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ABSTRACT ARTICLE HISTORY
Ministerial Decree 65/58 and its Guidelines, published in 2017, Received 27 February 2024
allow the seismic risk classification only of masonry buildings, Accepted 23 May 2024
associating with their vulnerability class their location within the
four seismic zones into which Italy has been divided since 2003.
Therefore, if the masonry type and structural weaknesses of a
building are known, it is possible to assign the corresponding vul-
nerability class to it and to census, by means of a rapid onsite
survey, the seismic risk class of a very large number of masonry
buildings. Based on this assumption, a method has been devel-
oped for a single operator to rapidly determine the masonry type
and structural weaknesses of a building. The survey was con-
ducted by recording this information in alphanumeric tables div-
ided into fields whose attributes were preliminarily chosen and
inserted in data dictionaries that could be brought up with drop-
down menus. At the end of the survey, the contents of the tables
were transferred to a relational database, incorporated in a geo-
graphical information system, filtered and processed to obtain the
vulnerability class of each building represented on the same basic
numerical cartography used during the survey. By associating the
seismic zone with the building, the corresponding class was calcu-
lated. The method made it possible to census the seismic risk
class of 400 masonry buildings in a municipality with an exten-
sion of ca. 20km? in less than two working days. This highlights
the possibility of extending it to larger areas to estimate, assess
or manage the effects or the emergency phase of an earthquake.

KEYWORDS
Masonry; vulnerability;
seismic risk class;
survey; GIS

1. Introduction

The preventive assessment of the seismic risk of masonry buildings within a more or
less vast area is the starting point for estimation of the effects produced by earth-
quakes (Kun et al. 2006; Vicente et al. 2011; Alam et al. 2013; Milani and Valente
2015; Meroni et al. 2017), for evaluation of large damage scenarios (Bernardini et al.
2010; Dou et al. 2012; Neves et al. 2012; Huang et al. 2017; Liebenberg et al. 2017;
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Fallah-Aliabadi et al. 2020; Arkan, Isik, Harirchian, et al. 2023) or to manage and
plan the emergency phase (Mussumeci et al. 2004; Hashemi and Alesheikh 2011;
Irwansyah and Hartati 2014; Jefferson and Johannes 2016; Maio et al. 2016; Zhai
et al. 2019; Sauti et al. 2021).

For this reason, rapid seismic risk assessment ‘studies at an urban scale” have taken
place, especially in areas characterized by complex tectonic scenarios (Albayrak et al.
2015; Sipoé and Hadzima-Nyarko 2017; Ademovi¢ et al. 2020; Khemis et al. 2023).
Nonetheless, they have highlighted the lack of field studies on the overall vulnerability
(Lagomarsino and Giovinazzi 2006; Barbat et al. 2010; Ferreira et al. 2014; Zuccaro
and Cacace 2015; Lestuzzi et al. 2016; Ceroni et al. 2020), the impossibility of prepar-
ing effective rapid survey techniques (Ricci et al. 2011) and the lack of a numerical
cartography of the municipality to support the survey (Leggieri et al. 2022).

In Italy, the ReLUIS project (Zuccaro et al. 2012, Cacace et al. 2018; Zuccaro et al.
2023) was aimed at overcoming these problems with data available from ISTAT cen-
suses (2011) or from regional building-structural inventories (Polese et al. 2019) or
from the compilation of CARTIS forms. The lack of detailed ISTAT information, the
few regional inventories and a delay in the collection of CARTIS data is hindering
the realization of this ambitious project whose mission was to make available to the
scientific community a huge database from which to draw information to map the
seismic risk of the entire Italian residential building stock (Garavaglia et al. 2023).

As the recent devastating earthquake in Turkey (Isik 2023) has made clear, the
assessment of seismic risk at a territorial level must be conducted by identifying ‘a
priori’ the vulnerability of a large number of buildings (Calderoni et al. 2017; Sandoli
and Calderoni 2018), especially masonry ones (Isik, Avcil, et al. 2023), situated in
areas where they were constructed without respecting the most basic standards of
anti-seismic design (Arkan et al. 2023b). Therefore, it was decided to propose a
method for a rapid census, over large areas, of the seismic risk classes of masonry
buildings, which in Italy are the ones potentially most exposed to earthquakes.

