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Abstract
This paper aims not only at raising awareness for the preservation of traditional construc-
tion techniques and materials when intervening in urban cultural heritage (UCH), but also 
at demystifying whether or not the integration of traditional seismic strengthening strate-
gies in the renovation process of such assets is economically viable. In Portugal, count-
less UCH assets have been massively demolished and replaced by modern construction 
solutions over the last decades. As this phenomenon is contributing both to the mischar-
acterisation of the existing building stock within the majority of historical centres, and to 
the gradual loss of knowledge on these construction techniques, it is fundamental to tackle 
this issue from its very foundations, i.e., by raising the awareness and consciousness of 
all the involved stakeholders to the need of preserving such techniques and materials as 
part of the patrimonial value of UCH assets. Hence, in order to investigate the above-men-
tioned issues, the database created in the framework of the 1998 Azores earthquake by the 
Regional Secretariat for Housing and Equipment (SRHE) of Faial Island, was herein revis-
ited. By critically handling and analysing this database, it was possible not only to investi-
gate the economic prospects of UCHs assets’ renovation in Portugal, but also to derive new 
repair cost functions suitable to the Azorean traditional stone masonry building stock, that 
might be used to support post-disaster emergency plans and the design of risk mitigation 
strategies.
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1 Introduction

Cultural heritage is generally described as a wide set of cultural aspects, engineering and 
architectural features, from physical artefacts and social customs, to traditions and prac-
tices, which are inherited from past generations (Roders 2007). Safeguarding cultural herit-
age is therefore essential to preserve the identity of communities’ and cultural diversity 
worldwide. The values of cultural built heritage are commonly divided into two different 
categories: economic (which may be expressed in monetary terms) and sociocultural (non-
monetary) values. Several studies have been developed addressing the evaluation of these 
categories by means of both qualitative and quantitative approaches (De la Torre 2002; 
Rizzo and Throsby 2006; Roders 2007; Mrak 2014; Dalmas et al. 2015). Despite the inte-
gration of economic values in the valuation of built heritage is accredited as a strong force 
shaping heritage conservation, it is often left out of the traditional purview of conserva-
tion professionals. Rather than tap into the evaluation of utterly sociocultural values, which 
require a completely distinct approach, the present study aims at investigating the economic 
impact resulting from preserving traditional construction techniques and materials in the 
renovation of UCH assets, as an integral part of the engineering and architectural features 
included in the definition of urban cultural heritage. By doing so, the authors expect to 
demystify one of the most-frequently preconceived ideas usually attributed to such tradi-
tional construction techniques and materials, that they are economically unattractive or 
unreliable when compared to modern construction solutions (e.g. steel or reinforced-con-
crete structures).

The definition of UCH assets has been introduced by Maio et al. (2018), and it includes 
architectural assets with acknowledge cultural relevance, preferentially of residential use, 
located within historical centres. While the vertical structure of such assets is constituted 
by load-bearing walls commonly erected in adobe, rammed earth or stone masonry, the 
horizontal structures (floors and roofs) are usually composed of timber elements. The pres-
ence of elements such as arches and vaults, chimneys, staircases, skylights, parapets, cor-
nices, or dormers for example, and their architectonic and artistic richness, naturally brings 
additional value to these assets.

Despite the wide spectrum of traditional construction techniques and materials used in 
UCH assets in Portugal, as demonstrated for example in Maio et  al. (2015), its use has 
been declining abruptly. Several aspects have been appointed to this gloomy reality, such 
as the lack of awareness and sensitivity of all the involved stakeholders for the cultural rel-
evance and benefits from preserving these traditional solutions, and for the long-term con-
sequences that the loss of such heritage would represent to each stakeholder and ultimately, 
to the nation’s patrimonial welfare. This has also contributed to the continuous decline of 
the number of skilled professionals (from masons and technicians to engineers and archi-
tects) with expertise on these techniques and materials, leading to a natural increase of the 
labour cost associated with such specific works.

Given the substantial growth in tourism observed in the past few years in Portugal, the 
economy, and the construction sector in particular, has been recovering from a severe eco-
nomic crisis, and many interventions have been carried out ever since nationwide. The 
revitalisation of urban renovation was assumed as one of the top priorities of the XIX Con-
stitutional Government of Portugal, as at the time, the renovation of the existing building 
stock only represented about 6.5% of the construction sector, far below the 37% of the 
European average (Portugal 2012). This led the Government to revise the legal framework 
in force by issuing the Decree Law 32/2012 of August 14, 2012, which provides specific 
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framework for the protection of existing structures subjected to renovation interventions 
(Portugal 2012). In particular, it allows the non-observance of legal framework supervening 
the original construction period if and only these interventions do not cause or exacerbate 
the non-compliance with the current legislation in force or improve the safety and salubrity 
conditions of the building, and if the respective constructive provisions are adequate for 
the structural and seismic safety of the building (Portugal 2012). Despite its exceptional 
character, the Decree Law 32/2012 has been subject of great controversy, as it is known for 
example, that at the time of the Building Census Survey of 2011, 25% of the Portuguese 
building stock was designed with no explicit seismic provisions (i.e., constructed before 
1958). Moreover, 37% of the building stock was constructed while the first seismic design 
codes (RSCCS, RSEP), which might not guarantee adequate seismic performance, were 
in force (Silva 2013). In any case and disregarding the eventual lack of assertiveness and 
clarity of the Decree Law 32/2012, the non-observance of current legal framework must be 
identified and justified by the civil engineer responsible for the renovation design project 
through a declaration of responsibility.

Despite this encouraging atmosphere, which could constitute an excellent opportunity 
to conciliate the implementation of adequate seismic strengthening with the renovation of 
UCH assets, there are reasons to believe that this upsurge of interventions to UCH assets 
is being pursued either on a too superficial or intrusive way. While in the first case, non-
structural or minor structural interventions are carried out without any anti-seismic provi-
sions, in the second case, little respect is shown for the existent construction techniques 
and materials, usually involving the demolition of the whole building except for its façade 
(a common reconstitution practice also known as “façadism”).

Carrying out such kind of practices is particularly alarming in seismic prone areas, such 
as the metropolitan area of Lisbon or the Algarve region, as latest estimates foresee that 
within the next decades Portugal may be severely hit by a strong earthquake similar to 
the historical 1755 event. Hence, this study aims not only at investigating the economic 
prospects of UCHs assets’ renovation in Portugal, but also to develop new functions for the 
estimation of repair costs of seismic damage using the database provided by the Regional 
Secretariat for Housing and Equipment (SRHE) of Faial Island, which refers to the 1998 
Azores earthquake.

