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Abstract
The assessment of the seismic behaviour of historic residential buildings and the estima-
tion of their possible losses in the event of an earthquake, is a must for defining strategic 
mitigation plans to prevent irreplaceable heritage losses. In this study an integrated perfor-
mance based probabilistic risk assessment methodology is developed. An archival study 
and a field survey allow to identify architectural and construction characteristics of herit-
age residential buildings in urban areas and determine realistic structural models. These 
are analysed by using a limit state approach, coded in the FaMIVE method, considering 
different construction hypotheses, to produce capacity curves which support the identifica-
tion of a discrete number of typologies representative of the entire building stock in the 
area. Their fragility functions are then derived using the modified N2 method. Because of 
the difficulty in quantifying the expected probable losses in purely economic terms, given 
the heritage value of these assets, losses are computed in terms of damaged floor surface 
area and mean damage ratio. These have been obtained through the earthquake loss estima-
tion platform SELENA, considering different possible seismic scenarios. The procedure 
is applied to masonry residential buildings in Pla del Remei area of Valencia, Spain, built 
between the end of the 19th Century and the end of the Spanish War (1939). This neigh-
bourhood embodies the cultural values, construction techniques and historic legacy of a 
new and brief era of modernity, inspired by the new urban theories and architectural styles 
of Eclecticism and Modernism. Despite Valencia being located in an area of low to moder-
ate seismicity, the results show that the maximum percentage of built damaged area ranges 
from 5.8 to 11.6% for 475 years return period, increasing to 33.59–51.59% for 975 years 
return period. The high level of resolution of the study allows mapping and identifying the 
structures at higher risk and is therefore a valuable tool to support sensitive and targeted 
retrofitting policies.
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1 Introduction

Several approaches are available in literature to assess the seismic vulnerability of buildings 
and estimate their physical, economic and social losses at urban scale (Erdik and Dukural 
2006, Carreño et al. 2007; Liu et al. 2019). The Project Global Earthquake Model (GEM) 
provide guidance on selection of suitable numerical methods depending on the scale and 
objectives of the study, data availability and quality, and the expected results (D’Ayala et al. 
2015). A recent comprehensive review of methods for the seismic vulnerability and risk 
assessment for masonry buildings has been compiled by Shabani et  al. (2021). Many of 
these methods are coded within GIS-based platforms which allow to integrate data on haz-
ard, exposure and vulnerability, and to visualize risk in geographic terms: HAZUS- MH 
(FEMA 2003, 2020), Openquake (Pagani et  al. 2014); SELENA (Molina et  al. 2010); 
CAPRA (Cardona et al. 2012); Armagedom (Sedan et al. 2013), amongst others.

For historic city centres, the empirical vulnerability approach is commonly used. This 
consists on quantifying a Vulnerability Index based on the scoring and weighting of a num-
ber of parameters that are considered to be influential in determining the damageability of 
given building types when exposed to seismic action. This approach, originally developed 
by Benedetti et al. (1988), has seen several adaptations and applications to diverse urban 
fabrics and masonry typologies (Lagomarsino and Giovinazzi (2006), Feriche et al. (2009), 
Lantada et al. (2010), Irizarri et al. (2011), Irizarry et al. (2012), Feriche (2012), Martínez-
Cuevas and Gaspar-Escribano (2016), Ferreira et al. (2017), Lantanda et al. (2018), Guar-
diola-Víllora and Basset-Salom (2020), Vetore et al. (2020)).

The method has the advantage of producing fragility functions correlating a macro 
seismic intensity measure to a mean damage ratio, using either binomial or logarithmic 
distributions. Nonetheless each application needs calibration, which is difficult to achieve 
in absence of pre-existing seismic damage surveys, depends largely on expert opinion, on 
local geomorphology, seismology and assets distribution.

Analytical vulnerability assessment methods have greater data and computational 
requirements; however, they are also more versatile in their applicability. Methods suit-
able for assessment of large number of buildings described by a relatively small number 
of parameters, necessarily rely on relatively simple structural approaches, for instance 
collapse mechanism-based methods (Bernardini et al. 1990; D’Ayala and Speranza 2003, 
Donà et al. 2021), capacity spectrum-based methods (Fajfar 1999; FEMA 2003; Irizarry 
et al. 2011), or displacement-based methods (Ahmad et al. 2010). The first of these meth-
ods relies on simplifying the structure in large subcomponents for which mechanisms can 
be identified and collapse load factors computed, representing the ultimate lateral strength 
capacity of the structure. The other two methods use simplified mechanical models to 
derive capacity curves on the basis of which both elastic and ultimate strength and dis-
placement thresholds can be identified and compared with a linear or non-linear seismic 
demand spectrum, to determine performance and damage states (D’Ayala et  al. 2015). 
When applied to large sets of buildings and/or considering a large number of alternative 
seismic spectra the computed results can be treated statistically to derive fragility and vul-
nerability functions, and can be then used to determine seismic risk, when combined with 
hazard and exposure (D’Ayala et al. 2015).

From a global perspective, Spain is located in an area of low to moderate seismic haz-
ard (Pagani et al. 2020) Nonetheless, the earthquake that hit Lorca a decade ago (11 May 
2011), caused serious damage to most of the town’s cultural heritage, bringing to light that, 
in Spain, the risk of loss of architectural heritage due to seismic events is non-negligible. 
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Ruiz-Pinilla et  al. (2016) pointed out that although the recorded Mw = 5.1 and max 
MMI = VI, classify this event as a moderate earthquake, the vicinity of the epicentre to the 
town, the directivity of the ground motion and the specific characteristics of the building 
stock in the regions were responsible for the severity, extent and variety of structural dam-
age. More recently, Kharazian et al. (2021) have shown how, if the focus is shifted from 
uniform hazard based design, to targeted risk based design, current seismic demands in 
terms of peak ground acceleration might need updating to obtain uniform risk probability 
of exceedance for set limit states with specific return periods across the Spanish territory, 
also considering the effects related to specific structural typologies or construction fea-
tures. While the concepts of maximum credible earthquake and targeted collapse probabil-
ity have been used in design for a decade (ASCE 7–16 2018; Luco 2006), their application 
to existing historic buildings is not common. Conversely, the issue of targeted seismic risk 
assessment is particularly of relevance for typologies which are not seismically designed 
according to the code and for which therefore higher vulnerability and/or greater losses 
shall be expected.

Historic and minor heritage buildings in urban centres fall within this category, how-
ever, following the Lorca earthquake, 2010, it emerged that neither the basic guidelines 
for the generation of Special Plans nor the Heritage Plans (Ley 16/1985 del Patrimonio 
Histórico Español 1985) contained any recommendations addressing specific seismic risk 
and disaster management issues. As a consequence, in 2015, the Spanish Institute of Cul-
tural Heritage (IPCE) of the Ministry of Education Culture and Sport (MECD) approved 
the National Emergency and Risk Management Plan for Cultural Heritage (Ministerio de 
Educación Cultura y Deporte 2015). One of the stated objectives is to analyse the degree 
of damage that Assets of cultural interest would suffer due to their location and character-
istics, so that appropriate prevention of the consequences of natural hazards can be deter-
mined. The present methodology aims to respond to the demand for such tools.

In devising a targeted seismic risk assessment approach, the intensity and time horizon 
of the hazard is of primary concern. Spanish cultural heritage is classified in the Spanish 
Seismic Code -NCSE-02- (Ministerio de fomento 2002) as buildings of “special impor-
tance” (Ministerio de Fomento 2002) and additionally also Eurocode 8 (EN 1998-1 2004, 
CEN 2004) classifies them as “essential structures” (or class IV). Such classification would 
justify the choice of a seismic hazard corresponding to 975-year return period when evalu-
ating the seismic risk posed to heritage buildings. The Italian seismic code NTC 2018, 
(MIT 2018) provides indications of different return periods for different damage thresh-
olds in reference to the expected remaining life of the structure (Torelli et  al. 2020) so 
that, assuming the residual life of these buildings is 50 years and no particular protection 
is considered, return periods of 475 years and 975 years should be considered for the life 
safety limit state and for the collapse prevention limit state, respectively. Indeed, Arto 
et al. (2020) carried out a vulnerability analysis of medieval rammed earth fortifications in 
south-eastern Spain computing the mean damage level taking into account a probabilistic 
scenario for a 975  year return period. On the other hand, Guardiola-Villora and Basset-
Salom (2020) performed a seismic risk analysis of the residential buildings in the Ciutat 
Vella District of Valencia, the most important cultural heritage of the Valencian Commu-
nity, (Govern Valencià 1993) using a deterministic and two probabilistic seismic scenarios 
corresponding to a 475-year return period. The issue of the appropriate level of hazards to 
be chosen in seismic risk assessment of historic centres remains an open question, as the 
codes do not explicitly categorise them.

