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Abstract: The paper presents and discussethe application of twdarge scale seismic vulnerability

assessment methods on the island of Faial in AZ@@dugal). The two methods are specifically corext to
assess the seismic vulnerability of vernacular isecture. The first method follows a classical sets
vulnerability index approach and is referred as \BVI(Seismic Vulnerability Index for Vernacular
Architecture). The second method is referred as BAY (Seismic Assessment of the Vulnerability of
Vernacular Architecture Structures) and it is a atoal tool intended to estimate the seismic capaai
vernacular buildings in terms of seismic load fest@ssociated with different structural damagetlstates. The
main reason behind the selection of Faial Island ease study was the availability of post-eartkgquaports

of the building stock after the 1998 Azores eartiigy which allowed comparing the damage scenarios
obtained using both methods with the post-earthguddmage data and thus helped for the calibratiah a

validation of the two methods. The application otibmethodded to a good fit between estimated versus




observed damage grades, whigtidated their applicability as large-scale first level approachigareover,

as the main outcome, the paper presents the noveld of the SAVVAS method, which had not been

applied before, and discusses its main advantagasamely: no need for calibration with previous post-

earthquake damage data, an enhancement of the pretiion capabilities, a more individualized evaluatio

of the buildings and the possibility to assess theeismic performance of the building in different l@ading

directions.
Keywords: Seismic vulnerability assessment; vernacular sgchire; stone masonry; vulnerability index; 1998
Azores earthquake
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1. Introduction

The increasing vulnerability of vernacular architee has been already highlighted by different pigas,

professionals and scholars (ICOMOS 1999; Degg andhdah 2005; May 2010)The term vernacular

commonly applies to non-engineered buildings, typaly self-constructedby the owner or the community

based on empirical knowledge and reflecting thditicm and life style of a community, as part gfracess that

involves many people over many generatiohee need for the valorization and the preservationof

vernacular _architecture has been widely acknowledak because of being a key-element for cultural

identity and the fundamental expression of the cuitre of a community and its relationship with its

territory (ICOMOS 1999:; Ortega et al. 2017) However, it is nowadays considered in many plaean

obsolete way of building and only valued as parthefregion’s identity (Correia 2017). Typicallyeaple tend
to see vernacular construction technologies asfeirssal eventually abandon and substitute them mvdgbern
ones. Subsequently, vernacular heritage, along twéttitional building knowledge, technologies andtemnials
face the risk of disappearing due to this econowrudtural and architectural homogenization. Moreo¥eis
progressive abandonment increases the vulneralolitwernacular architecture facing natural disaster

including earthquakes.

Seismic vulnerability assessment methods for tlike dvironment can play an important role on ratigg the
risk faced by vernacular structures against eagkegl They are mainly aimed at estimating the dentiaat a

certain structure will suffer as a consequence eéiamic event of a given intensity spite of the many

seismic vulnerability assessment methods existing the literature, suitable for different types of analysis

and different goals, none has been specifically agied to the distinct characteristics of vernacular

architecture. Based on this gap in knowledge and fiending to contribute to the awareness and proteain

of the vernacular heritage two novel methodshave been previously developed by the authors (Oda

2018) with vernacular structures as their main tar@t. The methods are particularly focused on the

Portuguese vernacular heritage, including stone masry, fired brick masonry, adobe and earthen

constructions, which share many characteristics wht other vernacular constructions throughout the

world. The present paper intends to evaluate themhtough a practical application on a set of vernacular




buildings in the island of Faial, in Azores (Porl)gThese two methods are(a) Seismic Vulnerability Index

for Vernacular Architecture (SVIVA) method; and ®gismic Assessment of the Vulnerability of Verracu

Architecture Structures (SAVVAS) method.

Since both methods aim at the preservation of vernacatahitecture, they wereonceived aslarge scale

assessmentable to perform analysescomprising a large number of buildings. The budltnacular heritage is

rarely represented by single structures, but ugliiolves a group of buildings and settlementsimita rural
region or within an historical city center. The tweethods are thus first level approaches that catemse of
simple more expedite inspections because theyaigron less detailed qualitative information retate a few
parameters. This is another crucial matter givem tiypical lack of resources assigned to the study a
preservation of the vernacular heritage. Neverfiseleespite the expedited nature and ease of ubetlof
methods, they should be able to provide a robushason of the seismic capacity of vernacular timiys, as

well as allow the individual assessment of thedings.

After the brief introduction of the two methodse thaper presents Faial as the case study. Theohijgictive of
the present paper is the calibration and validatibthe two new seismic vulnerability assessmenthous
using a wide set of damage data collected afterl888 Azores earthquake from Neves et al. (2018) an
Ferreira et al. (2017). The data includes infororatf the existingraditional stone masonry building stock

characteristic from the island and the damage survey carried out after the azak®y The use of post-

earthquake damage information allowed the compaa$dhe damage estimated after the applicatiachefwo
methods with the observed damage after the eamtbkquehich led to the calibration and validation bafth
methods. This exercise was extraordinarily helpdula better understanding on the use of both nastho

perform a seismic vulnerability assessment.

In the end, a detailed discussion of the advaniadyresvbacks and limitations of each method is ed]

showing a comparison of the performance of bothhoug. The evaluation of the applicability of the

methods for an efficient large-scale seismic vulnability assessment of vernacular buildings is cond¢red

as the main contribution of the paper, since both mthods had not been applied before. As a conclusion

the paper discusses the potential of both methodsotdribute to the preservation of the built vernacul

heritage located in earthquake prone areas by @uaduthe reliability of the methods in predictidgmage to
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vernacular buildings. The paper also focuses oltuating the capability of the methods to identife tmost
vulnerable elements at risk and possible weakneasés failure mechanisms of the building, which is
particularly important because they can eventuallpw defining and assessing appropriate structural

retrofitting strategies at an urban or regionatleas evidenced by Ferreira et al. (2017b).

2. Overview of the two evaluated seismic vulnerabilitassessment methods

The main components of seismic vulnerability assasgnt methods are vulnerability curves of functions

that express the probability of a building to suffe a certain degree of damage according to the

earthquake ground motion severity. Seismic vulneraility assessment methods can be generally classifie

into four general categories according to the apprach followed to extract correlations between damage

and ground motion: (a) empirical methods are defind on the basis of post-earthquake damage data; (b)

analytical methods define vulnerability functions m the basis of analytical and numerical studies; jc

expert-based methods rely on expert judgment; andd] some methods can be classified as hybrid, since

they result from a combined use of the previously&kcribed approaches

Simplified seismic vulnerability assessment appneacaimed at large scale analyses are typicallyirealp
methods, relying on qualitative data gathered frost-earthquake damage observation. Correlatiotvgeke

damage and seismic motiane defined for different building typologies after observing thentage suffered

due to a particular earthquake (Calvi et al. 20@en _though there exist a great number _of empirical

vulnerability functions in the literature developed from post-earthquake damage data, there is a large

variation in the procedures applied to collect thedata (e.q. damage characterization, data quality.te.) or

in the selected ground motion intensity (Rossetta @l 2015) There are also different ways of expressing this

relationship. For instance, damage probability roesr(DPM) can be formulated in a discrete formeblasn the
concept that a particular structural typology hasnailar probability of reaching a given damagdestafter an
earthquake of a given intensity. They were firgihpposed by Whitman et al. (1973), based on theadeam

caused by the 1971 San Fernando earthqudierward, more DPM were developed aftéhe occurrence of

different earthquakes, using different intensity and damage scales (@rmetgal. 1982; Griinthal 1998; Doce et

al. 2003; Di Pasquale et al. 20@eftheriadou and Karabinis 2017). Another possibility of describing the
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damage-motion relationship is through continuouemability functions, first developed by Spenceakt
(1992). The main problem to overcome for their wiron is that both earthquake intensity and danage
typically expressed in a discrete form and notaginuous variables. However, different authorgudiferent
ways to describe the earthquake action and the giammaorder to develop empirical vulnerability oadility

curves after post-earthquake surveys (Sabetta.et98I8; Rota et al. 2008Colombi et al 2008 Azizi-

bondarabadi et al 2016. Empirical methods require a large set of posthemake damage data which is

usually not availableMoreover, the obtained empirical correlations cannb always be extrapolated to

other_scenarios with a different building stock Nonetheless, they are adequate for large scalbysas

because they use simple qualitative data that eanhained from an expedite evaluation of the lngsl

Another important limitation of these methods is tre difficulty of associating the damage observed ta

single seismic event, since they are not able tok&into account damage accumulation induced by the

subsequent occurrence of aftershock earthquakes (lfr et al 2018)

Analytical methods use models representing buikliogbuilding components and perform structuralyeis
to evaluate the seismic effect on the structuredelims of damage. There are many methods thatareye
different degrees of complexity depending on thgetypf model selected to simulate the structure thed
analytical procedure adopted to perform the analygaalytical vulnerability curves can then be ded
through regression analysis on the damage diswmibudata obtained after performing a large number o
analyses on the models. Some common analyticaladethxisting in the literature are based on singlif
mechanical models and limit state analysis (Ca889) or kinematic limit analysis (D’Ayala and Speza

2003; Zampieri et al 2016. Others make use of more sophisticated modelsraminear static analysis

procedures (ATC-40 1996; Fajfar 1999). Many rectutlies use the equivalent frame model (Lagomarsino
al. 2013) and perform a high number of nonlinearashlgic and static analyses in order to obtain valoiéty
curves for different masonry building typologiesri{erick 2008; Pasticier et al. 2008; Rota et all®0
Analytical approaches are suitable to overcomelalo& of post-earthquake damage observations, l®yt th
require more detailed information and a better wtdading of construction details and materialgrepare the
models. Thus, they can be very computationally egpe to use on large-scale analysis comprisingsangth

buildings showing diverse construction charactesstMoreover, they highly depend on the analytivaldel
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considered. For example, some of the mentioned/elguit frame models disregard the out-of-plane ienhaf

the walls, which is a common failure mechanism dareinforced masonry building&nother_important

limitation is the simulation of the ground motion and, in the case of dynamic analysis, the record

selection, which highly influences the results ofhe seismic vulnerability assessment (Zanini et alo28).

