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Enhancing the seismic performance of traditional stone masonry buildings is considered a crucial mea-
sure towards the preservation and safeguarding of our built heritage, particularly in seismic prone areas
such as the Azores archipelago, in Portugal. In this context, the present paper is focused on the seismic
vulnerability assessment of two traditional stone masonry building located in the Faial Island, taken as
typologically representative of the rural Azorean building stock.
The case study buildings were modelled based on the equivalent frame model approach and non-linear

static (pushover) analyses were performed to assess their seismic performance. Firstly, results were com-
pared in terms of capacity curves, and secondly, two different seismic performance-based assessment
methods (N2 and CSM) were used to determine the respective performance points and assess the seismic
safety of both structures. The seismic demand was defined by a set of real ground motion records, which
the authors assumed as representative of the 1998 Azores earthquake, both in terms of magnitude and
epicentral distance.
Additionally, a set of traditional retrofitting solutions were implemented to the original models in order

to analyse and compare their influence over the building’s global seismic performance. These solutions
were adopted in the aftermath of the 1980 and 1998 Azores earthquakes by different design offices
and engineering consultants, based on the designing recommendations specifically prepared by the
Regional Laboratory of Civil Engineering (LREC) under the scope of the Faial rehabilitation process.
Finally, fragility curves were derived based on the spectral response approach, and the results were crit-
ically discussed.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Seismic risk in Portugal

Earthquakes are one of the most frightening, destructive and
deadliest natural disasters. In the European context, Portugal rep-
resents an important seismic prone area, as the latest estimations
indicate that within the next 50 years this country incurs the risk
of being severely hit by a strong earthquake similar to the histori-
cal 1755 Lisbon earthquake, in which more than 50% of the build-
ing stock is expected to undergo heavy levels of damage or even
destruction, and about 10% of the population of Lisbon is expected
to perish [1]. On the one hand, mainland Portugal is located in the
southwest part of the Eurasian plate, near the southern border of
the African and North-American plates, being subjected to both
offshore and onshore seismic activity with large to very large and
moderate to large magnitudes, respectively [2]. On the other hand,
the Azores Archipelago, located at the triple intersection of the Eur-
asian, North-American and African (Nubian) plates, allies its vol-
canic origin with important tectonic activity, being therefore
considered the most hazardous region of Portugal [3].

The seismic background of Portugal is beyond doubt remark-
able. Among other minor events and apart from the well-known
1755 Lisbon earthquake, in 1909, a moderate event of magnitude
6.0 Mw struck the village of Benavente [4], causing 46 fatalities
and damaging more than 3000 buildings [5]. More recently, in
1998, an offshore event of magnitude 5.8 ML [6] struck the Islands
of Faial, Pico and São Jorge, destroying roughly 70% of the building
stock and causing 8 fatalities, over than 100 injured, and many
thousands of homeless [7]. This earthquake has made possible to
gather an unprecedented amount of data concerning the
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characterisation of the building stock and respective damage
mechanisms [8,9]. It is worth referring that both case studies
herein analysed were identified and selected by accessing this
database.

One of the most widely used definitions of risk was given by
Cardona and Barbat in [10], and defines risk RiejT , as the probability
of loss in an exposed element e as a consequence of the occurrence
of an event with intensity larger than or equal to i during an expo-
sition period T. According to these authors, it can be represented by
the Eq. (1), where the function, f, is the mathematical convolution
between hazard, Hi, and vulnerability, Ve, during an exposition per-
iod, T.

RiejT ¼ f ðHi � VeÞjT ð1Þ
Several studies have been developed during last decades, either

addressing the evaluation of the seismic risk in Portugal or focus-
ing on a particular aspect of its definition. In Silva et al. [1,11] for
example, the authors revisited most of the hazard-related methods
that have contributed to the understanding of the Portuguese seis-
mic hazard and risk. In Maio et al. [12,13] instead, the review of
some of the most widely used vulnerability-related methods was
carried out. As discussed in these noteworthy references and high-
lighted in Santos et al. [14], such seismic risk analyses must be nec-
essarily based on an in-deep knowledge of the seismic response of
samples of buildings considered to be representative of a particular
structural system or a given class of buildings and, in this sense,
the analysis of typologically representative buildings that can serve
as basis for large-scale assessment methodologies is a clear and
continuing need.
1.2. Existing masonry building stock

Despite all the huge technological advances, innovative materi-
als and building systems that we have been recently witnessing,
load-bearing masonry construction still represent one of the most
widely used building systems worldwide. Furthermore, the repre-
sentativeness of such building system when assessing old urban
centres is even more relevant. It is estimated that this building sys-
tem, typically more vulnerable to earthquakes and therefore at sig-
nificant risk even when only subjected to moderate events, still
represents more than half of the Portuguese building stock [15].
Nonetheless, the seismic performance of such structures differs
substantially as a function of multiple factors such as architectural
configuration, structural details, quality of materials and execution
works, the presence of inappropriate or weakening interventions,
or even the boundary conditions and interaction between adjacent
buildings [13].

At a time when the crisis in the Portuguese construction sector
seems to have been overcome as a result of a paradigmatic shift
towards the renovation and rehabilitation of existing building
stock, large-scale investments have been gradually made in focal
historical centres across the nation. However, two major issues of
great concern for the scientific community in general have arisen.
Firstly, as the economic attractiveness seems to be the main if not
the only interest behind the preservation of urban cultural her-
itage, the authors fear for the risk of excessive ‘‘façadism”, a phe-
nomenon that together with low-cost renovation strategies is
threatening the adequate preservation of both tangible and intan-
gible values of our cultural heritage. Secondly, the approval of the
Decree-Law No. 53/2014 that rules the renovation of existing
buildings [16] is indeed the most worrisome aspect because it calls
into question the sustainability of such interventions, as they usu-
ally do not respect basic recommendations for seismic design nei-
ther consider the adoption of traditional and cost-effective
strengthening techniques [17]. In seismic-prone areas such as the
Tagus Valley and Algarve regions in mainland Portugal, this is seen
as an utterly lack of sense of opportunity, knowing moreover that
the cost associated with most of these traditional seismic strength-
ening techniques have little impact over the total cost of renova-
tion when integrated in the structural project design.

Against this drawback, the development of a reliable and accu-
rate methodology for the seismic vulnerability assessment of the
existing old masonry building stock is seen as a crucial step
towards the seismic risk mitigation in historical urban areas.
According to Silva et al. [11], such a methodology should include
the prioritisation of regions where both retrofitting and strength-
ening campaigns should take place, the creation of insurance and
reinsurance schemes to transfer and share the consequent financial
burden between governments and private sector, planning and
managing emergency response at an urban or regional scale and
the definition of regulations to endorse seismic-resistant construc-
tion practices. The seismic risk mitigation of the building stock
inserted in these particular areas will not only allow us to guaran-
tee an appropriate safety level for local communities but also to
pass on our built heritage to future generations.