The present study proposes an integrated methodology which includes the following 
tasks: (i) archival and on site research to identify and classify the assets at risk, including 
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definition of their architectural and heritage value to determine the detailed exposed port-
folio in a city centre; (ii) site survey and analytical seismic vulnerability assessment to 
identify specific and recurring seismic responses and determine typologies and classifica-
tion within the exposed building stock; (iii) disaggregation of the seismic hazard to define 
relevant seismic scenarios (probable and maximum) and (iv) compute the corresponding 
losses. Such assessment is an essential first step towards the proposal of prevention and 
mitigation measures compatible with the cultural and architectural heritage value of his-
toric urban centres. The approach is applied to Pla del Remei, one of the wealthiest neigh-
bourhoods in Valencia, Spain, where most of the Valencian Modernist heritage is located, 
representing the historic legacy and hallmark of the Valencian inhabitants. These buildings 
were designed to withstand only gravity loading, therefore the objective is to determine 
their seismic risk to support decision-making in terms of minimal necessary retrofitting.

To fulfil the first task, the buildings original drawings, available at the Municipal His-
toric Archive of Valencia (AHMV), were consulted to assess dimensions, construction and 
structural system. This was integrated with extensive on-site surveys, to understand their 
variability, and therefore evaluate the uncertainties in defining the structural models. This 
information is integrated with the Valencia Cadastral Database (SEC 2021) and mapped 
using the gvSIG mapping tool (gvSIG association 2009), to establish a permanent database 
of the exposure of this neighbourhood.

Considering the size of the sample and that the level of detail needed for a full material 
and structural characterisation is not available, a nonlinear dynamic analysis of each build-
ings is neither possible, nor viable. Instead, the Failure Mechanisms Identification and Vul-
nerability Evaluation method (FaMIVE, D’Ayala and Speranza 2003), is selected to deliver 
the second task above. This is a collapse mechanism-based procedure developed for vul-
nerability assessment of historic urban centres, that allows to adapt the routines to the spe-
cific construction characteristics of the building stock being analysed. All possible in-plane 
and out-of-plane collapse mechanisms are considered and therefore the failure mode is not 
pre-imposed on the structure, but it results from its specific characteristics. The FaMIVE 
method has been extended (D’Ayala 2013) to cover the steps of capacity spectrum-based 
methods, to produce capacity curves based on ultimate lateral strength capacity and elastic 
and ultimate displacement, and the corresponding fragility functions, in line with the N2 
procedure (Fajfar and Dolsek 2012) also recommended in Eurocode 8 (EN 1998-1 2004, 
CEN 2004). FaMIVE has been used to correlate observed damage to collapse mechanisms 
and lateral capacity in L’Aquila, Italy, (D’Ayala and Paganoni 2011), and Lorca, Spain, 
(Basset-Salom and Guardiola-Víllora 2014) to define strength and displacement perfor-
mance improvement due to interventions in Algiers, Algeria (Novelli et  al. 2015), and 
study the effect of repeated main shocks in Norcia, Italy, following the Central Italy 2016 
earthquake (Putrino and D’Ayala 2019).

The FaMIVE procedure allows the retention of a high level of detail of the geometry and 
kinematics for each building’s façade, while minimizing computational and time demands, 
since it computes only the ultimate condition, without undertaking a full pushover analysis. 
Epistemic uncertainties concerning the reliability of input data from the on-site survey are 
contemplated by considering all numerical values in input with a margin of error depend-
ent on the data acquisition procedure used. Uncertainties related to the derivation of the 
capacity curves, including damage thresholds, are accounted for, by performing extensive 
sensitivity analysis for the relevant parameters.

The definition of the relevant hazard scenarios and the risk analysis are performed with 
the earthquake loss estimation tool SELENA (Molina and Lindholm 2010), successfully 
applied to a multitude of testbeds worldwide, e.g. Oslo (Molina and Lindholm 2005), 
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Naples (Lang et  al. 2008), Bucharest (Lang et  al. 2012) the Romanian-Bulgarian border 
region (Erduran et al. 2012), among others, and more recently in the south and south-east 
of Spain, Adra (Molina et al. 2018) and Murcia (Molina et al. 2020). Coded in Matlab©, 
the main advantage of SELENA is the flexibility that the user has to configure the input 
data depending on the desired outcomes. Moreover, SELENA loss assessment is also based 
on the N2 method, and therefore seamlessly integrated with the FaMIVE procedure.

Section 2 presents a description of Pla del Remei historic urban development and cur-
rent layout, providing the motivation for its choice as a case study. This information is 
essential to identify the relevant archival and cadastral sources, select the buildings to be 
included in the inventory and the specific elements and parameters to be considered in the 
design and development of the database, to fully characterise the exposure. The method-
ology used to conduct the seismic risk assessment is outlined in Sect. 3. The integrated 
database is described in Sect. 3.1 and the building inventory analysed to select a sample 
of the building stock to be used to characterise the vulnerability of Pla del Remei historic 
urban stock. The iterative use of FaMIVE to determine a reduced number of typologies 
with unique characteristic and correlated seismic performance is presented in Sect. 3.2; the 
determination of capacity curves and fragility functions for input in SELENA is then con-
ducted using the N2 method. Section 3.3 is dedicated to the characterisation of the hazard, 
definition of the seismic scenarios in line with the SELENA procedure and the characteri-
sation of the unit of assessment. Finally, results are spatially mapped in Sect. 4 in terms of 
the range of possible damage for each of the typologies, the mean damage ratio associated 
to each scenario, and a discussion on the impact of heritage value on the computed eco-
nomic losses.

2  Description of Pla del Remei quarter

In probabilistic seismic risk assessment of historic urban centre, a realistic and accurate 
description of the building stock, constituting the exposure component of risk, is an essen-
tial ingredient, and one necessarily tied to the particular location chosen. For this study Pla 
del Remei quarter, in Valencia (Spain), part of the Artistic Historical Site of Valencia His-
toric Centre, declared Asset of Cultural Interest in 1993 (Govern Valencià 1993), is chosen, 
to demonstrate the need for accurate observation of the assets and the scale at which such 
investigation shall be conducted.

Pla del Remei quarter (in red in Fig. 1a) is the result of the extension of the old city cen-
tre of Valencia after the demolition of the mediaeval walls in 1865. The urban plan, known 

Fig. 1  a. Pla del Remei quarter. b. 1884 Valencia’s map (Llopis and Perdigón 2016)
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as the 1884 Eixample, finally approved in 1887 (Special Protection plan P.E.P 1, Ajunta-
ment de València 2005), was designed to develop an area adjacent to the then city centre 
following the squared grid approach introduced by Ildefonso Cerdá for the expansion of the 
city of Barcelona (Colomer and García 1984). One of the main features of such design is 
the presence of wide chamfers in the corners of the resulting blocks that characterises the 
urban scene and determines the way in which the buildings are arranged in each block. In 
the case of Pla del Remei, the urban plan was adapted to the footprint of the demolished 
city walls, resulting in irregular blocks of irregular shape and size, defining the transition 
between the mediaeval and the modern urban layout.

At the end of the XIX century, the city of Valencia experienced a relative economic 
boom, mainly due to the export of agricultural products, but also the initial development 
of an industrial infrastructure (Taberner 1984). When the urban development of Pla del 
Remei was launched in 1884 (Fig. 1b) the Valencian bourgeoisie started to settle in this 
new quarter (Taberner and Broseta 2014). According to Daniel Benito Goerlich (Benito 
1992a) two different aspects can be considered to catalogue the residential buildings of this 
area: the residential typology and the architectural style.

From the point of view of the residential typology, the original buildings could be clas-
sified in wealthy owner-occupied town houses (hotel particulier in French) and blocks of 
flats for rental (Fig. 2). The first type, seeking a more urban, luxurious and wealthy char-
acter, maintained the neoclassical hierarchy of the different floors: the base, formed by the 
ground floor and sometimes a mezzanine, the piano nobile, the main floor which the owner 
of the building would occupy, and one or two upper floors crowned by an attic or a pitched 
roof. On the other hand, rental houses were multi-family dwellings with four to six floors 
and uniform façades with relatively modest architectural decorations and mansard roofs.

The façades’ architectural styles are varied, from Academic Eclecticism, Historic Eclec-
ticism, and Neo-barroque Eclecticism (Ajuntament de València 2005) (Fig. 3), to Catalan-
influenced Modernism and Viennese-influenced Modernism (Benito 1992b) (Fig. 4).

