökull glacier in eastern Iceland bends
the MR eastward (Einarsson 1991). Interaction of the hotspot with the MR has created
complex fracture zones—Tjörnes Fracture Zone (TFZ) in the north and South Iceland
Seismic Zone (SISZ) in the south. Most of the destructive earthquakes in Iceland have
occurred in these fracture zones. The MR enters Iceland at the tip of Reykjanes peninsula
and continues eastwards creating a transition zone between Reykjanes Ridge to the west
and Western Volcanic Zone (WVZ) and SISZ to the east. The seismic zone is narrow, <2
km wide in most places (Klein et al. 1977). Earthquakes in this zone are smaller than
those in the SISZ.
The SISZ connects two sub-parallel rift zones, the WVZ and the Eastern Volcanic Zone
(EVZ), forming a 10–15 km wide, east–west oriented, 60–70 km long fracture zone. This
zone has produced many destructive seismic events, the latest being the 2008 M w 6.3
Ölfus earthquake (Sigbjörnsson et al. 2009). Earthquakes of size as large as magnitude 7
can be expected in SISZ (Halldórsson 1992). Major earthquakes in this zone occur as
sequences affecting the whole zone and lasting from a few days to years. In terms of
exposure to seismic hazard, SISZ crosses south lowland with high population density
compared to the rest of the country. This area accommodates many farms and small
towns. It also contains many important critical infrastructures such as hydropower plants,
geothermal power plants, and transportation network. SISZ is the pilot study area of
Iceland in this project.
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Figure 45. Seismotectonics of Iceland showing the Mid-Atlantic ridge, the major rifts and fracture zones.
Epicentres of recorded earthquakes are marked with coloured circles, as indicated in the legend. The
epicentres of the three recent earthquakes are marked with stars as indicated in the legend.

1.4.3.

Seismic catalogue

Accounts of earthquakes in Iceland are available in historical archives since its settlement
in the ninth century. The first documented earthquake is an event that occurred in 1164
in SISZ. An overview of the most important seismic events between 1200 and early 1400
is available in contemporary annals and archives. Information on earthquakes ceases to
exist from 1430 for more than a century, but resumes after mid-sixteenth century.
Estimates of earthquake size in Iceland based on teleseismic instrumental data are
available since 1896. Magnitude estimates before instrumental data became available are
based on the extension of damaged areas and observed spatial attenuation of damage
(Halldórsson 1992). A parametric seismic catalogue of Iceland covering historical and
recorded earthquakes (since 1986) was compiled by Ambraseys and Sigbjörnsson (2000).
Since 1926, the Icelandic Meteorological Office (IMO) has compiled earthquake
catalogue based on instrumental measurements from their SIL seismic network. For the
Icelandic region, the recent European earthquake catalogue SHEEC (Grunthal et al.
2013), released by the SHARE project, is based on the catalogue of Ambraseys and
Sigbjörnsson (2000) and that of IMO. D’Amico et al. (2016) extended and slightly
modified the SHEEC catalogue for Iceland based on observations from Ambraseys and
Sigbjörnsson (2000) and Sigbjörnsson and Rupakhety (2014). The resulting catalogue
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includes 896 earthquakes with Mw ranging from 4 to 7.1 that occurred from 1706 to 2008
(Figure 46).

Figure 46. Earthquake catalogue of Iceland in terms of M W (left) and epicentral macroseismic intensity I0
(right).

The distribution of earthquakes shown in Figure 46 indicates that in terms of felt effects,
SISZ and TFZ are the most critical areas in Iceland. Since SISZ is more densely
populated and earthquake ground motion data are more abundant in this region, the case
study region for Iceland is selected as SISZ. This is also due to the fact that recent strong
earthquakes in the region have made damage data available, which is valuable in
understanding vulnerability and risk due to non-structural elements.
1.4.4.

