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Abstract

Post-earthquake reconstruction activities need tools for assessing the vulnerability of struc-
tures, based on visual inspection and quick survey. So far, the public administrations in
charge of granting the funds and monitoring reconstruction have adopted different methods
taken from scientific literature or developed ad hoc for specific events. The time is ripe for
a standard method to be developed, treasuring from the lessons learned in the field. This
paper proposes an expeditious tool based on visual survey for the assessment of the seismic
vulnerability of unreinforced masonry buildings, starting from available methods, whose
parameters were reassessed and recalibrated, and scientific evidence from recent literature.
The influence of the main structural features was considered to calculate a vulnerability
index in the 0—100 range. The effects of materials and arrangement of masonry were quan-
titatively evaluated through the masonry quality index, which represents an advancement
with respect to current practice. The method was validated on a sample of 50 masonry
aggregates and nearly 200 structural units of L’Aquila, Italy, where reconstruction is under-
way after a destructive earthquake in 2009. The sample is representative of the built herit-
age of other earthquake prone areas in Italy and many European Countries and the pro-
posed method is a step forward the development of a standard tool to be used in future
post-earthquake reconstruction scenarios.

Keywords Seismic vulnerability - Masonry quality index (MQI) - Historic centre - Survey
form - Quick method

1 Introduction

The presence of historic centres in earthquake prone areas poses a number of challenges,
which belong to collective memory but dramatically re-emerge after each severe seis-
mic event. The high vulnerability of the building stock, especially of old masonry struc-
tures, has caused fatalities and structural collapses (Indirli et al. 2013; Penna 2015; Dolce
and Goretti 2015; Sorrentino et al. 2019; Goger 2020), involving entire villages (Rapone
et al. 2018; Sorrentino et al. 2019), ordinary buildings and aggregates (Penna et al. 2014;
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Vlachakis et al. 2020), and architectural heritage (Lagomarsino 2012; D’Ayala and Paga-
noni 2011; Cattari et al. 2014; Borri et al. 2019; Penna et al. 2019). It has also required
many people to leave their own towns and move elsewhere, with further indirect trou-
bles for the social identity and the economy of the communities (European Environment
Agency 2010).

The state of emergency immediately after the earthquake, during which people are
rescued, dangerous buildings are secured and the safety of buildings is assessed, is fol-
lowed by the much longer phase of reconstruction and structural retrofitting, which aims
at repopulating places, restoring the beauty of architectural heritage, and restarting pro-
ductive activities. At this stage, enhancing the safety level of the constructions in view of
future earthquakes is a primary concern (Aguado et al. 2018; Mazzoni et al. 2018; Sisti
et al. 2019). At the same time, it is of the utmost importance that the complex process of
post-earthquake reconstruction progresses smoothly and it is completed with the available
resources in a reasonable time (Di Ludovico et al. 2017).

In Italy, the institutions in charge of managing this process, together with research
centres, universities and practitioners, have gained an outstanding expertise and devel-
oped effective procedures, such as the AEDES form for building usability (Baggio et al.
2007). On the other hand, after each of the recent earthquakes, the tools for damage survey
and vulnerability assessment have been modified or re-formulated from scratch. Even for
the same event, if the territory struck by the earthquake depends on multiple administra-
tive bodies different methods have (or are currently being) used. For instance, after 2009
L’Aquila earthquake, the reconstruction of the municipality of L’Aquila and that of the
other municipalities of the earthquake area are managed by two offices, which do not share
the same tools. Likewise, after the 2016-2017 Central Italy earthquake, four administrative
Regions are managing reconstruction through four offices, adopting different procedures.

Even though some vulnerability features may be clearly visible by looking at damage (at
least in the epicentral area), in order to rank works and provide funds for a large stock of
buildings, characterized by different structural typologies and, possibly, different damage
levels (thus including non-epicentral areas), a standard tool is needed that considers all the
main sources of vulnerability (even those not already revealed by earthquake induced dam-
age) and that is fast, easily applicable and controllable, allowing a sole office to manage the
whole process. There is no shortage in the scientific literature of methods for vulnerabil-
ity assessment of unreinforced masonry structures. D’Ayala and Speranza (2002) proposed
one of the first ones, named Failure Mechanism Identification and Vulnerability Evaluation
(FaMIVE), which identifies the most probable collapse mechanisms based on 42 param-
eters related to wall geometry, openings, connection with orthogonal walls, floors and roof,
and presence of tie-bars and ring beams. An electronic form calculates the horizontal load
that triggers the onset of the mechanism through limit analysis and estimates the seismic
vulnerability of the construction. As the very final output, four vulnerability classes are
defined, such as low, medium, high and very high.

The Italian Group for the Protection against Earthquakes (Gruppo Nazionale per la
Difesa dei Terremoti, GNDT) developed a method based on 11 parameters, including
type, strength and arrangement of the masonry, floors and roof, vertical and horizontal
layout, non-structural members, and damage state. The scores attributed to such param-
eters are combined in a weighted sum to derive an index between O and 100. Vulner-
ability is classified as low if the index is lower than 20, medium—low if it is between
20 and 40, medium if it is between 40 and 60, medium—high if it is between 60 and
80, and, finally, high if it is higher than 80 (Dolce and Martinelli 2005). The method
was initially conceived for isolated buildings and then extended to aggregates adding
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5 more parameters accounting for interactions between adjacent structures (Formisano
et al. 2011).

The Special Office for the Reconstruction of L’Aquila (Ufficio Speciale per la Ricos-
truzione de L’Aquila, USRA) adopted a method based on 9 main parameters (USRA
2014). A score is assigned to each of them and an electronic sheet calculates a vulner-
ability index comprised between 8 and 57. Vulnerability is then classified as low if the
index is <20, medium if it is in the 21-39 range, and high if it is >40. The vulnerability
class is used, together with the damage level according to the EMS98 scale (European
Seismological Commission 1998), to calculate the maximum permissible financial con-
tribution per square meter. Finally, the Special Office for the Reconstruction of the other
municipalities (all except L’Aquila) struck by the 2009 earthquake (Ufficio Speciale per
la Ricostruzione dei Comuni del Cratere, USRC) is using a similar procedure, but with
different scores.

All these methods share many of the parameters to be surveyed and collected in a form
to evaluate seismic vulnerability. Indeed, despite the specificities of the building stock,
which may change from territory to territory, the main features of unreinforced masonry
constructions and of their seismic response generally recur (Taffarel et al. 2018). The time
is ripe for developing a standard method, treasuring from the lessons learned in the past,
recent scientific outcomes, and the experience gained in the field.