Nowadays Pla del Remei is one of the wealthiest neighbourhoods in the city, where most 
of the Valencian Modernist heritage is located. However, despite being declared Asset of 
Cultural Interest in 1993 (Govern Valencià 1993), due to the proximity of this area to the 
city centre, during the second part of the XX century, many buildings were demolished to 
be replaced by reinforced concrete structures with “modern” façades increased number of 
floors and in some cases greater foot print extending over several plots, therefore changing 
the urban scene (Fig. 5) (Ajuntament de València 2005).

At the beginning of the XXI Century, due to the growing public perception of hav-
ing reached a critical point in terms of the urgency of preserving some of the environ-
mental characteristics that made this area of Valencia unique, a Special Protection Plan 

Fig. 2  Building typologies in Pla del Remei quarter a, b Wealthy town houses. c, d Blocks of flats for 
rental. (Source: Authors 2021)
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named P.E.P.1 was drafted (Ajuntament de València 2005). Thanks to the approval of this 
plan, many of the masonry residential buildings built at the end of the XIX century and 
the beginning of the XX century were saved from the indiscriminate demolitions that took 
place in the latter decades of the XX century.

3  Methodology

There are three elements of novelty of the methodology proposed in this study: the com-
plete integration of information at different scales from urban to structural, in a unique 
searchable database indexed for individual buildings; the use of this integrated informa-
tion to define specific building typologies, tailoring the numerical analysis methods to the 
typologies identified and seamless use of the data for the fragility analysis, without further 

Fig. 3  Eclecticism style Buildings in Pla del Remei quarter. a Academic eclecticism, b Historic eclecticism, 
c Neo-barroque eclecticism. (Source: Authors 2021)

Fig. 4  Modernism style buildings in Pla del Remei quarter. a, b Catalan-influenced Modernism c, d Vien-
nese-influenced Modernism. (Source: Authors 2021)

Fig. 5  New modern buildings in Pla del Remei quarter. (Source: Authors 2021)
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simplifications; finally the production of risk analyses at the urban scale, but specific to 
each building unit, including the heritage value of each asset.

This highly interdisciplinary integrated methodology consists of different processes, 
which together with the flow of data are represented graphically in the flowchart in Fig. 6. 
The first task is the collation of a detailed building inventory and the creation of an online 
searchable database which records the currently surviving 205 masonry residential build-
ings built in Pla del Remei area before the end of the Spanish War (1939). (Element (1) in 
the flowchart of Fig. 6). The information is obtained from different sources, bibliographi-
cal, archival, digital, photographic and observational, integrating urban, architectural and 
structural details. The data is recorded with reference to individual buildings and their 
facades, and analysed to identify criteria for grouping them which allows to consider a 
reduced sample of buildings to conduct the seismic capacity and fragility assessment. Due 
to the limited flexibility of the planning regulations at the time of construction with regard 
to the number of stories, the height between floors, and the proportion and size of the open-
ings, and considering the reduced structural typologies available at that time, this sample 
can be considered quite homogeneous. Details on the database construction, data collection 
and sample selection are provided in Sect. 3.1.

From the database, specific parameters are extracted for each façade and used as direct 
entry for the FaMIVE analysis method in step 2 (D’Ayala and Speranza 2003, D’ayala 

Fig. 6  Procedure for the definition of the capacity curves and fragility functions for selected typologies 
(FaMIVE), the hazard characterisation and the damage and losses assessment (SELENA)
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2005, D’Ayala 2013), (see Fig.  6, item (2)). The FaMIVE procedure is based on deter-
mining the in-plane and out-of plane strength and displacement capacity of each single 
façade using a kinematic approach. Its input requires a maximum of about 200 data points 
per façade, to describe the geometry and material characteristics of the problem, so that 
the high fidelity of the data collected in step 1 is not lost in the analysis. More details are 
provided at the end of Sect. 3.1 and a full input form is shown in Fig. 17. The FaMIVE 
approach is used to determine the collapse load factor and a single degree of freedom 
equivalent capacity curves for each façade. This is used in an iterative approach whereby 
the collapse load factor and capacity curve of each building are correlated to both archi-
tectural and structural features to determine homogenous typologies, beyond the apparent 
architectural variety of the façades (item (3) in Fig. 6). This is a novel and essential step 
to correlate construction details and seismic performance to visual characteristics identifi-
able from onsite observations, rather than structural parameters, which cannot be readily 
obtained. According to architectural criteria and defined ranges of capacity, buildings are 
then classified into separate typologies to each of which corresponds an average capacity 
curve (item 4c) which can be analysed with the N2 approach (Dolsek and Fajfar 2004, item 
4d) to provide corresponding fragility functions for four different damage states (item (4e) 
in Fig. 6). This process is discussed in greater detail in Sect. 3.2.

Once the typologies are identified, and each building is assigned one, the inventory (see 
Fig. 6 item (1b)) is also used as direct input to the SELENA platform (Molina and Lind-
holm 2010 (see Fig. 6 item (6)), by considering each building as a unit assigning to it the 
corresponding capacity curve and fragility function, as well as the data relevant to soil 
classification and earthquake intensity measure (see Fig. 6, item 5). Choice of the probabil-
istic hazard scenarios (item 5c in Fig. 6) and risk model are provided in Sect. 3.3. Output is 
produced for each building, considering its probability of being in one of 5 damage states 
(none, slight, moderate, extensive and complete) and its mean damage ratio, while losses 
are computed in terms of total damaged floor area (item 7 in Fig. 6). These are presented in 
Sect. 4.

For the Slight, Moderate, Extensive, and Complete structural damage states, descrip-
tions can be found in Hazus Earthquake Model Technical Manual (FEMA 2020) with the 
detailed attributions for the unreinforced masonry buildings summarised in Table 1. The 
range of drift limits (%) obtained by comparing the Norme Techniche per le Construzioni 
NTC 2008 (MIT 2008) and NTC 2018 (MIT 2018), the Eurocode 8 (EC8) (CEN 2004), the 
American Society of Civil Engineers building code 7 (ASCE 07-16) (ASCE 2016) and the 
National Building of Canada (NRC 2015), are presented for each damage state, in Table 1.

3.1  Exposure characterization: integrated database construction

A new building database, consisting of the 205 still standing masonry residential build-
ings built before 1939 in Pla del Remei area has been created. The objective of the data-
base is a full characterisation of the construction and structure of each of the buildings and 
the identification of common architectural features that can be used to correlate construc-
tion to seismic response. With this purpose, five different types of sources, with informa-
tion at different scales, from urban to engineering detail, have been consulted. The data 
extracted is compiled on an indexed excel workbook, georeferenced by linking the data to 
the Shape File (SHP) for Pla del Remei retrieved from the Cadastral Database (SEC 2022), 
and visualised spatially by using the GIS open source mapping tool gvSIG (gvSIG associa-
tion 2009). From this source and through the new GML format of the cadastral database 
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(European INSPIRE directive), the database allows the integrated interpretation of the dif-
ferent data sources and the identification of the relevant typologies.

The history of development of the residential buildings of Pla del Remei is traced in the 
book “El Ensanche de la ciudad de Valencia de 1884” (COAV 1984), a selection of papers 
analysing the construction of the 1884 Eixample neighbourhood, its evolution, and the sur-
viving buildings, published by the Chartered Association of Valencian Architects (COAV) 
in 1984, on the occasion of the  100th anniversary of the urban design of this district.

The COAV (1984) includes a copy of the original urban planning regulations. These 
fixed the maximum number of floors and the inter-storey heights to guarantee ventilation 
and sunlight. Initially, buildings should have 2 or 3 main floors, with a height of 3.75 m, 
allowing mezzanines and attics with inter-storey heights of 3.5 and 2 m, respectively. The 
maximum allowed height for the facades, at the beginning of the development of this area, 
can be seen in Fig. 7a. However, once the urban development started, pressure on property 
and land use forced a change of the urban regulations, allowing more built up volume, 
increasing both the depth of the footprint and the number of floors (black lines in Fig. 7b).

Considering the position of the stair-wells and the ventilation courtyards, notwithstand-
ing the different architectural styles (Eclecticism, Modernism, etc.), and the tenure status 
(rental or ownership) for the rectangular cadastral units two different layout became most 
common: one with the staircase next to the party wall serving one flat at each storey, and 
the other with the staircase in the middle serving one or two flats at each storey (see Fig. 8). 
Both typologies, with a number of storeys ranging between 3 and 6, and a depth between 
15 and 20 m, were adapted to the rhomboidal and pentagonal plots corresponding to the 
chamfers of the urban block (Fig. 8).

Specific data on each individual building can be obtained through the Cadastral data-
base (SEC 2022) and its online products. Data relating to the geographical position of the 
buildings, the age of the buildings, the number of floors, building floor area and geom-
etry are shown in Table 2. Importantly, the open access dxf files allow to take measure-
ments relating to the building footprint and other details of the façades. Moreover, for each 
cadastral unit, the Cadastral database includes a photograph of the main façade, allowing 
a one to one match. These pictures were checked with Google Street View (GSV) and by 
direct on site observation, where information was contradictory or more external façades 
are associated to the unit.