On the other hand, the use of complex numerical alirogl also allows taking into account the effect of
constructive and material characteristics that otibe typically considered in empirical methodsaniag that
it is an appropriate tool to carry out paramettiedges. It is noted that analytical methods shdaddalways

validated with empirical observations.

Expert-based methods emerged as a result of the limited pashegaake damage data in terms of different
building typologies and the high costs related rtalgical approaches (Jaiswal et al. 2012). Onbhsis of
expert opinion and previous knowleddgieese methodsestimate the damage that a certain structure uféer s
for a given seismic intensity by analyzing the stwwal characteristics of the constructions andsifging them
into different building typologies (ATC-13 1985; HAS 1999). Finally, there are also hybritethods that
result from a combined use of the previously dégcdtiapproaches, such as the vulnerability indexhoaet
(Benedetti and Petrini 1984) and the macroseisnethad (Lagomarsino and Giovinazzi 2006), which are

supported by statistical studies of post-earthquizkeage information, but also rely on expert oginio

This brief overview of existing seismic vulnerabilly assessment methods in the literature shows that

recent works have applied analytical approaches talerive fragility and vulnerability functions for

different building types and structures (D'Avyala et al. 2014; Pitilakis et al. 2014; Zampieri et al. @16;

Silva et al. 2019). However, these approaches hamet been applied to vernacular masonry or earthen

structures. Accurate numerical models with nonlinea material constitutive laws have not been yet

applied to develop specific vulnerability assessmemethods for vernacular buildings. This gap in

knowledge and the need to support traditional methds with analytical and numerical studies was

therefore detected. The two methods evaluated and applied in the ptepaper have been developed

specifically for vernacular _architecture using an analyticabpproach instead of an empirical one. This

process included an extensive numerical paramsttidy based on detailed finite element modeling and

nonlinear static (pushover) analysis intended tantjty the influence of a set of geometrical, stoual,
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constructive and material parameters in the seisegponse of vernacular buildings. A brief overviefathe
two seismic vulnerability assessment methods uedaluation is provided next, but the reader isrreteto

Ortega (2018) for an in-depth explanation of tlueivelopment.

2.1.The SVIVA method

The SVIVA methodproposes a new formulation for_theclassical vulnerability index approach, firstly

proposed by Benedetti and Petrini (1984Yapted to the characteristics of vernacular archicture.

Ultimately, it consists of an adaptation of the hybd approach followed by Vicente (2008), which

combines the vulnerability index method and the maoseismic method proposed by Giovinazzi and

Lagomarsino (2004) These approaches are all based on empirical postffaquake damage observation

and expert opinion. In the case of the SVIVA formuktion, the quantification of each parameter’'s

influence on the seismic behavior of vernacular bldings, which resulted in an updated definition ofthe

parameters’ classes and weights were defined basedhe previously mentioned extensive numerical

parametric campaign (Ortega 2018).

Vulnerability index methods provide a measure @ Huilding vulnerability under seismic loads thrbug
dimensionless vulnerability indexyf (Barbat et al. 1996). Table 1 shows the SVIVAnarhbility index
formulation for vernacular architecture. As shovahesmatically in Figure 1, the method is composedeaf
vulnerability parameters, which were selected baseeéxisting vulnerability index formulations deabed in
the literature (Sepe et al. 2008; Boukri and Beéns2008; Vicente et al. 2011; Ferreira et al. 20%4akya
2014) and on the earthquake performance of veraacohstructions observed in past earthquakes ¢@8toet

al. 2011; Bothara et al. 2012; Neves et al. 20b2reédtino et al. 2013; Gautam et al. 2016).

Each building is evaluated by providing a vulneligbclass for each of them. Four seismic vulndigbclasses
of increasing vulnerability, from A (lowest) to Di¢hest), are defined for each parameter and adsdoivith a
qualification coefficient C,). Following the common vulnerability index formtitans existing in the literature,

the qualification coefficients are the same forprametersClass A is related to the lowest vulnerability

class coefficient C,; = 0), while class D is related to the highest vunability class coefficient C,; = 50). It




should be noted that they have not been calibrated:he calibration with the post-observation data tales

effect over the weights assigned to the parameterghis is intended to provide a formulation that is

similar to those existing in the literature and reslts in vulnerability index values within a similar range.

Thus, results can be comparableEach parameter is also associated to a weghtréflecting its relative

importance and ranging from 0.5 for the least irtgourto 1.5 for the most important ones. The vidbdgity
index(ly) is calculated as the weighted sum of ten paramet@ng the equation shown in Table 1. The vafue o
Iy ranges between 0 and 500 but, it is common, fee @& use, to normalize it to fall within a rangsveeen 0
(very low vulnerability) and 100 (very high).

Table 1. SVIVA vulnerability index formulation

Class (Gi)
Parameter A B C D Weight (p;) Vulnerability index
P1. Wall slenderness 0O 5 20 50 1.00
P2. Maximum wall span 0 5 20 50 0.50 10
P3. Type of material 0 5 20 50 1.50 b= ; Coi X P
P4. Wall-to-wall connections 0O 5 20 50 0.75
P5. Horizontal diaphragms 0O 5 20 50 1.50 0<1I, <500
P6. Roof thrust 0O 5 20 50 0.50
P7. Wall openings 0O 5 20 50 1.50
P8. Number of floors 0 5 20 50 1.50 Normalized index
P9. State of conservation 0 5 20 50 0.75 0<1I,<100
P10. In-plane index 0 5 20 50 0.50

P1. Wall slenderness P2. Maximum wall span P4. Wall-to-wall connections  P5. Horizontal diaphragms

A\. i
+/-X
<=
[ [ I. / 1
ﬂh“?: jﬁhmmz ' : "!
Lo ————— & A,

P6. Roof thrust P7. Wall openings P8. Number of floors P9. Previous structural damage P10. In-plane index

Figure 1. Seismic vulnerability assessment paramsetnsidered for the SVIVA and SAVVAS methods



The strategy of the parametric study used to definghe parameters classes consisted of modifying a

reference numerical model according to the differenparameters. Nonlinear static (pushover) analyses

were carried out for all the models constructed. Th variations on the seismic performance accordingt

the variations in_the parameters could be thus angked and guantified. This procedure led to the

definition of the seismic vulnerability classes. Té definition of the parameters weight was carried at by

using statistical analysis. The results of the pamaetric study were assembled into a database. Multie

linear regression analysis led to assess the relatiimportance of the different parameters in defimng the

seismic performance of the buildings analyzed.

Performing a seismic vulnerability assessment reguan expression that is able to correlate thenatstd
vulnerability index of the buildingl) with the expected damage to be suffered for diffeseismic input#As

previously stated the SVIVA method follows the approach defined\igente (2008) Therefore, it uses the

analytical expression from the macroseismic mett®aloped by Giovinazzi and Lagomarsino (2004):

[+aV—b
Up = 2.5 [1 + tanh (—)]

0 1)
wherel is the seismic input in terms of macroseismicrisiy, V is the vulnerability index an@ is the ductility
index, which is an empirically defined index thakes into account the ductility of a determinedstarction
typology, typically ranging from 1 to 4 (Vicente &t 2011). Coefficienta andb should be calibrated for the
set of buildings under analysis when post-earthguiimage data is available. This analytical exjpegsan be

used to build vulnerability curves for the subsetjeeismic vulnerability evaluation and estimatidriosses. It

should be noted that the vulnerability indexes u$gdthe vulnerability index method (I,) and the

macroseismic method(V) are different. Thus, following the procedure disad by Vicente (2008);, had to

be transformed into the vulnerability index usedthe macroseismic method/)( using another analytical

correlation:

V=C+deV (2)
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wherec andd are again coefficients thaan becalibrated for the type of buildings under evalrabased on

post-earthquake observationsThe calibrating procedure for all coefficientsa, b, ¢ and d using existing

earthquake damage surveys is presented in sectiorl4

2.2.SAVVAS method

The SAVVAS method also makes use of a set of paemieclated to geometrical, structural, constnectind
material characteristics of vernacular buildingsveh in Figure 1. However, this novel approach idtemo

estimate the maximum seismic capacity of buildimgsguantitative termsThe results of the extensive

numerical parametric analysis carried tuevaluate and quantify the influence of these pameters on the

seismic response of vernacular buildings were conmipd into a databasgOrtega 2018)Regression analysis

was performed on the database to extract correlatits between the seismic capacity of the building and

the key parameters shown in Figure 1As a result, the SAVVAS method is a numericall toansisting of

different formulations that allow defining the suis capacity of the building through seismic loadttbrs
expressed as accelerations (in termg)@&ssociated with different structural damage listéites, using as input

simple variables based on the ten key seismic valil@y assessment parametefius, the SAVVAS

method is intended to be an analytical approach deloped using numerical and statistical analysis

The SAVVAS formulation and procedure is shown inblEa2. The first step of the SAVVAS method is
partially common to the SVIVA method, namely thesigment of seismic vulnerability classes to the
parameters. However, as shown in Table 2, whileesofrthe parameters are defined by assigning angeis
vulnerability class from 1 to 4, directly assocthte the classification from A to D defined also the SVIVA
method, others had to be defined through specifidiféerent quantitative attributes. For example, P2
(maximum wall span) can be directly defined byspan (in m), instead of by the vulnerability claBse same
occurs for P1, defined by the wall slendernes® i@tk h/t) and P8, defined by the number of flook§ 6f the
building. P10 refers to the in-plane indey @nd it is also defined quantitatively as theadtetween the in-
plane areaf earthquake resistant walls in each main diracifg;) and the total in-plane area of the earthquake

resistant wallsA,): y; = A,,;/A,,. Parameter P7 refersto the amount and area of walls openings and was

further divided into two parameters, aiming atidigtiishing between: (1§73, ratio between the maximum area
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of openings in the wallsperpendicular to the loading direction and thaltstirface area of the walls; and (2)

P7b, ratio between the area of wall openings in afpleme resisting walls and the toslrface area of all in-

plane resisting walls. The remaining parameteduding the type of material (P3), the quality bé twall-to-
wall connections (P4), the horizontal diaphragn®),(fhe roof thrust (P6) and the previous strudtdeamage
(P9), are defined as a function of their classjualitative terms. Thus, they are described insardte form,

assuming four countable numbers from 1 to 4.