Nevertheless, it is outside urban areas’ boundaries that higher
levels of destruction are often found, not only due to poorer quality
of construction materials and detailing, but also to poorer soil and
foundation quality, as observed in recent earthquakes such as July
1998 earthquake in Azores, the April 2009 earthquake in L’Aquila
or more recently, the April 2015 earthquake in Nepal [18–20].
Bearing in mind this framework, the authors also aimed to balance
the attention given in the past few years to the conservation of our
built heritage within seismic prone areas, by focusing on the seis-
mic assessment of traditional stone masonry buildings located in a
rural environment.
2. Traditional basalt stone masonry buildings from the Island of
Faial

The earthquake that struck the Island of Faial, Pico and S. Jorge
on the 9th of July 1998 allowed the collection of an unprecedented
quantity of good quality data on damage in constructions. The
information collected during the 10-year reconstruction process
of Faial Island, conducted by the Society of Promotion for Housing
and Infrastructures Rehabilitation (SPRHI), was gathered over an 8-
month period in 2007 by the Regional Secretariat for Housing and
Equipment (SRHE) of Faial and assembled in the book ‘‘Sismo 1998
Açores – uma década depois” edited by Oliveira et al. [7]. The quality
and uniqueness of this database in both national and international
context have encouraged the development of several advanced
studies throughout the following years. Even though the full access
to the mentioned database was made available, complementary
field work, prospected in the scope of the FCT URBSIS project –
Assessing Vulnerability and Managing Earthquake Risk at the
Urban Scale - was carried out by the respective research team in
order to understand the evolution and diachronic process resulting
from rehabilitation interventions implemented since 1998.

More recently, Neves et al. [9] carried out a comprehensive
characterisation of the building stock of the Faial Island, describing
the most common structural typologies, contributing for the devel-
opment of the referred database. According to the authors, at the
time of the earthquake, stone masonry buildings represented
about 60% of Faial’s building stock (estimated from a total sample
of 2305 buildings). Despite several factors that have been previ-
ously pointed out as influencing the seismic response of masonry
buildings, with this study, the authors aimed to draw attention
to the seismic response and vulnerability of traditional stone
masonry buildings within rural areas of Faial Island, a topic dis-
cussed in the first place by Costa in [21]. Throughout research
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and in situ inspection carried out in Faial Island, it was perceived
that traditional rural stone masonry buildings can be broadly
divided in one-storey buildings, generally modest and located in
flat rural areas, and two-storeys buildings, most common in urban
centres of rural towns, terraced, or detached when in slopes. More-
over, these buildings are mostly isolated structures, and therefore
direct interactions with adjacent buildings, an aspect of utter rele-
vance when assessing the seismic vulnerability of buildings in
aggregate usually observed in urban areas, are in this particular
case inexistent. Regarding their structural system, these two build-
ing types generally present external basalt stone masonry walls as
the main load-bearing elements. Depending on the economic
resources of the owners, two different types of construction
typologies can be clearly identified in traditional rural Azorean
constructions: regular masonry walls made of well-cut and shaped
stone blocks; and irregular masonry walls with ‘‘burnt stone”
blocks, arranged and treated with more or less care depending
on the master builder [22]. In addition to [7,21], further literature
concerning the seismic vulnerability assessment of stone masonry
typologies in Faial island can be found in the studies of Costa and
Arêde [23], Costa et al. [24], and Costa [25], for example. Moreover,
several other studies focusing the seismic vulnerability of the old
city centre of Horta can be found for instance in [7,9,26–28].

As previously mentioned, this study addresses the seismic per-
formance of two traditional stone masonry buildings located in the
rural parish of Cedros, taken as representative of the Azorean rural
building typology. Within the rural built environment, these case
studies were insightfully selected to cover both regular and irreg-
ular typologies, as explained in the following paragraphs. The
required information related to these buildings was accessed from
the respective reports made available by SRHE, which allowed the
authors to fully understand and describe the building geometry,
structural system and material properties. As described in the
respective reports, the vertical structure of the two-storeys iso-
lated rubble stone masonry buildings, herein used as case studies
and illustrated in Fig. 1, are composed of basalt, cinerite, andesite
and other small-size stones rendered with mortar.

While the load-bearing walls’ thickness is about 0.7 m thick for
both buildings, their plan configuration varies considerably. While
Building A, in Fig. 1 (left), presents a rectangular-shaped (regular)
plan of 9.0 m by 8.0 m and a total height of 5.3 m, Building B, in
Fig. 1 (right) presents an L-shaped (irregular) plan with 16.0 m by
13.0 m as larger dimensions, and a total height of 5.1 m.

Another particularity of this building typology, is that the access
to the upper floor is traditionally made through an exterior stone
masonry staircase, which represents an important mass and there-
fore should not be neglected when assessing the seismic perfor-
mance of the structure due to the resulting torsion effects. In the
case of Building B, the structure of the exterior staircase is com-
Fig. 1. Front view of the case study Building A (left) and Building
posed of reinforced concrete elements (columns, beams and voided
slab), as shown in Fig. 1 (right).

With respect to the characteristics of horizontal diaphragms,
and even though detailed information and measurements were
not available for these particular case studies, through the in situ
inspection and survey campaign carried out by Ferreira et al.
[28], it was possible to confirm the predominance of flexible tim-
ber floors within the building stock of Faial Island, most of which
have been subjected to deterioration and ageing phenomena over
time. Thus, the traditional floor structure is composed of timber
planks supported by timber joists. The roof structure consists of
a traditional kingpost hip roof truss of four hip rafters. Finally,
foundations are usually composed of stone masonry footing of
about 1.0 m deep for two-storeys buildings, erected using the same
stone masonry typology but slightly thicker than the load-bearing
walls.

3. Seismic in-plane behaviour of stone masonry buildings

The current section presents the properties and assumptions
adopted in the numerical models, for both case study buildings’
original condition, i.e. before retrofitting (hereinafter referred as
BR condition), and the respective results obtained from the seismic
performance-based assessment carried out.

3.1. Seismic response of the BR original condition

In order to assess the seismic global performance of these stone
masonry buildings briefly described in the previous section, a
three-dimensional model was initially developed resorting to
3Muri� software commercial version (release 10.5.0.4) [29], and
subsequently non-linear static (pushover) analyses were per-
formed by using the research version of the Tremuri program
[30,31], which is based on the equivalent frame model (EFM)
approach, following the assumption that the in-plane response of
masonry walls with openings may be discretised by a set of
macroelements, illustrated in Fig. 2. While piers are vertical ele-
ments that support both dead and live loads (in orange on the
numerical mesh presented in Fig. 2), spandrels are horizontal ele-
ments placed in between two vertically aligned openings, which
couple piers in the case of seismic loads (in green). Finally, rigid
nodes (in light blue) consist of undamaged masonry portions con-
fined between piers and spandrels. The strength criteria governing
the in-plane behaviour of piers and spandrels was defined accord-
ing to both EN 1998-1 [32] and the Italian Code for Structural
Design – NTC [33] and modelled through non-linear beams [30].
The flexural response, combining compressive and bending failure,
is based on the beam theory, neglecting the tensile strength of the
material and assuming a rectangular normal stress distribution at
the compressed toe [34]. The shear response is governed by the
B (right), both located in the parish of Cedros, Faial Island.