Façades, assuming there is not a proper connection to the thin inner walls, have been 
classified with respect to their position in the urban block as, internal (IN), chamfered side 
façade (C1) or chamfered central façade (C2) (see Fig. 8), and the number and layout of the 
openings has been recorded. Linking the open access SEC database with the AutoCAD® 
files through the Shape File in gvSIG allows mapping and analysing the distribution of 
data, such as number of floors or architectural style (see Fig. 9).

Fig. 7  a Maximum building and inter-storey heights. b Changes in height and depth of the buildings. 
Source: The authors
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The catalogue of P.E.P.1 Special Protection Plan (Ajuntament de València 2005) con-
tains information useful to identify the architectural style and the grade of listing of each 
building as can be seen in Fig.  10. This was integrated by an extensive field survey, to 
identify masonry residential buildings which were not listed, and buildings which did not 
have an unreinforced masonry load bearing structure. Definition of the different classes of 
listing and their distribution in Pla del Remei are shown in Fig. 11. Of the analysed build-
ings, 6% are grade I residential listed buildings (buildings of exceptional interest) about a 
quarter (24%) are grade II and the majority are grade III (61%) while only a minority are 
not listed (9%). The listing is important as it clearly defines the level and extent of interven-
tion that these buildings can undergo and therefore whether seismic strengthening can be 
implemented safeguarding their value.

More detailed technical data on the geometry (thickness of the load-bearing walls, 
dimensions and layout of the openings, inter-storey height, dimensions of the balconies 
and parapets…) and the structural characteristics (type of masonry, mortar, horizontal 
structure and roof typology) could be retrieved from 63 original plan drawings dated 
from 1906 to 1935 of residential buildings deposited at the Municipal Historic Archive 
of Valencia (AMHV). Sadly, only 27 of the 63 projects correspond to present day exist-
ing masonry buildings.

Fig. 8  Common building layouts in Pla del Remei quarter and classification of the façades. Source: The 
authors

Table 2   Cadastral database
 Data Source Urban data: Cadastral database (SEC 2022) 

DBF: Data Base Files 

(OpenOffice base) 

Nº of floors 

Age and dates of refurbishments 

Dimension of the plot  

Coordinates  X, Y (ETRS89 U.T.M. zone 30N)  

SEC website: 

https://www.sedecatastro.gob.es 

Number of dwellings 

Surface area of each dwelling 

Picture of one façade 

SHX: Shapefile shape index 

format files. (AutoCAD®)  

Position whithin the block 

Number of façades per building 

Length of each façade can be measured  

Area of the footprint of the building can be measured 

SHP: Shapefile shape format 

files (gvSIG) 

Linking DBF + SHX info 
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In most cases only a scale drawing of the building plan and elevation showing the 
thickness of the walls and the dimensions and layout of the openings are available 
(Fig.  12). In some cases, the drawing of the cross section has allowed to obtain the 
thickness of the floors and the inter-storey heights. In rare cases, technical drawings 
were available, allowing the identification of the horizontal structure typology of the 
original project (Fig. 13a, b). Additionally, as the urban regulations of the Pla del Remei 
changed between the end of the nineteenth century and the beginning of the twentieth 
century, allowing buildings with greater number of storeys, some of the earlier build-
ings added one or two story to increase the floor area and hence their commercial value. 
(Fig. 13c).

Given the sparse information included in the deposited drawing in relation to the struc-
tural details, several buildings were surveyed to ascertain their structural typologies. The 
result of the inspections shows that the structural solutions were very consistent across all 
buildings and architectural styles, comprising unreinforced brick masonry bearing walls 
(façades, staircases and party walls), inner brick columns, and one-way horizontal struc-
tures with timber or steel beams and joists and light tiles vaults (see Fig. 14).

Construction materials and techniques used in the XIX century in Pla del Remei were 
studied by J.M. Fran in his Phd Thesis (Fran 1990). According to this study, façades were 
built with load-bearing masonry walls of fired ceramic bricks laid in lime mortar with a 
thickness of 1 ½ pies1 or 2 pies depending on the type of bond used, while party walls were 
one pie thick built in stretcher bond as represented in Fig. 15. Pie stands for the length of 
the stretcher, independently of the dimensions of the brick. In the cases under study, the 
dimensions of the bricks were obtained by in situ measurements.

Figure  16 shows the dimensions measured on the load-bearing wall of the buildings 
in the area (24 cm long and 5 cm thick) and one of the lintels built with a brick arch 1 ½ 
pie thick. These dimensions are consistent with the results published by the researchers 
of the Municipal Archaeological Service of Valencia (SIAM) about the evolution of the 
size of bricks with time based on local archaeological surveys carried out. (Altarriba et al. 
2001) Their results show that in the period 1890–1939 the length ranged between 260 and 
240 mm, the width around 120 mm and the depth between 40 and 50 mm.

Taking into account the description of Fran (1990) and the works of the SIAM (Altar-
riba et al. 2001) and that there is no evidence that the thickness of the loadbearing wall 
is related to the number of floors, two possible scenarios, regarding the thickness of the 
loadbearing façades have been considered: 360 and 480 mm as a result of considering the 
dimension of the brick units equal to 240 × 120 × 50 mm and the thickness of the façade 
equal to 1 ½ or 2 pies.

Regarding the mechanical properties of the brick masonry, as a Spanish building code 
did not exist at the time, architects and civil engineers based their designs on recommen-
dations published in the technical journal Revista Obras Públicas, (ROP 1903a, b). The 
values for masonry compressive strength in use in the early twentieth century, published by 
this journal, compare well to the characteristic compressive strength values  (fsk) provided 
by Eurocode 6, (EN 1996-1, CEN 2005, EN 1996-3, CEN 2006) for class clay bricks and 

1 Although “pie/pies” means “foot/feet”, in this case corresponds to a traditional construction jargon where 
“pie” is equivalent to the length of the stretcher of the brick independently of their dimensions. Therefore, 
“1 ½ pies” means that the thickness of the wall is equivalent to the length of the stretcher of the brick plus 
the length of the header of the brick, while “2 pies” means that the thickness of the wall is equivalent to the 
length of two stretchers.
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M 2.5 mortar. Therefore, the corresponding values suggested by Eurocode 6 (EN 1996-1, 
CEN 2005, EN 1996-3, CEN 2006) for friction coefficient and cohesion are used in this 
study.

Timber floors were the norm until 1906, when the first building with steel joists was 
built in Valencia. According to J.M. Fran (Fran 1990) timber floors and steel floors coex-
isted until 1910, and from then on, the steel floors typology was predominant. However, 
the field work has revealed that timber floors can be found in buildings built around 
1920, probably due to the scarce supply of hot rolled steel profiles. Therefore, there is no 

Fig. 9  a Number of floors of the sample b Architectural style of the sample

Fig. 10  Catalogue of the Special Protection Plan (P.E.P.1 Ajuntament de València 2005)
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evidence that the material of the horizontal structure, either timber or steel, correlates to 
the age of the building.

Additional construction detail on the different types of floors existing in the area includ-
ing their self-weight can be inferred through the Spanish code MV 101 (Ministerio de la 
Vivienda 1963) and studies by Diodato et al. (2015). Three types of floor structure were 
identified through the survey: (A1) Timber joists with lightweight tile vaults with an aver-
age weight of 3 kN/m2, (B) Steel joists with lightweight tile vaults and a weight of 3.5 kN/
m2 and (B1) Timber joist with lightweight tile vaults and thin reinforced concrete slab for 
the buildings that have been refurbished, weighing an average 4 kN/m2.

In terms of the stiffness, these floors cannot be considered as infinitely stiff in their 
plane, therefore, for the structural analysis they are assumed as flexible structures with 
limited ability to redistribute mass to orthogonal sets of walls. As shown in an experi-
mental work by Maheri et al. (2012), the original system is able to develop very modest 
2-way behaviour, impaired by longitudinal cracks at the interface between tiles and joists. 
The introduction of the concrete slab, conversely, does prevent such cracks, and therefore 
increases somewhat strength and ductility, but increases also the mass of the system by up 

Fig. 11  Listing grades of the buildings in the area. Source: The authors according to P.E.P. 1

Fig. 12  Original building drawings. a façades and cross section. b façade and cross section. c building plan 
with load bearing walls. Source: Archivo Histórico Municipal de València. a AHMV Ensanche 1906 Caja 
2 Exp nº 17 C/Cirilo Amorós 23. b and c AHMV Ensanche1907 Caja 1 (26) Nº 94 EXP 12 H57 RG 4418)
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to 33%, without developing full composite action. Finally, regardless of whether the floors 
were built with timber or steel joist, the roof were always built with timber joists, rafters, 
reeds with mortar and curved Arabian roof tiles. The total mass is substantially lighter than 
the floor mass at 1.5 kN/m2.