Table 2. SAVVAS formulation and procedure

Step 1 Definition of the seismic vulnerability asssment parameters
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
A s P3[1-4] P4[1-4] P5[1-4] P6 [1-4] P7a P7b N P9 [1-4] Vi
Step 2 Calculation of the load factors associated the limit states in each main directioni (in terms of g)

LS1: = e(1.97—0.06/1—0.ls—0.68ln(P3)—0.14P4—0.28P5—0.39ln(P6)—3.43P7b—0.82ln(N)—2.27ln(P9)+0.63P5P7b) —c
i

LS2; = 0.16 x LS1(g) + 0.78 x LS3(g)

LS3: = e(Z.16—0.04-1—0.053—0.Z4-P3—O.16P4-—0.28P5—0.08P6+O.3P7a—2.79P7b—0.37N—0.15P9+O.74yl~+0.4—4P5P7b)
i

Step 3 Calculation of the global load factors defing the limit states of the building (in terms ofg)

LS1 = min(LS1,;)
LS2 = min(LS2;)
LS3 = min(LS3;)

With respect to the load factors defining the gtread limit states (LS1, LS2 and LS3), they areoassed to

specific damage levels exhibited by the structurbey were determined according to the pushover

(capacity) curves obtained from the parametric analses, which is a relation between the load factor

(ratio between the horizontal forces at the base anthe self-weight of the structure) and the displaament

at a control node (taken as the node where the higkt displacements occur), see Figure 2. They proed

information of both load and deformation capacity d the building, in terms of stiffness and ductility.

Nevertheless, the basis of comparison of the seisnuapacity of the SAVVAS method is defined in terms

of load capacity. Therefore, the limit states are gablished according to the seismic actions that can cause

the building to reach the different structural lirsiates. They are expressed as an acceleratideriis ofg).
12



LS1 can be associated to an Immediate Occupanciy Biate. Before this limit, the structural behavid the
building remains in the elastic branch and thecstme can be considered as fully operational. LIQist
corresponds to the formation of the first crackshia structure, characterizing the end of the ielassponse.
LS2 is associated to a Damage Limitation Limit &tats it depicts the transition between a pointrevtibe
structure is still functional, retaining most of driginal stiffness and strength, showing minouctural damage
and cracks, and a state where significant damagiide so that the building could not be useéraftithout
significant repair. LS3 can be referred as Life eBafLimit State and is defined by the load factod a
displacement corresponding to the attainment obthileling maximum resistance. As a result, theding has
lost a significant amount of its original stiffnedait is supposed to retain some lateral strenggh ia the case

of masonry structures, they still may show a largargin against collapse in terms of displacements.

Nevertheless, they should not be used after thinqpaake.lt is noted that LS4 is associated to the Near

Collapse Limit State, but was excluded because iboesponds to the point where the building maximum

strength is reduced 20%, thus being mathematicalldependent on LS3. The load factor associated to the

collapse of the building is thus not defined accoidg to the pushover curve and was calibrated in a

subsequent step using post-earthquake damage dateé Section 4.2.)

0.30

(13 N N SRS WMEI ASVAURS VOSSO

: 0.20 ot ; ':‘ ,,,,,,,
LS2 - Damage Limitation ! i — :

0.15

Load Factor (g|

LS1 - Immediate Occupancy || | | : | : 1 1

PUSHOVER CURVE
—&— LIMIT STATES CURVE

. . ; —r— : —
1.00 2.00 3.00 4,00 5,00 6.00 7.00 8.00

drift (%)

Figure 2. Definition of the limit states accordingo the pushover curve
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The expressions from Step 2 othe SAVVAS formulationthat allow calculating the load factorsvere

obtained from the multiple linear regression analys performed on the database. These regression

models obtained showed a good correlation betweehet seismic _capacity of the building and the ten key

parameters selected (Ortega 2018). It should be alsioted that the load factorscan be calculated for the

four main directions of the building (+/-X and +}YThis is intended to provide a more accurate rjetsen and
understanding of the seismic behavior of the evatu@ernacular buildings, as well as a better edion of
their most vulnerable direction. However, in orderhave a global seismic assessment of the buijldhney
minimum values for each LS obtained among the feasisting directions are given as the global lcaatdrs
defining the seismic vulnerability of the buildinghis is the last step of the procedure and, assalt; the
SAVVAS method provides an estimation of the minimiaad that will cause the building to reach thdeaént
limit states. Since the load factors related with tlifferent structural damage limit states areresged as
accelerations, they can be used in a straightfalway to eventually correlate the seismic actioterms of

peak ground acceleration (PGA) with the expectenadge.

3. Damage data after the 1998 Azores earthquake

The 1998 Azores earthquake struck the central gajughe Azores Archipelago with a moment magnitude
M,, = 6.2, mainly striking Faial, Pico and San Jorge islafide earthquake reached high levels of destruction
and affected more than 5000 people, causing 8tfatadnd leaving 1500 persons homeless (Matiak 2007).
A Modified Mercalli Intensity (MMI) scale distribign map for the Faial Island was proposed by Zoainal.
(2010) based on post-earthquake damage survey aampaee Figure 3. Nevertheless, it is noted that
construction of this document is subjected to uadsties and Zonno et al. (2010) argues that saoatibns

might have been subjected to higher intensitiess thase plotted on the map.
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Figure 3. MMI scale distribution map of Faial Isthimdicating the administrative subdivision of fkkand into

the different districts (adapted from Ferreirale{2017a))

3.1.Building stock characterization

The seismic event was followed by the collectionegfensive data on the effects of the earthquakéhen
building stock of the islands. Neves et al. (20fb2used on the detailed characterization of thédngs in the
Faial Island and particularly presented a detadadly of the construction systems that charactettze

traditional architecture of the islanghose structure ismainly composed of stone masonry load bearingswall

timber floor diaphragms and timber roof trussesisTik particularly adequate, given that the twosisee
vulnerability assessment methods proposed are ynanhdiressed for this structural typology. Neveslet
(2012) also proposed a detailed damage classditétir this traditional masonry building stock lentifying
the main damage patterns surveyed. Moreover, thibgegke also attracted a significant amount ofrgdic

researchdedicated to the characterization of the mechanicaproperties of the traditional construction

techniques from the island (Costa 2002; Costa.€t(dl1; Costa et al. 2013). This vast amount ajrimition
gathered and produced on the seismic performantradifional Azorean masonry constructions after 1998
earthquake makes this case study very appropriatethle calibration of the two seismic vulnerability
assessment methods proposed. Actually, it hasbalsio previously used to calibrate other seisminanalbility

assessments methods (Neves et al. 2012; Ferreila2€l7a).
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The same set of 88 masonry buildings used by Faretial. (2017a) was also selected for the agmitand
calibration of the two methods proposed in this kwdrhis selection includes comprehensive infornram
different representative traditional masonry cangion types scattered throughout various villages$-aial
Island. Both rural and urban building types arespnt in the selection, see Figure 4. The readesfésred to
Costa and Aréde (2006) and Neves et al. (20123 fmore detailed description of these buildingsemmts of
construction systems and materials. The documentatiailable for each of these 88 buildings varigdely:

from very detailed reports drafted during the retarction process with information of the origirehd
retrofitted structure (including plans, damage repand photographs) to very limited informatiothwbarely a

damage report fulfilled on-site or a couple of myvaphs.

(a) (b)

Figure 4. Examples of typical traditional Azoreaasonry construction types in the island of Faialspnt in

the selection: (a) one-floor rural building; (b)atoor rural building; and (c) three-floor urbanilaing

3.2.Damage classification

A general damage distribution of 3,154 traditionalmasonry buildings on Faial and Pico Islands was

presented in Neves et al. (2012 he set of 88 buildings Faial selectedor this study was meant to include

buildings presenting a wide variation in terms bé tobserved grade of damage. The classificatiothef
damage observed in each building was carried octrding to the EMS-98 European Macroseismic Scale
(Grunthal 1998) and is presented in Table 3 ademace. This damage classification was chosenusecte
macroseismic method (Giovinazzi and Lagomarsincgt2@based on the EMS-98 macroseismic scale dkfine

by Griunthal (1998). Thus, the mean damage gragleestimated using this approach directly relatetheo
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classification shown in Table 3. The same damagelayis also the main output of the SAVVAS method,

allowing the direct comparison between the resaitained using both methods.