This paper proposes a tool for the expeditious assessment of the seismic vulnerability of
unreinforced masonry structures, which can be used in post-earthquake reconstruction. The
method originates from those adopted by USRA (2014) and by GNDT (Formisano et al.
2011), which have already been extensively used after recent earthquakes, and appear more
suitable than others for the management of reconstruction activities. These two methods
have been calibrated based on surveyed damage and numerical simulations, resulting in
similar, but not identical, choices for the structural parameters to survey and for the weight
they have in the calculation the overall seismic vulnerability of the construction. Neverthe-
less, they still appear as an alternative to each other and, once adopted in the field, have
not been further checked, validated or, possibly, re-calibrated. This works aims at fostering
this step forward the development of a standard method, as mentioned above. To this end,
the parameters included in USRA and GNDT methods were reassessed and recalibrated.
As it will be explained later in this paper, information is to be gathered on 10 structural
features, including the effectiveness of connections, the constructive details, the charac-
teristics of floors and roof, the interaction with non-structural elements, and the quality of
masonry. The role of this latter, which is accounted for only qualitatively in current prac-
tice, was evaluated quantitatively through the Masonry Quality Index (Borri et al. 2015),
which considers constituent materials, size and shape of the units, thickness of the joints,
and arrangement, and proves in good agreement with results of field tests. Other param-
eters were also considered tentatively and then discarded due to their poor correlation with
damage or because hardly assessable in a fast inspection. Indeed, as a salient feature of the
method, an expeditious survey is sufficient for a practitioner to collect the required data,
which are combined to calculate a vulnerability index in the 0—100 range.

For calibration and validation, the correlation of such vulnerability index with an empir-
ical damage index was calculated through a regression analysis on a sample of 50 masonry
aggregates, including nearly 200 structural units, in the historic centres of L’Aquila and of
the hamlets nearby. The sample was selected to be representative of the built heritage of
the area as well as of many other earthquake prone areas in Italy, such as those struck by
the recent 20162017 Central Italy earthquake (Penna et al. 2019; Sisti et al. 2019; Sorren-
tino et al. 2019) and in many other European Countries.
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The paper is organized as follows. The proposed method is presented in Section 2; the
ten structural parameters to survey are listed together with the scores attributed to each
of them, which are summed to calculate the Vulnerability Index. The parameters are
described one by one in Sect. 3, which also provides a brief roadmap for the evaluation
of each of them, with the only exception of the quality of masonry, which is dealt with in
depth later. Section 4 describes the sample of structural units selected for the calibration
and validation of the proposed method in this study, its properties and the damage state of
the buildings as reported in post-earthquake surveys. Section 5 describes the calibration of
the scores attributed to the ten structural parameters and shows the correlation between the
resulting Vulnerability Index (VI, calculated for each structural unit of the sample) and the
corresponding Damage Index (DI). Finally, the role of the quality of masonry and the use
of the Masonry Quality Index (Borri and De Maria 2009; Borri et al. 2015; Borri and De
Maria 2019) for its quantification is discussed in Sect. 6.

2 Overview of the proposed method

The method proposed in this work requires an inspector to assess ten structural features of
a building, listed in Table 1. The main information to survey, also including the presence of
pre-existing damage and retrofitting systems, are briefly described in Sect. 3. To this pur-
pose, the expeditious inspection may include minor operations (e.g., removal of small areas
of plaster) and the consultation of drawings, projects or other documents, if available. On
the other hand, structural calculations and experimental tests in the field are not required.
As the first outcome of the survey, a qualitative evaluation, such as low (L), medium
(M), or high (H), is formulated on the contribution of each structural feature to the seis-
mic vulnerability of the whole construction. Low vulnerability means that the parameter
provides a low contribution to the seismic vulnerability of the construction, since it is

Table 1 Proposed parameters and scores for expeditious vulnerability assessment

Parameter Evaluations
and scores
# Description LM H
Connection between orthogonal walls 0 10 28
Quality of masonry - - 17.5
3 Connections between load bearing walls and non-structural 0 85 17
components
4 Spacing between load bearing walls 05 9
5 Type of floors and their connections with walls 0 7.5
Horizontal offsets of load bearing walls (horizontal wall slender- 0 - 6.5
ness)
7 Regularity in elevation 0 - 5
8 Type of roof and its connection with walls 0 2 45
Vertical offsets of floors and vaults 0o - 4
10 Position and interaction of the structural unit within an aggre- 0 - 1
gate
Vulnerability index (VI) (maximum and minimum) 0 100
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associated with a good seismic performance. On the other hand, high vulnerability stands
for weak behaviour in case of earthquake associated with that specific parameter. Clearly,
medium vulnerability stands for a middle ground evaluation between high and low. This is
not always possible, so, for some parameters, only L. and H choices are available. The qual-
ity of masonry partially makes exception as it will be discussed later.

The method attributes a score to the evaluation formulated by the inspector (L/M/H)
for each parameter (from #1 to #10), as listed in Table 1. It is worth highlighting that, for
each parameter (except #2), a univocal score is associated with the evaluation, so the scores
listed in Table 1 are not to be intended as ranges or maximum values. They are defined in
the method and hence the inspector is in charge of formulating a qualitative evaluation but
not expected to assign a quantitative score directly. It is seen that the scores attributed to
low vulnerability (L) are always 0, so the minimum total score results 0. On the other hand,
the sum of the scores attributed to high vulnerability (H) is 100. These extreme values are
listed at the end of Table 1. The sum of the scores attributed to medium vulnerability (M) is
instead not particularly meaningful and is therefore omitted.

In this work, the scores were tuned based on the relative importance of the parameters in
the seismic vulnerability of the building (in Table 1, the parameters are sorted in descend-
ing order of importance). To this aim, a sample of 50 masonry aggregates, including 192
structural units, belonging to the historic centres of L’Aquila and of the hamlets nearby
(described in Sect. 4), was selected. The method was applied to this sample for validation
and for calibrating the scores, as described in detail in Sect. 5. Noteworthy is that the qual-
ity of masonry (#2) is discussed separately in Sect. 6, since its score is calculated from the
Masonry Quality Index (Borri and De Maria 2019).

As the final output of the assessment, all the scores are summed to calculate a Vulner-
ability Index (VI), ranging, as said before, between O (minimum vulnerability) and 100
(maximum vulnerability). Finally, it may useful in post-earthquake reconstruction activi-
ties (e.g., for granting funds, deriving statistics, filtering the database to extract a subset of
it, etc.) to identify three vulnerability classes, such as low (VI <35), medium (35 <VI<65),
and high (65 <VI<100).