The method is based on the simplified classification of the seismic risk of buildings
indicated in the Guidelines appended to Ministerial Decrees 65 and 58 (2017): the
seismic risk class of a masonry building is calculated, in a tabular manner, by relating
its vulnerability, divided into six classes (from the least vulnerable V; to the most vul-
nerable V¢ based on its masonry type and structural weakness), to its location in one
of the four seismic zones into which Italy has been divided since 2003 (OPCM 3274/
2003).

It is conducted by means of a rapid survey in which the building’s masonry type is
identified visually (if this is not possible, it is inferred indirectly from the year of con-
struction or presumed age); to this information is added the use, the height or num-
ber of stories above ground, the regularity or irregularity of the planimetric, height
and roof geometry, the construction elements of floor assemblies and roofs, the deg-
radation, obvious or hidden damage mechanisms, etc., which are essential to assess
the presence of any structural deficiencies or weaknesses.

The survey is carried out with the use of a hardware device (e.g. laptop computer)
in which a basic numerical cartography is loaded: the operator identifies the building
on the map and notes the historical, geometric and material data on a spreadsheet.
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The annotation is virtually automatic since this information has already been
included in alphanumeric lists (data dictionaries) which can be brought up with
drop-down menus.

Once the survey is completed, its content is transferred to a dedicated information
system, consisting of a relational database (DBMS) in a GIS environment, where it is
filtered and processed by means of ‘queries’.

Initially, a first vulnerability class is assigned to the building based on the masonry
type indicated in a table of the Guidelines. Subsequently, the other information is
analyzed to evaluate whether, on the basis of the elements detected, there are any
structural deficiencies or weaknesses. If these are present, a second vulnerability class,
higher than the previous one, is reassigned to the building. At the end, once the geo-
graphical position of the building within the seismic zone is known from the GIS, a
census of the seismic risk class of all the surveyed buildings is obtained.

The method was tested in a municipality with an area of ca. 20km” consisting of
approximately 1,000 residential units of which 400 were masonry ones; after a recent
seismic sequence, the Administration had decided to activate an economic incentive
plan to assess and prevent the seismic risk of private buildings. A single operator was
able to record and census all the 400 masonry buildings in less than two working
days.

Although the method has only been tested at the municipal level, it constitutes a
rapid and effective solution to census a large number of masonry buildings since the
elements that determine the vulnerability of the building are easily detectable,
extremely versatile hardware to support the survey is commercially available, and
numerical cartography of municipalities is present in Italy.

1.1. The guidelines for the simplified seismic risk classification of masonry
buildings

The decree of the Ministry of Infrastructure and Transport no. 65 of 7 March 2017
amending art. 3 of the Ministerial Decree no. 58 of 28 February 2017 introduced the
Guidelines for the classification of seismic risk of buildings. These guidelines use two
approaches, the conventional one (Milani and Valente 2016) based on numerical cal-
culations, applicable to all buildings regardless of their construction type and regu-
lated by the Technical Construction Standards (NTC 2018), and the simplified one
used in this paper and applicable only to masonry buildings.

The simplified approach identifies eight classes of seismic risk (from G* greatest
risk to A*™ least risk), each of which is characterized by a parameter representing the
economic losses (as percentages of reconstruction cost) due to possible damages to
structural and nonstructural elements. This parameter, indicated as PAM (expected
Mean Annual Loss), instead of the IS-V (Safety index - Conventional Approach) or
more recently EAL (expected Annual Losses) (Cosenza et al., 2018; D’Amato et al.,
2022; Laguardia et al., 2023), varies for each class from >7.5% (G*) to <0.5% (A*+)
(Table 1).
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Table 1. Seismic risk classes and corresponding PAM values.