Another issue to be considered is the presence or absence of timber tie beams or wall 
plates at each floor level. According to Fran (1990) the joists, usually orthogonal to the 
façade, rested at one end on the internal beams, (see Fig. 14a) while the other end rested 

Fig. 13  a Cross section with timber joist. b cross section with steel beams. c Addition of one storey in an 
existent building. (Source: Archivo Histórico Municipal de València. a AHMV Ensanche 1906 Caja 2 Exp 
RG 1023 C/Conde Salvatierra 2. b AHMV Ensanche 1925 C/Cirilo Amorós 81. c AHMV Ensanche1925 
caja 2 H528 Cirilo Amorós 34)

Fig. 14  Structural typologies: a timber beams and joists, b brick masonry bearing wall and timber joists, c 
brick masonry column with steel beams and joist and d) steel beams and light tiles vaults. (Source: Authors 
2021–2022)
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directly into pockets created in the bearing brick walls (see Fig.  14b). This constructive 
solution, with putlogs for the joists, was the cause of several constructive pathologies (Fran 
1990). A similar arrangement applies to the rafters, which at one end sit on the ridge beam 
and at the other end are inserted into the load-bearing façade, without, in most cases, the 
use of a tie beam. However, despite Fran’s statement, evidences of what seems to be timber 
tie beams have been seen during fieldwork.

The outcome of this integrated analysis provides the criteria to select a representa-
tive sample of the 205 buildings available to conduct the analytical seismic vulnerability 
assessment. While it would have been feasible to analyse each of the buildings in Pla del 
Remei, the purpose of this step is to show that representative samples can be identified for 
assessment of much larger building stocks, and that sensitivity analysis can be conducted 
on uncertain parameters instead. The ultimate objective of this approach is to identify a 
relatively small number of typologies to bring forward in the risk analysis balancing sim-
plification with specific seismic response.

Therefore, the criteria for selection are:

• Prioritize buildings with reliable information about the geometric dimensions both 
global and detailed, as it can be retrieved from the original projects or the Special 
Protection Plan P.E.P. 1;

• Proportional representation in the sample of the different number of floors, i.e. 
buildings with 4, 5 or 6 storeys;

• Proportional representation of buildings with different numbers of opening, as 
observed in the building stock, from one vertical alignment of windows, up to six 
in the wider facades. Because the size of the openings and the size of the piers are 
relatively regular across the building stock, this criterion, together with the previ-
ous one, provides a wide range of facades with different slenderness. It should be 
noted that there is no correlation between the number of openings and the number of 
floors.

• Proportional representation of the façade position in the block, as discussed with 
respect to Fig. 8. Specifically, distinction is made between façades along the sides of 
the block, which are connected with side and party walls at 90º (IN) and facades cor-
responding to the chamfers of the block, which are connected to other portions of the 
façade with angles wider than 90º and they either have one connection with a side 
wall (C1) or none (C2) if they are central to the chamfer, as thin inner walls cannot 
be considered properly connected with the façades. These geometries affect the level 
of connections in the masonry fabric and the restraint offered by the side walls to the 
façade to prevent out-of-plane failure.

Fig. 15  Original bearing walls bond and thickness according to J.M. Fran (Drawn by the authors)
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Considering the above-mentioned criteria, the representative sample for the seismic 
analysis accounts for 43 existing buildings and their 59 façades. Given the proportion 
of different number of storeys and positions of the façades in the block, this sample 
size provides a confidence level of 85% and a margin of error of 15% for the number 
of buildings and a confidence level of 90% and margin of error of 10% for the façades. 
These values are acceptable given the confidence levels related to the hazard. The 
uncertainties related to other structural characteristic, such as thickness of the façades, 
floors typology and existence of tie beams, for which a robust statistical distribution 
within Pla del Remei quarter could not be ascertained, have been accounted for through 
sensitivity analysis by assessing each façade several times, assuming the possible per-
mutations of the options included in Table 3, and analysing their influence on the col-
lapse load factor, the vulnerability class and the failure mechanisms.

The database records for the 43 buildings have been used as input to FaMIVE, which 
has been customised to represent the specific architectural characteristics of this build-
ing sample, by specifying the horizontal structures characteristics, taking into account 
the additions above the 5th and 6th floor, the variability in storey heights, and the state 
of conservation for each façade (Fig. 17). The latter is explicitly surveyed in FaMIVE by 
providing three qualitative classes (bad, medium, good conservation state, parameters 
5.7a–5.7c), then accounted for in the calculations by reducing the effective thickness of 
the walls, depending on the attributed class. FaMIVE also accounts for the reliability of 
the data collected, by considering three classes of margin of error in input, between 5 and 
15%, depending on the data source and collection method. A reliability function is then 
employed to determine the margin of error of the output.

3.2  Typologies identification and fragility analysis

The FaMIVE approach (D’Ayala 2013) is composed of two parts: a limit state analysis rou-
tine which identifies the most probable collapse mechanism (out of 23 possible ones) and 
its corresponding load factor for a given façade with given edge constraints and loading 
conditions, and a fragility analysis routine. The latter, based on the modified N2 method 
approach (Dolsek and Fajfar 2004) require first to derive simplified capacity curves, 
which is accomplished by treating the collapsing portion of the façade as a nonlinear sin-
gle degree of freedom (SDOF) oscillator. The mass of the SDOF oscillator is determined 
by the façade’s volume and the tributary area of the horizontal structures activated in the 
mechanism; its stiffness is determined by the geometry of the same portion, the type of 
mechanism and its constraints, using canonical stiffness equations for walls in lateral shear 
and flexural deformation. Mass and stiffness as derived above are used to determine the 

Fig. 16  Dimensions of the brick units and thickness of the façade. (Source: Authors 2022)
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fundamental period T of each oscillator. Finally, the ductility of the SDOF nonlinear oscil-
lator is defined by using a stability criterion, whereby the geometric parameters of the 
façade determines its loss of equilibrium. (see D’Ayala 2013; Novelli et al. 2015, Sorren-
tino et al. 2017, for a full treatment of the approach and its application).

Applying this procedure, an idealised linearized capacity curve corresponding to each 
façade is obtained. considering for each curve the specific performance thresholds corre-
sponding to slight, moderate, extensive and complete damage. In Fig. 18, such curves are 
plotted grouped for number of storeys. Each set collates the option for alternative type of 
horizontal structure, alternative nominal thickness of the façade, and presence of timber 
tie beam or wall plates, resulting in 192 facades for the 5 storeys and 6 storeys groups 
and 144 facades for the 4 storeys group for a total of 528 cases analysed. It can be seen 
that there is substantial variability of stiffness and strength capacity, with the 5 storeys 
façades showing the highest dispersion. The base shear coefficient, computed as the ratio 

Table 3  Permutations of 
the structural characteristics 
considered to account for 
uncertainties in the construction 
typologies

Thickness of the bearing façades 360 mm (1 ½ pies)
480 mm (2 pies)

Type of floors Timber floors
Steel floors
Strengthened floors

Existence of tie beams Yes
No

Fig. 17  FaMIVE inspection form
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of the lateral force resisted to the mass of the façade and expressed in units of (g), ranges 
from a minimum of just above 0.10 g for a 5 storey façade developing a local overturning 
collapse mechanism (upper triangular portion of the façade in presence of tie beam), to a 
maximum values just below 0.45 g for a 4 storey façade with good connections with the 
side walls developing an out of plane failure mechanism, where part of the side walls are 
also mobilised.

The range of lateral displacement corresponding to the four performance thresholds 
are similarly highly affected by the individual conditions of each façade and the specific 
mechanism that it develops. The drift is computed as the ratio of the displacement at the 
centre of gravity of the façade to its height above ground. The range of damage thresholds’ 
drift obtained with the numerical analysis for each damage state are compared in Table 4 
with the range of drift limits provided by the standards as outlined in Table 1. It can be 
noted that the computed damage threshold’s drifts are generally lower than the correspond-
ing limits prescribed by the standards, especially for lower damage states, highlighting the 
comparatively high stiffness.