3 Structural features

This section describes the ten structural parameters to assess for the calculation of the Vul-
nerability Index of a building. The main features to survey during an expeditious inspec-
tion are discussed and indications are provided for the formulation of the qualitative evalu-
ation (L/M/H). A roadmap is traced for the inspector, even if the development of an actual
guide is beyond the scope of this paper.

3.1 Connection between orthogonal walls (#1)

The seismic performance of an unreinforced masonry structure highly relies on its capac-
ity to exhibit a box-type behaviour, which depends on the load transfer effectiveness at
the intersections between orthogonal walls. On the contrary, insufficient connection leads
to the separation between walls, especially of the perimeter ones, and promotes their out-
of-plane overturning, which is one of the most frequent (and dangerous) seismic failure
modes experienced by unreinforced masonry structures (Lourengo et al. 2011; de Felice
et al. 2022).
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This parameter depends on the arrangement of the units at the corners and on the pres-
ence of openings near the corners, which both need to be accurately surveyed, and/or
on the presence of tie-bars, for which the number at each floor and the effectiveness of
end plates need to be carefully evaluated. A number of solutions have been proposed to
improve the connections between orthogonal walls, ranging from traditional tie-bars and
connectors (Ismail et al. 2010) to low-technological solutions using timber laces (Wang
et al. 2019), crowning beams in reinforced masonry (Castori et al. 2018) and externally
bonded reinforcements (De Santis and de Felice 2021).

In the light of such observations, the inspector provides an overall evaluation, such as:

e Low vulnerability (0): squared units with regular arrangement at the corners, over-
lapped over the entire wall thickness, providing an effective connection that prevents
crack development and wall separation at, and near, the corners. Tie-bars at all floor
levels and at all wall intersections, provided with end plates ensuring adequate redistri-
bution of the retaining effect on the front walls. Crowning beams in reinforced masonry,
effectively connected with the masonry walls by vertical connectors with regular spac-
ing, along the entire perimeter of the construction. Connectors inserted through the
thickness of the fagade at its intersection with orthogonal walls and externally bonded
reinforcements at the corners may provide an effective connection even in absence of a
sufficient number of tie-bars or of a crowning beams, or in addition to these latter ones.

e Medium vulnerability (10): both small and large units at the corners, with partial over-
lapping and moderate regularity of the arrangement. Tie-bars at most floor levels and
wall intersections, with some lacks or some ineffective connections with the facade.
Crowning beams only on top of some walls or ineffectively connected with the underly-
ing masonry in some areas.

e High vulnerability (28): small units and weak materials, without intersections and
overlapping, entailing ineffective connection at the corners. Insufficient number of tie-
bars and/or ineffective connection with the external wall (due to small end-plates or
extremely weak or damaged masonry near the end-plates). Absence of crowning beams
and externally bonded reinforcements at the corners.

3.2 Quality of masonry (#2)

A masonry of low quality entails the possibility of the seismic response to differ from that
of a nearly-rigid body, exhibiting instead leaf separation and/or disintegration (Vintzileou
et al. 2015). This feature highly influences the overall structural vulnerability because such
failure modes often activate at a lower seismic intensity than that producing the onset of
rigid body mechanisms (de Felice et al. 2022). In the existing methods adopted in post-
earthquake reconstruction, the properties of the masonry are assessed qualitatively exactly
like all the other parameters. Given the importance of this feature, in the proposed method,
the quality of masonry is instead quantitatively evaluated through the Masonry Quality
Index (MQI), referred to the in-plane response of the walls (Borri and De Maria 2019). The
MQI ranges between 0 and 10 and is based on conservation state and mechanical proper-
ties of stone/brick units and mortar; size and shape of stone/brick units; wall leaf connec-
tion; characteristics of the horizontal and vertical joints. Once the MQI is calculated after
survey, a conversion function is provided herein to convert it to the score, which contrib-
utes to the VI of the building (see Table 1). This score attains its maximum value (17.5) for
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MQI<0.4 and exponentially decreases to 0 for 0.4 <MQI<10. The reader is referred to
Section 6 for a deeper discussion.

3.3 Connections between load bearing walls and non-structural components (#3)

The presence of non-structural components and their connection with load-bearing ele-
ments may affect the overall seismic response of the construction and the safety of its occu-
pants and activities (Perrone et al. 2019). First, protruding cornices, chimneys, balconies,
stone or plaster friezes, false ceilings, doors and windows, etc. may fall and dangerously
hit people, things, or structural elements. Second, their mass may promote the onset of
collapse mechanisms, especially in case of heavy cornices or chimneys (Derakhshan et al.
2018). In both cases, effective connections may reduce the contribution of non-structural
components to the seismic vulnerability. The parameter can be evaluated as follows:

e Low vulnerability (0): absence of non-structural elements sticking out of the contour
of the building. Light cornices or chimneys effectively connected to load-bearing walls
along their entire length (for cornices) or on all sides (for chimneys). Stone or plaster
friezes connected to the masonry (e.g., by steel or composite connectors).

®  Medium vulnerability (8.5): small cornices and chimneys with limited connections
with structural members. Balconies supported by stone metallic girders effectively con-
nected to the masonry. Friezes without connection with the masonry.

e High vulnerability (17): heavy cornices or chimneys, significantly protruding from
the contour of the building, provided with no or limited connection with load-bearing
walls. Balconies supported by stone cantilever elements.

3.4 Spacing between load bearing walls (horizontal wall slenderness) (#4)

The larger is the distance between two load bearing walls, the higher is the possibility for
horizontal bending mechanisms to activate. Openings, interactions with floors and roof,
and axial load may influence the shape of the mechanism (Candeias et al. 2017), which is
often surveyed in post-earthquake inspections and significantly affects structural vulner-
ability. On the other hand, for this failure mode to occur, good connections at wall intersec-
tions are needed that prevent overturning, and leaf separation and disintegration need to be
impeded by a relatively good quality of masonry. Therefore, with respect to parameters #1
and #2, the relative weight of this one is lower. Since the ultimate flexural capacity is asso-
ciated with the thickness of the wall, this parameter can be evaluated based on the maxi-
mum wall slenderness R=L/t, L being the spacing between the intersections with orthogo-
nal wall and t being the thickness of the facade (USRA 2014). Nonetheless, the bending
capacity can be significantly enhanced by applying strengthening systems to the external
surface of the masonry wall, such as those comprised of composite materials (Bellini et al.
2017; Gattesco and Boem 2017; De Santis et al., 2019). Low-impact techniques have also
been developed, using steel cords to repoint the mortar joints (Corradi et al. 2016; De San-
tis et al. 2021), which preserve the fair face masonry of the facade, when the architectural
value needs to be preserved. These strengthening systems may be more difficult to sur-
vey, but their presence should easily be detected by referring to available documents. The
parameter can be evaluated as follows:
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e Low vulnerability (0): maximum wall slenderness R=L/t< 10 or presence of effective
externally bonded reinforcements that enhance wall resistance under horizontal bend-
ing, at all floor levels and anchored at their ends.

e Medium vulnerability (5): 10 <R < 14, limited number of tensile-resistant strengthening
systems (e.g., not at all floor levels).

e High vulnerability (9): R> 14, lack of effective tensile-resistant strengthening systems
on the surface of the wall.