Seismic risk class PAM% Zone 1 Zone 2 Zone 3 Zone 4
A*+ < 0.5 ViV,
A* 0.5-1 Vi-V, V3=V,
B 1-1.5 v, V-V, Vs Vs
c* 1.5-2.5 v, A A Vs
D* 2.5-3.5 V3 V, Vs5—Ve

E* 3.5-4.5 A Vs

F* 45-75 Vs Vs

G* >7.5 Ve

Passage from vulnerability to seismic risk class.
*Symbol which in the Guidelines distinguishes the seismic risk class calculated with the simplified approach.

Table 2. Attribution of the initial vulnerability class based on the masonry type.

Initial vulnerability class
Masonry - - = -
V6 V5 V4 V3 V2 Vi
Masonry - dry rough-hewn stone O
Masonry - unbaked bricks oO——
Masonry - wet rough-hewn stone F-+-O
Masonry - large stone for monumental constructions F-|--O—1
Masonry - shaped stone F-+-O--+4
Masonry - brickwork and high-stiffness floor assemblies —O---4
Masonry — reinforced F-F-O—1
O Most probable class
—Most probable dispersion towards another class
| = — —Least probable dispersion towards another class

Attribution of the seismic risk class occurs on the basis of the vulnerability classes
defined by the European macroseismic scale — EMS (Griinthal 1998) through two
simple steps:

1. assignment of the initial vulnerability class on the basis of the masonry type
(Table 2). Table 2 reports six vulnerability classes (V; to Vg with increasing vul-
nerability) and their dispersion towards another class;

2. determination of the shift (reassignment) to a higher (final) vulnerability class on
the basis of structural deficiencies or weaknesses.

The Guidelines also provide indications on structural weaknesses (such as the pres-
ence of low-quality mortar, poor construction quality, existing damage or degrad-
ation, lack of connection between the floor and vertical walls or between orthogonal
walls, any out-of-plan mechanisms and large openings) but which nonetheless consti-
tute minimal assessment elements.

At the end, a vulnerability class is always known for the building and when its
location within the seismic zones into which Italy has been divided (OPCM 3274/
2003) based on the value of the peak ground acceleration PGA (Figure 1) is identi-
fied, Table 1 allows definition of the seismic risk class.
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Figure 1. Zones (from 1 to 4) of Italy based on seismic hazard. PGA with probability of exceeding
10% in 50 years.

2. The method
2.1. Introduction

In the phase of identifying the information necessary to define the masonry type and
the structural deficiencies and weaknesses, efforts were made to choose the elements
to be recorded in the awareness that the field operations would be carried out visually
from outside the building.

The data recording had to be suitable for a rapid survey, involving the creation of
tables whose fields would exhaustively describe the elements of information and, at
the same time, would have a list of attributes (data dictionaries) that could be
brought up without having to be input via the keyboard, i.e. with drop-down menus.

The information progressively recorded during the survey would have to be trans-
ferred to an environment of automatic archiving, selection and querying: the Data
Base Management System (DBMS) environment was chosen which, in addition to
these characteristics, also possesses a powerful language, namely Structured Query
Language (SQL).

The survey required a basic numerical cartography that identified the building:
regional topographic databases (DBT) were used, in vector format, at an urban scale.

Finally, the census was concluded by extracting the seismic zone from the DBMS
and representing, on the same numerical cartography, each building with the corre-
sponding seismic risk class, and then printing thematic maps and seismic maps: an
open-source GIS available online was used.

A block diagram of the method, described in detail in the following paragraphs, is
shown in Figure 2.

2.2. Choice and digital structuring of the elements to be surveyed

The elements to be surveyed were defined in two tables, each divided into fields that
exhaustively report the data recorded during the survey.
The first table (Table A) identifies the initial vulnerability class and has four fields:
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Field 1 | | DataDictionary 1 |
Field 2 | l Data Dictionary 2 l
Field n ’ l Data Dictionary 3 ’ TABLE 1
Field 1 ’ [ Data Dictionary 1 ’ DBMS
Field 2 I ’ Data Dictionary 2 I TABLE 2
Field n l l Data Dictionary 3 | T
o =
DBT
GIS e
L T
25—
SQL

Figure 2. Block diagram of the method.