Fig. 2. Three-dimensional view of the case study Building A (left) and Building B (right) located in the parish of Cedros, Faial Island and the corresponding macroelements of
the mesh generated for each façade wall: piers, spandrels (or lintels) and rigid nodes, respectively in orange, green and light blue. Please note that façade walls are aligned with
the Ux direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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diagonal cracking failure criteria, originally developed by Turnšek
and Sheppard [35], and recently adapted for existing masonry
buildings by the NTC [33]. Despite some unavoidable approxima-
tions of the actual structural behaviour, mainly concerning the
mechanical description of damage and dissipation mechanisms,
this simplified formulation enables, amongst other features, to per-
form pushover analyses with a very reasonable computational
effort [36].

Determining masonry walls’ mechanical properties when
adopting numerical approaches is essential towards the robustness
of the subsequent models, as properties such as the Young’s mod-
ulus, for example, has great influence over the seismic response of
traditional stone masonry buildings, and therefore, over the design
of rehabilitation and strengthening projects. However, with the
exception of few experimental works, such as the in situ testing
campaign carried out by Costa [21] or Ferreira et al. [22], there is
a general lack of information and research related to the character-
isation of basalt masonry walls’ typical of the Azorean Islands. Even
though the value suggested in [21] for the mass density, c, of these
irregular basalt masonry walls is quite similar to the minimum
value proposed in the NTC [33] for a similar stone masonry typol-
ogy – ‘‘masonry in disorganised (irregular) stone” - the value
obtained for the Young’s modulus is significantly lower
(200 MPa), when compared to the minimum value recommended
in the NTC 2008 [33] for the same stone masonry typology
(690 MPa). However, when applying the reduction factor equal to
0.5, after [36], recommended both in the EN 1998-1 [32] and
NTC [33] to consider a cracked condition in the stiffness properties
of existing masonry panels (E and G), the difference between the
values of the elastic properties suggested in [21] and the minimum
values given in the NTC 2008 [33] for the ‘‘masonry in disorganised
stone” equivalent typology is more blurred. Therefore, in order to
avoid eventual convergence problems and to be more consistent
in all of the input values required to characterise the load-
bearing walls, the authors have considered the minimum values
suggested in the NTC 2008 [33] for the mentioned typology ‘‘ma-
sonry in disorganised stone”, considering a cracked condition in
the stiffness properties of existing masonry panels and a knowl-
edge level KL1, to which corresponds a confidence factor CFKL1

equal to 1.35 [32]. Hence, mass density, c, was assumed equal to
19 kN/m3, the Young’s modulus, E, equal to 690 MPa, the Shear
modulus, G, equal to 230 MPa, compressive strength of masonry,
f m, equal to 60 MPa, and ultimate shear strength, s0, equal to
2 MPa.

When using 3Muri�, floors and roofs can be defined as orthotro-
pic membrane finite elements [30], characterised by an equivalent
thickness, s, a Young modulus E1;eq and E2;eq, respectively in the
orthogonal and perpendicular direction of the floor warping, and
an equivalent shear modulus, Geq. Due to the lack of information
regarding the mechanical properties of horizontal diaphragms,
the shear stiffness values suggested either by Giongo et al. [37]
and the NZSEE guidelines [38], after [39], for a straight sheathed
flexible timber floor were adopted for a poor rating condition.
Thus, a single straight sheathing membrane with an the equivalent
shear modulus, Geq, equal to 6.8 and 9.0 MPa, was respectively
adopted for the case in which the direction of loading is parallel
and perpendicular to timber joists (with Young modulus E1;eq equal
to 7 GPa and cross section 10 cm2x10 cm2 spanned in 40 cm).
Moreover, timber joists were considered to be poorly connected
to the membrane and to the perimeter walls. Finally, gravity (Gk)
and live (Qk) loads equal to 1.00 and 2.00 kN/m2, respectively, were
assigned to timber floors, according to [40]. To the timber roofs, the
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values of 1.00 and 0.30 kN/m2 were assigned for Gk and Qk,
respectively.

It is worth noting that while the vertical structural system of
Building A is only composed of stone masonry with the above-
mentioned mechanical properties, in Building B, the structure of
the exterior staircase and adjacent balcony is made of reinforced
concrete. These elements were defined with a cross-section
30 cm2 � 20 cm2 with 4U16 longitudinal steel bars, concrete cover
of 3 cm, 6U stirrups spacing 30 and 15 cm, respectively to R.C.
beams and columns. Again, due to the lack of information regard-
ing the mechanical properties of reinforced concrete elements, a
class C16/20 and B420 was assigned to concrete and steel rebars,
respectively, by naturally assuming a knowledge level KL1. These
classes were assigned assuming these elements as poorly executed
and made of low quality materials. Moreover, acknowledging the
important contribution that exterior stone masonry staircases have
on the global seismic response of masonry buildings, and facing the
limitation of 3Muri� software on modelling such elements, they
were herein represented by means of pier macro-elements with
the same mechanical properties as load-bearing walls. While rein-
forced concrete balconies were assigned with Gk and Qk values
equal to 3.00 and 4.00 kN/m2, respectively, to stone masonry bal-
conies the values of 0.70 and 4.00 kN/m2 were assumed [40].
3.2. Non-linear static (pushover) analyses

There are different options available in the literature for the
choice of the mathematical modelling and type of analysis for
the structural assessment of existing structures [41]. The uncer-
tainties related to these models are directly reliant on the level
of complexity desired to conduct the fragility assessment. In this
study, the in-plane capacity of these models were obtained by
means of non-linear static (pushover) analyses, exposing the struc-
ture to a static lateral load pattern. These analyses were performed
following the recommendations of EN 1998-1 [32] and the NTC
[33], i.e., by considering each main direction (Ux and Uy), two dif-
ferent load pattern distributions (uniform, proportional to mass,
and pseudo-triangular, proportional to the product between mass
and height) and also accidental eccentricity of the centre of mass
with respect to the centre of rigidity (5% of the maximum planar
width perpendicular to each seismic action direction).

Unlike Finite Element based programs, Tremuri program does
not allows the user neither to select nor create a fictional control
node located in the centre of gravity of the roof level of each struc-
ture, as suggested in the Eurocode. It is worth noting that pushover
curves were plotted until reaching a 20% decay of the maximum
base shear capacity, Vb, again according to the referred codes,
which relates this condition to the ultimate displacement capacity
of the structure, and by considering the average displacement of all
nodes located at the roof level, dn. Despite the latter consideration,
that allows obtaining a more representative curve of the global
behaviour of structures with flexible diaphragms, rather than the
behaviour of a particular wall, the execution of pushover analysis
requires choosing a single control node. Therefore, to overcome
this issue, the authors adopted a criterion based on the evaluation
of the ratio between the maximum admissible ground acceleration,
ag;max, compatible with the fulfilment of the ultimate limit state
(taking into account q� < 3), and the reference ground acceleration,
agR (considered equal to 2.50 m/s2), for all the perimetral nodes
located at the upper storey (identified in the previous Fig. 2). Thus,
a sensitivity analysis was carried out to understand which control
node provided the lowest ag;max=agR ratio (nodes N3 and N42 in the
case of Building A, and nodes N22 and N6 in the case of Building B,
respectively in the Ux and Uy directions. Finally, the selection of
these control nodes was validated by observing the damage distri-
bution for each pushover analysis, from which it was possible to
perceive that the macroelements near to the selected control node
are damaged for just a few steps, as recommended from the analyt-
ical viewpoint (see Fig. 4).