3.5 Type of floors and their connections with walls (#5)

The type and materials of the floors affect the dynamic response of a masonry construction
for a number of reasons. First, in case of earthquake, the horizontal loads they transfer to
the walls are proportional to their mass, so light structures are preferable over heavy ones
(Sisti et al. 2019; Sorrentino et al. 2019). Second, floors with high in-plane stiffness (pro-
vided with double boarding, concrete slab, metallic cross bracing) are able to redistribute
the horizontal loads amongst the walls, avoiding local concentrations and providing the
structure with a box-type behaviour, with beneficial effects (Ademovic et al. 2013; Senaldi
et al. 2014; Boem and Gattesco 2021). Finally, if the load bearing beams of the floors are
effectively connected with the perimeter walls (e.g., by metallic pins), they can behave as
tie-bars and contribute to constraining out-of-plane mechanisms. As for the vaults, in addi-
tion to the inertial forces, the thrust at the abutments may promote out-of-plane overturn-
ing/bending, in absence of tie-bars. These latter ones also contribute to constrain the rela-
tive movement of vault supports and limit deflections, which may cause collapse especially
in slender vaults and in absence of backfill on top (Castori et al. 2016). Externally bonded
composites, applied to either the extrados or the intrados of the vault barrel, possibly pro-
vided with end connectors at the abutments and/or with mechanical pins along the arch
span, may highly enhance their capacity, reducing their contribution to the seismic vulner-
ability of the construction (Borri et al., 2009; Cescatti et al. 2018; De Santis et al. 2019b).
This parameter can be evaluated as follows:

e Low vulnerability (0): light floors (e.g., timber floors) transferring low inertial forces,
provided with high in-plane stiffness and connected with perimeter walls, able to redis-
tribute the loads and to provide box-type behaviour. Masonry vaults provided with tie-
bars (which balance the horizontal thrust and constrain support movements) and tensile
resistant strengthening systems.

e Medium vulnerability (4): light floors with high in-plane deformability (e.g. provided
with single boarding layer) and/or not connected with perimeter walls. Heavy floors
(e.g., with concrete slab) effectively connected with the perimeter walls, providing the
structure with box-type behaviour but transferring high inertial forces in case of earth-
quake. Masonry vaults provided with tie-bars and buttress walls, filled on top.

e High vulnerability (7.5): heavy floors not connected with the perimeter walls. Masonry
vaults without tie-bars, without buttress walls, or without filling on top.

3.6 Horizontal offsets of load bearing walls (#6)
The presence of a load bearing wall with an offset with respect to the lower or the upper

ones (that is, they are not vertically aligned) entails a concentrated mass within the
floor or vault span, as well as an irregular stiffness distribution, which compromises
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the regular distribution of resisting mechanisms, with detrimental effects on the seis-
mic performance of the construction (or at least of a portion of it). Note that thin walls,
maybe conceived as partition walls, may have taken some load due to settlements along
time, and should not be neglected a priori when assessing this parameter. The evaluation
can be done as follows:

e Low vulnerability (0): no horizontal offsets or horizontal offsets in less than 10% of the
surface of the building.

e High vulnerability (6.5): horizontal offsets over a surface equal or larger than 10% of
the building.

3.7 Regularity in elevation (#7)

The seismic performance of the construction may be influenced by the interaction with
adjacent structures, especially when these have different heights, and whether or not they
belong to the same structural unit. Irregularity in elevation may cause local singularities
of boundary conditions, which, in their turn, may promote the development of damage or
the onset of collapse mechanisms (Lourengo et al. 2011). Both the portions of a structural
unit (or of an aggregate) interested by a height mismatch, at least equal to the storey height,
should be considered as irregular, so this parameter can be evaluated as follows:

e Low vulnerability (0): the structure is regular in elevation (the mismatches in height are
absent or are lower than the storey height).

e High vulnerability (5): there is an irregularity in elevation interesting the interface with
another portion of the same structural unit or that with another structural unit of the
same aggregate, with the mismatch in height, even one side only, being at least equal to
the storey height.

3.8 Type of roof and its connection with walls (#8)

As for inter-storey floors and vaults, the mass, the incline of the pitches, and the in-plane
stiffness of the roof affects the thrust it transfers at the supports. Moreover, the connec-
tions with perimeter walls, if present, contribute to constraining out-of-plane mechanisms
on top, also including those promoted by protruding cornices. This parameter can be evalu-
ated as follows:

e Low vulnerability (0): light roof with high in-plane stiffness, provided by double board-
ing and/or metallic cross bracing (Boem and Gattesco 2021), connected to the perim-
eter walls or to the crowning beam in reinforced masonry built on top of them, consti-
tuted by truss structures or provided with tie-bars, such that no horizontal thrusts are
transferred to the wall.

e Medium vulnerability (2): light and highly deformable roof, weakly connected to the
perimeter walls, transferring horizontal thrusts to the wall, partially balanced by tie-
bars.

e High vulnerability (4.5): heavy roof (e.g., with concrete slab) or transferring horizontal
thrusts to the wall without tie-bars.
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3.9 Vertical offsets of floors and vaults (#9)

If there is an offset between two adjacent floors or vaults (that is, they are at different
heights), the horizontal loads these transfer to the load bearing wall in the middle in case
of earthquake are not (even partially) balanced by each other and may induce significant
out-of-plane bending and in-plane shear loads. This parameter can be evaluated as follows:

e Low vulnerability (0): vertical offsets of floor and vaults absent or smaller than 1/3 of
the storey height.

e High vulnerability (4): at least one vertical offset equal, or higher than, 1/3 of the storey
height.

3.10 Position and interaction of the structural unit within the aggregate (#10)

A minor influence on the seismic performance of a structural unit belonging to a masonry
aggregate is attributed to its position within the plan of the aggregate and to its interaction
with the other portions of the aggregate (Senaldi et al. 2020). The lack of constrain offered
by adjacent structural units may have some detrimental effects. On the other hand, due to
the inherent discontinuous nature of unreinforced masonry structures, load concentrations
at the edges of an aggregate caused by torsional effects are basically negligible. It may be
useful to note this information in the survey, but its importance for the overall seismic vul-
nerability is lower than that of all the other structural features considered beforehand. This
parameter can be evaluated as follows:

e Low (0): aggregate constituted by one structural unit. Structural unit placed in the
middle of the masonry aggregate, near other structural units with similar properties
(masonry type, wall thickness).

e High (1): structural unit placed in the edge or in the corner of the aggregate plan, or
adjacent to other units with significantly different masonry type and wall thickness,
which may cause localized damage.