e Masonry type;
e Year of construction or presumed age
e Use
e Notes
The first field was associated with the same attributes of Table 2 of the guidelines:
e Masonry - dry rough-hewn stone
e Masonry - unbaked bricks
e Masonry - wet rough-hewn stone
e Masonry - large stone for monumental constructions
e Masonry - shaped stone
e Masonry - brickwork and high-stiffness floor assemblies
e Masonry - reinforced

The year of construction or presumed age and use were added when, during the
census phase, it was impossible to visually define the field Masonry type. The year of
construction is indicated with a certain date and the presumed age with a time inter-
val. Instead the following attributes were associated with the field Use:

Residential
Industrial
Artisanal
Agricultural
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e Public

The second table (Table B) is used to record the elements that will identify the
structural deficiencies and weaknesses during the census. It is divided into the follow-
ing fields, together with the corresponding alphanumeric attributes:

e Height of building and/or number of stories above ground:
e Decimal number;
e Building context:
o Isolated building; attached/adjacent building;
e Planimetric geometry:
e Square; rectangular; irregular;
e Roof:
o Flat; one-pitched; dual-pitched; four-pitched;
e Conventional resistance:
o Planimetric regularity; height regularity; irregularity; thinness; distribution of
loads;
e Horizontal load-bearing structures:
e Wooden floors; steel and brick floors; reinforced concrete floors;
e Roof load-bearing structures:
e Wooden roofs; reinforced concrete roofs; steel and brick roofs;
e Degradation:
o Detachment of plaster, coverings; falling tiles; falling cornices, parapets; falling
other internal or external objects;
e Damage mechanisms of walls (inside and outside plan):
o Flexural; sliding shear; shear; crushing; simple overturning; compound overturning;
e Damage mechanisms of floor assemblies and roofs:
e Thrusting roofs; thrusting and hammering of the roof near the openings; ridge
beam hammering; rigid connections at the top associated with poorly resistant
elements on the facade; height eccentricities; floor detachments/displacements.

TABLE B
ID Building
ID_Map_Building Flat
[Height of building and/or number of stories above One-pitched
lground [Duat-pitched
TABLE A - 4-|—>Bui]ding context [Four-pitched
UD_Building \Square —|Planimetric geometry
ID_Municipality Rectangular ] Roof [Planimetric regularity
;\3 Map Buildin rregular IConventional resistance jeich —
ason: - -
|Year c?:-lstruclion or_presumed [Detachment of plaster, coverings ilorizontal load--bearmg Siructures Thinness
lage - - \Falling tites IRoof load-bearing structures Loads
TUse |Fatiing cornices, parapets Degradation
ote Vasonry - dry rough-ewnsidne | |Falling internal or external objects | |Pamage mechanisms: vertical ... Wooden floors
Wasonty - unbaked b P— (Damage mechanisms: horizontal ... [Steel .[md brick floors
\Reinforced concrete floors
Industrial lasonry - wet rough-hewn stone IStiding shear T k
Am’..mrml Masonry - [{,1)‘g(’ stone. fm- IShear Thrusting roofs Wooden roofs
:‘EZ‘/T: el asoriy- A.,“',p od ;0';1 " Crushing Z’::i;:zi “:)‘ji:"”;""“’””g of the roof (Reinforced concrete roofs
Masonry - brickwork and high- imple overturning Ridge beam hammering [Steel and brick roofs
btifess floor assemblies Rigid connections at the fop
i o lassociated with poorly resistant
Jelements onshe fucade |
|Height eccentricities
\Floor detachments/displacements

Figure 3. Representation of Tables A and B with their respective fields and attributes (in italics).
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Alg)

O O
o d

' o]
2 Height irregularity Regularity Irregularity
Planimetric regularity

Floor assemblies Floor assemblies Rigid floor assemblies
. d) Thinness a with nil rigidity with nil rigidity with bond beams
©) Attached/adjacent without bond and bond beams
beams 4 Z
1 QR <9
2= | - L /
e | [ N |o®

g) Damage mechanisms

R of horizontal structures
f) Damage mechanisms of walls (within and outside plan) | (floor assemblies and
roofs)

Figure 4. Exemplary drawings and photographs of some elements defined in Table 2.