2  The 1998 Azores earthquake

The Azores archipelago, located at the triple junction of the Eurasian, North American and 
Nubian plates, is considered the most important seismogenic region in Portugal, both in 
terms of magnitude and frequency (Oliveira et al. 2008a). On July 9th, 1998, the central 
group of the archipelago, and in particular the Faial Island, was severely hit by an earth-
quake of magnitude 6.2, which has been extensively documented in literature (Borges et al. 
2007; Matias et al. 2007; Oliveira et al. 2008a; Marques et al. 2014). This event, also felt 
on the islands of Faial, Pico and S. Jorge, left behind a massive trail of destruction, as 
about 70% of the building stock was damaged (see Fig. 1), and has directly affected the life 
of over 5000 people, from which 150 injured, 1500 homeless and 8 fatalities were reported 
(Oliveira et al. 2008a).

The 1998 earthquake, considered as one of the worse natural disasters in the liv-
ing memory of archipelago, and the reconstruction process that has followed on from it, 
allowed for the collection of an unprecedented amount of data that has been encouraging 
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the development of many studies ever since, as for example those carried out by Costa and 
Arêde (2006), Neves et al. (2012a), Diz et al. (2015), Ferreira et al., (2017a), or Maio et al. 
(2017). The data collected during the 10 years-long reconstruction process of Faial Island 
that was conducted by the Society of Promotion for Housing and Infrastructures Rehabili-
tation (SPRHI), was compiled in 2007 by the Regional Secretariat for Housing and Equip-
ment (SRHE) of Faial and included in the commemorative publication of the 10 years after 
the event entitled “Sismo 1998 Açores—uma década depois”, in Oliveira et al. (2008a).

2.1  The Faial database

As mentioned above, the hereinafter designated Faial database resulted from the data col-
lected during the 10  years-long reconstruction process of Faial Island that followed the 
1998 Azores earthquake. Over the last years, this database has supported the develop-
ment of a wide range of studies in numerous research fields, covering, among other issues, 
the general characterisation of the earthquake, considering its historical context and both 
geological and geophysical aspects (Borges et al. 2007; Matias et al. 2007; Marques et al. 
2014), the typological characterisation of the building stock of Faial Island and of observed 
damage (Neves et al. 2012a; Ferreira et al. 2017b), as well as many other experimental (on-
site) and analytical studies that aimed not only at characterising the mechanical properties 
and the seismic response of traditional stone masonry structures (Costa 2002; Neves et al. 
2012a, b; Ferreira et  al. 2016), but also on investigating the effectiveness of traditional 
seismic strengthening measures (Costa and Arêde 2006; Diz et al. 2015; Maio et al. 2017; 
Ferreira et al. 2017c).

However, given its unique character and size, the authors believe that there is still room 
to further exploit the referred database, particularly in what regards the costs of renova-
tion works and seismic strengthening strategies that were implemented. This information is 
considered of great interest all the more when considering the current panorama of renova-
tion in Portugal, which was described in the previous Sect. 1. Hence, the research opportu-
nity to address this issue emerged not only by realising the great potential and uniqueness 
of the collected data, but also by combining both the necessity of demystifying the pre-
conceived idea that the renovation of UCH assets is almost invariably economically unat-
tractive and disadvantageous, and the need for the protection of traditional construction 
techniques and materials, particularly in historical centres which are a fundamental part of 
our cultural identity.

Before introducing the economic aspects behind the reconstruction process of Faial 
Island, it is important to stress out that the sample of buildings herein analysed was 

Fig. 1  Illustration of the damage observed in the sequence of the 1998 Azores earthquake in some of the 
most affected parishes of Faial Island: Castelo Branco, Flamengos and Pedro Miguel (respectively from left 
to right). Source: Faial database
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extracted from the original Faial database according to the aims of the present study, i.e., 
disregarding for example deficient and unreliable data, or data related to reinforced con-
crete buildings (R.C.). Thus, the distribution and full description of the sample herein con-
sidered is going to be presented and analysed. It comprises a total of 1395 stone masonry 
buildings that were subjected to different types of interventions, as further described in 
Sect. 2.3. The stone masonry building stock of Faial Island features a wide variety of typol-
ogies resulting from the intrinsic properties of the buildings and its surrounding, and the 
emergence of new technologies and materials (such as steel or concrete), which have been 
re-shaping the traditional Azorean stone masonry construction over the years. Firstly, it is 
fundamental to highlight the differences between rural and urban typologies, an issue that 
was firstly addressed by Costa (2002). As illustrated in Fig. 2, while in rural areas build-
ings are one- or two-storey height, generally isolated and of modest architectural features, 
in urban areas of Faial Island the same buildings can vary in between two- and four-sto-
reys and are invariably enclosed in aggregate. Another substantial difference between such 
typologies is that the basalt stone masonry of buildings located in urban areas is generally 
more regular, well-cut, shaped and arranged, in contrast to that of buildings located in rural 
areas, in which masonry is predominantly irregular and disorganised. According to Costa 
(2002), this fact is generally true, even though the quality of the stone masonry is invari-
ably reliant on the economic resources of the property owners and on the expertise and 
care of the contractor at the time of construction. As a matter of fact, the urban typology 
of Faial Island’s stone masonry buildings falls within the category of UCH assets briefly 
described in Sect. 1. In this study, the authors only considered the data corresponding to 
the parish of Matriz (located within the historical centre of Horta) as representative of the 
UCH category.

There were however a few sub-categories identified during the on-site survey and inves-
tigation carried out in the sequence of the 1998 earthquake that are common to both rural 
and urban typologies (Oliveira et al. 2008a, b). As mentioned above, these are associated 
with the advent of new technology and materials, namely the introduction of R.C. ele-
ments. These typologies are classified and described in the following Table 1 as SM1 to 
SM5, respectively from a more traditional Azorean stone masonry typology to its most 
“intrusive” variant. It is worth noting that despite the same nomenclature is used to classify 
the horizontal structure of SM2 and SM4 typologies, according to Oliveira et al. (2008a, 
b), while in the first case the presence of timber floors prevails over R.C. slabs, which are 
usually limited either to kitchens or bathrooms, in the case of SM4 typologies, the use of 
R.C. slabs is more generalised in the in-plan and in-height extensions of the original layout.

An overview of the distribution of the sample among the above-mentioned typolo-
gies is given in Fig. 3, from which it is worth highlighting that the original Azorean stone 

Fig. 2  Illustration of three stone masonry buildings representative of the rural (left) and urban (centre and 
right) typologies of Faial Island building stock. Source: Faial database
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masonry typology (SM1) stills represented, at the time, the majority of the building stock 
of Faial Island (about 55% of the sample) for both rural and urban typologies, from which 
R.C. and other current building typologies were disregarded. In fact, the distribution given 
in Oliveira et al. (2008a, b), which accounted for all type of existent building typologies 
in the Islands of Faial and Pico, in a total sample of 3210 buildings, confirmed SM1 as 
the prevailing building typology, representing about 60.3% of these Islands building stock. 
Coming back to this study’s sample, it can be observed from Fig. 3 that that SM4 is the 
second most common building typology of Faial Island, an observation that is again in line 
with the results from Oliveira et al. (2008a, b). In the following Sect. 2.2, this sample is 
going to be analysed in terms of observed damage.