Homogeneous subsets of curves were created for number of storeys, presence/absence 
of tie beams and nominal thickness. For each of these a multivariate analysis was con-
ducted considering the influence of the position in the block, number of openings, length 
of the façade and façade’s slenderness, pier slenderness, on the resulting performance. Spe-
cifically, the range of collapse load factors and prevalent collapse mechanism were used to 
further identify homogeneous subsets. Ultimately façades were grouped by position and 
length which in the case of 6 storey facades, also correlated to the number of openings. 
Therefore, 14 different typologies representing the building stock of Pla del Remei quar-
ter where finally identified (Table 5). For each of them 4 different construction assump-
tions, with and without tie beam and the two different nominal thicknesses are considered, 

Fig. 18  Sets of capacity curves for all the 4, 5 and 6 storey façades
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leading to a total of 56 typologies, to be used for the fragility analysis. The capacity curves 
obtained for these typologies, representing the average response of each subset are shown 
in Fig. 19. It can be seen that the variability in strength, stiffness and ductility is preserved 
within each subset, as well as the evident difference in performance across the four subsets. 
Particularly, while the presence of the tie beams generally results in an increase of stiff-
ness of the system, and some time an increase in ductility, this not always correspond to an 
increase in strength as, while the global mechanism is prevented by the presence of the tie, 
a local mechanism can be triggered with a relatively low collapse load factor.

The fragility assessment represents the next step in the methodology to determine the 
seismic response of these building types. Among various methods of deriving fragility 

Table 5  Façades typologies

Inner façade Chamfered side façade Chamfered central 
façade

4 Floors Length < 12 m
4B-4F-L ≤ 12

Length > 12 m
4B-4F-L > 12

All openings
4B-4F-C1

Any number of 
openings

4B-4F-C2
5 Floors Length < 12 m

5B-5F-L ≤ 12
Length > 12 m
5B-5F-L > 12

1 or 2 openings
5F-C1-(1O&2O)

More than 2 open-
ings

5F-C1-(3O)

Any number of 
openings

5F-(C2)
6 Floors 3 or 4 openings

6B-6F-L ≤ 12
5 or 6 openings
6B-6F-L > 12

1 or 2 openings
6F-C1-(1O&2O)

More than 2 open-
ings

6F-C1(6O&4O)

Any number of 
openings

6F-(C2)

Fig. 19  Average capacity curves for the 14 building typologies for the two sizes of thickness and presence/
absence of tie-beams
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functions, the N2 method (Fajfar 2000) incorporated in Eurocode 8 (EN 1998-1 2004, CEN 
2004) is adapted here by using idealised bilinear capacity curves, one for each of the curves 
in Fig. 19 against natural response spectra in the acceleration-displacement response spec-
tral space (ADRS) to identify performance points as coordinates of the intensity measure 
(IM) and engineering design parameter (EDP) (Dolsek and Fajfar 2004).As discussed in 
greater detail in Sects. 3.3.3 and 3.3.4 the current database of record accelerograms for 
Spain and the Valencia region specifically, is rather insufficient to the statistical require-
ments underlying the derivation of site specific fragility functions. Moreover, the typolo-
gies considered are applicable, not just to other cities in Spain, but also to other parts of 
southern Europe, characterised by different seismicity. Therefore, following the approach 
by (Bozorgnia et al. 2014), the response spectra of the far-field ground motion record suite 
provided by FEMA P 695 (FEMA 2009) are used in this study, thereby including record-
to-record variability. This suite of ground motions is scaled with Sa(T) values ranging 
from 0.02 to 2.5 g, so that sufficient data points are obtained for fitting lognormal fragility 
functions corresponding to all the damage levels considered. To be compatible with the 
SELENA input requirements, in this study fragility functions are generated in terms of dis-
placement. Fragility functions are computed assuming that a given level of damage, light 
(DS1), moderate (DS2), extensive (DS3) and collapse (DS4), is attained when the struc-
tural model response exceeds a certain performance threshold in terms of an EDP of inter-
est (lateral displacement in the present case), given a value of the intensity measure IM (in 
this study Sa(T1)). Given a cloud of performance points, obtained with the N2 approach, 
log-linear regression models can be employed to determine the relationship between the 
EDP and the IM using the total probability theorem. A complete treatment of the method 
is beyond the scope of this article and can be found in together with a comprehensive lit-
erature review on fragility functions derivation and limits of various approaches (D’Ayala 
et al. 2015).

The fragility functions for the 4 performance levels and for the 56 typologies are pre-
sented in Fig.  20 grouped in the four different subsets of thickness and presence of tie-
beams. The graph shows that the difference in performance between the typologies is pre-
served, especially for the advanced performance level of extensive damage and collapse. 
The idealised capacity curves and the parameters representing each fragility functions are 
used as input for the risk analysis and computation of losses, performed in SELENA.

3.3  Hazard scenarios and loss computation procedure

The SELENA software (Molina et  al. 2010) has been used to compute damage and 
losses scenarios using the spectral displacement approach in agreement with the 
N2-method. The methodology requires a building inventory, the soil characterisation to 
consider site effects and the definition of meaningful earthquake scenarios, besides the 
capacity and fragility functions derived with the FaMIVE procedure, that are used to 
obtain the damage probability and damage and loss distributions.

SELENA has the flexibility to choose the scale at which damage and losses are com-
puted. Typically, in regional and urban studies, the unit of assessment represents munic-
ipalities, districts or, at the smaller scale, urban blocks. Given the high level of resolu-
tion of the present study, whereby a large number of individual assets are considered, 
the damage and losses are computed for each building in the Pla del Remei quarter, each 
being assigned one of the typologies identified in the previous section.
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3.3.1  Building inventory

The building inventory database is one of the needed input files for SELENA, whereby 
each entry in the database is represented by a geounit. In order to account for buildings 
at chamfers with more than one façade, for which is not possible to predetermine which 
one would define the building’s vulnerability, the original building inventory has been 
expanded by including the multiple facades, resulting in a total of 287 elements. The 

Fig. 20  Fragility functions for the building typologies and constructive assumptions
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distribution of the different typologies among the database is shown in Fig.  21. Capac-
ity curves and fragility functions for each building typology are the ones obtained with 
FaMIVE in the previous section (Figs. 19 and 20 respectively).

3.3.2  Soil maps

The characteristics of the soil at each building plot have been obtained from the Geoweb 
project website (FIVE 2012). Geoweb is a collaborative project funded by the Spanish 
Ministry of industry and developed by the Cartographic Institute and the Building Institute 
of the Valencian Community to provide free information about the expected type of soil at 
a given geographic coordinates, based on geotechnical studies done by the Valencian Com-
munity over the years.

According to the Geoweb tool (Fig. 22), the soil underlying Pla del Remei area is fairly 
consistent, described as medium-dense clay, sand and gravel. Considering the ground clas-
sification provided by the clause 3.2.1. of the Eurocode 8 (EN 1998-1 2004, CEN 2004) 
the soil could be classified as type C (180 < Vs30 < 360 m/s) or D (Vs30 < 180 m/s) where 
Vs30 is the time-averaged shear-wave velocity (Vs) to a depth of 30 m. Additionally, Heath 
et al. (2020) proposed a topographic-slope-based Vs30 value of 300 m/s for this area so, 
ultimately, a soft soil type C was assumed for the analysis.

Fig. 21  Façade typologies distribution in Pla del Remei area

Fig. 22  Soil classification (in Spanish and translation). Source: Geoweb (FIVE 2012)
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3.3.3  Seismicity of Valencia region and compatible scenarios for Valencia municipality

The Iberian Peninsula shows a low to moderate seismicity in the world context with fre-
quent earthquakes of moment magnitude (Mw) generally smaller than 5.5, although, his-
torically, large damaging earthquakes have occurred with epicentral macroseismic intensity 
 (I0) IX-X in the EMS-98 scale (Grünthal 1998), as those of 1829 Torrevieja (Alicante) and 
1884 Arenas del Rey (Granada). Both earthquakes caused the collapse of many buildings 
and a high number of human losses (Vidal 1986).

Although the Alicante province is the area of the Valencian region with highest seis-
mic activity rate and record of damaging earthquakes (see Fig. 23a), the Valencia province 
has also been affected by significant historical earthquakes. The 1396 Tavernes earthquake, 
with an assigned EMS-98 intensity between VIII-IX was widely felt along the region. It 
caused extensive damage to buildings, churches and castles, triggering the almost total 
destruction of the localities of Alzira and Tavernes (Galbis Rodriguez 1932). Damaged 
buildings were also recorded in the Valencia municipality. No casualties were reported. 
Martínez Solares and Mezcua (2002) assigned a Mw 6.5 to this event. The 1748 Estubeny 
earthquake produced extensive damage to buildings, churches and castles with almost total 
destruction of the locality of Montesa and other towns in the epicentral area (Galbis Rod-
riguez 1932). It was felt at locations 40–75 km from the epicentre with intensity V (EMS-
98), hence it is assumed to have caused no damage in the Valencia municipality.