The key field identifying the Municipality according to the Italian toponymy has
been added to Table A while the key field (ID_Building, in bold italics) and the field
identifying the building on the map (ID_Map_Building) have been added to both
tables. A representation of the two tables with their respective fields and attributes (in
italics) is shown in Figure 3.

The choice of fields and attributes in Table B was made on the basis of the follow-
ing considerations:

height: it influences the oscillation period and therefore the dynamic amplification
produced by an earthquake (Gatti 2020, 2023); in Italy, masonry buildings with
more than three floors above ground are prohibited (Figure 4a);

geometric irregularity in plan and height: they influence the structural stiffness
(Figure 4b);

attached/adjacent buildings: they are more vulnerable to hammering than isolated
ones (Figure 4c);

roof geometry: four-pitched roofs produce thrusts on the walls, dual-pitched ones
hammering on the gables;

thinness: it reduces the resistance of the walls (Figure 4d);

anomalous loads: they amplify seismic forces;

floor assemblies in wood, iron or concrete: the first two have almost nil flexural
rigidity in their plane or lack of connections with the walls; the third ones have
infinite flexural stiffnesses and bond beams. These characteristics influence the
overall box-like behavior (walls and floors) of the building (Figure 4e);
degradation in the walls or detached elements: they indicate lack of or poor main-
tenance or construction quality;
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TABLE B TABLE A MUNICIPALITY
UD_Building le—>{ID_Building J[D Municipality
ID Map Building ID_Municipality Municipality
Height of building and/or number of stories above 1D Map Building ISTAT Cod Municipality
lground —ID Masonry —{[D Scismic Zon¢
Building context Year construction or presumed D _Province
Planimetric geometry Use ID Region | —
Roof Notes Notes
Conventional resistance
Horizontal load-bearing structures MASONRY PROVINCE
Roof load-bearing structures M ID_Province
00! g (NN y —
Degradation Masonr I’rmmaf: -
[Damage mechanisms: vertical ... . T Abbreviacon
2 : : TD_Vulnerability Notes
Damage mechanisms: horizontal ... Notes otex
REGION
SEISMIC ZONE - VULNERABILITY CLASS - VULNERABILITY CLASS UD_Region
SEISMIC RISK CLASS D _Vulnerability Region
ID Scismic Zonc [Vulnerability Class INotes
ID_Vulnerability [ |Notes
ID Seismic Risk Class
1 SEISMIC RISK CLASS
SEISMIC ZONE ID Seismic Risk Class
D Seismic_Zone Seismic Risk Class
Scismic Zone ‘—‘ IPAM%
ote

Figure 5. Entity-relationship model (or ER model) of the DBMS.

e damage mechanisms within plan and outside plan of walls and roofs: they involve
or may involve obvious or hidden structural failures (Figure 4f-g).

Figure 4 shows exemplary drawings and photographs of some elements defined in
Table 2.

2.3. Basic cartography

To support the survey and census of the building classes, a basic numerical cartog-
raphy was created, in vector format, in which buildings, streets, house numbers and
water bodies are represented. These entities are reported as points, lines and poly-
gons. An identifier (ID_Map_Building) is associated with the polygons, which repre-
sent the perimeter of the buildings. They are easily obtained for urban areas from

regional topographic databases (DBT). A digital terrain model (DTM) was also added
to the cartography.