2.2  Damage assessment and classification

It is known that earthquakes have the potential to cause an immediate- and long-term 
impact on communities, which might be classified in different categories, from physical, 
social, economic to environmental impact (So and Platt 2014). In this study however, only 
the physical impact concerning to damage in residential buildings is going to be addressed. 
Moreover, given the current policies in Europe concerning energy efficiency, the so-called 
green retrofitting is becoming more and more an integral aspect in the renovation pro-
cess of traditional buildings. Even though several studies have been recently developed 

Table 1  Material’s description of the different variants of the Azorean stone masonry typology, according 
to Oliveira et al. (2008a, b)

Typology Vertical structure Horizontal structure Roof structure

SM1 Stone masonry Timber Timber truss
SM2 Stone masonry Mixed Timber truss
SM3 Stone masonry R.C. slabs Timber truss
SM4 Stone masonry with R.C. 

columns and beams
Mixed Timber truss

SM5 Stone masonry with R.C. 
columns and beams

R.C. slabs Timber truss or R.C. slabs

Fig. 3  Relative percentages in 
terms of building typology of 
rural and urban buildings for the 
considered sample of 1395 build-
ings of the Faial Island
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to understand how energy demand in traditional buildings can be reduced, as the case of 
Filippi (2015), Mazzarella (2015) or Webb (2017), this issue was not addressed in the pre-
sent study as it refers exclusively to structural strengthening strategies, as further explained 
in Sect. 5.

In this section, the damage assessment and classification of the traditional masonry 
building stock of Faial Island will be briefly discussed by recapping and treating the infor-
mation gathered in the Faial database, which was featured in the past by Neves et al. (2008, 
2012a). The damage assessment herein presented concerns to the damage mechanisms 
observed in the sample of 1395 buildings of the Faial Island. Hence, based on the clas-
sification proposed by Neves et  al. (2012a), the exterior damage is herein classified into 
the following six states, from D0 to D5: No damage (D0)—Buildings that do not present 
any sign of damage; Slight cracking (D1)—Widespread cracking around openings and hair 
line cracks (cracks less than 1 mm wide); Moderate cracking (D2)—Typical shear cracking 
(involving the relative displacement between stones and the detachment of the wall render-
ing) without out-of-plane displacements; Extensive cracking (D3)—Typical shear cracking 
(involving the relative displacement between stones and the detachment of the wall ren-
dering) with out-of-plane displacements; Widespread damage (D4)—Widespread damage 
both in- and out-of-plane, and Ruin (D5)—The great majority of the structural elements 
totally collapse. An example of each damage state is given in Fig. 4 to clarify the classifica-
tion herein considered.

The above-mentioned damage classification can be directly correlated to that defined in 
the European Macroseismic Scale (Grünthal 1998), allowing for its use in earthquake risk 
and loss assessment applications. Moreover, from the damage data provided in the Faial 
database it is possible to establish a correlation between repair costs and damage states, 
allowing ultimately for the development of economic damage indexes and repair cost func-
tions suitable to the Portuguese building stock, as it will be discussed further on in Sect. 4.

Each category was subdivided into a set of subcategories, according to the area or ele-
ment where the damage was observed, such as façade (F) or gable-end (G) walls or both 
(GF), roofs (R) or corner angles (C). Damage category D5 distinguishes between local col-
lapse mechanism (L) and total (T) ruin or collapse of the structure. Moreover, acknowledg-
ing that different types of damage often coexist in earthquake-damaged structures, the final 
damage classification refers to the highest degree of damage observed, as suggested by 
Neves et al. (2012a). Hence, in Fig. 5 (left), the number of buildings for each damage state 
is presented together with the respective distribution for each subcategory, considering the 
sample of 1395 buildings. It is observed that only 2.1% were classified as D0. At the other 
extreme, 30.2% of the buildings were classified with a damage state D3. Moreover, 56.9% 
suffered out-of-plane damage (D3, D4, and D5), highlighting the importance of account-
ing for out-of-plane mechanisms in the seismic vulnerability assessment of these building 
typologies.

Fig. 4  Example of observed damage states D1–D5 (slight cracking, moderate cracking, extensive crack-
ing, widespread damage and total collapse), based on the classification proposed by Neves et al. (2012a). 
Source: Faial database
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If looking at the percentage distribution of each subcategory by damage state, given 
in Fig. 5 (right), it can be observed that in the case of damage state D1 and D2, the vast 
majority of the buildings presented cracking damage at gable-end and façade walls simul-
taneously. Furthermore, with the exception of damage state D3, it is possible to observe 
that the damage was more concentrated in gable-end walls than in façade walls, a fact that 
might be explained either due to the poor quality of the connection between the façade 
and gable-end walls, or to the lack or poor quality of the connection between the horizon-
tal structures (floors and roof) and gable-end walls, or even to the general low quality of 
the masonry fabric used to construct gable-end walls (when compared to façade walls). 
Another cause for this might be related to the fact that most of these buildings are “iso-
lated”, meaning that they do not share mid-walls with adjacent structures and therefore, 
gable-end walls are less constrained than in  situations where buildings are enclosed in 
“aggregate”. From Fig. 5 (right), it is also possible to conclude that corner angle (C) dam-
age was observed to damage states D3–D5, as a result of the combined extensive cracking 
in both gable-end and façade walls and of eventual torsional effects. Finally, it is possible 
to observe that about 50% of the buildings classified with damage state D5 (74 out of 141) 
were totally collapsed after the 1998 Azores earthquake.