The buildings were thus classified in terms of dgenasing the data available. It is worth noting etndamage
assessment is always subjective and depends quddrment of the evaluator. Besides, as previousited, the
existing information on the buildings is variabledain some cases, limited. Therefore, in ordeminimize
uncertainties and to have a more robust and reliagfessment, four experts carried out the evatuafithe
damage grades for the 88 buildings independentie fesults were then analyzed and compared. Thé fin
damage classification adopted for each building thesmean value obtained from the four evaluatidinss
approach also provided the opportunity of obtaininig-values in between the 6 damage grades (€2§),3.
which allowed a better comparison with the damagkies resulting from the two seismic vulnerability

assessment methods that express damage as a oasatirariable.

Table 3. Damage grades adopted for the study mas#te EMS-98 (Grunthal 1998)

Damage grade Description

0 No damage No observed damage

1 Negligible to No structural damage and/or slight non-structueathdge: hairline cracks in very few walls, fall
slight damage of small pieces of plaster, fall or loose stonesrflupper parts of buildings in very few cases

Slight structural damage and/or moderate non-strattlamage: cracks in many walls, fall of
large pieces of plaster, partial collapse of chiysne

Moderate structural damage and/or heavy non-stralatiamage: large and extensive cracks in

2 Moderate damage

Substantial to

3 most walls, roof tiles detach, chimneys fracturthatroof line, failure of individual non-structlira
heavy damage "
elements (partition or gable walls)
4 Very heavy Heavy structural damage and/or very heavy non-stracdamage: serious failure of walls, partial
damage structural failure of roofs and floors
5 Destruction Very heavy structural damage: totaiear total collapse

Figure 5 shows several examples of buildings diagsunder the five damage grades. None of thadimgjs in
the set was considered as grade O, since all oh gwesented at least slight non-structural damage.
examples are compared with reference drawing peoviny the EMS-98 scale. Figure 6 shows the didtdbu
of the assessed buildings according to their estichdamage level. Damage levels in the graph a@d as
thresholds and include all buildings that have me@tched the following damage level (i.e. buildingsose
damage grade was estimated as 3.5 are includeohwimage grade 3). The graph shows that the majufri

the buildings (over 65%) did not reach damage g8aded, thus, did not present substantial structiamage.
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Damage grade 5

Figure 5. Examples of evaluated buildings belongmgach damage grade from the EMS-98 scale
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Figure 6. Distribution of the evaluated buildingsaerding to the estimated damagade

4. Calibration and validation of the methods

As previously mentioned, both seismic vulnerabitigsessment methods that are evaluated in thenppegeer
make use of geometrical, structural, constructive material parameters to estimate the buildingenability.

Thus, the parameter survée. classification of each parameter in terms ofeismic vulnerability class or

guantitative attribute) is a crucial step for the application of the twoopmsed methods. It is worth

highlighting that, just as with the damage clasaiion, the damage data available for each builégngot
always complete enough to carry out a sound paeareatvey. Therefore, some assumptions had to ble ina
order to decide the class for some of the parametée parameter survey is much dependent on tidajive

judgment of the person conducting the assessnirog different persons may reach to different dasgions.

The definition of the classes can be particulaiffiadilt for parameters that are not easily evadaafrom the
exterior, such as the quality of the wall-to-watinoections or the type of horizontal diaphragm.this

particular case, for example, it should be als@adbat interpreting the class for parameter P3¢hwviefers to
the previous structural damage in the building, wexy difficult, since all the pictures availablercespond to
the state of the buildings after the earthquakesTh was decided to establish that all buildifedlswithin class
A for parameter P9, so that this parameter doefdand a relative influence in the results. As abuationed,

the information available for some of the buildingmely consisted of a brief damage report anduglecof
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photographs. For these buildings with limited imfation, the data obtained from other buildings fribve set
with more detailed information served as the bdsis extrapolation. Also, the detailed construction
characterization of the masonry walls, timber roafsl timber floors, conducted by Neves et al. (2002&s

very helpful for the determination of some parametéasses.
4.1.Seismic Vulnerability Index for Vernacular Architecture (SVIVA) method

The application of the formulation to the 88 builgls from Faial resulted in the vulnerability inddistribution
presented in Figure 7. The mean value of the seigaiherability index f,) obtained is 43.22 with a standard
deviation value (STD) of 7.1, which results in eeffiwient of variation (CoV) of 16%. The minimum @n
maximum values of, are 21.5 and 55 respectively. The little variatiagthin the index shows clearly that most
of the buildings assessed belong to similar cooBtm typologies. The main typological differencecors

between the rural and urban buildings. Howevernewetween both construction types, the majorityhef

classification of the parameters coincides.

0% — - 100 -

35% -| L] | I a0 |-
80+
30%
704-
o |
25% 60

20% b L = 50 -

159 anefendbo b b bk 404

Buildings (%)
Buildings (%)

30
10% ——-

1 1 ! 20
2 [ I 104
o% N - | |

T T T U
P1 P2 P3 P4 PS5 P6 P7 P8 P9 P10

W o w o 2] o [} o w (=] W o wn DI\!\ID s} (=] w 8
S T OT g g M om ﬁ" B A A« B~ - S = R - B = =]
b gModaRgEano o 8 gy
1 Parameters
Vulnerability index (/ )
% Class A Class B Class C Class D
(@) (b)

Figure 7. (a) Vulnerability index.f) distribution; and (b) parameter class distribution

The expected mean damage gragg) (can be estimated for each building using Eg.sladunction of the
building vulnerability and the seismic input. It ieted thatup also refers to the damage classification from
EMS-98 shown in Table 3. Thus, the results obtairesd be compared with the observed damage levéieon

buildings after the earthquake (Figure 6). Thedings were grouped by location and intensity, felfeg the
20



district subdivision shown in the intensity mapgiiiie 3). The seismic input) (from Eqg. 1 is also expressed in
terms of the EMS-98. Following the recommendatioinslusson et al. (2010), the degrees from the Mballes
depicted in the intensity map from Figure 3 cardivectly correlated with the degrees from the EM8Ss@ale,
acknowledging a certain degree of subjectivity Imgd within this assumption (Ferreira et al. 20IIMus, a

scale V in MMI scale can be associated to a scafethle EMS-98 scale.

The initial mean damage grade estimated using theiginal formulation and the coefficients proposed ly

Vicente (2008), wherea, b, ¢, d and QO were 6.25, 12.7, 0.56, 0.0064 and 3 respectivelyd dot match well

the observed results (Figure 8). Thereforea curve-fitting process was applied in order ital fa better

approximation between the observed damage-vulriyahidex point cloud and the vulnerability curv@us,
Eq. 1 and Eqg. 2 had to be calibrated for the bagsliunder analysis. The availability of post-eautiiee damage
data allows the comparison between the estimatédremnobserved damage. The fitting process wagedaout
using CurveExpert Pro software (Hyams 2017). Thiswsaire automatizes the process of finding the best
allowing the definition of a custom regression niduesed on the analytical expressions shown inlkmd Eq.
2. Subsequently, these two analytical expressionfddoe calibrated to better represent the seisreiavior
observed for this particular type of buildings,agans of varying the coefficients that define betpressions.

The resulting calibrated expressions are shownAdighlighting in bold the updated coefficients:

[+ 625V —12.7
Up = 2.5 [1 + tanh( 0 )] 3)
V=0.46+0.012 x I, (4)

The ductility index Q) is empirical parameter and depends on the carigirutypology evaluated. In this
study, a value of 2.0 is assumed based on reconatiend of other authors dealing with load beariragsamry
wall construction types (Ferreira et al. 2017a;kgha?2014). This factor defines the slope of thenedbility
curve and the value of 2.0 adopted also provedduige the most accurate approximation. The fitfimgcess
resulted in a significant improvement in the catiein between the estimated and observed damamgereR8
shows side by side plots of the mean damage grasierned £,) versus the vulnerability index,{), with the
corresponding vulnerability curves built using threginal formulation and the calibrated one, foe ttinree

different macroseismic intensities registered migland VI, VIl andViIl1). It should be noted that, since only a
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few buildings within the set correspond to areagmtthe macroseismic intensity level registered Wi#s the

improvement resulting from the fitting process @ésd optimized Kigure 8c). The significant differences

between both curves illustrate the inherent uncertisty of these formulations to estimate damage, siec

they depend on parameters that can only be calibrad with post-earthquake damage data. This fact also

highlights the importance of interpreting the resuts statistically and in comparative terms, as a fist-level

assessment that highlights those buildings that amaore vulnerable than others and require further mae

detailed evaluation With regard to the partial distributions gffor each intensity level, a mean value of 41.1,

46.1 and 41.2 were obtained fogys_og = VI, VII and VIII, respectively. The similar values obtained
confirmed a construction typology homogeneity o #et of buildings evaluated and showed that toetifeat
some buildings suffered a higher level of damagrikhbe associated to the higher accelerationstexgd in

those areas.
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Figure 8. Observed damage versus mean damageesgtithated using the original and updated expresgam

the construction of the vulnerability curves, gredy the different macrosesimic intensities

The damage estimation achieved using this new pgeapwulnerability index formulation was considered
satisfactory. The estimated versus observed dampiages shown in Figure 9a, while Figure 9b presehe

residual versus observed damage. The valubetoefficient of determination (R?) obtained reaches 0.605.