In the following Fig. 3, the pushover curves concerning to the
most unfavourable analyses selected according to the above-
mentioned criterion were plotted for each main direction and type
of load pattern distribution. According to Fig. 3(a), which refers to
Building A, it is possible to observe that both the stiffness and base
shear capacity, Vb, are higher in the Ux direction, motivated by a
higher cross-section and subsequently resistant area in this direc-
tion and also due to smaller area of openings. Moreover, unlike
what was observed in the Uy direction, the available ductility in
the Ux direction is higher in the curve corresponding to the
pseudo-triangular distribution. The Fig. 3(b) instead shows that
in general terms the Building B presents higher shear base capacity
than Building A. In this case is worth referring that in both direc-
tions the uniform pattern distribution gives higher capacity and
ultimate displacements.

Notwithstanding the previous discussion, Simões et al. [42]
have argued that in case of very flexible floors, the adoption of
the referred criteria governing the stop-condition of pushover
curves, proposed by the EN 1998-1 [32], may lead to non-
conservative results, as different walls behave almost indepen-
dently, meaning that a very moderate redistribution of seismic
loads occurs among masonry walls. Hence, severe damage in walls
may not appear evident on the structure capacity curve, which is
representative of the structure’s global behaviour. In this sense, it
is recommended the assessment of the damage pattern distribu-
tion obtained for the last steps of the most unfavourable analyses.
In this sense, Fig. 4 presents the damage distributions obtained in
the walls where the control node is located, which corroborates the
explanation given above, concerning the early damage of the
macroelements located near the selected node control. From this
figure it is possible to observe that shear damage mechanism pre-
vails in both buildings, presenting shear cracking in the upper
storey and shear failure in piers of the first storey.

Despite no information regarding the real cracking pattern dis-
tribution of Building B was available, in the case of Building A, the
results obtained are not entirely consistent with the real cracking
pattern distribution observed in the aftermath of the 1998 Azores
earthquake (see Fig. 5), from where it is evident a global bending
damage pattern in piers and spandrels. Several reasons might jus-
tified this inconsistency, such as the variability between the real
ground motion and the elastic response spectrum designed accord-
ing to the EN 1998-3 [43], the occurrence of mixed mechanisms
(in- and out-of-plane) which are not captured in the Tremuri pro-
gram, or even the non consideration of external masonry stair-
cases’ influence due to modelling limitations.
3.3. Seismic performance-based assessment

In the last decade, the use of non-linear static procedures for the
assessment of the seismic performance of buildings have become
more and more attractive from the user standpoint [36]. Essential
elements of a performance-based assessment procedure are
demand and capacity. While demand is a representation of the
earthquake ground motion, capacity is a representation of the
structure’s ability to resist the seismic demand. The seismic
performance-based assessment of both case studies is herein car-
ried out according to two different simplified methods, referred
to as non-linear static analysis procedures that are commonly used
to determine the structure’s performance point, d�

t , which is in turn
computed from the intersection between the capacity curve of the
structure and the seismic demand in terms of response spectrum.



(a) Building A (b) Building B

Fig. 3. Pushover curves representing the base shear, Vb , against the respective control node displacement, for the case study Building A (a) and Building B (b) modelled with
3Muri� for the BR (before retrofitting) condition.

Fig. 4. Damage pattern distribution on each structural macroelement of Building A (on top) and Building B (on bottom), for the most unfavourable control node and respective
pushover analysis (in the Ux and Uy directions, respectively). Please note that the wall scale deformation factor was set equal to 100 to better display the damage mechanisms
on each macroelement.

Fig. 5. Real cracking pattern distribution observed in Building A in the aftermath of the 1998 Azores earthquake.
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These are the N2 Method and Capacity Spectrum Method (CSM),
respectively recommended by the EN 1998–1 and the ATC-40 for
deriving the capacity curve and subsequently the performance
point of a given structure. With this exercise, the authors aim to
compare the results obtained by applying these two different
methods, which mainly differ on the definition of the seismic
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demand and whose main features are described in the following
paragraphs. Therefore, the ultimate goal of this comparison is to
understand the variability of the seismic demand in common out-
puts such as fragility curves.
3.3.1. N2 Method
The capacity curves presented in the following Fig. 6, were

obtained by converting the pushover curve from the original Multi
Degree of Freedom (MDoF) system (in the previous Fig. 3)) into an
equivalent Single Degree of Freedom (SDoF) system [34], according
to the N2 Method, originally proposed by Fajfar [44] and adopted
on the current EN 1998-1 [32] and NTC [33]. According to the
referred codes, an elasto-perfectly plastic force–displacement rela-
tionship was assumed to define the SDoF capacity curve, wherein
the initial stiffness was determined based on the intersection with
the point corresponding to 70% of the maximum base shear
strength achieved on the initial branch of the pushover curve.
Moreover, the yielding strength, Fy, was determined so that the
areas under the pushover curve and the elasto-perfectly plastic
capacity curve are equal. Similarly to what was observed in the
pushover curve, Fig. 6(a) shows that Building A presents a higher
limited structural strength but lower ductility in the Ux direction.
In the case of Building B, a huge discrepancy between the two load
pattern distribution types was observed both in terms of limited
structural strength and available ductility. Even though the differ-
ence between the two main directions is more tenuous, it is possi-
ble to observe that, for the worst case scenario analyses, Building B
presents higher strength in the Ux direction.

The verification of the ultimate limit state (ULS) consisted on
checking if the structure withstands the seismic demand, which
was defined in this case by means of an elastic response spectrum
with a return period, TR of 475 years, according to the recommen-
dations of the EN 1998-1 [32], the EN 1998-3 [43], and the NP EN
1998-1:2010, when using the recommended parameters estab-
lished in the Portuguese National Annex for the Azores region
[45]. Moreover, an equivalent viscous damping n, of 5% for a foun-
dation soil type C was adopted in both cases. The buildings’ impor-
tance factor cI , was considered equal to 1.

The seismic performance-based assessment was then con-
ducted by evaluating the following indicators, recommended both
by EN 1998-3 [43] and the NTC [33] for the ULS safety verification.
The latter recommends the ratio q�, computed between the accel-
eration in the structure with unlimited elastic behaviour, SeðT�Þ,
and limited structural strength F�

y=m
�, to be lower than 3, aiming
(a) Building A

Fig. 6. Bilinear equivalent capacity curves of Building A (a) and Building B (b) correspo
to limit the overall acceptable ductility of the building. Moreover,
according to these same codes, safety is verified when the ratio
between ultimate and target displacements d�

u=d
�
t is larger than 1.

Finally, in which regards the ratio between the maximum admissi-
ble ground acceleration, ag;max, compatible with the fulfilment of
the ultimate limit state (taking into account q� < 3), and the refer-
ence ground acceleration, agR (considered equal to 2.50 m/s2),
safety is verified if this ratio is larger than 1.