2.3  The reconstruction process of Faial Island

The preservation of traditional construction techniques and materials was one of the main 
premises for the reconstruction process of Faial Island that followed the 1998 earthquake, 
fully described in Oliveira et al. (2008b). These interventions were executed based on two 
types of contract: Direct Administration contracts, in which the financial support and the 
full responsibility was transferred to the claimant, and Fixed Price contracts. In the first 
case, the Reconstruction Promotion Centre (CPR), established by the Regional Legislative 
Decree Law 15-A/98/A of September 25, 1998, was appointed as the supervisory author-
ity to assign the instalments in function of the overall progress of the work (Oliveira et al. 
2008b). Fixed Price contracts, instead, were legislated by means of the Decree Law 300/98 
of October 7, 1998, which entitled these contracts to five companies without the need of 
public tender (Oliveira et al. 2008b). From analysing the sample of 1395 buildings consid-
ered in this study, it was possible to observe that about 58% of these buildings underwent 
Fixed Price contracts, against 42% of Direct Administration contracts.
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Fig. 5  Observed damage distribution based on the classification proposed by Neves et al. (2012a) from D0 
to D5 (no damage, slight cracking, moderate cracking, extensive cracking, local collapse mechanism and 
ruin), and the corresponding subcategories depending on the extent and location of the damage, considering 
a sample of 1395 buildings
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The reconstruction of the Faial Island building stock was thus carried out at three dif-
ferent levels of intervention, distinguished on the basis of the on-site evaluation of an 
global sensitivity parameter, herein referred as: restoration, rehabilitation, and reconstruc-
tion. This parameter, ranging from 0 to 100% was evaluated in function of the extent of 
damage observed during the post-event on-site investigations, to which 0% corresponds 
to a no-damage condition and 100% to total collapse. Naturally, this evaluation was highly 
reliant on the personal analysis and sensitivity of experts. The three previously mentioned 
levels of intervention were thus defined as a function of the global sensitivity parameter, 
according to the following thresholds (Oliveira et  al. 2008b). A global sensitivity vary-
ing between 0 and 20% meant that the structure would be subjected to a minor interven-
tion, generally associated with the repairing of plasters and painting of walls (restoration). 
Rehabilitations were assigned for a global sensitivity from 20% up to 50% and required 
interventions at the structural level, most of the times including the seismic strengthening 
of structural elements. Finally, a global sensitivity parameter higher than 50% was associ-
ated with structures severely damaged or collapsed and therefore in need of reconstruction. 
In the latter case, a substantial effort was made to preserve the original architectural layout 
and by using the same construction techniques and materials of the traditional Azorean 
building typology (Oliveira et al. 2008b). Cases where reconstructions were carried out by 
adopting new layouts and materials, were not included in the sample herein analysed. It is 
worth referring that in the particular case of the reconstruction process of Faial Island, the 
funding strategy and the prioritization process adopted was intimately linked to the extent 
of damage observed by technicians on-site, and subsequently, to a category of intervention 
(restoration, rehabilitation or reconstruction), to which predefined funding intervals were 
respectively assigned. Hence, this classification, which was independent and prior to the 
project, served as basis to the definition of intervention priorities. As it can be observed 
from Fig. 6, the percentage of rural buildings subjected to the different intervention types is 
quite well distributed. In the case of urban buildings, which represent 11% of the total sam-
ple of 1395 buildings, only 4 buildings were subjected to reconstruction, explaining there-
fore the extremely low percentage of severe damage observed in urban typologies (about 
2.5%).

Figure  7 instead, shows the global sensitivity distribution in terms of percentage of 
buildings and type of intervention carried out. From the analysis of Fig. 7 (left), it is pos-
sible to observe a relatively high and well distributed percentage of buildings assessed 

Fig. 6  Relative percentages in 
terms of intervention type of 
rural and urban buildings for 
the considered sample of 1395 
buildings
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with a global sensitivity range between 0 and 30%. However, the percentage of buildings 
that fall within the global sensitivity range from 30 to 95% is quite low. This might be 
explained due to the ranges previously defined to establish the type of intervention to be 
conducted in a determined building, meaning that for the decision-making purpose the out-
come of assigning a global sensitivity of 55% or 100%, for example, was exactly the same, 
as in both cases buildings would be subjected to a reconstruction intervention. If looking at 
Fig. 7 (right), it is possible to observe that in the parishes of Angústias, Capelo and Praia 
do Norte, most of the buildings were subjected to a restoration intervention. Following the 
same reasoning, it is possible to conclude that a higher relative percentage of rehabilitation 
and reconstruction interventions were conducted in the parishes of Matriz and Ribeirinha, 
respectively.

3  Analysis of repair costs

Even though some authors suggest that intervention costs following an earthquake event 
can be affected by the cost increase of materials, equipment and workmanship as a result of 
the rise in demand (Olsen 2012), there are no evidences that such fluctuation could’ve been 
possibly present in the particular case of the reconstruction process of Faial Island. Moreo-
ver, although interventions inevitably involve some loss of value to the UCH asset, they are 
fundamental to preserve these assets for future generations. There are several strategies of 
intervention that might be directed to UCH assets in function of their state of conservation, 
performance demands, or of the purpose of such intervention, for example. In this study 
however, focus will be given to the same three intervention types described in the previous 
Sect. 2, as there was made a clear effort to respect and ensure the longevity of the Azorean 
traditional building typology, preventing it from falling into disuse, which could have ulti-
mately lead to its inexorable loss.

According to Oliveira et al. (2008b), the Regional Legislative Decree 15-A/98/A of 25 
September 1998 has defined the cost for new construction at 400 €/m2, which was updated 
in 2000 to 450  €/m2. The later value was then adopted to define unitary prices for the 
budget of each project. It is important to highlight that whenever the total budget of a res-
toration transcended the limit of 15,000€, the process was directly transferred to the reha-
bilitation intervention type (Oliveira et al. 2008b). It should also be noted that all the cost 
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data herein presented refers to the repair costs, CRD, in €/m2. These are associated with 
the interventions carried out in the Faial Island between 1998 and 2001, which naturally 
include the cost of all the repairing works that were found necessary to ensure each build-
ing an adequate seismic performance. Such interventions were designed to comply with 
the seismic actions defined both in the Regulation of Safety and Actions for Buildings and 
Bridges Structures (RSA), which was in force at the time, and in the General Guidelines 
for Rehabilitation and Reconstruction, recommended by the Regional Laboratory of Civil 
Engineering (LREC). Even though the efficiency of such interventions is beyond the aim of 
the present study, the costs associated with the implementation of a few traditional seismic 
strengthening strategies are going to be brought into discussion in Sect. 5, so that they can 
be compared to the total repair costs.

In the following paragraphs, an overview of the observed repair costs is going to be 
presented and discussed to understand their variability by type of intervention, contract 
and building typology. Such repair costs CRD are analysed by assuming the median values 
as the central tendency measure and the respective 16th and 84th percentiles (PCTL), as 
suggested when in the presence of non-uniform distributions. In addition to this, repair 
cost results are going to be discussed in two different lines of reasoning based on the nature 
of their potential applications in future studies. While in the first, repair costs are going 
to be discretised in function of the gross floor area (GFA), in the second, repair costs are 
analysed in function of the damage state classification described in Sect. 2. These two lines 
of reasoning are going to be used in Sect. 4 as the grounds to develop new repair cost func-
tions for the Azorean traditional masonry typology.