2.4. Rapid survey

The field activity was supported by easily obtained hardware devices (tablets, smart-
phones, laptops, etc.) onto which is imported the basic cartography drawn from the
Google Earth app and Tables A and B which can be edited by a spreadsheet. The
operator identified the building on the map and recorded its identifier in the tables;
with the aid of the dictionaries he brought up from a drop-down menu the appropri-
ate element and inserted it into the corresponding field. In this way it was possible to
conduct a survey which, even from the outside, was rapid, complete and exhaustive.
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MASONRY
TABLE A ID_Masonry TABLE query 2
1D Building Masonry ID_Building
1D Municipality ID_Vulncrability ID Municipalit
ID Map Building otes ID Map Building
D _Masonry ‘ Masonry
Year_construction_or_presumed : } [Vulnerability Class
g VULNERABILITY CLASS N -
e D Valnerabitiey
[Notes [Vulnerability Class
2) Notes Query3

FOR Llorizontal load-bearing structures="wooden floors”'
JAND Roof load-bearing structures=‘‘wooden roofs”

AND Degradation="fallen tiles "

JAND Damage mechanisms of vertical load-bearing
TABLE B Istructures OBVIOUS=“simple overturning

AND Damage mechanisms of vertical load-bearing

j”’ Building tructures [HIIDDEN="simplc overturning”

TABLE query 2
UD_Building

D Map Building ___ [AND Damage mechanisms of horizontal load bearing
Height of building and/or number of stories above # Istructures HIDDEN="thrusting and hammering of the roof

ID Municipality lground lnear the openings”
D_Map Building Building context JAND Damage mechanisms of horizontal load-bearing
Masonr [Planimetric geometry [structures HIDDEN="thrusting roofs”
Vulnerability Class [Roof
IConventional resistance ——— — — - —
[Horizontal load-bearing structures \ID_Building (Number ?Z::ZI Vulnerability ZZ?: Vulnerability
IRoof load-bearing structures — _
b) Degradation / 5 ”' ’
Damage hani vertical ... — 2 12 Vs
[0 / v, v,
[Damage h horizontal.. | [T M v v
700 7 V. Vv,
= 7 v, v,
150 6 V. Vv,
.......... 13 v, v,
......... 5 Vs v,
00 2 Vs Ve

Figure 6. Diagrams of some of the described queries and corresponding tables.

2.5. Identification of the seismic risk class

The data contained in Tables A and B were transferred to a Database Management
System (DBMS) whose conceptual Entity-Relationship model (or ER model; Codd
1970, 1972a,b) is described in Figure 5. The ER model does not modify the properties
of the DBMS but eliminates the redundancy of information, simplifying the execution
of the ‘queries’. The tables Masonry, Vulnerability Class, Seismic Zone and Seismic
Risk Class have been added to them, with the corresponding PAM (from the
Guidelines) and the tables Municipality, Province and Region, containing the names
of the municipalities, provinces and regions of Italy. The model was completed by the
many-to-many connection table Seismic Zone—Vulnerability Class—Seismic Risk Class.
The relationships, indicated by arrows, have been placed in correspondence with the
key fields which are highlighted in italics and bold.

To identify the seismic risk class of a building, ‘queries’ were created in SQL
language.

Queries 1-3 determine the final vulnerability class for each building:

e Query 1: selection query on the field Id_Masonry of the table Masonry in relation
to Table A to identify the blank records in which, during the survey, it was not
possible to visually record the masonry type, which instead is assigned via the year
of construction or presumed age;

e Query 2: query to create a table by crossing the fields of Tables A’ (A modified by
‘query 1’), Masonry and Vulnerability Class in relation to each other, which
assigns the initial vulnerability class to the buildings (Figure 6a);
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Table 3. Elements of the shift from the initial vulnerability class to the final one.

Field | Horizontal load- Roof load-bearing | Degradation Damage mechani Damage mechani Damage mechani Damage mecl
bearing structures structures of vertical load- of vertical load- of horizontal load- of horizontal load-

bearing structures bearing structures | bearing structures | bearing structures
OBVIOUS HIDDEN HIDDEN OBVIOUS
String | “wooden floors” “wooden roofs” Jallen tiles” “simple overturning” | “compound “thrusting and “thrusting roofs”

overturning” hammering of the
roof near the
openings”

Pictures

e Query 3: query of research and counting on the fields of Table B (indicated in
Table 3 and displayed in bold in Figure 6 in relation to the Table created by query
2) comparing the records stored with the strings reported in row 2 and exempli-
fied in the pictures of row 3 of the same table.

