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Abstract: The influence of exposure evaluation methodology in the assessment of the seismic vulner-
ability of the residential building stock in the historic center of Alcamo, a town of 45,000 inhabitants
in Western Sicily (Italy), hit by an earthquake in 1968, is evaluated in this study. A comparison
of exposure estimates on the basis of the description of the residential building stock according
to two different approaches is performed. The first, typical of seismic vulnerability assessment
procedures at a territorial scale, refers to the description of residential building stock through an
accurate typological description, conducted using the CARTIS survey form. The form allows for a
detailed description and survey of the prevailing ordinary building types within areas characterized
by the homogeneity of the building fabric in terms of age of construction, structural characteristics,
construction techniques, and distribution of types. The detailed description of building types allows
for the assessment of exposure at the municipal scale based on an estimate of the total number of
units and the percentage of each type within each compartment, obtained by interviewing local
technicians. The second is based on a similar survey at the building scale, namely, drawing up a form
for each building. The comparison of exposure and damage scenarios obtained with the two methods
proves that the approximations provided by the compartment-scale survey are compatible with the
purposes of an assessment of vulnerability and damage scenarios at the territorial scale.

Keywords: seismic vulnerability; seismic exposure; residential buildings; historic center

1. Introduction

The building fabric of historic town centers is predominantly characterized by masonry
constructions, built using construction techniques and criteria handed down over the
years by the traditions of good building or, at most, by the “rule of art” [1–3]. In areas
where intense seismic events have not frequently occurred, building methods have not
developed effective devices to ensure stable buildings against horizontal seismic actions
and, for this reason, the constructions are particularly vulnerable. Thus, the planning of
retrofitting interventions in these areas cannot disregard an assessment of the seismic risk
and vulnerability of the built environment [4,5]. More specifically, a seismic risk assessment
should link the built environment’s vulnerability to the seismic hazard of the site and its
exposure, the latter being described through a conventional measure of the value of assets
and human activities potentially affected by a seismic event. Methods for the assessment
of seismic vulnerability are largely varied and some of them concern specific sub-assets
(RC or masonry buildings); they utilize very different fragility models with accompanying
uncertainties, which would provide biased final risk estimations.

Seismic vulnerability analyses can be performed at the building scale, using structural
analysis methods, similar to those employed in modern new building designs, which re-
quire the use of detailed and accurate structural models [6]. Although their implementation
of computational codes can provide reliable seismic-response predictions, it requires a
knowledge of the building’s geometric and mechanical characteristics, which can only be
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known through the in-depth development of the knowledge pathway [7], which involves
high economic and time burdens.

A comprehensive review of the existing methodologies for the seismic vulnerability
assessment of RC and masonry structures can be found in [8–13]. Seismic vulnerability
assessment of large portions of man-made territories, such as neighborhoods, historic
centers, entire urban centers, or even regions or entire national territories, can be conducted
more rapidly, based on information gathered from general census campaigns, such as
the ISTAT [14] database, and complementary information obtainable from cursory survey
campaigns.

Methods for vulnerability assessments at the territorial scale that have been pro-
posed in the past can be divided into three main categories, namely, empirical, mechan-
ical/analytical, or hybrid methods [8]. Empirical methods are based on the statistical
analysis of the damage observed after a seismic event. In general, these methods refer to
typological classes and vulnerability indices, which are based on several structural parame-
ters and on geometrical and mechanical characteristics [15]. A review of these methods can
be found in [8,16,17].

Mechanical/analytical methods are based on the use of a simplified representation of
building mechanical features [15], the latter being the key issue hindering the implemen-
tation of this method at the territorial scale. Correlations between building mechanical
features, expected damage, and seismic intensity can be assessed through analytical or nu-
merical approaches. To this aim, both approaches evaluate the response of either archetypes
of the structures chosen in order to be representative of a building typology or class of
building typologies, or a simplified structural scheme with geometrical and mechanical
features randomly generated.

Numerical methods based on numerical analyses provide more accurate seismic-
response estimates of the expected damage level for each structural type during seismic
events of a predetermined intensity, but they require elevated computational efforts, such
that these methods are more suitable for the vulnerability assessment of a single building;
on the other hand, the analytical approach has less accuracy in terms of seismic-response as-
sessment.

Hybrid methods are formulated by attempting to integrate the potential of the two
previously mentioned categories of methods, e.g., by using mechanical models to define
correlations between typological characteristics and expected damage, recalibrating them
on damage data observed during major seismic events [16,18].