Hence, the statistics of median repair costs, CRD , referring to the sample of 1395 build-
ings are presented below in Table 2 as a function of both intervention and contract types 
(numbered from 1 to 6). The total number of buildings analysed for each type of interven-
tion and contract is also given in Table 2. From the analysis of these results, it is possible to 
observe not only a general increase when moving from less to more intrusive interventions 
(i.e., from restoration to reconstruction), but also a quite substantial difference in the CRD 
values for each type of contract. In fact, it can be observed that the repair costs of interven-
tions carried out by means of Fixed Price contracts were roughly 2, 3 and 4 times more 
expensive that those resorting to Direct Administration contracts, respectively in the case 
of reconstruction, rehabilitation and restoration interventions. If disregarding the interven-
tion type, it is possible to conclude that the repair cost, CRD , of the contracts celebrated 
through Direct Administration resulted about 31% of the Fixed Price contracts.

Table 2  Statistics of repair costs (in €/m2), C
RD

 , estimated from the sample of 1395 buildings and discre-
tised for each intervention and contract type

Intervention type i Contract type Number of 
buildings

16th 
PCTL (€/
m2)

Median (€/m2) 84th 
PCTL (€/
m2)

Restoration 1 Direct Administration 285 61 139 325
2 Fixed Price 230 263 545 1102

Rehabilitation 3 Direct Administration 204 96 224 438
4 Fixed Price 265 344 609 1072

Reconstruction 5 Direct Administration 103 175 315 599
6 Fixed Price 308 434 718 1229
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In what concerns both rural and urban typologies and given the quite low number of 
urban buildings present in the sample (160 out of 1395), the authors have decided to select 
an equivalent sample of 160 buildings for the rural typology in order to evaluate the median 
repair cost, CRD , of rural and urban typologies. The selection of these 160 rural buildings 
was carried out by respecting the following criteria: the number of buildings per type of 
intervention and contract was considered equal to the urban sample, and the buildings are 
equally distributed by parish and were selected in function of the closeness of their repair 
cost in relation to the median repair cost observed for each parish. Based on this criterion 
and disregarding the discretisation in terms of intervention and type of contract signed, the 
median repair cost, CRD , for rural and urban typologies was estimated at 420 and 652 €/
m2, respectively. The fact that the average repair cost in urban typologies is higher than in 
rural typologies might be explained due to a higher structural complexity and architectural 
“grandeur” usually associated with urban typologies. The deviation between these median 
repair costs will be recalled further on in Sect. 4.

If assuming instead the different variants of the traditional Azorean stone masonry 
typology, which were previously described in Table  1, it is possible to compare CRD in 
function of the global sensitivity parameter. Hence, from Fig. 8 (left) it can be observed 
that higher CRD values were obtained for building typologies SM1 and SM4. If looking at 
the median values of the global sensitivity parameter, it is clear that the SM1 was the most 
vulnerable typology in the 1998 Azores earthquake. This evidence has aroused the need 
for adequate design of seismic strengthening strategies for this particular typology, without 
compromising its cultural integrity. For this reason, the strengthening strategy adopted in 
Faial Island as a result of the 1998 Azores earthquake and respective costs are going to be 
subject of analysis in the following Sect. 5.

3.1  Analysis of the relationship between repair costs and gross floor area

As already mentioned, over and above analysing the sample by using central tendency 
measures, it is fundamental to understand its distribution in absolute terms. Thus, Fig. 9 
presents the relationship between the repair cost, CRD, and the Gross Floor Area, GFA, for 
the sample of 1395 buildings, and considering each type of intervention and contract (num-
bered from 1 to 6). From observing Fig. 9, it is clear that the data related to Fixed Price 
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Fig. 8  Plot of the median repair cost, C
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 , and respective 16th and 84th PCTL values (left) and median 
global sensitivity (right) associated with building typologies, from SM1 to SM5
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contracts presents a higher variability in terms of CRD. In line with the main outcomes of 
Table  2, the distribution of the data points indeed reveals a gradual increase in the val-
ues from Restoration to Reconstruction, as the scatter of both contract types move slightly 
upwards.

Moreover, in order to allow for the estimation of the repair cost, CRD, for a given build-
ing of Faial Island as a function of its GFA, and in view of its application on the estimation 
of current costs of such interventions, the data presented in Fig. 9 was approximated to an 
exponential curve representing the best fit for each set of observed data points (plotted in 
the same figure) whose explicit function is given by the Eq. (1), where y0i, A1i and t1i, are 
the respective curve fitting parameters, and i stands for the different types of intervention 
and contract considered. The least square fitting method was used to find the best-fitting 
curve for each set of observed data points by minimising the sum of the squares of the 
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Fig. 9  Observed data points and respective curve fitting of CRD versus GFA for each building of the consid-
ered sample of 1395 buildings: Direct Administration (left) and Fixed Price (right) contracts. The residuals, 
rk, obtained from applying the least square fitting method to compute the curves that best fit the observed 
data are also provided
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residuals, rk (also given in Fig. 9), of these data points from the curve. The analysis of the 
goodness of fit was evaluated by calculating the respective coefficients of determination, 
R2, computed according to Eq. (2) and by considering CRD as the only independent vari-
able. SSres and SStot represent the residual and total sum of squares, respectively. For the 
sake of simplicity, the results of the trial–error process that sustained the selection of the 
exponential curve among other functions, are not herein presented.

The parameters obtained for each curve and the respective R2 coefficients are summa-
rised in Table 3, from where it is possible to observe a gradual increase of the R2 value 
from restoration to reconstruction interventions. In general terms, it is reasonable to admit 
that the computed curves fit quite well each set of data points. In fact, the curve-fitting in 
the case of reconstruction interventions is particularly interesting, as R2 values of 0.68 and 
0.74 were obtained. Moreover, while it is observed a substantial increase in the R2 values 
for each type of intervention, with exception for the case of reconstruction, no significant 
deviations were found in terms contract type. The parameters of the computed curves will 
be used in Sect. 4 to construct new expressions that will ultimately allow the prediction of 
updated costs of interventions for the same building typologies in other seismic prone areas 
in Portugal, again, solely as a function of GFA.