For each building, the result of the query is a number representing the strings
equal to those stored in the records: if this number is greater than or equal to 5, it is
assumed that the building has a shift to the next vulnerability class, which will consti-
tute its final vulnerability class (in practice the records are substituted in the field vulner-
ability class). If less than 5, the vulnerability class calculated with query 2 is maintained.
For buildings with an initial vulnerability class of Vy, there is no shift (Figure 6b).

Finally, the subsequent queries attribute the seismic risk class and the correspond-
ing PAM to the building:

e Query 4: cross-field selection query on the field Municipality of the table
Municipality in relation to Table A and the table Seismic Zone, which assigns the
municipality to the building and to it the seismic zone;

e Query 5: cross-field selection query on the field Vulnerability_Class of the table
created by query 2 in relation, via the many-to-many connection table Seismic
Zone-Vulnerability Class-Seismic Risk Class, to the table Seismic Risk Class,
which assigns the seismic risk class and corresponding PAM to the building.

Diagrams of some of the queries with the corresponding tables in relation to each
other are schematized in Figure 6.

3. Case study

To test the method, a small municipality in north-eastern Italy of ca. 2,000 inhabi-
tants was chosen, with an extension of approximately 20 km” and an urban area of
ca. 1,000 buildings made of masonry, wood and reinforced concrete. It had suffered a
seismic sequence that lasted about 15 days (with events of Ml 4.2-4.3 in the epicen-
tral area, about 30 km away). This led the municipal administration to implement an
economic incentive plan to assess and prevent seismic risk in private buildings.
Figure 7 shows the area under study with the epicenter of the earthquake indicated.
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Figure 7. Area under study with the epicenter of the earthquake indicated.
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Figure 8. Summary of the main structural types with some photographs.

The survey of the masonry buildings was conducted on 2 days, for a total of ca.
400 buildings (mean 200 per day). A priori knowledge of a few elements regarded the
urban development of the town; hence all the data collected during the survey were
strategic for the municipality’s intentions. The queries made to the DBMS revealed
that the buildings dated mainly from 1940 to 1970 (65%): some outside the town
(ca. 25%) were built after 1970 and of them only 2% after 2003, the year in which the
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Figure 9. Final vulnerability class (a) and seismic risk class (b) based on the percentage of masonry
buildings surveyed.

Table 4. Seismic risk classes and corresponding PAM as a function of the percentage of masonry
buildings surveyed.

Seismic risk class B C D
PAM% 1-1.5 1.5-2.5 2.5-35
Buildings/Total buildings 9% 31% 60%

first recent standard for seismic constructions was issued in Italy (Figure 8a).
The principal use (80%) is residential, with 15% of buildings for agricultural use
(Figure 8b). The buildings are almost exclusively single and isolated (only those
located in the center of the town are attached/adjacent — Figure 8c). They are charac-
terized by regular shapes, square or rectangular with small dimensions, the majority
of which are regular in both planimetry and height. The roofs are mainly dual-
pitched (70%), the rest being four-pitched (Figure 8d). The prevalent number of sto-
ries above ground is 2 (88%), with 9% having 1 story and only 3% having 3 or more
(Figure 8e). The buildings are characterized by shaped stone slabs and lime mortar
(more than 80%), while the inter-story floor and roof assemblies are mainly of rein-
forced concrete and steel and brick (ca. 70%) or of wood (ca. 30%) (Figure 8f). The
most common damage mechanisms in the walls within plan were shear and sliding
shear, while the roofs were more exposed to hammering of the ridge beam. Figure 8g
shows some images of the surveyed buildings.

For attribution of the vulnerability class, the same fields and strings reported in
rows 1 and 2 of Table 3 were chosen. Thus, 88 buildings of the total reported more
than 5 elements of shift to the next class: of these 74 underwent a shift from vulner-
ability class Vs to Vg, 10 from V, to Vs, and 4 from V; to V.

In summary, all buildings had a vulnerability class between V3 and V¢ (Figure 9a),

with the highest percentage (63%) between Vs and V. Since the municipality is
located in seismic zone 3, the prevalent seismic risk classes are B, C and D (the latter
being the most common with a percentage of 60%, Figure 9b); the corresponding
PAM varies between 1% and 3.5% (Table 4).