Mechanical methods for assessing seismic vulnerability at a territorial scale employ
extremely simplified models of the built environment, most often capable of representing
only some of the essential characteristics determining the seismic vulnerability of build-
ings [19,20], such as the height or number of floors, material mechanical characteristics
of vertical structural elements, stiffness and strength of horizontals, and sometimes char-
acteristics of connections between vertical-resistant elements or between the latter and
horizontals. Thus “the reduced capability of a prototype (or a set of them) of representing a more
complex building stock and the simplifications inevitably introduced by the structural modelling
are the main limitations of the analytical approaches. As a consequence, also the identification
of different sources of uncertainty (e.g., in capacity, demand and damage state thresholds) and
their quantification can affect the reliability of analytical results. On the contrary, analytical ap-
proaches permit to simulate the seismic response of different building types, also analyzing them
under high intensity values, for which no or poor empirical data is generally available” (quoted
verbatim from [21]). Empirical methods, based on a typological classification of the built
environment, conducted using qualitative information, still play a prominent role in the
vulnerability characterization at the territorial scale, since they prove to be especially effec-
tive for the vulnerability statistical assessment at the territorial scale, aimed at the allocation
of reduced economic resources available for seismic risk mitigation, or for evaluation of
damage scenarios for post-earthquake emergency management [19,22,23].
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Proof of this is the fact that the Italian Civil Protection Department (ICPD) decided
to conduct the latest National Seismic Risk Assessment (NSRA) through a multi-model
methodology, where three of the six models are based on an empirical approach [24–26].
Two adopt an analytical approach to derive the fragility curves [18,27] and a third a hybrid
approach [23], i.e., a recalibration according to a post-earthquake damage database [28] for
masonry buildings only of the macroseismic model [20] used in the present paper.

Regarding exposure, a European model has recently been proposed by [29]. In Italy, at
present, NSRA [30] is still evaluated on the basis of the ISTAT database, where construction
material, floor number, and construction year only are available. Thus, many researches are
trying to supplement the ISTAT census database, collecting data for large-scale assessments
(e.g., [31,32]). In this regard, aiming at gathering information specifically devoted to seismic
vulnerability assessments that can detect and reveal local structural features, the Italian
Protection Department promote, through RELUIS (Italian Network of Academic Laboratory
of Earthquake and Structural Engineering), uses of the interview-based CARTIS form.

To date, the CARTIS form has been used to survey approximately 6% of all Italian
municipalities, and some Italian researchers are engaged in studies of seismic vulnerability
assessment at the territorial scale on the basis of information through the CARTIS card,
which has been made available on an online platform [33–35]. The CARTIS form provides
a rich description of the structural features of residential building typologies, provided by
interviews with technicians with experience in the field of structural construction, who are
rooted in the territory and have a thorough knowledge of the construction techniques of the
place. However, the numerical data (number of buildings, percentages of each typology)
and the percentage of the detailed structural characteristics of each typology are based on a
reasonable estimate provided by the interviewed technician and the expert.

In this context, with the aim of investigating the influence that estimates the distribu-
tion of structural and typological features provided through the CARTIS form methodology,
an assessment of the seismic vulnerability of residential buildings in the historic center of
Alcamo is evaluated according to two different approaches: the interview-based CARTIS
survey, which is characterized by a survey at the compartment scale, as is described in
detail in the Section 2, and a similar survey performed at the building scale, filling in a
form containing the indications of the CARTIS form for each building.

2. Methods

In the following sections, the assessment of the exposure, seismic vulnerability, and
damage scenarios of the residential building stock in the historic center of Alcamo is
performed. Exposure is evaluated according to the two different approaches mentioned
above, namely, at the compartment and building scales, while vulnerability and damage
distribution assessments are performed according to the macroseismic method [20].

2.1. Exposure: The CARTIS Form

The CARTIS form [36,37] allows for a detailed exposure survey of the prevalent resi-
dential building types through the identification of areas characterized by the homogeneity
of the building fabric in terms of construction age, structural characteristics, construction
techniques, and distribution of typologies; these areas are called “compartments.” The de-
tailed description of building types allows for the assessment of exposure at the municipal
scale based on an estimate of the total number of units and the percentage of each type
within each compartment. The form was compiled on the basis of one or more face-to-face
interviews with an expert in seismic engineering and one or more local technicians who
have developed, over the years, knowledge of the history and evolution of the urbanization
process, construction techniques, materials, and, for more recent buildings, a knowledge of
the criteria and rules of design and construction of the built environment.