@ Springer



Bulletin of Earthquake Engineering (2022) 20:8445-8469 8455

3.11 Excluded parameters

Other structural features were tentatively considered in the first stages of this study, such
as the layout of doors and windows over the fagades (which may affect load redistribution),
the plan layout of the aggregate (which may induce torsional effects and increase the seis-
mic demand at the corners), the characteristics, shape and depth of the foundation and the
presence of settlements (which may cause damage), and, finally, the mechanical properties
of the ground (which may induce local amplifications of earthquake accelerations). None-
theless, they were excluded from the method because their correlation with the damage
index resulted weak or because they are difficult to survey in an expeditious inspection.

4 Sample under study

This section describes the sample of masonry buildings selected for this study. The expedi-
tious method described in Sect. 2 was applied to all the buildings of the sample following
the roadmap traced in Sect. 3. By doing so, the structural parameters to survey and the
scores attributed to the evaluation (L/M/H) formulated for each of them for calculating the

VI were determined following the validation and calibration process described in Sec. 5
and Sect. 6.

4.1 Locations and main features of the buildings

Within the reconstruction activities currently underway in L’Aquila, Italy, after the destruc-
tive earthquake of April, 6th, 2009, a form is filled for each building by the appointed
practitioner, which reports the damage state and the data for the assessment of seismic vul-
nerability. Forms are submitted to USRA, which collects them in a database. For the aggre-
gates, the form is comprised of more subsections, one per structural unit. The entire pro-
cess includes two stages. In the first stage, USRA grants public funds for reconstruction/

(a) o (b) s DUCE g
J* A
San Pelino } 4 A
Cagnano [
Amitemno %
[ L}
Pizzoli - it
Parco Nazionale del Gran - ‘% /
Aridhia =
° [
N . %
. . £ ° ot
° 3 N
[ ] ) »
Scoppito “a b K -
ppi ° a ° . bt Sy, >
Pagaghca > avl o &
° @ YO N ‘
Brecciasecca 24 =3 Via g @ y "
@.___Bazrano ° L ] 3
« MO oo o
L] ) % ° -]
Bago g ° > e ..
San Nicola [
Lucoli Afto Ocre”~Sa P
& e

Fig. 1 Locations of the aggregates included in the sample: all aggregates in L’Aquila and its hamlets (a) and
detail of the aggregates in L’Aquila historic city centre
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Fig.2 Sample under study: age of construction (a) and historic and architectural value (b)

retrofitting works, whereas in the second one, the design is developed and submitted and
works are carried out. In this phase, USRA is in charge of controlling and monitoring.

USRA made available its database for this study. It was analysed to select a sample
of 50 old aggregates built in unreinforced masonry, 25 of which are in the historic city
centre of L’Aquila and 25 in the centres of the hamlets around L’Aquila (Fig. 1). Informa-
tion on all the buildings included in the sample was derived from the forms. Field surveys
were performed when necessary to integrate this information and gather all the elements
required for the application of the proposed expeditious vulnerability assessment method.

In the sample, 9/50 buildings were made of a single structural unit, whereas 41/50
aggregates were comprised of more structural units, defined as portions with homogeneous
features (age of construction, type of masonry, type and height of the floors, etc.). In total,
the sample included 192 structural units.

With regard to the age of construction, nearly 2/3 of the units were built before 1860,
1/5 even before 1700; 26% was built between 1860 and 1930, 8% between 1930 and 1960,

MASONRY TYPES UNITS IN STONE MASONRIES
1%

29,1%

6%
34%

M Stone
Brickwork Rubble
M Concrete units M Roughly shaped
M Squared

M Hollow bricks

91%

Fig.3 Sample under study: masonry types (a) and squaring level of units in stone masonries (b)
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and, finally, only 3% of them was built less than 60 years ago (Fig. 2a). Most of the oldest
constructions are in the city centre of L’Aquila, whereas many of the more recent ones are
in the hamlets.

As for the architectural value, almost the entire sample (98%) was made of valu-
able structures, either belonging to the historic urban fabric (8%), listed as high-quality
building (38%), subject to urban protection (31%), or, finally, subject to direct architec-
tural protection (21%, mainly in the city centre) (Fig. 2b).

Finally, regarding the materials, most of the structures were built in stone masonry
(91%), the other ones had load bearing walls in brickwork (6%), concrete blocks (2%)
or hollow bricks (1%) (Fig. 3a). As for the stone masonries, about 1/3 of them were in
rubble stone masonry (34%), whereas 2/3 had roughly shaped stone units (65%); only a
negligible number of stone walls (1%) had squared units (Fig. 3b).

4.2 Damage reported after 2009, L'Aquila earthquake

In the forms submitted to USRA, the intensity and extension of seismic damage was sur-
veyed by the inspector for each structural and non-structural component of the building
(USRA 2014). Damage level was determined and classified from DO to D5, according
to the EMS98 classification (European Seismological Commission 1998). As mentioned
before, the method adopted by USRA provides a vulnerability index in the 8-57 range,
which is then converted to a vulnerability class, such as low (V1) if the index is <20,
medium (V2) if it is in the 21-39 range, and high (V3) if it is > 40.

50
DO0: no damage
45 D1: no structural damage, light non-structural damage |
D2: light structural damage, medium non-structural damage
D3: medium structural damage, severe non-structural damage
40+ D4: severe structural damage, very severe non-structural damage B
D5: very severe structural damage, collapse
» 351 N
'c
=}
® 30 -
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©
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Z 15} i
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DO D1 D2 D3 D4 D5 DO D1 D2 D3 D4 D5 DO D1 D2 D3 D4 D5
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Fig. 4 Relationships between damage and vulnerability detected during post-earthquake inspections on the
structural units included in the sample. Information extracted from the forms submitted to USRA
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Aiming at providing a picture of the damage state and estimated vulnerability of the
buildings included in the sample, Fig. 4 shows the relationship between the vulnerability
class and the damage grade based on the information extracted from the forms collected by
USRA in its database. It is worth noting that, since the survey was carried out in a highly
seismic territory after a strong earthquake, for most of the buildings the vulnerability was
unsurprisingly assessed as medium or high and damage was classified from medium to
severe. Moreover, as expected, the highest concentration of damage in the D2-D3 grades
was found for buildings with medium vulnerability (V2), and that of damage in the D4-D5
grades for those with high vulnerability (V3).