Probabilistic seismic hazard in Iceland

Estimation of seismic hazard in Iceland has been an active research field for a few
decades. Early efforts were focused on producing iso-acceleration and iso-intensity maps
based on observations from past earthquakes (see, e.g., Halldórsson 1992). Probabilistic
seismic hazard map corresponding to 0.2% annual probability of exceedance of
horizontal peak ground acceleration (PGA) was prepared by Sigbjörnsson and
Baldvinsson (1992). After the south Iceland earthquakes of 2000, additional data required
for calibration of empirical ground-motion prediction equations (GMPEs) in Iceland
became available and more detailed studies on probabilistic seismic hazard assessment
(PSHA) using instrumental ground-motion measures followed. Solnes et al. (2004) used a

Task B: RiskMAP - Deliverable B1: Definition of seismic scenarios

37

simulated parametric catalogue and a locally calibrated GMPE based on Brune’s source
spectrum to compute 475-year return period hazard map for horizontal PGA (Figure
47a).
More recently, new hazard estimates for Iceland have been provided for several return
periods in the frame of the EU project SHARE (http://www.share-eu.org/node/6,
Giardini et al. 2013; Woessner et al. 2015). The map for PGA with 10 % probability of
exceedance
in
50
years
(Fig.
2b,
data
downloaded
from
http://www.efehr.org:8080/jetspeed/portal/hazard.psml, Giardini et al. 2013) shows
significant differences to the map of Solnes et al. (2004), due to the different earthquake
catalogues, source models and attenuation relationships considered in the two studies,
and hazard estimates by SHARE are higher in most areas, except in the eastern part of
SISZ, where it predicts slightly lower hazard. The hazard map from SHARE seems to
consider contributions of volcanic earthquakes more than that done by Solnes et al.
(2004).

Figure 47. Probabilistic seismic hazard map of Iceland. Left: from Solnes et al. (2004); right: from SHARE
project.

1.4.5.

Hazard level relevant for non-structural damage mitigation

Modern seismic design codes place more emphasis on life safety performance level by
avoiding collapse. Although performance based seismic design is gaining popularity in
research, the current design code for seismic resistance in Europe, EC8, does not fully
incorporate principles of performance based design directly. It, however, address some
aspects of this philosophy by defining multiple performance requirements, which are:
1. No-collapse (or life safety) performance level. This level is intended for life safety in
case of rare events. During such events, the structure as a whole and its load bearing
elements should preserve their integrity and residual load bearing capacity. The
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typical hazard level for this performance level for ordinary structures is defined by
475 years mean return period, or 10% probability of exceedance in 50-year reference
period.
2. Damage limitation performance level. This level is intended for reduction in property
loss due structural and non-structural elements due to more frequent earthquakes.
This level is achieved by limiting the overall deformations (lateral displacements) of
the structure to levels acceptable for the integrity of all its parts (including nonstructural ones) and through (non-engineered) measures for the integrity of
(masonry) infills. Typical hazard level for this performance level is 10% probability of
exceedance in 10-year reference period or a mean return period of 95 years.
In addition, capacity design provisions are introduced in EC8 to prevent global collapse
during very rare (maximum credible) earthquakes. In such cases, although immediate
global collapse is prevented, damage beyond reparability is accepted.
What is lacking in the modern design codes is a more systematic provision for control of
damage caused by building contents. Although some regulations exist for heavy
machinery and equipment, no clear guidelines for safety of common household
appliances are provided. Although damage limitation performance level, assures, to a
certain degree, limitation of financial loss due to frequent earthquakes, it does not
properly address the issue of injuries or potential casualties caused by loose objects inside
buildings. There is a general lack of research regarding what threshold intensity should be
used to control damages to and due to building contents during frequent earthquakes. At
the same time, it is inevitable that damage limitation and life safety performance levels
will most likely result in significant movement of building contents, resulting in injuries
and financial loss. The unanswered question then is what level of hazard is suitable for
design of anchors and connections for securing building contents. The answer to this
question is not straight-forward, but depends on local construction practice as well as
socio-economic conditions of the area affected by earthquakes. There are two main
considerations that need attention. As a first alternative, buildings contents can be
secured to withstand hazard level corresponding to life safety performance level. This is
justified also by the fact that building contents pose threat to life either by impact or by
blocking escape routes. Since anchoring of contents is not heavily costly, a 475-year mean
return period level hazard would be appropriate in this alternative. The other alternative
is that building contents are secured to withstand 95-year mean return period hazard. The
drawback with this alternative is that considerable financial and economic loss may be
expected in areas where moderate to strong earthquakes occur frequently. It should,
however, be distinguished between non-structural elements that pose threat of injury or
death, or those that are mainly associated with functional and financial loss. The latter
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categories may be designed for 95-year mean return period, except in critical facilities
where immediate occupancy after an earthquake is crucial.
1.4.6.