This coefficient measures how well the model fithe actual data A value of 0.605can be considered high

for these simplified seismic vulnerability assesstmaethods. The errors are also low, showing a mani

error in the prediction of 2.24, butMean Absolute Error (MAE) value of 0.56 and Root-Mean-Squared

Error (RMSE) value of 0.71. The graph from Figure 9bvehidhat the level of damage is predicted within a
maximum difference of 1 level for the great majoriif the buildings, with the exception of a few ess
Acknowledging the uncertainties inherent to the Mhprediction process, namely the attribution oé th

macroseismic intensities, the assignment of a leelamage and the selection of the parameteredassthe
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different buildings, it should be highlighted thhe results show a good prediction capability. foelel is able

to recognize the most vulnerable constructions @odide a good estimate of the damage that eadHirogi

might suffer for earthquakes of different interesti

Predicted (pD)

R =0.605

Observed (pu)

(a)

Residuals (obs - pre)

oo

Observed (um]

(b)

Figure 9. (a) Predicted versus observed damagegjradd (b) residuals versus observed damage grades

4.2.Seismic Assessment of the Vulnerability of Vernacal Architecture Structures (SAVVAS)

method

The SAVVAS method was applied on the same 88 mgkli following procedure specified in Table 2 and
leading to the load factor distributions shown igufe 10. The mean values of the load factors nbthare
0.13g, 0.22g and 0.25g for LS1, LS2 and LS3 resgdyt with a standard deviation (STD) value of @0
0.08g and 0.09g, which result in coefficients ofiaion (CoV) of 47%, 37% and 36%. These resultgwsh
significantly greater variations than the ones iolete from the vulnerability index method, which gagts that
the SAVVAS method is able to distinguish the capacity of theldings that previously had the same
vulnerability index [,). Therefore, the SAVVAS method seems to be ablaldtect more precisely the
differences in the seismic performance of the dgffié buildings, even though they belong to a vemyilar
construction typology. It is noted that a detaibetnparison between the results obtained using finethods is

provided later.
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Figure 10. Load factor distributions for the thheat states: LS1, LS2 and LS3

A first seismic assessment of the buildings cancéeied out just by comparing the seismic load diesct
obtained with the seismic demand established bydle. For Faial Island, the value of referencek ggaund
acceleration (PGA) is 0.25g (NP EN1998-1 2010). #b60% of the buildings present a load factor
corresponding to LS3 below 0.25g, which meansttigit maximum capacity would be exceeded by thédes
load action of an earthquake with the charactesstefined by the code. This is a first indicat@ttreveals the
vulnerability of the buildings in the island. Morew, most of the buildings are prone to suffer citrcal
damage. For 95% of the buildings evaluated, the faator corresponding to LS1 obtained is consiagra

lower than 0.25g (Figure 10).

Table 4 shows the statistics obtained for the raliéity parameters corresponding to the surveyattlimgs.
Table 4 also includes the statistics from the caexbwglobal load factors defining the three limiatss.
Similarly to what we could observe in Figure 7, thaiations found for some parameters are very Ismal
particularly for parameters P1 (wall slenderne$s}, (type of material) and P5 (horizontal diaphragms
Therefore, the majority of the buildings belongatsimilar construction type that consists of tHmkd bearing

irregular masonry walls with flexible timber horital diaphragmsThe higher deviation shown by the

remaining parameters can be attributed to (a) the parameters are classified differently éach main

direction; and (b) parameters are more specificdgsified and have a wider range of variatiorr. &@mple,
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the variation observed for parameter P6 is dudecfact that, within the same building, some walight be
considered to receive the roof thrust while otltgrsiot. This is common when buildings have gabtésrgas is
the case for most of the buildings under analysibere only two walls can receive the possibleghftom the
roof. Regarding parameter P2, walls get to spatamliges over 15 m in several cases, which also roomfa
clear trend for the buildings in the island to @rwslender in plany{ > 0.75). The coefficient of variation
(CoV) for the two parameters addressing wall opgsiis very high because of the low value of the rmea
However, the buildings typically present few opgsinwith some exception of those located in urb@as
which can show facades with up to 49% of wall opgsi With respect to the number of floors, therals® a
greater variation, which is associated mainly te thct that many buildings are built in a slopeefEfore,
different sides of the buildings can present défér heights, which results also different values thus

parameter within the same building.

Table 4. Statistics from the parametric survey twedestimated load factors defining each limitestat

Variables Units Minimum Maximum Mean Median Mode  STD CoV (%)
P1 A 3.71 7.07 5.12 5.00 5.38 0.64 12.33
P2 m 2.85 17.40 7.38 6.52 4.50 3.30 44,74
P3 Class 2 4 3.47 4 4 0.66 19.04
P4 Class 1 4 2.90 3 3 0.67 23.00
P5 Class 2 4 3.68 4 4 0.49 13.42
Parameters  P6 Class 1 4 1.33 1 1 0.92 69.43
P7a P7a 0 0.49 0.09 0.06 0 0.10 110.64
P7b P7b 0 0.36 0.07 0.06 0 0.06 96.43
P8 N 1 3 1.49 1 1 0.63 42.08
P9 Class 1 1 1 1 1 0 0.00
P10 Vi 0.19 0.71 0.39 0.40 0.45 0.10 24.34
LS1 g 0.04 0.38 0.13 0.12 - 0.06 46.67
Load factor LS2 g 0.09 0.63 0.22 0.20 - 0.08 36.72
LS3 g 0.11 0.74 0.25 0.23 - 0.09 36.13

As abovementioned, it should be here noted thatases where there is a limited amount of infornmatio
available, some of the values assigned to eachmedea had to be inferred from a reduced set ofupst The
conditions observed in other buildings with mor¢aded information served as reference. Howevereiwas
no way to know if, for example, there were interméal resisting walls that can reduce the span vatlopted
for P2 or, if the condition of the wall-to-wall coactions was good. For these buildings, the armlykithe

damage developed during the earthquake helpedaister the classification of some of the paramgttaking
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into account that the damage is typically assodidte deficiencies of the building. As an examplems
photographs depicted the collapse of some waldsvatietecting deficient wall-to-wall connections erise

impossible to detect by a visual survey from thesiole of the buildingsee Figure 11

(a) ) o (©)

Figure 11. Examples of collapsed buildings shovdaficient wall-to-wall connections

The use of the reglost-earthquake damaganformation available fronthe 1998 Azores earthguakevas in

fact very useful to gain knowledge on how to caoyt the parameter survey. The classification of esom
parameters was not straightforward in many casameSassumptions were considered in the present tivatk
can be helpful for the future application of thetheel, including: (1) the wall slenderness mightyvamong the
different walls of the building, the minimum obsedvwas considered for all directions; (2) whenevals
showed different number of floors along their léngecause of being constructed in a slope, the manri
height was always considered; or (3) the valudefim-plane index considered in all directions ahkgys the
minimum calculated, unless the building presertkass A or B type of diaphragm (P5), able to reitliste the
load to the earthquake resistant walls in the logdiirection. These assumptions were always airhéaking

into account the worst scenario.

The next step after the application of the SAVVASthod consists of the estimation of damage gradedban
the EMS-98 scale, correlated with the calculatext! ltactors associated to the three limit statemelef In a
first step, the SAVVAS method requires that thess#t input is expressed in terms of PGA instead of
macroseismic intensity, so that it can be compaiiid the values of load factor. The existing datathe 1998
earthquake included strong-motion records and gelaollection of post-earthquake damage in thedmgl

stock. Based on this information, Zonno et al. @Qdrepared possible PGA maps for the earthquakerding
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to two possible epicenter locations (Figure 1Ri, stated that the second epicenter considered (ire 12b)

best reproduced the observed effects of the Faiahhguake.
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Figure 12. PGA maps computed by Zonno et al. (2€di0he 1998 Azores earthquake assuming two @iffer

possible epicenters

The previously shown MMI map (Figure 3) used foe tipplication of the SVIVA method was constructed
based on the surveyed damage data, as abovemeht®utesequently, in order to have comparable gk
PGA values could be inferred from the values of MBHown in the map. There amany empirical

relationships between seismic intensity and acatter. These expressions are typically derived based on

data from previous earthguakes in different locatims and the macroseismic intensity is correlated wht

the logarithm of the ground shaking parameter (suchas the PGA). Table 5 shows some correlation

relationships between macroseismic intensity and P&existing in the literature, as well as the resu#t

obtained when applied to the MMI map from Figure 3 None of these expressions were derived based on

previous earthquake data from Azores and all leadifferent values of PGA, showirgignificant scatter,

clearly illustrated by the high coefficient of varation (CoV) shown in the table Therefore, there is a great

amount of subjectivity of adopting one expressionrotop of another for the present study. As a resujtthis

study adopts as a reference the PGA map computed @pnno et al. (2010) using the epicenter that fitth

best the damage observed after 1998 Faial earthquaKFigure 12b)

After the definition of the seismic input, a coatbn between seismic input, load factors (expisaeay)

associated to the structural limit states and nusmage gradeuf) has to be defined. Results need to be
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expressed in terms of the same EMS-98 damage @aale in order to enable the output of the SAVVAS
method to be comparable with other seismic vulnéfalassessment methods, such as the macroseismic
method. Figure 13 shows the equivalence betweestthetural limit states defined from the pushowerve

and EMS-98 damage grades.