3.2  Analysis of the relationship between repair costs and damage limit states

The analysis of repair costs in terms of observed damage states is seen in this study as 
an extremely valuable exercise that might support the formulation of new repair cost 
functions for the Azorean traditional stone masonry building stock. Hence, and before 
introducing the investigation of a new repair cost function, which will be addressed in 
Sect.  4, it is important to discuss the median repair costs in function of the observed 

(1)CRDi
= y0i + A1i

× e(−GFAi∕t1i
)

(2)R2= 1 −
SSres

SStot

Table 3  Exponential curve fitting parameters and respective R2 coefficients obtained for each data set of the 
sample of 1395 buildings. The respective standard error values associated with the curves’ parameters are 
given in brackets

Intervention type i Contract type Number 
of build-
ings

y0i A1i
t1i R2

Restoration 1 Direct Administra-
tion

285 88.3 (22.7) 657.9 (136.7) 51.0 (12.1) 0.25

2 Fixed Price 230 202.0 (0.0) 1011.0 (111.2) 105.9 (18.9) 0.22
Rehabilitation 3 Direct Administra-

tion
204 102.4 (30.3) 797.8 (102.6) 80.8 (16.5) 0.43

4 Fixed Price 265 407.1 (57.7) 2361.8 (321.4) 54.5 (9.2) 0.39
Reconstruction 5 Direct Administra-

tion
103 210.0 (24.0) 2177.4 (309.9) 41.8 (4.9) 0.68

6 Fixed Price 308 489.2 (26.6) 5673.5 (532.0) 35.8 (2.3) 0.74
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damage states, Dk, presented in Fig.  10 for both types of contract but, independently 
in this case, from the type of intervention. It is worth noting that the number of build-
ings that underwent damage state D0–D5 were accounted respectively in 14, 136, 136, 
188, 88, and 30, for the case of Direct Administration contracts. In the case of Fixed 
Price contracts, 15, 144, 156, 225, 152, and 111 buildings underwent damage states 
D0–D5, respectively. According to Fig. 10, it can be observed that, in the case of Fixed 
Price contracts, CRD gradually increases as the damage state increases (from D0 to D5). 
However, in the case of Direct Administration contracts this increase is not so evident. 
Finally, the difference in terms of CRD between damage states D0 and D5 were estimated 
in 134 and 305 €/m2, respectively for Direct Administration and Fixed Price contracts.

4  Derivation of repair cost functions

In countries where post-earthquake damage data is scarce, such the case of Portugal, 
it is common practice to accept well-known repair cost functions to have a rough esti-
mation of the repair costs associated with a determined earthquake scenario. Despite 
only a few proposals of repair cost functions for existing masonry structures are avail-
able in literature (ATC 1985; Bramerini et  al. 1995; FEMA-NIBS 1999; Dolce et  al. 
2000), their applicability to different case studies is always quite questionable. Hence, 
acknowledging the crucial role that loss estimation plays in the planning and imple-
mentation of earthquake risk mitigation strategies, and the potential of the damage data 
collected in the framework of the 1998 Azores earthquake, the authors found here a 
great opportunity to investigate the possibility of developing repair cost functions for 
the Azorean traditional building stock, which might be eventually applicable with due 
consideration to similar building typologies in different regions of Portugal. Similarly, 
two different approaches for deriving repair cost functions were herein considered. As 
previously mentioned, while the first is more suitable to loss estimation in large-scale 
assessments (e.g. macroseismic applications), the second is based on damage limit 
states, and could be used either to support post-disaster emergency plans or to design 
risk mitigation strategies.
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4.1  Updated repair costs as a function of the gross floor area

This first approach consists on updating the observed repair cost functions, CRDi
 , derived in 

Sect. 3.1, so that they might be compared and calibrated to other functions used in large-
scale loss assessment studies in Portugal. These observed repair costs were updated, C′

RDi
 , 

by means of the annual average rates of change in the Consumer Price Index (CPI) in Por-
tugal, herein represented by the factor fc, assuming that all works carried out during the 
reconstruction process of Faial Island were completed by 2001. This factor can be obtained 
through the tool made available by the Statistics Portugal Institute (INE). If updating the 
2001 costs to 2017, for example, a fc value of 1.329 should be used. Moreover, in order to 
reflect the variability between the costs of the construction sector in Faial Island and main-
land Portugal, the factor fs was defined. Thus, and according to expert judgement of the 
main actors involved in the reconstruction process of Faial Island (Oliveira et al. 2008a, b), 
the values of 1.00 and 0.70 shall be used for buildings located on the Islands and on main-
land Portugal, respectively, as it is suggested that in mainland Portugal, these costs are 
approximately 30% lower than in the Azores archipelago. Finally, based on the CRD values 
reported in Sect. 3, for both rural and urban typologies, a third factor, fu, was defined to 
reflect the variability of the intervention cost in function of these typologies. In this study 
and given the lack of information available on this regard, the authors assumed the median 
repair cost values CRD obtained for the equivalent sample of 160 buildings that were pre-
sented in Sect. 3 as representative of the deviation between the repair cost associated with 
rural and urban typologies. Considering the equivalent sample, the repair cost for urban 
typologies resulted about 1.55 times higher than the rural ones, being therefore this the fu 
value adopted for urban typologies. For rural typologies instead, a fu factor equal to 1.00 
shall be used. It is worth highlighting that apart from the above-mentioned factors, no addi-
tional uncertainties were considered.

Bearing in mind the above, the updated repair cost, CRDi
 , for the respective i combina-

tion, can be represented by Eq. (3), in which the functions resulting from the curve-fitting 
process are multiplied by the above-described corrective factors.

Hence, in Fig. 11, repair cost curves updated for 2017 are plotted for four different scenario 
combinations: Islands and Rural (I + R); Islands and Urban (I + U); Mainland and Rural 
(M + R); and Mainland and Urban (M + U). Similarly to Fig. 9, the curves in Fig. 11 are 
presented for each type of intervention and contract type. The fact C′

RDi
 values increase sub-

stantially for GFA values lower than 100 m2 and are practically constant for GFA values 
larger than 300 m2, led the authors to focus their attention in the range between 100 and 
300 m2. Another fact that supports the investigation of a narrower range of GFA values is 
related to the median GFA values observed for all apartment types (from T1 to T6) in Faial 
Island, which were estimated to vary in between 100 and 125 m2, falling therefore, within 
the range of values considered.

To understand whether these combinations and respective idealised scenarios are eco-
nomically attractive, it is indispensable to compare the resulting repair costs to a determined 
replacement cost, CRB. In this study, the replacement cost is defined as the monetary value 
associated with reconstitution interventions that are often observed in historical centres, which 
normally entail the demolition and the subsequent construction of a new building follow-
ing the same geometrical characteristics but resorting to modern construction solutions and 

(3)C�
RDi

= CRDi
×
(

fc × fs × fu
)
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according to current costs. Hence, the replacement cost, CRB, was herein estimated by sum-
ming up the cost of demolition works to the current average cost of a new construction in 
Portugal (resorting to modern construction solutions), which was kept in 2017 at 482.4 €/m2 
in mainland Portugal according to the Decree Law 379/2017 of December 19 (Portugal 2017). 
Thus, and after checking standard costs for demolition works in Portugal, it seems reason-
able to assume an average replacement cost of 520 €/m2. As in the case of the reconstruc-
tion process of Faial Island, the disparity observed in the repair cost between the two con-
tract types was quite significant, the authors decided to break this average replacement cost 
into two values, suitable to each type of contract. Thus, assuming that the value of 520 €/
m2 can be adopted in the case of Direct Administration contracts and considering the median 
values from the 1998 Azores earthquake database for each type of contract of reconstruction 
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Fig. 11  Updated repair costs, C′
RD

 , versus GFA, for each type of intervention, type of contract, and for the 
following scenarios: I + R (Islands + Rural); I + U (Islands + Urban); M + R (Mainland + Rural) and M + U 
(Mainland + Urban). These plots are zoomed to better understand the position of the proposed curves in 
relation to the replacement costs of 520 and 1185 €/m2, in the case of Direct Administration and Fixed Price 
contracts, respectively
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interventions (293 and 669 €/m2, respectively to Direct Administration and Fixed Price con-
tracts), the replacement cost for Fixed Price contracts was estimated in 1185 €/m2 by applying 
a simple linear correlation.