Table 1 summarises the most relevant parameters of the most
unfavourable analyses for each main direction (Ux and Uy) and lat-
eral load pattern distributions (uniform and pseudo-triangular,
hereinafter referred as triangular). In terms of equivalent period
T�, the differences between the main directions in the case of
Building A suggests a higher deformability in the Uy direction,
characterised by a higher area of openings, consistent with push-
over curves. With respect to ductility l�, which is given by the ratio
between ultimate and yielding displacements d�

u and d�
y, respec-

tively, higher deviations were found again in Building A. The value
obtained for the limited structural strength F�

y=m
� in the case of

Building A Ux direction, is almost three times higher than the cor-
responding value obtained for Uy direction, again justified by the
number of openings and effective section of structural walls.
Excepting the Ux direction of Building B, these results obtained
from the application of the N2 Method procedure show that prac-
tically all analyses failed to verify the previously-mentioned safety
requirements, which has driven the need for seismic retroffiting,
detailed in the next Section 4.

3.3.2. Capacity Spectrum Method
The Capacity Spectrum Method (CSM) instead, is based on the

intersection of the capacity curve and a reduced response spectrum
to estimate the maximum displacement. Widely applied to assess
the seismic performance of these structures [46] when subjected
to recorded earthquakes, this method requires the definition of a
bilinear representation of the capacity spectrum to estimate the
effective damping and appropriate reduction of spectral demand,
as described in [46]. In contrast to the N2 Method, the verification
of the ultimate limit state (ULS) consists on the assessment if the
structure withstands the seismic demand, which was herein
defined by a set of 6 real ground motion records believed to be rep-
resentative of the 1998 Azores earthquake, both in terms of magni-
tude, ML, and epicentral distance, D (see Table 2), instead of using
the elastic response spectrum as in the previous Section 3.3.1. It is
worth referring that Rec. 6 was the only real ground motion that
(b) Building B

nding to the worst case scenario analyses in the BR (before retrofitting) condition.



Table 1
Main parameters of the most unfavourable analyses (BR original condition) resulting from the application of the N2 Method procedure.

Building Control Direction Ecc. Load C T� l� F�y/m
� q� d�u/d

�
t ag;max/agR

node pattern [–] [s] [–] [g] [–] [–] [–]

A N3 �Ux + Uniform 1.28 0.18 1.21 1.97 4.13 0.23 0.28
�Ux � Triangular 1.28 0.22 4.83 0.95 8.52 0.53 0.53

N42 þUy + Uniform 1.36 0.23 1.58 1.63 4.98 0.30 0.31
þUy + Triangular 1.36 0.27 1.60 0.93 8.20 0.19 0.19

B N22 þUx � Uniform 1.03 0.22 3.75 4.58 1.77 2.00 1.94
�Ux � Triangular 1.03 0.25 3.07 4.05 2.00 1.52 1.52

N6 þUy + Uniform 1.29 0.19 3.25 0.95 8.56 0.30 0.32
þUy 0 Triangular 1.29 0.21 3.27 0.77 10.57 0.27 0.28

Table 2
Real ground motion records considered in this study.

Earthquake Country Date Depth Station ML vs;30 D
[km] [–] [�s�1] [km]

Rec. 1 Sierra Madre U.S.A. 28 June 1991 12.0 CGS–CSMIP 24399 5.8 680 6.7
Rec. 2 Sierra Madre U.S.A. 28 June 1991 12.0 CGS-CSMIP 24401 5.8 379 20.2
Rec. 3 Chalfant Valley 86C U.S.A. 30 July 1986 9.0 CGS-CSMIP 54171 5.8 303 13.6
Rec. 4 Mt. Lewis U.S.A. 31 March 1986 6.0 CGS-CSMIP 57191 5.8 282 14.4
Rec. 5 Livermore U.S.A. 26 January 1980 7.3 CGS-CSMIP 57528 5.8 383 6.6
Rec. 6 Azores Portugal 9 July 1998 2 to 5 Horta Observatory (SMA-1) 5.8 (?) 14.0
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was actually recorded during the 1998 Azores earthquake, which
was obtained in the SMA-1 station, located at the Observatório
Príncipe do Mónaco, in Horta (Faial Island). Apart from being con-
sidered fairly incomplete [47], another issue with this record (iden-
tified as Rec. 6 in Table 2) is related to the characteristics of the
station’s location, which has been proven to generate very high site
amplification’s effect, namely during the previous 1980 Azores
Earthquake [48]. To overcome this issue, five other real ground
motion records (identified as Rec. 1 to 5 in Table 2) were selected
from the database of the Center for Engineering Strong Motion
Data (CESMD), corresponding to U.S.A. recorded earthquakes with
the same magnitude (ML= 5.8) of the 1998 Azores Earthquake [6].
Since the distances between these earthquake’s epicenter and Faial
Island’s shoreline are in between 7 and 25 km, the remaining
records were selected from the CESMD database within this range
of epicentral distances (see Table 2). The first record (Rec. 1) was
established as a baseline reference for the ground motion for the
closest distance shoreline, because it corresponds to a rock
outcropping site at an approximate epicentral distance of 7 km.
The remaining four records were obtained at sites with shear
velocities closer to the upper limit of the EN 1998-1 foundation soil
Fig. 7. Response spectra in terms of period T (l
type C. Only the two horizontal vibration components were consid-
ered, making a total of 12 accelerograms. plus the resulting mean
response spectra (shown in Fig. 7). Please note that the elastic
response spectra, EC8 (in red), was obtained according to the EN-
1998-1 and EN 1998-3 recommendations.

Due to the lack of detail information regarding the v s;30 value on
the exact site in which these two case studies were located (Cedros
parish), the authors assumed the same dynamic characteristics of
surface layers of the nearby city of Horta, based on the study devel-
oped in [49]. From this study a vs;30 value equal to 361 m s�1 was
estimated, to which corresponds the transition zone between soil
type C and B. Hence, since the superficial layer is a class D soil
(vs;30 lower than 180 m s�1) the authors believe that a class C
can be considered well adjusted for the present case study
buildings.

Finally, target displacements (performance points) were deter-
mined using a computer implementation of the ATC-40 method
[46], using the same set of computer routines that were adopted
in other earlier studies developed in the Azores archipelago [50].
For all the cases resulting in structural collapse (d�

u < d�
t ), the target

displacement, d�
t , was defined as the point corresponding to the
eft) and spectral displacements Sde (right).
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maximum non-linear damping capacity of the structure. These
results are presented further on in Section 5.1, together with those
obtained for the retrofitting packages presented in the next
Section 4.1.
4. Seismic retroffiting of stone masonry buildings

As the massive demolition and replacement of these structures
seems neither affordable nor feasible due to historical, cultural,
social and economic constraints, this section describes in detail
the retrofitting strategies adopted in this study, which are based
on the reconstruction methodology defined shortly after the
1998 earthquake by the Regional government of Azores, aiming
to enhance the seismic performance of existing stone masonry
buildings, through traditional retrofitting solutions compliant with
the mentioned constraints. Some of these traditional solutions are
still in use these days, as demonstrated for example in [51].
4.1. Numerical application of traditional retrofitting solutions

Bearing in mind the above, six retrofitting solutions of increas-
ing intrusiveness and cost (from S1 to S6), grouped into three
cumulative retrofitting packages (from RP1 to RP3), were herein
addressed (see Table 3). Despite latest developments on innovative
steel connections for the retrofit of timber floors in ancient
masonry buildings [52–55], in this study the authors opted by con-
sidering the same solutions that were adopted in the aftermath of
the 1980 and 1998 Azores earthquakes by different design offices
based on the design recommendations specially prepared in the
Faial rehabilitation process [56], which were developed by the Civil
Engineering Regional Laboratory of Azores (LREC) in partnership
with several experienced engineers and consultants in this field
[7,57,58]. The comparison between the seismic performance of
the original BR condition of the assessed structure and each one
of these retrofitting packages is going to be discussed in the follow-
ing section.