Basic information on the CARTIS form can be found in [33–35], while a detailed de-
scription is available in [37]. In [38], it was pointed out that one of the possible sources
of uncertainty in the vulnerability estimates based on exposure surveys conducted with
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the CARTIS form may have derived from the accuracy with which the interviewed techni-
cian predicted the distribution of the different types within the identified compartments.
Therefore, in the following study, the estimates obtained, as above, defined as the results of
surveys conducted at the compartment scale, were compared with the exposure estimates,
and subsequent vulnerability estimates conducted through a detailed survey campaign,
were performed by filling out a survey form, similar to the one that defines the structural
typologies in the CARTIS form, for each of the buildings in the historic center. This second
approach, although conducted with some uncertainty related to the hurried nature and
limitation of the investigations, which could not take advantage of the inside survey of the
typological–structural characteristics of the buildings, made it possible to produce a more
reliable estimate of the number of buildings of each type, and of the main characteristics
determining seismic vulnerability, such as number of floors, structural regularity in plan
and elevation, type of wall texture, stiffness and weight of floors and roofing, degree of
connection between structural parts, and state of maintenance.

2.2. Vulnerability and Damage Scenarios: The Macroseismic Method

We then assessed the seismic vulnerability for both the mentioned exposure estimates,
using the procedures codified in the macroseismic method [20], briefly summarized below.

Among the most recognized typological–observational methods available in the litera-
ture, the macroseismic method proposed by [20] plays a predominant role. The method,
unlike most typological–observational methods, is derived from an analysis by probabilistic
approaches and the fuzzy set theory of the correlations between typological characteristics
and expected damage per seismic event of a given intensity, implicitly contained in the
European macroseismic scale EMS98 [39]. In this scale, the residential building stock is char-
acterized through the identification of 15 main structural types (see Table 1), whose seismic
vulnerabilities are described by the most probable value of the typological vulnerability
index VI*. The value of the macroseismic vulnerability index VI for each specific building
or specific sub-typology was identified by first assigning the building or sub-typology to
one of the 15 typological classes, and then varying the most probable value of the vulnera-
bility index (VI*) by assigning DVI vulnerability modifiers defined according to detailed
characteristics. Using the fuzzy set theory, the authors also derived from the EMS98 scale,
for each typology, the range of VI

− − VI
+ values within which the modified vulnerability

index was likely to stay, and the range defined by the boundary values VImin − VImax
beyond which the index value for an element of that typology could not be assigned.

The assessment of building typology vulnerabilities was a necessary premise for the
probabilistic description of the expected damage as a function of the seismic event intensity.

In the macroseismic method [20], the damage description is identified with the de-
scription contained in the EMS98 macroseismic scale, which, in addition to the D0 level
of no damage, includes the following 5 additional damage levels: D1 mild; D2 moderate;
D3 severe, D4 very severe; D5 structural collapse. The qualitative descriptions of damage
levels for masonry and reinforced concrete buildings are shown in Figure 1.
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Table 1. Characteristic values of the vulnerability index.

Typologies Code Building Type
Characteristic Values of the Vulnerability Index

VI min VI− VI* VI
+ VI max

Masonry

M1 Rubble stone 0.62 0.81 0.873 0.98 1.02

M2 Adobe/earth bricks 0.62 0.687 0.84 0.98 1.02

M3 Simple stone 0.46 0.65 0.74 0.83 1.02

M4 Massive stone 0.3 0.49 0.616 0.793 0.86

M5 U Mansory (old bricks) 0.46 0.65 0.74 0.83 1.02

M6 U Mansory-r.c. floors 0.3 0.49 0.616 0.79 0.86

M7 Reinforced /confined masonry 0.14 0.33 0.451 0.633 0.7

Reinforcedconcrete

RC1 Frame in RC (without E.R.D.) 0.3 0.49 0.644 0.8 1.02

RC2 Frame in RC (moderate E.R.D.) 0.14 0.33 0.484 0.64 0.86

RC3 Frame in RC (high E.R.D.) −0.02 0.17 0.324 0.48 0.7

RC4 Shear walls (without E.R.D.) 0.3 0.367 0.544 0.67 0.86

RC5 Shear walls (moderate E.R.D.) 0.14 0.21 0.384 0.51 0.7

RC6 Shear walls (high E.R.D.) −0.02 0.047 0.224 0.35 0.54

Steel S Steel structures −0.02 0.17 0.324 0.48 0.7

Wood W Wood structures 0.14 0.207 0.447 0.64 0.86
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Based on the VI value, it is possible to estimate the average damage µD per earthquake
of macroseismic intensity I (vulnerability curve) by the relationship:

µD = 2.5
[

1 + tan h
(

I + 6.25VI − 13.1
2.3

)]
(1)