On the other hand, there is a non-negligible scatter. Very few buildings, in spite of the
low vulnerability, exhibited severe damage or collapse. Also, no or very limited dam-
age was detected on some highly vulnerable buildings. Such relatively weak correlation
between estimated vulnerability and surveyed damage may be due to the inherent limits of
expeditious assessment tools, which lead to a limited number of classes (for both damage
and vulnerability) starting from the features observed during a visual inspection, as well as
to the possible effects of the interpretations of individual inspectors.

5 Calibration and validation of the method

5.1 Calculation of an empirical damage index and preliminary application of USRA
method

As a preliminary step, the damage level reported in the forms (classified from DO to D5,
as described in Sect. 4.2) was verified and, when necessary, corrected. Then, it was con-
verted into a damage index (DI) as follows: DI=0 for damage level DO, DI=0.1 for D1,
DI=0.3 for D2, DI=0.5 for D3, DI=0.7 for D4, and finally DI=0.9 for D5, to obtain a
quantitative, although extremely concise, measure of empirical damage (Dolce and Goretti
2015). On the one hand, more refined methods to assess and express the global damage
on a building exist (Hill and Rossetto 2008; Lourenco et al. 2013). On the other hand, the
approach adopted in this study was meant to be consistent with the expeditious nature of
the assessment method, which necessarily requires a limited number of information to be
surveyed by an inspector (De Martino et al. 2017). In this case, it is generally accepted that
damage is evaluated empirically based on its level and extension on structural and non-
structural components (De Martino et al. 2017).

Then, the method adopted by USRA was applied as it is to calculate the Vulnerability
Index (VI) for each structural unit of the sample. Such VI, as mentioned before, ranges
between 8 and 57. Its correlation with the empirical damage index was determined through
a regression analysis with both a linear function and an exponential function. The resulting
coefficients of determination (R?) were 0.18 and 0.16, respectively (Fig. 5a). Applying the
GNDT method was not possible because some necessary information was unavailable.

5.2 Calibration of the proposed method
In order to calibrate the scores of the parameters listed in Table 1 and to validate the pro-

posed method, each structural unit of the sample was analysed and its seismic vulnerability
was estimated as described in Sect. 2-3, based on the information included in the forms

@ Springer



Bulletin of Earthquake Engineering (2022) 20:8445-8469 8459

USRA METHOD PROPOSED METHOD WITHOUT MQl
Vulnerability index: VI=8+57 Quality of masonry classified as low/medium/high
11— T T T T 1 T — — T
o Stru‘ctural unit of the sample ) @  Structural unit of the sample
0.9F . 0013x- 0.049 (Re=0.15) 00 © @@ @ 0.9r — y=0.011x - 0.249 (R*=0.66)
—— y =0.039 e095% (R?=0.16) —— y =0.031 €003 (R?=0.37)
0.8 ' ' 1 0.8
07 07
0.6 0.6 : ' ,
= 05 : = 05 ]
a H [a]
0.4r LOW 0.4 Low 1
0.3 : 0.3
0.2 Z 0.2
0.1 " oecmo @ emioo 0.1
ol o . H . 0 79
10 20 30 40 50 0 20 40 60 80 100
VIT] VIT]
(a) (b)
CONVERSION FUNCTION PROPOSED METHOD
From MQI to score for Vulnerability Index Vulnerability index: VI=0+100
T T T T T T T T 1 T — — T
©  Quality of the masonry in the @  Structural unit of the sample
17.5 DO@------- structural unit of the sample - 09r y =0.012x - 0.265 (R?=0.73)
Conversion function —— y =0.030 e%% (R2=0.45)
y =20.9 e04 0.8 1
0.7
—_ 0.6 1
o =X
b4 — 05 1
SREIT ST T S —— a
@ 0.4 Low 1
0.3 ]
45F-t--mmmmieeeee @@ @i 0.2
0.1 1
. . 0
o 1 2 3 4 5 6 7 8 9 10 0 20 40 60 80 100
MQI [-] VI

() (d)

Fig.5 Relationships between damage index and vulnerability index provided by USRA method (a) and by
the proposed method without MQI (b), conversion function to calculate the score associated with the qual-
ity of masonry from MQI (c¢) and relationship between damage index and vulnerability index provided by
the proposed method with MQI (d)

collected by USRA and of the attached documents (drawings, projects, photos), as well as
by going in the field for inspections when necessary. The scores attributed to the structural
parameters (Table 1) were calibrated as follows.

First, the correlation between damage (expressed through the damage index described in
Sect. 5.1) and each parameter taken individually was investigated through a linear regres-
sion analysis. For this purpose, each of the ten structural parameters was analysed and an
evaluation was made for each structural unit of the sample. At this stage, the scores were
normalized in the 0-10 range (0 being associated with low and 10 with high vulnerability).
The correlation between each parameter and damage index (DI) was expressed through the
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coefficient of determination (R?) with linear and exponential interpolating functions. The
score associated with medium vulnerability was tuned to achieve the best correlation, that
is, the highest R%. The R? values of linear functions were higher than those of the exponen-
tial ones and varied between 9 and 75%.

Second, the relative importance amongst the parameters was estimated. To this aim, the
parameters exhibiting the highest correlation (that is, the highest R? values) were considered as
those mostly contributing to the overall seismic vulnerability of the construction. The scores
were scaled accordingly, leading to a weighted sum of the contributions associated with the
parameters. More specifically, the connection between orthogonal walls resulted the most
important parameter. The highest weight was attributed to this parameter, which was listed as
#1. The quality of masonry and the connections between load bearing walls and non-structural
components followed, which had very similar correlation with damage and were listed #2 and
#3. A lower importance was found for the other parameters (#4-#9). The less important feature
resulted the position and interaction of the structural unit within the aggregate, which had a
lower correlation with damage and was listed as parameter #10.

Finally, the scores derived from such calibration were scaled again and rounded to Y2
point (converted into multiples of 0.5) to provide an overall vulnerability index (VI) in
the 0-100 range, resulting in those listed in Table 1. Such latter step is mainly aimed at
providing a set of scores and a total VI that can easily be used, interpreted and commu-
nicated. The vulnerability index (VI) calculated for all the structural units of the sample
and the corresponding damage index (DI) are shown in Fig. 5b, in which the linear and the
exponential regression functions are also represented together with their R, which resulted
0.66 and 0.37 respectively. Comparing Fig. 5a, b shows that the correlation achieved with
the proposed method on the selected sample resulted higher than that obtained with USRA
method.