Seismic scenario for SISZ

The discussion above highlights the challenge of selecting a suitable scenario for nonstructural damage. It was also indicated that this selection partly depends on building
practice. For example, wind load requirements in Iceland are so stringent that most of the
buildings safely withstand very high level of ground acceleration during earthquake
without much structural damage. The experience from the three recent earthquakes, the
two in June 2000 and one in May 2008 have shown that, even in areas which experienced
ground shaking twice the level of prevalent seismic design requirements, structural
damage was negligible compared to non-structural damage (see Bessason and Bjarnason
2016; Rupakhety et al. 2016). However, significant non-structural damage was suffered.
In addition, damaging earthquakes in SISZ happen in sequences and are often of similar
size (Mw 6.3-6.5), although larger earthquakes can be expected in the eastern part of SISZ.
In this context, for the SISZ area, a suitable scenario earthquake is the one that
corresponds to life safety performance level. In other words, deaggregation of 475-year
hazard level can shed light on the most relevant scenario.
De-aggregation of seismic hazard in past studies (Solnes et al. 2004, D’Amico et al., 2016)
show that earthquakes of Mw 6.3 within 5 to 15 km epicentral distance are the most
significant contributors of 475-year return period hazard in SISZ (see Figure 48).
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Figure 48. De-aggregation of 475 year mean return period hazard in Selfoss, located in SISZ. Colours in the
legend indicate the moment magnitude MW.

The three recent events - namely the 17 June 2000 MW 6.5 earthquake, the 21 June 2000
MW 6.4 earthquake, and the 29 May 2008 MW 6.3 earthquake (see Figure 40) - fall within
the expected scenario obtained from hazard de-aggregation. Ground motion data from
these earthquakes are well recorded in SISZ (see Sigbjörnsson et al. 2009; Sigbjörnsson et
al. 2007). Figure 49 shows the locations of the accelerometric stations of the Icelandic
Strong Motion Network (ICESMN) which have recorded all three of these earthquakes.
Three component ground acceleration time series are available at these stations, which
allow for a very detailed description of ground motion hazard. In addition, it allows for
computation of different ground motion intensity parameters, such as drift spectra, to
evaluate the most suitable intensity measure to describe non-structural damage, which is
the main aim of Task B2. As is can be seen from Figure 49, the SISZ is well covered by
the ICESMN stations. Ground motion data as well as macroseismic data from these
earthquakes have been collected and processed. In addition, peak ground motion
intensities at locations where damage data is available, have already been simulated in this
task using empirical scaling laws. The next step involves simulation of complete time
histories at various locations in the study area in order to derive other intensity measures
such as drift and floor spectra, and to study their correlation with observed damage.
Based on such correlations, appropriate vulnerability models may be calibrated, which
allows us to create risk map for the area, which is the main focus of Task B3 of this
project. In the last part of this deliverable, distribution of ground motion intensity
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parameters using both recorded and simulated data for the three scenario earthquakes
mentioned above, are presented.

Figure 49. Active stations of the Icelandic Strong Motion Network (ICESMN).

An example of such results is presented in Figure 50, which shows the macroseismic
intensity distribution in the study area obtained from survey data after the June 2000
earthquakes. These maps with other ground motion intensity parameters are also
presented.
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Figure 50. Macroseismic intensity (MMI) in the SISZ study area after the June 2000 South Iceland
earthquakes.

1.4.7.

Simulation of ground motion time histories

This section describes the ground motion simulation method, the resulting time histories,
and scenario hazard maps based on the simulations.
Simulation method
Applying the stochastic finite fault simulation program EXSIM (see Beresnev and
Atkinson 1990; Boore 2003, Motazedian and Atkinson 2005), the two earthquakes in
June 2000 in South Iceland are modelled and used for simulation of ground motion
records. A grid of 891 points was simulated, approximately covering the area where
property damage occurred during these earthquakes. Determination of the model
parameters (Table 610) are mostly based on the work of Ólafsson et al. (1998, 2014) and
Ólafsson and Rupakhety (2017). The two earthquakes have strike slip mechanisms and
occurred at shallow depth on near vertical faults. High acceleration values (~80%g) were
observed in the near-field and attenuated rapidly with distance from the fault, with a R 2
rate of attenuation. A larger stress-drop of 140 bar was used for the 17th June earthquake
vs. 100 bar for the stress drop for the 21st June event.
Table 10 – EXSIM parameters for simulations of the June 17th and 21st earthquakes in 2000.
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Parameter