As the adopted strategy pursues the cumulative implementa-
tion of retrofitting solutions and the authors have considered a first
set of retrofitting solutions effective on enhancing the box-like
behaviour of stone masonry buildings, resorting to low-to-
moderate intrusiveness, the following solutions S1 to S4 were
grouped in RP1 package, as shown in Fig. 8.

The retrofitting of wall-to-wall connections by means of effec-
tively tying walls together with steel tie-rods, addressed in the ret-
rofitting solution S1, is an ancient provision to enhance the building
integrity, seen as a crucial requirement to prevent out-of-plane
collapse during an earthquake, which has been used for centuries
in many Mediterranean European countries. These threaded steel
tie-rods 16 mm thick are usually installed horizontally beneath
floors (S1) and roofs (S4) on both sides of the wall, and restrained
Table 3
Seismic retrofitting solutions adopted for traditional stone masonry buildings.

Retrofitting Retrofitting Description
package solution

RP1 S1 Wall-to-wall connection improvement through
tie-rods

S2 Floors stiffening with diagonal bracing and new
timber planks

S3 Wall-to-floor connection improvement
S4 Wall-to-roof connection improvement through

tie-rods
RP2 S5 Wall-to-roof connection improvement through

concrete strapping beams
RP3 S6 Stone masonry consolidation through reinforced

plaster
at the ends by steel anchor plates, as depicted in Fig. 8(a), adapted
from Carvalho et al. [56] and D’Ayala and Speranza [59].

This solution is not only effective in increasing the stiffness of
flexible floor diaphragms but also in enhancing the connections
with exterior load-bearing walls and frontal walls. These tie-rods
were implemented in the models of both case study buildings as
illustrated in the following Fig. 9. Furthermore replacing all deteri-
orated structural timber elements of horizontal diaphragms by
new elements adequately connected, restoring their original resis-
tant capacity, the solution adopted in this study for retrofitting of
floors and roof connections S2, joins two different stiffening provi-
sions: the installation of 75 mm thick diagonal timber braces at
both floor and roof level between timber joists, anchored with
/10 galvanised steel threaded rods and 3.0 mm thick galvanised
steel angle brackets as well as a new layer of timber sheathing, laid
perpendicular to the existing one and adequately nailed to the floor
as shown in Fig. 8(b). However, given the Tremuri program limita-
tion on designing such a particular provision as diagonal bracing,
the authors have opted instead to sustain their reasoning based
on the NZSSE guidelines, after ASCE (2014), that proposed stiffness
multipliers for other forms of flexible timber diaphragms. There-
fore, the authors consider a double straight sheathing (with diago-
nal sheathing chorded) membrane typology using a fair rating
condition to the new timber floor provision included in this retro-
fitting solution, S2. Hence, a multiplier of 9.0 was applied to the Gd

values of 285 and 215 (in MPa), respectively for the load direction
acting parallel and perpendicular to timber joists. The equivalent
shear modulus Geq was then obtained by dividing Gd by the thick-
ness of the membrane (double straight sheathing), which was con-
sidered equal to 4.5 cm (2.5 cm related to the original single
straight sheathing typology assigned in the BR condition plus
2.0 cm of the new timber sheathing layer).

The retrofitting of wall-to-floor connections solution S3 was
enhanced by introducing 3 mm thick full-length steel angle brack-
ets adequately anchored to walls through steel connectors and
anchor plates, as depicted in Fig. 8(c), complementing the previous
solution S2. However, again due to modelling limitations, retrofit-
ting solution S3 was implemented in the model by assuming tim-
ber joists with square cross-section 10 cm large and spaced by
40 cm. Moreover, these elements were considered well connected
to load-bearing walls, introducing in the analysis the effect of elas-
tic and geometric properties of these elements and enhancing the
box-like behaviour of these structures. Due to the lack of informa-
tion regarding the mechanical properties of timber elements, an
average value of 10.5 GPa and 7.0 GPa were assumed to the
Young’s modulus related to the orthogonal and perpendicular
direction of the floor warping, E1;eq and E2;eq respectively, which
values are within the range suggested in [60,61,29].

Fig. 8(d) illustrates the retrofitting of wall-to-roof connections
solution (S4), ensured by applying the same technique as in solu-
tion S1 but at the roof level, by introducing steel tie-rods under-
neath the ceiling joists, to sustain horizontal thrusts in the case
of an earthquake.

The retrofitting package RP2 adds the retrofitting solution S5 to
the preceding package RP1, and comprehends the introduction of
reinforced concrete strapping beams at the top of stone masonry
walls (also designated as RC ring courses), executed along the
whole perimeter of the building, enhancing the connection
between roof and load-bearing stone masonry and improving both
bending and shear capacity (see Fig. 10). These beams were defined
with a cross-section 20 cm2�30 cm2 (4/10 longitudinal steel bars
and /6//.30 stirrups), and classes C20/25 to concrete and S400 to
steel bars, accordingly to the available structural drawings.

Finally, retrofitting package RP3, includes the retrofitting solu-
tion S6, which involves the shear strengthening and confinement



Fig. 8. Details of retrofitting solutions of retrofitting package RP1, adapted from Costa [58].
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of masonry structural walls by the implementation of reinforced
render, as specified by Costa [21]. Thus, as illustrated in Fig. 11,
after the application of a first layer of filling mortar in the propor-
tion of 1:3 (local sand extracted from Fajã Beach: Portland cement:
water) for voids and surface regularisation, a 0.5 mm thick welded
steel mesh made of S275 steel and 10 mm spaced ribs, is then fixed
on both sides of the masonry wall through a system composed of
M20 galvanised screws, /20 galvanised steel threaded rods and
4 mm thick anchor plates (20 mm � 20 mm, spaced 150 cm.
Finally, a 3 cm thick second layer of fine sand-blasted finishing
mortar is applied [21]. This retrofitting solution was simulated in
the model by considering the reinforced plaster improving param-
eter for masonry, which comprises an improvement of about 2.5
times on the mechanical properties of the stone masonry typology
assigned to the original BR condition of both buildings.

5. Discussion of the results

The influence of the previous retrofitting packages is discussed
in this section from the perspective of the seismic performance-
based assessment, comparing the global indicators recommended
by EN 1998-1, EN 1998–3, NTC 2008 and ATC-40 seismic codes



Fig. 9. Position of the tie-rods (in blue) in the Building A (left) and Building B (right). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 10. Details of retrofitting solution S5 incorporated in the retrofitting package RP2, adapted from Costa [58].

Fig. 11. Details of retrofitting solution S6 incorporated in the retrofitting package RP3, adapted from Costa [58].
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[32,43,33] to be used on the safety verification of the ULS, which
were already described in Section 3.3. Additionally, analytical
fragility curves are derived by taking the target displacement of
the structure, dt , as the intensity measure (IM).