Table 5. Intensity-PGA relationships from the literature

PGA (g)

Reference Correlation I =V I = VIl I = Vil
Murphy and O’Brien (1977) log(PGA) = 0.25 + 0.251yy 0.06 0.10 0.18
Guagenti and Petrini (1989) log(PGA) = 0.6021 — 7.073 0.03 0.06 0.10

Margotini et al. (1992) PGA = 0.003353 x 100-2201xImsk 0.07 0.12 0.19
Theodulis and Papazachos (1992) log(PGA) =0.28+0.671yy 0.11 0.22 0.44
Decanini et al. (1995) log(PGA) = 0.594 + 0.2371 1y 0.11 0.18 0.32
Wald et al. (1999) Iyy = 3.66 X log(PGA) —1.66 0.13 0.24 0.44
Marin et al. (2004) Iyy =10+ 2.3 X log(PGA) 0.02 0.05 0.14
Faccioli and Cauzzi (2006) Iyes = 1.96 X log(PGA) + 6.54 0.05 0.18 0.57
Gbmez Capera et al. (2007) log(PGA) = —1.33 + 0.201 ¢ 0.08 0.12 0.19
Tselentis and Danciu (2008) Iyy = —0.946 + 3.563 X log(PGA) 0.09 0.17 0.33
Bilal and Askan (2014) Iyw =0.132 4+ 3.884 X log(PGA) 0.03 0.06 0.11
Gbmez Capera et al. (2015) Iyes = —0.64 4+ 3.58 X log(PGA) 0.07 0.14 0.26
Zanini et al. (2019) Igys_9g =2.03 +2.28 X log(PGA) 0.06 0.15 0.42
Mean (CoV) 0.07 (48%)  0.14 (44%)  0.28 (52%)

0
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Figure 13. Correlation between the seismic inp@GAP SAVVAS limit states and EMS-98 damage grades

Figure 13 shows that damage grade 0 was removedtfre scale. The SAVVAS method does not detect non-
structural damage. Grades 0 and 1 are the sameeprekent the starting point of the scale represgmo
structural damage. The load factor defining LSInti&d the point where the building reaches damageey 2
and, thus, for values of PGA higher than LS1, thédding is assumed to start presenting slight stmat
damage. Similarly, LS2 is associated to damageegBaahd LS3 with damage grade 4. The correlatidh thie

5th damage grade that refers to the total or naglfapse of the structure was not straightforward.efpirical

29



factor was established to define a load that waaldse the collapse of the building and could batedlto
damage grade 5. This factor was calibrated usiagdmage data from the 1998 earthquake to fit rottee
collapse observed and was finally set as 1.25 tilmes/alue found for LS3. The final damage valumstie
ranges of PGA between limit states are obtainedh femple linear interpolation in order to provide a

continuous variable.

Once this correlation was established, the levallashage was assessed for the 88 buildings evalubhed
estimation of damage achieved using the SAVVAS opetlvas deemed considerably accurate, clearly
outperforming the prediction capability of the S\W\ethod. Figure 14a gives the estimated versusrobd
damage plot, while Figure 14b presents the residersius observed damage. The valuBasbtained from the
correlation between observed and predicted dameaehes 0.802 and was considered quite satisfadtbgy.
errors are also reduced, showing a maximum errtrdrprediction of 2.33 but a MAE of 0.32 and a RS
0.71. The graph from Figure 14b shows that thel ledamage is predicted within a maximum differercd

less than 0.5 in the damage level for the greabrtgjof the buildings.

Predicted (_uD)
Residuals (obs - pre)

Observed () Observed (p,)

(a) (b)

Figure 14. (a) Predicted versus observed damagiegirand (b) residuals versus observed damagesgrade
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Figure 15. Observed damage versus mean damage gstideated using the SAVVAS method for the

construction of the vulnerability curves as a fiumtiof LS3, grouped by the differeRGA

4.3.Comparison between the two methods

Both seismic vulnerability assessment methods a&idently related since they are based on the same
parameters and were developed on the basis of arfaahparametric study (Ortega 2018). The clasf¢ke
parameters are also common to both methods. Thsisp@ag correlation between the vulnerability indgy
obtained with the SVIVA method and the load factobgained with the SAVVAS method can be observed.
Figure 16 shows the correlation between the vubikaindex and the load factor corresponding t83L

(Iy — LS3), as an example. However, it is noted that the A8 method allows a more detailed seismic
vulnerability assessment. The estimation of the enical load factors based on numerical values @dofuir

the definition of some parameters enables to hageeater variation on the load factors when congbavith

the vulnerability indexFigure 16 shows clearly thatfor some buildingsvith the same vulnerability index,
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the load factor defining LS3 estimated with the SAWAS method varies greatly. For instance there is a

building with Iy, = 39 and LS3 = 0.21g and buildings with Iy = 39 and LS3 = 0.41g. In this particular

example, for the same vulnerability index, the joted maximum capacity of the building almost deshl his

example highlights the capability of the SAVVAS mdiod to provide more detailed results
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Figure 16. Correlation between vulnerability inde} andLS3(g)

The more detailed seismic vulnerability assessrobtained from the SAVVAS method results in a comiyon
higher accuracy in the prediction of damage, asipusly reported, showing also a significant reducof the
deviation with respect to the damage observed (Ei@i). Besides, the requirement of numerical \sahlmes
not generate an increment in the complexity ofapglication of the technique, since the parameterslefined

by simple ratios that are usually also requiredfierdefinition of the classes for the vulnerapilitdex method.

It should be noted that in addition to thigher value of R? obtained, results are reliable because of the low
errors obtained (MAE of 0.32) and the fact thate¢his not a systematic underestimation or overediom of

the damage observed (Figure 14b).

Another main advantage of the SAVVAS method is fhet that it does not require the calibration o th
vulnerability curves performed for the SVIVA methothe coefficients from the expression defined Iy t
macroseismic method (Eq. 1) had to be redefineddan the observed damage in order to establisi3 Bgd
Eq. 4. As shown during the assessment performeai(&i8), the discrepancies can be quite high freimguthe
original formulation and the calibrated ones. Thesan important limitation when performing a seismi
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vulnerability assessment where an initial calilomatis not possible. The SAVVAS method was in tldase
applied blindly and provided good results from feginning. In this method, just the factor of 1d&8ining the
damage grade associated to the collapse of théitytvas calibrated, but its definition does notéhauch an
influence on the results, since it only affects wel of the damage scale. In fact, the definition of tbkkapse

is acknowledged as the main weakness of the SAVW#ghod. Only the limit states LS1-LS3 are defined
according to an extensive numerical parametricys{@tega 2018). The last damage grade has been her
defined using this empirically devised factor of3 .that has been validated using this case studithét

research on the definition of the collapse for$#a/VAS method is recommended.
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Figure 17. Comparison between predicted and obdatamage grades obtained with the SVIVA vulnergbili

index method and the SAVVAS method evaluated

Another main difference among the SAVVAS and the\BV method concerns the seismic input. While the
SVIVA method requires the definition of an earthkgi@cenario in terms of general macroseismic iitieas
the SAVVAS method is carried out using values ofAP® define the seismic event. In the case study
presented, the PGA scenario used is based on eadgldefined MMI scenario. However, this does not
necessarily have to be always the case. A moreletbtscenario can be defined based, for examplehen
seismic microzonation of the area under study, whékes into account local effects. Therefore, dbismic

vulnerability assessment can be carried out orb#sss of more detailed seismic hazard scenariosedier,
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using the site response spectra and estimatinguitging natural frequency, the assessment carabiéed out
using specific accelerations adapted to each Imgildnd site. Further research is also recommenaieithaing

with this research line.

In any case, besides these aspects related toathage prediction potential of both methods, theydmt
advantage of this type of seismic vulnerability esssnent methods lies in their ability to detectsyiis
deficiencies and strengths on the building stoatenrevaluation. Results are therefore particulaaljpable in
comparative terms, as they offer an expeditiousrahable evaluation on the buildings that are marmerable
within a set, which is very useful to define andi@ss structural retrofitting strategies at a regicmr urban

level.

Regarding this latter aspect, one advantage o65#¢VAS method is that this method allows evaluatihg
seismic load factors of the building in the fourimdirections of the building. Therefore, when garg out the
seismic vulnerability assessment, results did mty¢ eshow a good correlation in terms of global dgeabut
were also able in many cases to identify the failomode suffered by the building, as the most valoier
direction identified matched the collapse obseraethe earthquake. The evaluation of one buildinognfthe
dataset is shown below as an example. Figure 1®%sslilee building plan and exterior and interior véew
depicting the damage suffered. Since the plankeobtiilding were available, the quantitative paramsecould
be properly identified, leaving some uncertaintyydor the classification of the qualitative paraers, namely
the quality of the wall-to-wall connection (P4)pty of material (P3), level of roof thrust (P6) gmmevious
structural damage (P9). This case had sufficiethehpiled data to fulfill the parameter survey gasike Table
6. Besides the good correlation between the dameagkcted and observed, the method is able to titacthe
most vulnerable direction is +Y direction, whiclvaives the gable wall that actually collapsed ialitg (Table
6). The building also suffered damage at the caimredetween the walls at the interior. The metlatgb
predicts that the building is prone to suffer stusal damage for low values of acceleratid§1( = 0.14g),

matching the damage observed.
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(a) (b) (c) (d)

Figure 18. (a) Building plan and directions homanale; (b) main facade of the building; (c) coliegppable

wall; and (d) visible damage at the wall-to-walheections from the interior of the building

Table 6. Parameter survey and results obtainecthpar resisting directiorRGA = 0.18q)

Variables Damage

Method Dir. P1 P2 P3 P4 P5 P6 P7a P7b P8 P9 P10 LS1LS2 LS3 Predicted Observed

+X 479 1299 4 4 3 1 003 0.02 1 1 029 014 0.10.22
-X 4,79  12.99 4 4 3 1 030 0.02 1 1 0.29 0.14 0.20.24
SAVVAS 4.02
+Y 479  3.96 4 4 4 1 004 015 2 1 029 013 0.16.180 3.75
-Y 479  3.96 4 4 4 1 000 0.15 1 1 0.29 0.24 0.24.260
SVIVA A D D D D A B c A D b =55 3.90

5. Conclusions

The present paper deals with the calibration argliGgtion of two novel seismic vulnerability assesest
methods: (a) Seismic Vulnerability Index for Verokr Architecture (SVIVA) method; and (b) Seismic
Assessment of the Vulnerability of Vernacular Atebture Structures (SAVVAS) method. The calibratifn
the methods was carried out based on post-eartbqleakage data on a set of 88 buildings locateleinstand
of Faial, in Azores, taken from damage drawn ughansequence of the 1998 earthquake. Since botimaire
structural features of the buildings and the dansdfered by them are known, it was possible tothaedata
to calibrate and test the two seismic vulnerabdggessment methods, which by itself is a valuekdecise and

a major contribution to this field of research.