Values

Moment magnitude, Mw

6.5

Source mechanism

Strike-slip

Fault parameters

Strike: 0.5° , Dip: 90°

Fault dimension

(km2)

43

11x10

Depth to the top (km)

0.5

Stress drop (bar)

140

Average S-wave velocity (km/s)

3.6

Attenuation parameter, Q

500 (constant)

Geometric spreading

R<= 30 km: R-2 , R>30 km: R-1 Rref= 3.2 km

Density (g/cm2)

2.8

Site effects

Not applied (most sites are classified as rock or stiff soil)
0.04

Ground motion duration (s)

T = 1.85(r/ ) + 0.008d1.78 (R,T) = (0,2s),(40km,7s),(100km, 26s)

Fault segment size, dw x dl

2 km x 2 km

Number of simulations

5

Comparison with recorded data
This section validates the simulated time series by comparing them with recorded data.
Ground motion parameters at recording stations and the closest simulation stations are
compared for validation.
Comparison of recorded and simulated PGA values are shown in Table 11. While the
simulated PGA match the recorded ones reasonably well at some stations, there are large
differences at some stations. Recorded PGA is known to show a large variability within a
small area, a feature not captured by simulations.
Table 11 – Comparison of recorded and simulated PGA.
Station

17 June Event, PGA (g)

21 June Event, PGA (g)
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Number
Recorded

Simulated

Recorded

Simulated

111

0.28

0.10

-

0.03

108

0.16

0.20

-

0.04

106

0.34

0.46

0.05

0.05

105

0.48

0.20

0.17

0.06

103

0.63

0.44

0.40

0.17

502

0.53

0.23

-

0.53

109

0.38

0.13

0.70

0.28

305

0.04

0.04

0.11

0.08

112

0.07

0.05

0.13

0.15

113

0.11

0.04

0.12

0.06

104

0.07

0.03

0.11

0.03

107

-

0.22

0.56

0.53

The attenuation of PGA with distance is shown in Figure 51. These figures compare the
attenuation of simulated and recorded PGA values. For comparison, attenuation model
based on a point source model (see Ólafsson and Rupakhety, 2017) are also shown. The
median attenuation model is shown with the solid line while the dashed lines represent
plus/minus one standard deviation estimates. The simulated PGA values show similar
attenuation patterns as the recorded PGA values. Attenuation of simulated PGV is
compared to that of recorded data in Figure 52.

Task B: RiskMAP - Deliverable B1: Definition of seismic scenarios

45

Figure 53. PGA as a function of epicentral distance, from simulations (blue triangles) dots represent PGA
from recordings of a) 17th June 2000. and b) 21st June 2000 earthquakes.

Figure 542. Attenuation of PGV with distance. Green points are PGV values from simulated records and the
red and blue dots are PGV values obtained from measurements in the two earthquakes: a) Earthquake of
17th June 2000 b) Earthquake of 21st June 2000.

Simulated ground motion intensity (PGA)
Distribution of PGA obtained from simulated motions are shown in Figure 553 and 564.
respectively, for the 17th and 21st June 2000 earthquakes. Damages caused by these
earthquakes were recorded after the 21st June event. Therefore, the damage can be
considered to be caused by the larger ground motion intensity of the two events, which is
shown in Figure 55. Accumulation of damage between the events likely happened, but
cannot be modelled by available data. The results indicate intense shaking in the
epicentral area, which is comparable to what was recorded during the earthquakes.
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Figure 573. Distribution of PGA in the study area. The PGA values correspond to simulated ground motion
for the 17 June 2000 Mw 6.5 earthquake.
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Figure 584. Same as in Figure 53, but for 21st June 2000 Mw 6.5 earthquake.
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Figure 595. Distribution of PGA in the study area. Larger PGA from the 17th and 21st June 2000
earthquakes is considered.