The tables of the DBMS were loaded into a GIS on an open-source platform whose
cartographic database, the same one used for the survey, was imported from the
topographic database (DBT) of the Veneto region (Regione Veneto 2004). It consists
of three types of files (in ESRI standard): a file with .shp extension (shape file) in
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Legend

Figure 10. 1:5000 scale map showing the cataloging of buildings according to seismic risk class.

Table 5. Comparisons between the proposed simplified method and the rigorous conventional
and Cartis form methods.

Operations Parameters Proposed method Conventional method Cartis forms
Survey Recording of the data Digital On paper On paper
No. buildings inspected per survey n 1 1
Survey type Indirect from a distance Direct close-up Direct close-up
Time/building Minutes Hours Hours
No. operators 1 At least two At least two
Calculation Data management Computerized Computerized Computerized
No. buildings classified per survey n 1 1
Processing Automatic Semiautomatic Semiautomatic
Method Tabular Analytical Analytical/tabular
Result Classification Simplified Rigorous Rigorous
Support DBMS-GIS Dedicated software  Dedicated software
Buildings n 1 n
Risk Classification PAM IS-V EAL

which are found the coordinates of the vertices of the polygons or of the lines or
points of the mentioned elements; a file with .dbf extension (in which are stored their
attributes-fields) and a file with .shx extension, which serves as an index between the
attributes and coordinates. The cartographic elements consist of buildings, streets,
house numbers, water bodies, etc. A digital terrain model (DTM) created from data
acquired from the LiDAR platform was added to the cartographic database.

Some thematic maps were extracted from the GIS, including a 1:5000 scale map
(Figure 10) cataloging the buildings of the town center according to seismic risk class.
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4. Comparisons

The proposed method was compared with the conventional method proposed by the
Guidelines and with the Cartis forms of the above-mentioned ReLUIS project.
Among the preliminary operations leading to the classification (survey and calcula-
tion) and the final result (Table 5), common parameters for comparison were identi-
fied; they are reported in the second column of the table, while the third, fourth and
fifth columns report the comparisons.

As can be seen from Table 5, the differences, which constitute the benefits of the pro-
posed method, are evident in Survey and Calculation; they involve the larger quantity of
buildings surveyed with a single operator and the data processing which, when fully oper-
ational, is completely automatic. The limitation lies in a simplified result.

5. Conclusions

The proposed method consists of a rapid visual survey (in the test phase, a single
operator recorded ca. 200 buildings/day) during which the building, located directly
on the map in a precise cartographic database, is recorded from the outside.

The masonry type and structural weaknesses are recorded on a computer in tables
in which the alphanumeric attributes of their fields are inserted automatically with
drop-down menus.

The transfer to a DBMS occurs directly without affecting or modifying its structure
and informational integrity, and thus the subsequent processing, facilitated by the
SQL language, occurs without pre-treatments.

The choice of the structural weaknesses necessary to define the shift to the final
vulnerability class was enriched by the introduction of new evaluation elements linked
to the onsite conditions; hence, even within the context of a simplified seismic classi-
fication, this step is more rigorous than that provided by the tables of the Guidelines.

The large amount of information recorded is not necessarily limited to the seismic
census and provides great value in making up for the previous lack of knowledge of
the structural characteristics of the municipality’s buildings.

The limitations lie in the lack of numerical calculations, not attributable to the
proposed method but to the simplified classification method (Braga et al. 2017).
Nonetheless, these limitations are compensated by the advantages deriving from a
preventive assessment of large-scale seismic risk.

Regarding the case study, it was found that the majority of buildings have, in rela-
tion to the seismic zone, the highest seismic risk class. Thus, a map was extracted vis-
ualizing those requiring priority interventions.

Finally, the GIS facilitates the implementation of economic incentives for the exe-
cution of works to mitigate the seismic risk of the municipality’s buildings, while it
also involves other regional authorities in the definition of risk or damage scenarios.
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