Therefore, when comparing the results of Fig. 11 for the case of Direct Administration con-
tracts, it is possible to observe that the great majority of combinations are below the respec-
tive replacement cost set in this case equal to 520 €/m2, exception made for rehabilitation and 
reconstruction interventions of urban typologies located in the Islands (I + U combination). 
However, when analysing the curves referring to Fixed Price contracts, it can be observed that 
apart from the combination I + U (urban typologies located in the Islands) for rehabilitation 
and reconstruction interventions, the repair cost of all the remaining combinations is lower 
than the respective replacement cost (1185 €/m2).

Globally these results show that, apart from the exceptions identified in the previous para-
graph, carrying out adequate and respectful interventions is actually more attractive from the 
economic viewpoint than replacing existing structures for new ones (resorting to modern con-
struction solutions), where the cultural value of the assets is entirely lost. The validity of this 
conclusion appears to cut across different types of interventions and contracts, independently 
from the location (islands or mainland) and typology (rural or urban) of UCH assets.

4.2  New repair cost function derived from observed damage limit states

The study of repair cost of seismic-induced damage brings the opportunity to estimate the 
direct economic losses associated with damages to structural and non-structural elements. One 
of the most common approaches on this regard was developed in FEMA-NIBS (1999) and 
embodied in the HAZUS methodology, which uses a loss ratio of the building replacement 
cost in function of the damage limit states derived from the occurrence probability of a dam-
age state obtained from the fragility curves in correspondence to a given Engineering Demand 
Parameter (EDP), for the most unfavourable seismic action and building direction.

The prediction of repair costs due to seismic damage based on damage states is typically 
represented by a mathematical expression similar to Eq.  (4), where the economic damage 
index, de, is given by Eq. (5). Factors fk, are used to weigh the replacement cost of a given 
building, CRB, as a function of the occurrence probability of each damage state, pk. In this 
study, these fk values represent the normalised deviations between the median repair cost, CRD , 
estimated in Sect. 3.2 to each damage state. Usually, the following physical meaning is associ-
ated to damage states D0–D5: no damage; slight damage; moderate damage; heavy damage; 
very heavy, and collapse. This is the case of the damage classification presented in Sect. 2.2, 
which can be directly correlated to the mean damage grade, �D , adopted by the EMS-98 scale 
(Grünthal 1998).

In the case of analytical approaches, these damage states obtained from macroseismic 
post-earthquake assessment, are used to support the definition of performance levels (PLs), 
which are in turn correlated to the seismic response of the structure. Despite the new multi-
linear constitutive laws recently developed within the framework of the PERPETUATE pro-
ject (Lagomarsino and Cattari 2014), which are based on a phenomenological approach that 
allows to describe the nonlinear response of masonry panels until very severe damage levels 
(from D1 to D5), the majority of analytical models for masonry structures considers only four 
damage levels, given the difficulty in differing between damage states D4 and D5 (very heavy 
or near collapse and collapse) in the capacity curve.

(4)C�
RDi

= CRB × de
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Therefore, so that the economic damage indexes might be used in a wider range of 
methodologies and applications, two different sets of fk values are herein proposed: the first 
with k = 4 (Proposal 1) is applicable in cases where D4 and D5 are aggregated, and a sec-
ond one with k = 5 (Proposal 2), in which damage states vary from D4 to D5. The compari-
son between these fk values, derived from the sample of 1395 buildings of Faial Island, and 
those found in literature, for each damage state Dk, are presented in Table 4 and in Fig. 12 
(left). From these results, it is possible to observe that the proposed values are, in general, 
slightly lower than those found in literature.

The economic damage index, de, is commonly correlated with a mean damage grade 
value, �D , given by the EMS-98 scale (Grünthal 1998) that represents the mean value of the 
damage grade used to define a discrete damage distribution, Dk, given by Eq. (6), where pk 
is the occurrence probability of each for each set of damage states (k = 4 and k = 5), and �D 

(5)de =

k
∑

n=0

(

fk × pk
)

Table 4  Comparison between fk values derived in this study for each damage limit state (Proposal 1 and 
Proposal 2) and those commonly used in the literature

Author None (D0) Slight (D1) Moderate (D2) Heavy (D3) Very heavy 
(D4)

Collapse (D5)

Proposal 1 
(k = 4)

0.000 0.031 0.059 0.338 1.000 1.000

Proposal 2 
(k = 5)

0.000 0.025 0.048 0.272 0.697 1.000

ATC-13 (ATC 
1985)

0.000 0.050 0.200 0.550 0.900 1.000

Bramerini et al. 
(1995)

0.000 0.010 0.100 0.350 0.750 1.000

FEMA-NIBS 
(1999)

0.000 0.020 0.100 0.500 1.000 1.000

Dolce et al. 
(2000)

0.000 0.035 0.145 0.305 0.800 1.000
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Fig. 12  Discrete correlation between fk values and each damage state Dk (left) and the corresponding beta 
distribution in function of the economic damage index, de, estimated for the sample of 1395 buildings of 
Faial Island, based on the respective median repair costs, C′
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the “barycentric value” of the discrete damage distribution. The correlations between the 
economic damage index, de, and the mean damage grade, �D , are usually established by 
means of a damage probability matrix (DPM), which is defined by the discrete beta distri-
bution, discretised into 6 damage grades and considering a t parameter equal to 8, as rec-
ommended by Vicente (2008). In Fig. 12 (right), the discrete beta distributions obtained for 
Proposal 1 (k = 4) and Proposal 2 (k = 5) are compared to envelope curves of those found in 
literature (area coloured in gray).

5  Seismic strengthening costs

The negotiations with the respective claimants took place right after the on-site architec-
tural survey operations in order to establish the grounds of the execution project and neces-
sary provisions, which had to look upon some legislative issues, namely its adequacy to the 
family household, the necessity of improving salubrity conditions, and last but not least, 
the necessity of endowing the structure with seismic strengthening strategies.