The availability of post-earthquake damage data hagontributed to the main outcome of the paper,

which was the calibration and the validation of twonew methods as large scale seismic vulnerability
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assessments for vernacular _architectureThe calibration process was particularly impartam the SVIVA

method because it led to the adjustment of theytical expression that correlates the vulnerabiligex with

the mean damage grade. In the case of SAVVAS methadrrelation between the seismic input in teomns
PGA and the EMS-98 damage grades was establsipenbri and then validated using the available damage
data. The application of both methods led to veygdyresults in terms of predicted versus obsensdade
grades, confirming the validity of both methods fast level approaches using few input data, mostly

gualitative.

The second main_contribution is the first applicatbn of the SAVVAS method, which has been recently

developed, on a case study. The paper thus has feed on presenting the advantages of this method Wit

respect to other existing methods. Among these adwviages, the SAVVAS method shows an enhanced

prediction_capability. First of all, one of the main advantages of the SAVVAS mettthée fact that the

correlation between damage and seismic input doeldpplied directly, while the SVIVA method needede
calibrated based on the observed results to obt@gjood accuracysecondly results were very accurate and
showedvery low deviations between estimated and obsedaadage. Since the data used for the application is

slightly more specific, it allows a significantlyare detailed assessmeiihe SAVVAS method is able to

detect more precisely the differences in the seismiperformance of buildings belonging to the same

construction typology that were classified with thesame vulnerability index according to the SVIVA

method. Finally, the method calculates the vulnerability of théding in different directions, which represents

a great advantage in accurately assessing the wubsérable direction and thus detecting the possibl
deficiencies of the building under evaluation. éveral cases, as in the one reported in Sectigrie3nethod

was indeed able to identify the failure mode s@ffieby the building.

In summary, the paper validates the applicabilifyboth methods as large scale seismic vulnerability
assessment methods. Both of them proved to betaldkentify the buildings that are more vulneratichin

the whole evaluated set. This is a key issue becdlis type of methods takes into account possible
uncertainties related to the input information ecléd at the expeditious inspection phase. Thereftmtecting
the most vulnerable elements at risk is essemtiatder to proceed with a more detailed assessitexhtould

be highlighted that the amount of information requred to perform the seismic vulnerability assessment
36




using both methods is the sameHowever, the capability of the SAVVAS method tmkiate in more detalil

the seismic behavior of the buildings makes it ipakarly adequate for defining and optimizing pbssi
structural retrofitting strategies at an urbanewional level. The SAVVAS method do not only higiiis the
buildings where the biggest efforts should be cotraged on, but also is able to identify weaknessabe
buildings and possible failure mechanisms, whiclikesat very useful for managing seismic risk onitg or

region.

37



References
ATC-13 (1985) Earthquake damage evaluation data Galifornia, Applied Technology Council(ATC),
Redwood City, California, USA

ATC-40 (1996) Seismic evaluation and retrofit oinceete buildings, Applied Technology Council (ATC),

Redwood City, California, USA

Azizi-bondarabadi H, Mendes N, Lourenco PB, SadeghNH (2016) Empirical seismic vulnerability

analysis for masonry buildings based on school budiings survey in Iran, Bulletin of Earthquake

Engineering 14(11): 3195-3229

Barbat A, EERI M, Yépez Moya F, Canas JA (1996) Bgen Scenarios Simulation for Seismic Risk

Assessment in Urban Zones, Earthquake Spectra)12718-394

Benedetti D, Petrini V (1984) Sulla Vulnerabilitdi Bdifici in Muratura: Proposta Di Un Metodo Di

Valutazione, L'industria delle Costruzioni 149 (68B-74

Bilal M, Askan A (2014) Relationships between felintensity and recorded ground-motion parameters for

Turkey, Bulletin of Seismological Society of Ameria 104 (1): 484-496

Blondet M, Villa Garcia GM, Brzev S, Rubifios A (2Q1Earthquake-resistant construction of adobe gkl

a tutorial, Earthquake Engineering Research InstiERI), Oakland, California, USA

Bothara J, Brzev S (2012) A tutorial: improving tlkeismic performance of stone masonry buildings,

Earthquake Engineering Research Institute (EERiklI&nd, California, USA

Boukri M, Bensaibi M (2008) Vulnerability Index dklgiers Masonry Buildings, in: Proc. of 14th World

Conference on Earthquake Engineering, Beijing, €hin

Braga F, Dolce M, Liberatore O (1982) A statistisaldy on damaged buildings review of the MSK-7&lesc

in: Proc. of the Conference of the European Assiociaf Earthquake Engineering, Athens, Greece

Calvi GM (1999) A Displacement-Based Approach foulnérability Evaluation of Classes of Buildings,

Journal of Earthquake Engineering 3 (3): 411-438

38



Calvi GM, Pinho R, Magenes G, Bommer JJ, Restreplex/LF, Crowley H (2006) Development of seismic
vulnerability assessment methodologies over thé pAsyears, ISET Journal of Earthquake Technology 3

(472): 75-104

Colombi M, Borzi B, Crowley H, Onida M, Meroni F, Pinho R (2008) Deriving vulnerability curves using

Italian earthquake damage data, Bulletin of Earthguake Engineering 6(3): 485-504

Correia M (2017) Experiences from past for todagtmllenges, in: The road to sustainable development

Chapter 6 — Traditional and generational changdabsdca, Fundacion Contemporanea, Madrid, Spain

Costa A (2002) Determination of mechanical propsrtof traditional masonry walls in dwellings of &ai

Island, Azores, Earthquake Engineering and Stratiiynamics 31(7): 1361-1382

Costa A, Aréde A (2006) Strengthening of structut@siaged by the Azores earthquake of 1998, Cotistnuc

and Building Materials 20(4): 252-268

Costa AA, Aréde A, Costa A, Oliveira CS (2011) ltuscyclic tests on existing stone masonry wallgl an

strengthening solutions, Earthquake EngineeringStnattural Dynamics 40(4): 449-471

Costa AA, Aréde A, Campos Costa A, Penna A, Cost@(343) Out-of-plane behaviour of a full scale ston
masonry facade. Part 1: specimen and ground mcatedection, Earthquake Engineering and Structural

Dynamics 42: 2081-2095

D’'Ayala DF, Speranza E (2003) Definition of CollapMechanisms and Seismic Vulnerability of Historic

Masonry Buildings, Earthquake Spectra 19 (3): 439-5

D'Avala D, Meslem A, Vamvatsikos D, Porter K, Rosdb T, Silva V (2014) Guidelines for analvytical

vulnerability assessment of low/mid-rise buildings- Methodology, Vulnerability Global Component

project

Decanini L, Gavarini C, Mollaioli F (1995) Proposta di definizione delle relazioni tra intensita

macrosismica e parametri del moto del suolo, Pro@f 7th Convegno Nazionale di lgegneria Sismica in

Italia, vol. 1: 63-72

Degg MR, Homan J (2005) Earthquake vulnerabilitthia Middle East, Geography 90 (1): 54-66

39



Di Pasquale G, Orsini G, Romeo RW (2005) New dgumknts in seismic risk assessment in Italy, Bullefi

Earthquake Engineering 3: 101-128

Dolce M, Masi A, Marino M, Vona M (2003) Earthquakemage Scenarios of the Building Stock of Potenza

(Southern Italy) Including Site Effects, BulletifhBarthquake Engineering 1 (1): 115-140

Eleftheriadou AK, Karabinis (2011) Development of @dmage probability matrices based on Greek

earthquake damage data, Earthquake Engineering anéngineering Vibration 10(1): 129-141

Erberick MA (2008) Generation of fragility curvesrfTurkish masonry buildings considering inplangufe

modes, Earthquake Engineering and Structural DyceBi: 387-405

Faccioli E, Cauzzi C (2006) Macroseismic intensitiefor seismic scenarios, estimated from instrumeniig

based correlations, Proc. of First European conferee on earthquake engineering and seismology,

Geneva, Switzerland

Fajfar P (1999) Capacity spectrum method basednelastic demand spectra. Earthquake Engineering and

Structural Dynamics 28: 979-993

Ferreira TM, Vicente R, Varum H (2014) Seismic \arkbility assessment of masonry facade walls:
development, application and validation of a neariesg method, Structural Engineering and Mechabz$4)

:541-561

Ferreira TM, Maio R, Vicente R (2017a) Seismic \arhbility assessment of the old city centre of Hort
Azores: calibration and application of a seismithewability index method, Bulletin of Earthquakedtmeering

15 (7): 2879-2899

Ferreira TM, Maio R, Vicente R (2017b) Analysistbe impact of large scale seismic retrofitting tetgees
through the application of a vulnerability-basedpraach on traditional masonry buildings, Earthquake

Engineering and Engineering Vibration 16: 329-348

Gautam D, Prajapati J, Paterno KV, Bhetwal KK, Neng P (2016) Disaster resilient vernacular housing

technology in Nepal, Geoenvironmental Disaster$ 3(1

40



Giovinazzi S, Lagomarsino S (2004) A macroseismadeh for the vulnerability assessment of buildinigs,

Proc. of 13th World Conference on Earthquake Eraging, Vancouver BC, Canada

Gomez Capera AA, Alberello D, Gasperini P (2007) Agiornamento Relazioni fra [I'Intensita

Macrosismica e PGA, Technical Report, ConvenzionedNGV-DPC 2004-2006

Gomez Capera AA, Locati M, Fiorini E, Bazurro P, Luzi L, Massa M, Puglia R, Santulin M (2015) D3.1.