5.3 Remarks on the quality of masonry

Note that Fig. 5b still refers to an uncomplete version of the proposed method, since, in
this phase, an evaluation was made for the quality of masonry, which was assessed as high,
medium or low for each structural unit of the sample. To this aim, the same features of
USRA method (see Section 6.1 for more details) were considered and the flow chart used
by USRA was adopted (USRA 2014). On the other hand, the scores attributed to these
evaluations were set as O for low, 9 for medium and 17.5 for high, according to the out-
comes of the tuning phase described in Sect. 5.2 (and differently from USRA method).
This step was necessary to identify the relative contribution of the quality of masonry with
respect to the other parameters. The drawback associated with the use of discrete classes
and the possible use of the Masonry Quality Index for quantitatively evaluate this param-
eter will be discussed in depth in Sect. 6.

6 Quality of masonry

6.1 Analysis of the quality of masonry according to USRA method for the sample
under study

The existing methods for the expeditious assessment of seismic vulnerability include the

survey of the quality of masonry and the evaluation of its contribution to the performance
of the construction. In particular, the method adopted by USRA requires that the following
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features are surveyed: (1) material (stone/brick/tuff/concrete); typology (units/bricks/
blocks); (2) shaping (none/uncut/cut/dressed); (3) size of the units (small/medium/large);
(4) presence of horizontal layers (no/yes); (5) presence of small units to fill gaps (no/yes);
(6) strength of the mortar (low/medium/high); (7) type of mortar (hydraulic lime/aerial
lime/cement); (8) presence of transversal connectors (no/yes); (9) running bond (no/yes);
(10) cross-section (multi-leaf/one-leaf); and, finally, (11) general maintenance state (bad/
medium/good). Based on this information, through a flow chart and without any quantita-
tive calculations, the quality masonry results qualitatively classified as good, medium or
low. The scores attributed to these grades are 4/15, 8/15 and 15/15, respectively (USRA
2014).

The analyses on the sample selected in this study revealed that the masonry types
included in each of the three classes of quality may significantly differ from each other. As
the sake of an example, the pictures of six walls, taken from the forms filled by practition-
ers and submitted to USRA, are collected in Fig. 6. More specifically, masonries (a) and
(b) were both classified as low quality. Nevertheless, the former is made of rubble stones
and includes many small stones and thick mortar joints (with several voids where the

(a) (b)
Low quality ' & i 2 \ » Low quality
MQI=0.15 7 MQl=2.1
(c) (d)
Medium quality : Medium quality
MQI=0.85 MQI=3.85
(e)) ()
High quality High quality
MQl=7.22

MQI=4.55

Fig. 6 Masonry types from the sample classified as low (a,b), medium (c,d) and high (e.f) quality and cor-
responding values of the Masonry Quality Index
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mortar is lacking), and appears weaker than the latter, in which the stone units are bigger
and roughly cut, and the joints are filled with mortar. Similarly, pictures (c) and (d) show
masonries classified as medium quality, even if the latter appears stronger (cut stones, very
few small units, relatively thin joints with mortar in good state) than the former (irregular
size of the stones, thick joints and partially deteriorated mortar). Finally, masonries in pic-
tures (e) and (f) were both considered as high quality, but the latter has a more regular run-
ning bond arrangement and thinner joints than the former. In summary, the comparisons of
Fig. 6 suggested that differences amongst masonry types may be lost due to the discretiza-
tion of the score interval in three quality classes. Therefore, it appeared more appropri-
ate to quantitively assess the role played by the quality of masonry in the overall seismic
vulnerability through an index ranging within a continuous interval (thus avoiding discrete
classes) to better reflect the possible differences amongst masonry walls, while keeping the
expeditious nature of the method, based on visual survey of a limited number of features.
This can be done using the Masonry Quality Index as described in the following section.

6.2 The masonry quality index (MQI)

The Masonry Quality Index (MQI) method quantitatively describes the attitude of a wall
to exhibit a monolithic response or, on the contrary, to fail by leaf separation or disintegra-
tion. It was developed by Borri and co-workers in 2009 (Borri and De Maria 2009) and
then updated more than once (Borri et al. 2015; Borri and De Maria 2019). It is also known
with the acronym IQM, from the Italian Indice di Qualita Muraria.

The MQI is determined on the basis of the presence, or lacking, of the “rule of the
art” features, the set of proper construction rules that provide the wall with strength and
solidity, and ranges between 0 (minimum quality) and 10 (maximum quality). To this end,
the following parameters are considered: conservation state and mechanical properties of
stone/brick units; size and shape of stone/brick units; wall leaf connection; characteristics
of the horizontal and vertical joints of mortar; and mechanical properties of the mortar.
Grout injections, strengthening systems applied to the external surface of the walls, such as
FRCM (Bellini et al. 2017; De Santis et al. 2019) or CRM (Gattesco and Boem 2017; De
Santis and de Felice 2021) overlays, reinforced repointing (Corradi et al. 2016) or trans-
versal connectors (Giaretton et al. 2017; De Santis et al. 2019; 2021) highly improve the
response of the wall by preventing leaf separation and masonry disintegration and, there-
fore, need to be considered in the evaluation of the MQI.

The MQI method requires that a judgement is attributed to each “rule of the art” feature,
such as fulfilled/partially fulfilled/not fulfilled, leading to a set of numerical values, which
are combined in a weighted sum to obtain the MQI. In fact, there are three similar, but not
identical, expressions to derive three indexes for vertical loads, horizontal in-plane loads,
and horizontal out-of-plane loads (the reader is referred to the above cited papers for more
details).

The method can be applied on the basis of a visual inspection (qualitative analysis), but
quantitative criteria can also be adopted for some parameters, such as the wall leaf con-
nection and the vertical joint characteristics, which can be evaluated through the minimum
path line method (Borri et al. 2015). The MQI method is non-destructive and exhibits good
correlations with theoretical mechanical properties of masonry (Marino et al. 2014; Borri
and De Maria 2019) as well as with destructive (Marino et al. 2014) and non-destructive
(Van Eldere et al., 2018) field test results.
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Fig.7 Relationship between in-plane Masonry Quality Index and masonry compressive strength (a) and
Young’s modulus (b) (double-flat jack tests available for a subset of the database)

6.3 Relationship with double flat jack tests performed in the field

In order to validate the use of the MQI method for this study, the results of double-flat jack
tests performed in 18 buildings of the database were compared to the in-plane MQI. This
latter was considered because it is better associated with the global seismic vulnerability of
the construction with respect to the vertical MQI (more relevant for axial loads and com-
pressive strength related issues) and with respect to the out-of-plane MQI (related to local
collapse mechanisms).