In the SE of Spain onshore active deformation and seismicity are mainly located along 
the Eastern Betic Shear Zone (EBSZ), a major strike-slip tectonic corridor belonging to the 
Betic Internal Zones (see Fig. 23b). Regional and local geodetic studies indicate that the 
EBSZ is absorbing between 0.2 and 1.3 mm/yr, i.e. only a portion of regional deformation 
(Martin-Rojas et  al. 2020). Martin-Rojas et  al. (2020) state that part of this deformation 
not absorbed by the EBSZ is accommodated in the eastern Betic External Zones, located 
to the north of the EBSZ, where several major historical earthquakes occurred (e.g., the 

Fig. 23  a Seismic hazard (PGA in units of gravity) map for 475 years return period (modified from Khara-
zian et  al. 2021). b Seismicity in the Valencia province (Mw ≥ 3.0). The main historical earthquakes are 
labelled in the map. The light blue area represents the municipality of Valencia. The black circled dots are 
the epicentral location of the simulated earthquakes (From north to south are Eqs. 1–3)
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1396 Tavernes and the 1748 Estubeny earthquakes). Perea (2006) and Perea et al. (2012) 
propose the Cullera Fault as the possible source of the Tavernes earthquake, while Giner-
Robles et  al. (2014) and García-Mayordomo et  al. (2012) attributed these major earth-
quakes to the Jumilla Fault.

Additionally, Kharazian et  al. (2021) carried out an update of the seismic hazard in 
Spain as part of a risk-targeted research in the country. The new seismic hazard maps 
(Fig. 23a) indicate a PGA between 0.10 and 0.14 g for the municipality of Valencia for a 
return period of 475 years and the corresponding disaggregation indicates that the higher 
probabilities come from moderate magnitude earthquakes (5.0–5.5) at epicentral distances 
compatible with the Cullera Western Fault (Fig. 23b). For a return period of 975 years, the 
corresponding disaggregation also indicates Cullera Western Fault as the epicentre of the 
event. Additionally, geological studies indicate that probably this fault was responsible for 
the 1396 Tavernes earthquake.

Therefore, to simulate the impact of probable earthquakes in Pla del Remei area for 
return periods of 475 and 975 years, corresponding to the life safety and collapse preven-
tion limit states, the occurrence of events generated by the Cullera Western Fault with a 
focal depth of 10 km and magnitudes of Mw 5.25 ± 0.25 and Mw 6.25 ± 0.25, respectively, 
have been chosen. In addition, three different epicentral location for the fault rupture are 
considered. Figure 23 shows the seismicity of the area, the active faults, and the chosen 
epicentral location. Finally, to account for the uncertainties about the magnitude, a logic 
tree approach is used for each event, attributing probabilities of 0.30, 0.40, 0.30 to the Mw 
5.00, 5.25 and 5.50 and 6.00, 6.25, 6.5, respectively, for the two return periods, to compute 
damage and losses. A higher weight was given to the central magnitude since the maxi-
mum PGA in the municipality is similar to the PGA from the seismic hazard map for the 
corresponding return period. Table 6 summarized the six scenarios used for damage and 
losses computation with the corresponding variability in magnitude and maximum com-
puted PGA for each case.

3.3.4  Ground motion prediction equations (GMPEs)

Once the epicentre location and magnitude have been defined, a ground motion predic-
tion equation is needed to determine the peak ground acceleration and spectral accelera-
tion shake map, considering magnitude, distance from source to site, focal mechanism, soil 
type, etc. Currently, the database of accelerograms recorded on Spanish territory by the 
Spanish national geographic institute (IGN) does not contain sufficient information to fit 
specific ground motion prediction models so it is usually accepted to employ European or 
worldwide models. For example, for the current seismic hazard maps of Spain (IGN 2017), 
a statistical residual analysis using the method proposed by Scherbaum et al. (2004) was 

Table 6  Magnitude and 
maximum PGA values (in units 
of g) in Pla del Remei area for 
each epicentral location and 
return period

Return period: 475 years Mw = 5.0 Mw = 5.25 Mw = 5.5
Earthquake 1 0.09 0.11 0.15
Earthquake 2 0.04 0.05 0.07
Earthquake 3 0.03 0.04 0.05
Return period: 975 years Mw = 6.0 Mw = 6.25 Mw = 6.5
Earthquake 1 0.24 0.29 0.33
Earthquake 2 0.12 0.15 0.19
Earthquake 3 0.09 0.12 0.16
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carried out to verify the validity of available GMPEs model for specific regions, conclud-
ing that for shallow seismicity regions the GMPE proposed by Akkar and Bommer (2010) 
and the one proposed by Cauzzi and Faccioli (2008) were the most adequate.

Hence the Akkar and Bommer (2010) GMPE is used in this study to compute the 
ground motion distribution at Pla del Remei quarter. This functional form uses the moment 
magnitude, the Joyner-Boore distance, two coefficients  SA and  Ss which are 1.0 for stiff and 
soft soils or 0.0 for rock (Vs 30 > 750) and assume two coefficients,  FN and  FR, relating to 
the faulting type so  FN is 1.0 for normal faults and 0.0 otherwise, and  FR is 1.0 for reverse 
faults and 0.0 otherwise. Then, the information obtained in Sect.  3.3.2 indicates us to 
assign to  SA and  Ss the same value (1.0) and the scenario earthquakes chosen in Sect. 3.3.3, 
related to the Western Cullera Central Fault, allows us to fix  FN to the value 1.0 (normal 
fault, as indicated by Garcia-Mayordomo et al. 2012) and  FR takes the value 0.0.

4  Targeted seismic risk assessment

SELENA calculates the damage probability for the five damage states (none, slight, moder-
ate, extensive and complete) for each scenario, including median, 16% and 84% percentile 
values for each earthquake.

Figure 24 shows, for each typology, construction hypothesis and return period, the maxi-
mum and minimum values of the probability of reaching each damage state computed across 
the 3 scenarios for epicentral location and combination of magnitudes. For the 475 yr return 
period, it can be observed that façades with capacity curves with higher stiffness tend to 
have higher proportion of slight damage, as they are more sensitive to small displacements. 
Therefore, the chamfers façades C2 appear to have slightly better performance than others, 
in terms of minimum probability of damage. It is also evident that the five storeys typologies 
are at greater risk of damage than the others. For typologies without tie beams, the case with 
higher thickness deliver better performance than the case with lower thickness. The effect of 
the tie beams is less clear, as it shows less difference between minimum and maximum dam-
age probabilities with respect to the cases without tie-beams. However, the results show an 
increase in the probability of higher damage level in some cases. This can be ascribed to the 
development of local collapse modes. For the 975 yr return period, the results are influenced 
by the reserves of ductility of the different typologies, with a marked greater probability of 
higher damage levels for the façades in chamfers. Façades with greater thickness overall 
have less probability of damage than slenderer facades, with 4 storeys façades showing the 
best performance across all typologies. It is also noticeable that the tie-beams appear to be 
effective in reducing the probability of higher damage level for the hypothesis of thinner 
walls, when considering a 475 years return period. For 480 mm case, the presence of tie 
beams prevents some failure mechanisms switching to others involving a bigger proportion 
of the façade, and therefore, most damaging.

Additionally, SELENA calculates the Mean Damage Ratio (MDR), a useful parameter 
to highlight the compounded risk for each unit. MDR is defined as the sum of the repair 
cost corresponding to each damage state expressed as a ratio of the cost of new construc-
tion (FEMA 2003), over the number of damage states. MDR values for each typology in 
each scenario are shown in Fig. 25. These results highlight the influences of the epicentre 
location for the higher return period since the probability of damage is clearly ampli-
fied for the more vulnerable typologies when considering the northest location of the 
epicentre. The higher probability of damage of facades in chamfers is confirmed within 
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different construction hypothesis and number of storeys, for both return periods, with a 
MDR close to 1 for C2 façades with 4 and 5 storeys in the case of lower thickness.

In order to have a more detailed picture about the probable economic losses, the 
expected built damaged area has been calculated.

Direct economic losses depend on the probability of occurrence of each damage state 
and the repair (mostly for damage states slight and moderate) and replacement (for damage 
states extensive and complete) costs. Considering that the building inventory is provided 
in terms of floor area of the buildings, it is possible to estimate the total economic losses 
caused by the structural and non-structural damage in terms of the built area damaged.

The repair and replacement costs associated with Slight, Moderate, Extensive and Com-
plete structural and non-structural damage can be defined as fractions of the full replace-
ment cost of the building. Hazus Earthquake Model Technical Manual (FEMA 2020), pro-
vides the repair cost ratios (in % of building replacement cost) for multi-family dwelling 
shown in Table 7.