5.1. Comparison in terms of seismic performance-based assessment

This sub-section is divided into two different categories of
results. Firstly, the results obtained from the application of the
N2 Method (previously described in Section 3.3.2), referring to
the Azores seismic action recommended in [45], are presented
and discussed. Secondly, the results obtained from the application
of the CSM by using a set of real ground motion records, as
described in Section 3.3.2, are presented and compared to the pre-
vious approach.

The comparison of the results obtained to each one of the men-
tioned global indicators, discretised by direction, lateral load pat-
tern and building condition (from BR to RP3), is provided in the
following figures. In Fig. 12 it is possible to observe a quite signif-
icant dispersion of the q� ratio values for the case of the BR condi-
tion, which can be explained by the lack of connection between
walls intentionally induced in the numerical model. In general, it
was observed that not only q� decreases by implementing these
retrofitting packages cumulatively, but also that the safety condi-
tion q�< 3 is verified in a general manner for all the retrofitting
packages, exception made to the pseudo-triangular load pattern
distribution of RP1 and RP2. From Fig. 12(a) one can conclude that
Building A presents a slightly better behaviour in terms of the q�

ratio for the analyses computed with the uniform load pattern dis-
tribution. In the case of Building B, while in the Ux direction all
building conditions verify the safety requirement q�< 3, in the Uy

direction only RP3 verifies this condition.
In what regards the ratio d�

u=d
�
t , depicted in Fig. 13, it is

observed that only RP3 fulfils the required safety condition
d�
u=d

�
t > 1, excepting for the Uy direction of Building B. However,

while results demonstrate some consistency in the case of Build-
ing A, with a general increase of d�

u=d
�
t , the same does not apply

in the case of Building B, particularly in the negative direction of



(a) Building A (b) Building B

Fig. 12. Results of the seismic performance-based assessment in terms of the q� factor.
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Uy, in which BR shows the better results than any other retrofit-
ting package.

Finally, the values achieved for the ratio ag;max=agR, presented in
the following Fig. 14 (a), confirm the trend of the previous indica-
tor d�

u=d
�
t , as most of the analyses in the case of the retrofitting

package RP3 fulfil the required safety verification ag;max=agR> 1,
exception made for the analyses carried out for Building B, in the
Uy direction. Moreover, and similarly to what was observed in
Figs. 12 and 13, the enhancement the seismic performance is quite
unclear between RP1 to RP2, raising some doubts about the effi-
ciency of retrofitting solution S5. In fact, this might be explained
either due to the actual efficiency of the reinforced-concrete ring
beams as retrofitting solution or to the numerical inability at sim-
ulating its influence. Additionally, as previously mentioned, the
retrofitting package RP1 resorts to retrofitting solutions from S1
to S4, of low-to-moderate intrusiveness, which are known to be
effective on enhancing the box-like behaviour of stone masonry
buildings, i.e., on improving the out-of-plane behaviour of masonry
structures. In this sense, since non-linear static (pushover) analy-
ses were carried out to exclusively assess the in-plane capacity of
the model, it was not expected that RP1 could affect significantly
the in-plane global capacity of the structure. In fact, several
authors have been debating the actual contribution of this widely
applied technique, arguing that it may lead to the development
of local mechanisms in load-bearing walls when subjected to seis-
mic loads, due to important local increments in terms of mass and
stiffness at the top of masonry walls, introducing significant
changes over the expected vibration modes, particularly not desir-
able in high-rise buildings.

The results in terms of the ratio between the displacement of
the MDoF system versus the ratio between the maximum admissi-
ble ground acceleration, ag;max and the reference ground accelera-
tion, agR , shown in Fig. 15, demonstrate a global improvement of
the seismic performance of both case study buildings, particularly
in terms of ag;max=agR ratio. It is also possible to observe that in the
case of Building A, retrofitting packages RP1 and RP2 allow the
structure to withstand larger displacements than RP3.

Finally, when analysing the results of the seismic performance-
based assessment obtained by using the Capacity Spectrum
Method for deriving capacity curves and subsequently determining
the target displacement using the set of real ground motion
records, as presented in Table 2 (Section 3.3.2), it is possible to
observe that in general terms, the values of the ratio F�

m=m
�

increase by implementing these retrofitting packages, following
the trend of the N2 Method, as shown in Fig. 16. In addition,
Fig. 16 shows that the target displacements values, dt , have also
decreased in both case studies with the implementation of these
retrofitting packages, as expected.

5.2. Comparison in terms of fragility curves

The seismic performance of the modelled buildings is here-
inafter compared in terms of fragility curves, analytically derived
based on the spectral response approach proposed by FEMA-NIBS
procedure [62], in which fragility curves describe the probability
of exceeding a determined damage state, ds, for a given value of
spectral displacement, Sd (herein taken as intensity measure). In
this study, damage states were adopted and defined directly from
yielding and ultimate displacements of the capacity curve, by
means of pre-set displacement-based damage state thresholds,
Sd;ds, initially developed within the framework of the RISK-EU pro-
ject for several building typologies within European towns based



(a) Building A (b) Building B

Fig. 13. Results of the seismic performance-based assessment in terms of the ratio d�
u=d

�
t .
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on expert opinion, and proposed in [63]. These damage state
thresholds, that have since been widely applied in many other
studies worldwide, including many examples in Portugal, such as
in [15,34] for example, are defined by the following expressions:
Sd;1 ¼ 0:7Sdy; Sd;2 ¼ 1:5Sdy; Sd;3 ¼ 0:5ðSdy þ SduÞ, and Sd;4 ¼ Sdu, which
are associated to slight damage, moderate damage, extensive dam-
age and near collapse damage conditions, respectively.

Fragility curves were thus derived by means of lognormal func-
tions that describe the probability of reaching or exceeding a deter-
mined damage state, ds, given the spectral displacement, Sd,
according to the following Eq. (2), wherein U is the standard nor-
mal cumulative distribution function, bds is the standard deviation
of the natural logarithm of spectral displacement for a given ds,
and Sd;ds is the median value of the spectral displacement at which
a building reaches the threshold of damage state ds.

P dsjSd½ � ¼ U
1
bds

ln
Sd
Sd;ds

 !" #
ð2Þ

The parameter bds, expressed by the following Eq. (3), considers
different sources of variability and uncertainty related to the
model inherent characteristics and assumptions (b�), the seismic
demand (bD), the capacity curve (bC), which comprises both geo-
metrical and mechanical input parameters responsible for influ-
encing the seismic global response of structures, and the
definition of the damage states thresholds (bLS).

bds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
� þ b2

D þ b2
C þ b2

LS

q
ð3Þ
While the value of b� was assigned equal to 0.20, according to
Meireles et al. [64], bD was assumed equal to 0.25, according to
Simões et al. [34], which argued that there is still a lack of informa-
tion on the current EN 1998–1 [32], for a more precise estimation
of this parameter. As the variability of the masonry typology of the
assessed buildings might be relatively high, not only due to the
quality of construction, mechanical properties of materials and
constructive details, but also due to the uncertainty related to
the obtained results for the seismic response, bC was assigned
equal to 0.35, accordingly to some of the most recent studies found
in literature concerning this parameter [65,64,34]. The value of bLS

was determined assuming that the displacement limit thresholds,
Sd;ds, correspond to the conditional probability of 50% of reaching
or exceeding the corresponding damage state threshold. Thus, by
assuming a uniform probability density function (in an interval
around Sd;ds), as proposed by Lagomarsino and Cattari [66] and Pag-
nini et al. [65], the resulting value of bLS varies, for each building
and type of analysis, as a function of the ductility of the capacity
curve.