By highlighting the costs associated with traditional seismic strengthening strategies in 
UCH assets the authors aim at demonstrating their economic impact over the total repair 
costs. For the sake of simplicity and consistency, the authors will draw their attention 
exclusively to a set of widely known traditional strengthening strategies that have been 
employed in the reconstruction process of Faial Island (Costa et al. 2014), and whose effec-
tiveness is strongly sustained in literature, as for example in Costa et al. (2014), Diz et al. 
(2015), or Maio et al. (2017). This set of traditional strengthening strategies, which is illus-
trated in Fig.  13 and fully described in the referred literature, can be distinguished into 
three main solutions: consolidation of the vertical (1) and horizontal (2) structures, and the 
shear strengthening and confinement of the vertical structure through the use of steel tie-
rods (3).

The costs associated with each strengthening solution were derived from the careful 
examination of both inspection reports and full renovation projects specifically designed to 
16 randomly selected case studies of the overall sample of 1395 buildings of Faial Island 
(Costa et al. 2014; Diz et al. 2015). The validation of the values herein presented is a very 
complex task, not only due to the general lack of data regarding the costs of strengthening 
strategies in literature, but also because, even when such data is available, it is extremely 
difficult to establish any sort of comparison or validation, as it usually aggregates differ-
ent strengthening techniques and is very country-specific. In addition to this, in countries 
where strong earthquakes are not frequently experienced, such as Portugal, the lack of such 
data is even more accentuated.

In order to understand the representativeness of these 16 randomly selected case stud-
ies in the overall sample of 1395 buildings, the deviations between the median repair costs 
for each strengthening solution, from (1) to (3), were compared to the CRD value corre-
sponding to the total number of buildings subjected to rehabilitation interventions from 
the overall sample (469 out of 1395). It is worth referring that each strengthening solutions 
(1) to (3) were respectively applied to 11, 8, and 6 buildings of these 16 cases (in Table 5). 
The following CRD values of 76,964€, 90,916€, and 70,369€, were found in the case of 
strengthening solutions (1) to (3), respectively. The CRD value referring to rehabilitation 

(6)�D =

k
∑

n=0

(

pk × Dk

)
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interventions was evaluated in 68,559€. Hence, deviations of 12, 18 and 3%, in relation to 
the CRD value of rehabilitation interventions, were found for strengthening strategies from 
(1) to (3), respectively. These deviations can be considered relatively low when compared 
to the variability observed in the repair costs of rehabilitation interventions (given in the 
previous Fig. 9), minimising therefore, the drawback of using such a small sample. Thus, 
and even though the sample used to estimate median strengthening costs, CSS , for the men-
tioned strategies is quite small when compared to the overall sample of 1395 buildings, the 

Fig. 13  Technical drawings and execution details of some of the most common strengthening strategies 
adopted in the reconstruction process of Faial Island, which are recalled in the present study
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values presented in Table 5, are believed to constitute a unique source for both scientific 
and policy-driven research nationwide. The economic impact of each solution was evalu-
ated by means of the Cost Ratio, which represents, the ratio between the median repair 
cost, CRD , and the seismic strengthening cost, CSS , of rehabilitation interventions associ-
ated with the respective cases showed in Table 5. Hence, and apart from the consolidation 
of the vertical structure, which is by far the most intrusive and expensive solution, it was 
found that reducing the seismic vulnerability of such building typologies actually entails a 
quite low financial effort, particularly if these strategies are thought to be integrated with 
the other specialties of the design project.

6  Final remarks

The results presented in this paper clearly demystify the preconceived idea that investing 
in strengthening strategies to reduce the seismic vulnerability of UCH assets is extremely 
costly, when actually this investment can be easily dissolved in the total renovation costs, 
with a major impact on the reduction of damage and losses in the event of an earthquake. 
In fact, the repair costs associated with interventions that acknowledge the importance of 
preserving traditional construction techniques and materials, resulted, in the majority of 
the scenarios analysed, quite attractive from the economical viewpoint. According to these 
results, it is more likely that the costs associated with seismic strengthening become more 
dissolved when operating in UCH assets. The authors believe that the functions herein pro-
posed can be used in Azores to derive rough estimates of repair costs for similar building 
typologies in different scenarios. However, it is important to stress these results require 
further validation with current intervention costs practiced in different regions in Portugal. 
Moreover, the authors believe that the repair cost functions derived from the Faial data-
base are extremely useful for academic purposes and studies to come, as well as to raise 
the awareness of all stakeholders involved in the renovation process of our building stock 
(from property owners to policy makers) to the importance of integrating seismic strength-
ening design into the structural project, and the consequences of not doing so.

Despite the definition and valuation of built heritage is always arguable since it is ulti-
mately shaped by both individual perception and social interaction, which is constantly 
evolving over time, it is up to conservators and heritage professionals to raise their voices 
for the protection of traditional construction techniques and materials in UCH assets, as 
part of the cultural identity of our historical centres. It is therefore necessary not only to 

Table 5  Median strengthening costs, C
SS

 , (in €/m2) and respective cost ratio for traditional strengthening 
strategies widely applied to the Faial Island’s building stock in the sequence of the 1998 Azores earthquake

The number of buildings that contributed to the median estimate of each solution is placed in brackets fol-
lowing the respective C

SS
 value

Strengthening strategy Strengthening cost, C
SS

Cost 
ratio, 
C
SS
∕C

RD

(1) Consolidation of the vertical structure 117 €/m2 (11) 17%
(2) Consolidation of the horizontal structure 22 €/m2 (8) 3%
(3) Steel tie-rods 16 €/m2 (6) 3%
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conduct nation-wide operations on documenting and cataloguing these techniques and 
materials, but also to raise the society’s awareness and consciousness for the value of cul-
tural heritage and to the consequences of its loss.

As future developments, the authors would like to tackle uncertainty issues, particularly 
those associated with the quantification of the strengthening costs herein presented, which, 
to a large extent, results from the small number of case studies examined. Additionally, 
the authors would like to extend this economic analysis to cost–benefit analyses, aiming 
at evaluating the actual structural benefit provided by such strengthening strategies in the 
seismic vulnerability of UCH assets. It would be equally interesting to bring the costs asso-
ciated to the patrimonial value of UCH assets into discussion, which alone would practi-
cally require an independent study, and that are believed to strengthen the benefits from 
integrating seismic strengthening design into renovation operations showing great respect 
for the existent construction techniques and materials. This issue, often disregarded or 
lightly addressed in literature, is indeed of great relevance for a more accurate evaluation of 
economic losses caused by both natural or man-made disasters.
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