Fig. 24  Best and worst performance prevision considering the probability values of reaching each damage 
state, for each constructive assumptions, building typology, and seismic scenario
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However, in Pla del Remei area the decoration of the façades of the masonry buildings 
acquires special importance (see Fig. 26), as for the bourgeoisie of the late  19th and early 
twentieth century, the sumptuous and elaborate coatings, with richly detailed ornamental 
patterns and mouldings of the façades, were a sign of their social status (Miján et al. 2011). 
Therefore, considering the heritage value of the buildings in the area, the relative values of 
the non-structural components, like the exterior plasters of the wall panels, in relation to 
the overall building replacement value should be increased when taking into account the 
cost of the decorations, renderings, stuccoes, etc. that characterised the façades of this area.

To evaluate this additional replacement cost, a market survey has been carried out, com-
paring the market price provided by the “idealista” real estate website (Idealista 2022) for 
masonry buildings built before 1939 and reinforced concrete buildings built after the end 
of the Spanish Civil War in the same area. The price per square meter (sqm) of a small 
sample of the buildings reviewed can be seen in Fig. 27, showing that the masonry build-
ings are on average up to 50% more expensive.

In this proposal, the authors are fully aware of the reliability of this study, since one of 
the main characteristics of real estate is that it is "unique", i.e. no two properties are ever 
the same. This situation complicates the comparison and justifies the dispersion of prices 
in the market, both for masonry and concrete buildings.

Fig. 25  Mean Damage Ratio (MDR) median values for each constructive assumption and seismic scenario
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Furthermore, usually, the character of a listed building does not necessarily imply a 
higher valuation from an economic point of view, at least in terms of market prices and 
willingness to pay from prospective buyers. Indeed, the listed status is often perceived as 
a hindrance due to restrictions on improvements or renovations, which can weight down 
the sale price of the asset. Moreover, there is no doubt that the repair, refurbishment or 
replacement of listed buildings (minor heritage) can be considerably more expensive if tra-
ditional techniques are used.

Therefore, assuming that the façade account for about 30% of the building cost, the 
repair cost for moderate damage in acceleration-sensitive non-structural elements has been 
increased by 15%, with the final costs ratios considered to obtain the built damaged area 
(BDA) shown in Table 7.

The minimum and maximum proportion of BDA obtained for each return period and 
construction hypothesis are shown in Fig. 28, where they are divided by listed status. It can 
be seen that, the minimum values for the 475yrs return period, provide a virtually undam-
aged outcome for all construction hypotheses, however the BDA could be up to 12% of the 
total built up area if the maximum value are considered in the case of 360 mm thickness 
without tie beams. For the 975yrs return period damage could affect more than 50% of the 
built up area in the case of 360 mm thickness without tie beam and for the 480 mm thick-
ness with tie-beams.

Finally, the minimum and maximum percentages of the expected built damaged area 
(BDA) have been mapped for the most likely construction assumption (façades 480 mm 
thick without tie beams) considering both, 475 and 975 years return periods. For the build-
ings in the chamfers, with more than one façade, the assigned values correspond to the 
façades with the best and worst behaviour (Figs. 29, 30, 31 and 32).

Fig. 26  Decorations in Pla del Remei Masonry buildings. Source: The Authors

Fig. 27  Market prices for masonry and reinforced concrete building in the area. (Data from Idealista 2022)
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Fig. 28  Percentages of built damaged area for each scenario

Fig. 29  Built damaged area. 475 years return period minimum values (in %). Façades 480 mm thick

Fig. 30  Built damaged area. 475 years return period maximum values (in %). Façades 480 mm thick
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5  Conclusions

In this study a detailed multiscale building inventory has been created, with the records of 
the masonry residential buildings in Pla del Remei built before the end of the Spanish war 
(1939) and saved from demolition, integrating urban, architectural, geometrical, structural 
characteristics and heritage value of each building unit.

A thorough analysis of this database has been carried out to identify criteria for group-
ing them in order to select a reduced sample of buildings to conduct the seismic capacity 
and fragility assessment. With this aim, specific parameters obtained from the database 
have been used as input data for FaMIVE for each façade.

The capacity and fragility assessment routine of FaMIVE is used in an iterative 
approach to correlate the collapse load factor and capacity curves to architectural and 
structural features with the objective of determining homogenous typologies. Due to the 
existence of a very rigid building regulation in force during the studied period, the building 
sample has demonstrated to be quite homogeneous regarding the inter-story distances and 
the layout and dimension of the openings. This approach has enabled to identify geometric 
and architectural features obtained from onsite observation, that can be used to correlate 
construction to seismic response.

Fig. 31  Built damaged area. 975 years return period minimum values (in %). Façades 480 mm thick

Fig. 32  Built damaged area. 975 years return period maximum values (in %). Façades 480 mm thick
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As a result, 14 representative typologies have been identified on the basis of the number 
of stories, position in the block and number of openings. This features can easily be identi-
fied by nonspecialist and using open access geographic data sources as Google street map.

Considering that the urban planning regulations in force at that time (end of the nine-
teenth century and beginning of the 20th) were quite similar in several Spanish cities 
undertaking a process of expansion of the mediaeval centres following the hygienist theo-
ries of the time, it is possible to assume that the urban characteristics (aggregation of build-
ings in blocks with central court and buildings in chamfers) technical data on the geometry 
(thickness of the load-bearing walls, dimensions and layout of the openings, inter-storey 
height, dimensions of the piers, balconies and parapets…) and the structural characteristics 
(type of masonry, mortar, horizontal structure and roof typology) determined in this study 
can be extrapolated to other expansion areas in Spain.

Capacity curves and fragility functions have been produced for each of the identified 
typologies, while each building has been considered as an independent unit for risk assess-
ment, by assigning to it the corresponding capacity curve and fragility function, as well as 
the data relevant to soil classification and earthquake intensity measure.

The definition of the relevant hazard scenarios and the risk analysis have been per-
formed with the earthquake loss estimation tool SELENA, a flexible tool that allows 
the user to tailor the input data according to required results, and easily integrated with 
FaMIVE. For the first time, SELENA has been used to compute damage and losses at the 
building/façade level, rather than at the urban block level, allowing to analyse the spatial 
distribution of damage accurately and critically assess the sensitivity of the results to the 
variability of the input parameters.

The uncertainties have been considered following different steps throughout the study. 
Uncertainties about the thickness of the bearing walls and presence of tie beams have been 
considered analysing different construction hypothesis, being the 480  mm thick bearing 
walls without tie-beams the most probable building characteristics scenario. Uncertainties 
about the location of the earthquake rupture have been considered by running three pos-
sible ruptures along the most probable active fault. Finally, the uncertainty in the size of 
the earthquake was included by defining a logic tree with three possible magnitudes of the 
earthquakes and corresponding weight according to the targeted PGA value.

Once the probabilistic hazard scenarios have been chosen, SELENA’s output, generated 
for each building consisted in its probability of being in one of 5 damage states, its mean 
damage ratio (MDR), and economic losses computed in terms of total built damaged area 
(BDA). It is however impossible to compare the obtained results to real damage in buildings, 
as the last damaging earthquake near Valencia, known as Tavernes earthquake, occurred in 
1396 (Galbis Rodriguez 1932).

Considering that 81% of the buildings are listed in any of the three listing grades, a new 
approach for considering the economic losses taking into account the heritage value of the 
buildings has been proposed as a result of a market survey.

Using the logic tree results, the minimum and maximum percentage of built damaged area 
for both, 475 and 975 years return periods, have been mapped for the most probable building 
characteristics scenario, to identify which buildings are expected to be the most damaged. 
Figures 29, 30, 31 and 32, show that there is a clear majority of buildings (between 51 and 
64% of the building stock) performing consistently as to the level of BDA. However, while 
the range of possible damage levels is quite constrained for the 475 return period (either min-
imum or maximum scenario, achieving a maximum 10% BDA, corresponding to widespread 
moderate damage) for the worst 975 year return period scenario as much as 57% of the build-
ings could experience up to 30% to 40% BDA, corresponding to structural damage or partial 
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collapse. At least 10% of buildings could collapse. These results shows that for these build-
ings the level of risk is rather different than the one that underlines codes recommendations, 
therefore specific strengthening and mitigation programmes should be considered at local 
level, and implemented through accurate studies of the peculiarities of each building units.

A major advantage of this study, in terms of repeatability of the methodology and appli-
cability to other studies, is that all data sources and platforms, except the original projects 
drawings (AHMV), are open access: the cadastral data and picture of the façades (SEC), 
their listed status, architectural style, and structural data (P.E.P.1), the soil characteristics 
(GEOWEB) and images of the urban scene (Google Street View). Moreover, also FaMIVE, 
SELENA and gvSIG are open access software and they can be seamlessly dovetailed and 
used with similarly constructed databases to conduct targeted risk analysis of historic urban 
centres.
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