Table 4 summarises the results obtained for each retrofitting
condition of both case study buildings, namely the target displace-
ments, dt , obtained for the elastic response spectra recommended
in EN 1998–1 [32], the yielding and ultimate displacements, dy

and du, ductility, l, and the bds values. It is worth referring that
in order to compare the global influence of the considered retrofit-
ting solutions and to reduce the influence of a particular analysis
on fragility curves’ derivation process, the mean values of the
yielding and ultimate displacements, dy and du, as well as the



(a) Building A (b) Building B

Fig. 14. Results of the seismic performance-based assessment in terms of ratio ag;max=agR .

(a) Building A (b) Building B

Fig. 15. Results of the seismic performance-based assessment in terms of the relationship between the displacement of the MDoF system versus the ratio between the
maximum admissible ground acceleration, ag;max and the reference ground acceleration, agR .
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target displacements, dt , were assumed from a total of 84 analyses
for each direction and retrofitting condition.

Moreover, the respective fragility curves derived in function of
the spectral displacement, Sd (in this case dt), are given in Fig. 17,
where the vertical lines represent the mean target displacements
obtained following the recommendations of the EN 1998-1 [32]
(in red), and the mean target displacement obtained through the
CSM Method to the set of real ground motion records (short dots
in blue). Regarding the latter, the filled area (in light blue) is limited
by the corresponding minimum and maximum target displace-
ment values of this set of records. However, it is worth referring
that Rec. 6 was not included on the estimation of this mean target
displacement, due to the bias associated with this particular
record, previously discussed in Section 3.3.2.

When comparing the results from Fig. 17, one can observe that
there is an overall enhancement of the seismic performance of both
case study buildings, as the expected damage decreases with the
implementation of these cumulative retrofitting packages. This
improvement is particularly remarkable in the case of the mean
target displacement obtained through the CSM Method, as



(a) Building A (b) Building B

Fig. 16. Results of the seismic performance-based assessment in terms of the target displacement, d�
t , for all the building conditions.

Table 4
Results obtained for each retrofitting condition by applying the N2 Method.

Building Retrofitting Direction dt dy du l b1 b2 b3 b4
condition [cm] [cm] [cm] [–] [–] [–] [–] [–]

A BR Ux 1.41 0.28 1.10 3.89 0.541 0.513 0.494 0.487
Uy 1.55 0.26 0.62 2.41 0.541 0.488 0.484 0.482

RP1 Ux 1.49 0.57 2.76 4.83 0.541 0.526 0.501 0.488
Uy 1.72 0.55 2.00 3.63 0.541 0.510 0.492 0.486

RP2 Ux 1.37 0.52 2.31 4.42 0.541 0.520 0.498 0.488
Uy 1.62 0.61 2.08 3.42 0.541 0.507 0.490 0.485

RP3 Ux 0.88 0.36 2.12 5.84 0.541 0.544 0.508 0.490
Uy 1.13 0.59 2.97 5.01 0.541 0.529 0.503 0.489

B BR Ux 1.37 0.30 1.07 3.60 0.541 0.509 0.492 0.486
Uy 1.30 0.30 0.76 2.52 0.541 0.490 0.485 0.482

RP1 Ux 1.57 0.83 2.92 3.49 0.541 0.508 0.491 0.486
Uy 1.39 0.34 0.84 2.49 0.541 0.490 0.484 0.482

RP2 Ux 1.59 0.91 2.63 2.89 0.541 0.497 0.487 0.484
Uy 1.39 0.35 1.43 4.04 0.541 0.515 0.495 0.487

RP3 Ux 0.94 0.89 4.18 4.70 0.541 0.524 0.500 0.488
Uy 0.77 0.28 1.40 5.04 0.541 0.530 0.503 0.489
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globally, the use of the elastic response spectra as seismic demand
through applying the N2 Method leads, as expected, to more con-
servative results. In the case of retrofitting package RP3, this differ-
ence was found even more significant, particularly in the Ux

direction, as target displacements obtained for the elastic response
spectra recommended by the EN 1998–1 (in Table 4) exceed the
maximum target displacement values obtained by considering a
set of real ground motion records (short dots in blue in Fig. 17).
However, in the BR condition, this tendency appears to be reversed.

It is important noting that all the studied retrofitting packages
reduces the dispersion of the structural performance point results
due to the aleatory uncertainty inherent to the real earthquake
ground motions (most evident for the RP3 case), which leads to a
reduction of the seismic risk. It is also worth referring that, simi-
larly to what was observed in Section 5.1, as retrofitting packages
are implemented, the resulting target displacement decreases for
both types of seismic demand herein considered, leading to lower
levels of expected damage. However, once again, no significant
improvements were observed in the case of retrofitting package
RP2.

6. Conclusions

This paper approaches the seismic response of a traditional
stone masonry building assessed by means of non-linear static
(pushover) analysis resorting to the commercial version of 3Muri�

software. The authors aimed not only to bring attention to the high
vulnerability generally associated to these type of structures, but
also to perceive the influence of different sustainable, cost-wise
and widely applied retrofitting solutions over the structure’s in-
plane seismic response.

With respect to the BR condition, the authors believe that the
need to disregard the presence of the external stone masonry
stairs, due to modelling issues, may have exacerbated these analy-
ses. Moreover, further analysis of local mechanisms should be
addressed in order to evaluate the real contribution of retrofitting
package RP1 over the structure’s out-of-plane capacity and there-
fore assess the overall benefit of such retrofitting solutions. In
order understand the real efficiency of reinforced concrete strap-
ping beams solutions (S5), the authors believe that further analysis
resorting to both numerical and experimental approaches should
be performed, particularly when referring to multi-storeys stone
masonry buildings. Despite the foregoing, from the global seismic
performance-based assessment analyses carried out, the retrofit-
ting package RP3 was able to fulfil the ultimate limit states’
requirements of current seismic codes (EN 1998–1, EN 1998–3
and Italian code NTC 2008) for the majority of the performed anal-
yses, except for a few analysis in the Uy direction of Building B,
confirming the pronounced influence of the masonry quality over
the in-plane capacity of structures. It is worth referring that the cri-
teria herein adopted for the selection of the control node and the
worst case scenario analyses might have exacerbated the results,
as they corresponded in practically all cases to the pseudo-
triangular load pattern distribution, which the representativeness



(a) Building A (b) Building B

Fig. 17. Fragility curves for both directions, with the representation of the target displacements obtained by applying the N2 Method (in red) and the mean of the target
displacements obtained by applying the CSM Method (short dots in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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in the case of old masonry structures is still an open issue [67].
Resorting to real ground motion records as seismic demand for
determining the target displacements of existing structures
allowed to quantitatively compare the outputs obtained by using
the recommended code elastic response spectra. Even though in
this work different sources of uncertainty were considered for
deriving analytical fragility curves, further research should be con-
ducted to better estimate uncertainties in numerical models.
Moreover, the authors will engage into sensitivity analysis in
future works, in order to explicitly address epistemic uncertainties
and subsequently enhance the reliability of seismic performance-
based assessment procedures.
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