As discussed in deliverable B2, some non-structural elements are more sensitive to
structural drift rather than peak ground acceleration. The simulated time series allow
computation of drift spectrum in the study area. Since most of the buildings in the study
area are short and stiff, maximum drift of structures with vibration period less than 0.5s is
considered here. The maximum drifts due to the 17 and 21 June earthquakes are shown
in Figures 56 and 57 respectively. The larger drift at different locations due to these two
earthquakes is shown in Figure 58. The results indicate severe drift demand on structures
in the epicentral area. Close to the epicentres, the drift demand is as large as 2%. Such
high levels of drift would cause structural damage to buildings. However, structural
damage during these earthquakes was not significant, even in the epicentral region. The
region for this is that the buildings in the area are very stiff and unlikely to have vibration
period as long as 0.5s. Had there been such flexible buildings, life safety performance
levels would have been exceeded during these earthquakes. Eurocode 8 sets a drift limit
of 0.5% drift for brittle non-structural elements attached to the structure. This limit is
exceeded in a wide area, as large as approximately 40km x 40km around the two
earthquakes. Many towns and villages in the area lie in this region. As is predicted by the
drift distribution, non-structural damage to brittle components attached to the structures
was widespread in the area. For non-structural elements not interfering with the structure,
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the Eurocode 8 drift limit is 1%. The calculations show that this limit is exceeded in an
area of about 20km x 20km around the two earthquakes. Widespread damage to such
elements were observed during these earthquakes.

Figure 606. Spatial distribution of maximum interstory drift (natural period up to 0.5s) corresponding to
ground motion generated by the 17 June 2000 earthquake.
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Figure 617. Same as in Figure 56 but for 21 June 2000 earthquake.
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Figure 628. Same as in Figure 56 but for 21 June 2000 earthquake.

1.4.8.

Conclusions

The seismically most affected area in Iceland is the SISZ which experiences many
tectonic earthquakes originating near the MR. Since SISZ is also relatively densely
populated with agricultural land, farms, transportation network and power plants, it was
selected as the primary study site in this project. The selection of this site is also
motivated by the availability of detailed ground motion and building damage data from
past earthquakes.
Although modern seismic design codes try to indirectly control financial loss due to nonstructural elements by referring a 95 year mean return period hazard, clear guidelines on
prevention of financial loss and human injury due to movement of building contents, is
lacking. Selection of a proper scenario for this performance requirement depends not
only on the seismotectonics of the study area but also on the quality of constructions.
Based on a detailed study of seismotectonics, probabilistic seismic hazard analysis and
their de-aggregation, as well as damage pattern observed during recent earthquakes, it was

Task B: RiskMAP - Deliverable B1: Definition of seismic scenarios

52

decided that the June 2000 South Iceland earthquakes and the May 2008 Ölfus
earthquake provide suitable scenario for the study area. Ground motion during this
earthquake have been recorded by many stations of the ICESMN, and post-earthquake
surveys have provided information on macroseismic effects. This task has completed a
detailed study of literature, design code requirements, historical earthquakes, and their
effects in the study area to decide on the suitable scenarios. In addition, compilation and
processing of recorded ground motion as well as macroseismic data have been
performed. Simulation using empirical ground motion prediction equations has been
employed to estimate peak ground motion intensity measures at areas where instrumental
data are not available. Since one of the aims of this project is to identify suitable ground
motion intensity parameters for non-structural damage, peak ground motion intensity
values are not sufficient. Drift spectra is expected to be a better intensity parameter. To
estimate drift spectra, complete ground motion time histories are required. To achieve
this task, ground motion time histories were simulated in a grid around the epicentres of
the 17 June 2000 and 21 June 2000 earthquake scenarios. The simulated time series were
used to compute drift spectra, and maximum drift for structures with fundamental period
less than 0.5 were mapped. The results indicate very large drift demands on the
structures. Drift demands as large as 2% were calculated close to the source. Such high
drift demands would cause structural collapse of squat wall structures. However,
structural damage was not extensive during these earthquakes. This indicates that the
actual drift during the earthquakes was less than what is computed here. There are two
potential reasons for this. The first is that the drift spectra are based on a period to height
scaling equations that might not be suitable for the building stock in the area. The
buildings in the study area are stiffer than implied by the commonly used period-height
scaling equations. It is therefore important to conduct research studies to calibrate proper
height-period equations for Icelandic buildings. The second explanation is that the
maximum drifts presented here cover a period range of 0 to 0.5s. Most of the buildings in
the study area have considerably lower vibration periods.
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