Macroseismic and ground motion: site specific convsion rules. DPC-INGV-S2 Project “Constraining

observations into Seismic Hazard”, deliverable D3.1

Grinthal G (1998) European Macroseismic Scale 1@S-98), European Seismological Commission,
Subcommission on Engineering Seismology. WorkinguprMacroseismic Scales, Cahiers du Centre Européen

de Géodynamique et de Séismologie 15

Guagenti E, Petrini V (1989) Il caso delle vecctistruzioni: verso una legge danni-intensita, iocPof 4th

Italian National Conference on Earthquake Engimeggmp. 145-153, Milan, Italy

HAZUS (1999) HAZUS earthquake loss estimation méthogy: technical manual, Vol. 1, Federal Emergency

Management Agency (FEMA), Washington D.C., USA

Hofer L, Zampieri P, Zanini MA, Faleschini F, Pellegrino C (2018) Seismic damage survey and empirical

fragility curves for churches after the August 24,2016 Central ltaly earthquake, Soil Dynamics and

Earthqguake Engineering 111: 98-109

Hyams DG (2017) CurveExpert Professional DocumantaRelease 2.6.4., Hyams Development

ICOMOS (1999) Charter on the built vernacular lee#, International Council of Monuments and Sites

(ICOMOS), ICOMOS 12th General Assembly, Mexico

Jaiswal K, Aspinall W, Perkins D, Wald D, Porter KR012) Use of expert judgement to estimate seismic
vulnerability of selected building types, in: Pro€.15th World Conference on Earthquake Engineeiinghon,

Portugal

Lagomarsino S, Giovinazzi S (2006) Macroseismic ar@dhanical models for the vulnerability assessmént

current buildings, Bulletin of Earthquake Enginegré (4): 415-433
41



Lagomarsino S, Penna A, Galasco A, Cattari S RQUREMURI program: An equivalent frame model for the

nonlinear seismic analysis of masonry buildingggiE@ering Structures 56: 1787-1799

Margottini C, Molin D, Serva L (1992) Intensity weIs ground motion: a new approach using Italia@m,dat

Engineering Geology 33: 45-58

Marin S, Avouac JP, Nicolas M, Schlupp A (2004) A mbabilistic approach to seismic hazard in

metropolitan France, Bulletin of Seismological Soeity of America 94 (6): 2137-2163

Matias L, Dias NA, Morais |, Vales D, Carrilho F.ddeira J, Gaspar JL, Senos L, Silveira AB (200% Jth

of July 1998 Faial Island (Azores, North Atlantsgismic sequence, Journal of Seismology 11(3):288-

May J (2010) Handmade houses & other buildings:vibdd of vernacular architecture, Thames & Hudson,

London, UK

Murphy JR, O'Brien LJ (1977) The correlation of peak ground acceleration amplitude with seismic

intensity and other physical parameters, Bulletin ®Seismological Society of America 67 (3): 877-915

Musson R, Grinthal G, Strucchi M (2010) The congmari of macroseismic intensity scales, Journal of

Seismology 14(2): 413-428

Neves F, Costa A, Vicente R, Oliveira CS, Varum BD12) Seismic vulnerability assessment and

characterization of the buildings on Faial IslaAdores, Bulletin of Earthquake Engineering 10 @1):44

Ortega J (2018) Reduction of the seismic vulneitgoff vernacular architecture with traditionalestgthening

solutions, Ph.D. thesis, University of Minho, Guidies, Portugal

Ortega J, Vasconcelos G, Rodrigues H, Correia M, lamenco PB (2017) Traditional earthquake resistant

technigues for vernacular architecture and local semic cultures: A literature review, Journal of

Cultural Heritage 27: 181-196

Pasticier L, Amadio C, Fragiacomo M (2008) Non-tineseismic analysis and vulnerability evaluationaof
masonry building by means of the SAP2000 V. 10 cédethquake Engineering and Structural Dynamics 37

467-485

42



Pitilakis K, Crowley H, Kaynia AM (Eds.) (2014) SYNER-G: Typology definition and fragility functions

for physical elements at seismic risk. Buildings.ifelines, transportation networks and critical facilities.

Series: Geotechnical, geological and earthquake @ngering (GGEE), vol. 27, Springer

Rossetto T, laoannou |, Grant DN (2015) Existing epirical fragility and vulnerability functions:

Compendium and guide for selection, GEM Technical Bport 2015-1

Rota M, Penna A, Strobbia C (2006) Typological HitggCurves from Italian Earthquake Damage Data, i

Proc. of First European Conference on EarthqualkgnErring and Seismology, Geneva, Switzerland

Rota M, Penna A, Magenes G (2010) A methodology deriving analytical fragility curves for masonry

buildings based on stochastic nonlinear analysegineering Structures 32: 1312-1323

Sabetta F, Goretti A, Lucantoni A (1998) Empiri¢ahgility Curves from Damage Surveys and Estimated

Strong Ground Motion, in: Proc. of 11th Europeamféoence on Earthquake Engineering, Paris, France

Sepe V, Speranza E, Viskovic A (2008) A methodl&mge-scale vulnerability assessment of histoneeis,

Journal of Structural Control and Health Monitoritty 389-415

Silva V, Akkar S, Baker J, Bazzurro P, Castro JM, Gowley H, Dolsek M, Galasso C, Lagomarsino S,

Monteiro R, Perrone D, Pitilakis K, Vamvatsikos D @019) Current challenges and future trends in

analvytical fraqgility and vulnerability modelling, E arthquake Spectra

Shakya M (2014) Seismic vulnerability assessmestarfder masonry structures, Ph.D. thesis, Unideds de

Aveiro, Aveiro, Portugal

Sorrentino L, Liberatore L, Liberatore D, MasianiZ013) The behaviour of vernacular buildings ia #9012

Emilia earthquakes, Bulletin of Earthquake Engimepi2(5): 2367-2382

Spence RJS, Coburn AW, Pomonis A, Sakai S (199&eGtion of ground motion with building damage:eTh
definition of a new damage-based seismic intensitgle, in: Proc. of 10 Conference on Earthquake

Engineering, Madrid, Spain

43



Theodulis NP, Papazachos BC (1992) Dependence absfy ground motion on magnitude distance, site

geology and macroseismic intensity for shallow edmguake in Greece: |, peak horizontal acceleration,

velocity and displacement, Soil Dynamics and Eartheake Engineering 11: 387-402

Tselentis GA, Danciu L (2008) Empirical relationshps between modified Mercalli _intensity _and

engineering ground-motion parameters in Greece, Bidtin of Seismological Society of America 98 (4):

1863-1875

Vicente R (2008) Estratégias e metodologias pataniencdes de reabilitagdo urbana. Avaliacdo da
vulnerabilidade e do risco sismico do edificadoBd@a de Coimbra, Ph.D. thesis, Universidade doirdye

Aveiro, Portugal

Vicente R, Parodi S, Lagomarsino S, Varum H, MendlesSilva JAR (2011) Seismic vulnerability and risk
assessment: a case study of the historic city eaftCoimbra, Portugal, Bulletin of Earthquake Ewgring 9

(4): 1067-1096

Wald DJ, Quitoriano V, Heaton TH, Kanamori H (1988)lationships between peak ground acceleratiak pe

ground velocity and modified Mercalli intensity @alifornia, Earthquake Spectra 15: 557-564

Whitman RV, Reed JW, Hong ST (1974) Earthquake RpnRrobability Matrices, in: Proc. of the 5th World

Conference on Earthquake Engineering, Rome, Italy

Zampieri P, Zanini MA, Faleschini F (2016) Derivatbn of analytical seismic fraqility functions for

common masonry bridge types: methodology and appltion to real cases, Engineering Failure Analysis

68: 275-291

Zanini MA, Hofer L, Faleschini F, Pellegrino C (20%) The influence of record selection in_assessing

uncertainty of failure rates, Ingegneria Sismica 3@): 30-40

Zanini MA, Hofer L, Faleschini F (2019) Reversibleground motion-to-intensity conversion eguations

based on the EMS-98 scale, Engineering Structure$@: 310-320

44



Zonno G, Oliveira CS, Ferreira MA, Musacchio G, BtarF, Mota-de-S& F, Neves F (2010) Assessing $seism
damage through stochastic simulation of ground islgak he case of 1998 Faial earthquake (Azoresidisip

Surveys in Geophysics 31(3): 361-381

45