A relatively good agreement was found both with the experimental compressive strength
(f,,, Fig. 7a) and with the Young’s modulus (E,,, Fig. 7b), as demonstrated by the R? values
(0.60 and 0.56, respectively), confirming that the in-plane MQI is a reliable indicator of the
properties of the masonry. It has to be noted that the subset considered for this comparison
is limited (field tests are not mandatory in the first submission stage of USRA form) and a
wider database may have led to more robust conclusions. Moreover, for this comparison, it
was decided to consider only the masonry types for which both a good estimate of the MQI
and a sufficiently complete description of test conditions and results were available.

6.4 Validation of the use of the masonry quality index and complete version
of the proposed method

In order to use the Masonry Quality Index in the proposed method, the in-plane MQI was
first calculated for the masonries of all the 192 structural units of the sample. Both the
qualitative method and the quantitative minimum path line method were used, which led
to very similar outcomes, suggesting that the faster qualitative method could be used for
the expeditious assessment of the vulnerability. For instance, the MQI values for the six
masonries shown in Fig. 6 can be considered, which highlights the mismatch with USRA
method and the non-negligible differences amongst types of masonry classified in the same
quality grade according to this latter, as discussed in Sect. 6.1.
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Then, the conversion function shown in Fig. 5S¢ was identified, which is an exponential
law providing the score associated with the quality of masonry in the 0-17.5 range (the
range identified in the calibration phase described in Sect. 5.2). The higher is the MQI
(meaning that the rule of the art was fulfilled) the lower is the contribution of the masonry
to the seismic vulnerability. Conversely, the lower is the MQI (the masonry is estimated
as highly prone to exhibit disintegration and leaf separation in case of an earthquake), the
higher is the associated vulnerability. It is also assumed that the maximum score (17.5) is
attained for MQI <0.4.

By doing so, the quality of masonry was considered through the calculation of the MQI,
which did not require longer time, nor more complex evaluations, than those required
in USRA method. On the other hand, this provided an index within a continuous range
(0-17.5) overcoming the drawback of discrete classes.

Finally, the Vulnerability Index was calculated for all the structural units of the sam-
ple and the correlation with the empirical damage index is shown in Fig. 5d. A (slight)
improvement of the correlation between DI and VI was found (compare R>=0.73 for
the proposed method including the MQI, shown in Fig. 5d, with R?=0.66 for the same
method, but with the discrete classes and without MQI, shown in Fig. 5b). On the other
hand, a non-negligible scatter still remained, which was due the expeditious nature of the
method and to the simplified procedure for collecting information.

7 Conclusions

An expeditious method was proposed for the assessment of the seismic vulnerability of
unreinforced masonry structures, which may be used in post-earthquake survey and recon-
struction activities. The method originates from those developed by the Italian GNDT
group and by USRA. It requires to gather information on ten structural features through
visual inspection and fast survey. The contribution of each feature to the overall seismic
vulnerability of the construction is evaluated as high/medium/low, based on the geometry,
the materials and the constructive details of the structure, as well as on the presence of
strengthening systems, including the innovative ones. Scores are attributed to these evalua-
tions, considering their relative importance,

The quality of masonry is considered by evaluating the Masonry Quality Index (MQI)
in the plane of the wall, which makes it possible to quantitatively account for its main
properties (materials, arrangement, reinforcements), keeping the expeditious nature of the
method.

Summing these scores leads to the calculation of a Vulnerability Index, ranging between
0 (minimum vulnerability, good seismic performance) and 100 (maximum vulnerability,
weak seismic performance).

The method was calibrated and validated on a sample of 50 masonry aggregates, com-
prising 192 structural units, in the city centre of L’Aquila and of its surrounding hamlets.
To this aim, a damage index was calculated based on the outcomes of post-earthquake sur-
veys after the 2009 L’Aquila earthquake, to empirically (and concisely) represent the level
and extension of damage on structural and non-structural elements, as in practice in expe-
ditious methods.

The most important parameters resulted (i) the connection between orthogonal walls
(responsible of the onset of out-of-plane overturning mechanisms), (ii) the quality of
masonry (responsible of disintegration, leaf separation and in-plane shear cracking), (iii)
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the spacing between orthogonal walls and the slenderness of the facades (responsible of
out-of-plane bending mechanisms), (iv) the type of floors and roof and their connection
with the walls (responsible of horizontal thrusts and load redistribution), and (v) the pres-
ence and connection of non-structural members (responsible of local damage and dan-
gerous collapses). After all, the seismic performance of a masonry building relies on few
structural features, namely box type behaviour, load redistribution, horizontal thrusts, mass
concentrations, strength and solidity of the masonry (fulfilment of the “rule of the art”).
These parameters are related to general construction characteristics of the building, rather
than to local details or geometrical irregularities, such as offsets, interaction with adjacent
structures, for which a relatively lower importance was observed.

A regression analysis provided an improved correlation with the empirical damage
level in comparison with USRA method. The use of the MQI to quantify the role of the
quality of masonry, in the place of the classification in discrete quality grades, also proved
beneficial.

On the other hand, the scatter between estimated vulnerability and surveyed damage
remained relatively high, due to both the expeditious nature of the method, which relies
on the fast assessment of a limited number of information, and on the extremely simplified
representation of damage, taken as benchmark for calibration and validation. In principle,
other validation strategies are possible, such as the structural analysis of each building, but
this appears hardly feasible when a large sample is considered.

Moreover, since the method was applied and validated in an historic centre in which
most of the buildings of the selected database were built in stone masonry and were
assessed as unusable after the earthquake, a larger database, including a wider casuistry of
masonry types and damage states, would allow deriving more robust statistics. This clearly
applies both to the scores attributed to the 10 structural parameters as well as to the con-
version function from the MQI to the score associated with the quality of masonry. At
this stage, this is considered the main development that this work would deserve towards
the final formulation of a standard tool, available for future post-earthquake reconstruc-
tion activities. The proposed method, as it is, cannot either be extended to other build-
ing typologies (e.g., reinforced concrete structures), for which other parameters should be
clearly considered. Besides these limitations, the proposed method could already be used
in the field, possibly implemented in an electronic sheet to facilitate practitioners and to
draft reports. It may be useful for driving decision makers for ranking buildings and grant-
ing funds in the complex post-earthquake reconstruction phase. It could also be integrated
in wider studies, such as the probabilistic based analyses of the seismic risk developed for
ranking preventive retrofitting works at the scale of the urban centre. In this case, more
time is generally available and more people are involved (practitioners, public bodies, pri-
vate owners, etc.) than in the post-earthquake scenario, allowing some of the simplifying
assumptions inherently related to the expeditious nature of the proposed method to be over-
come, and possibly leading to the execution of field tests and to structural analyses through
numerical approaches.
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