In order to understand the damage distribution according to the different levels we
defined, the probability distribution β (preferred to the more traditional binomial function,
as it allows one to represent the variability of damage dispersion) was presented according
to the relation:

pβ(x) = Γ(t)
Γ(r)Γ(t−r)×

× (x−a)r−1(b−x)t−r−1

(b−a)t−1

(2)

with Γ Gamma function and a ≤ x ≤ b, where it is possible to assume a = 0, b = 6, t = 8, and

r = t
(

0.007µ3
D − 0.0525 µ2

D + 0.2875µD

)
(3)

Given the damage distribution, it is possible to construct its cumulative function
according to the relation:

Pβ(x) =
x∫

0

pβ(x)dx (4)

From this relation, it is possible to evaluate the fragility curves dependent on the
intensity I, which express the probability of exceeding the damage level k for a given
intensity of seismic action I, through the simple relation:

p[D > Dk; I] = 1 − Pβ(k) (5)

Alternatively, it is possible to evaluate the percentage of buildings that experience a
predetermined level of damage (damage probability matrices) by taking advantage of the
relation that allows one to calculate the probability associated with the damage level k,
through the relation:

pk = Pβ(k + 1)− Pβ(k) (6)

Fragility curves can then be expressed as a function of the peak ground accelera-
tion value PGA, by using one of the well-known correlation laws between macroseismic
intensity I and PGA values, which can be expressed in the form:

ag = c1 c(I−5)
2 (7)

where c1 = 0.03 and c2 = 1.6 can be assumed according to [20], based on [40], or c1 = 0.043,
and c2 = 1.66 according to [41].

Based on the aforementioned relationships, it was possible, based on the seismic haz-
ard estimated by the recent New Technical Standards for Construction [7], to estimate the
expected macroseismic intensity for prefixed return periods, thus enabling the assessment
of damage scenarios.

3. Exposure of the Historic Center of Alcamo

Figure 2 shows the plan of the historic center of Alcamo, coinciding with areas A1
and A2 of the current general master plan (PRG). The historic center is an area of about
509,000 m2.
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To assess the seismic vulnerability, the area was divided into two compartments:

- Compartment C01, originated in the 14th century, called “Historic center: the walled
city”, coinciding with area A1 of the PRG. The compartment has an extension of
109,280 m2 and it contains about 640 building units and a population of about 1300 res-
idents;

- Compartment C02, originated in the 16th century, called “Historic center: the ancient
quarters”, coinciding with area A2 of the PRG. It is an area of about 398,700 m2 and
contains about 2465 building units, with a population of about 5700 residents.

According to the classification presented in the CARTIS sheet [36], three types of
masonry buildings and two types of reinforced concrete buildings were initially identified
in Compartment C01.

The characteristics of the masonry typologies according to the CARTIS sheet classifi-
cation criteria, summarized in Figure 3, and the acronyms that identify the typologies are
as follows:

- MUR1: included units built before the 1920s, characterized by irregular vertical
masonry elements, rough stone with a haphazard texture, without recourse (A2.1),
with lime mortar, predominantly 2 or 3 stories, average floor height of less than 3.50 m,
average area between 60 and 110 m2, predominantly irregular configurations in plan,
and average irregular configuration in elevation. The average wall thickness of the
ground floor was about 50 cm and the average prevailing wall spacing was 3.0 m. The
prevailing type of floor slab (90%) was constituted by single plank wood, forming a
deformable diaphragm, while the remainder (10%), following renovations, was made
of reinforced concrete with prefabricated joists and cast-in-place slab. The stairs, made
of stone, were generally made with cantilevered steps or rarely with ramped vaulting.
The roofs were wooden, lightweight, with predominantly single pitch (70%), while the
remainder show sloping pitches. Buildings were characterized by a lack of adequate
buttresses between orthogonal walls and a presence of lintels with reduced flexural
rigidity. Sometimes, there were localized reductions in the wall section due to the
presence of flues, cavities, or niches. Numerous constructions of this type present
irregular forometry with respect to the outer wall box. The roof was usually not
adequately connected to the walls. The foundations were superficial and continuous,
made of rubble stone. Almost all of these buildings were in aggregate and a high
number of buildings were in connection and shared, with the adjacent units, the end-
bearing vertical structures. Vulnerability was often increased by location in aggregate,
with the floors staggered with respect to the adjoining buildings. Few buildings of
this typology have been affected by local interventions, which, in any case, have only
resulted in modest seismic improvement.
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- The second typology, identified by the acronym MUR2, was built between the early
1920s and 1960. The masonry of the vertical elements was made of pseudo-regular
rough-hewn stone without recourses (B2.1). The typology included 2 or 3 floors.
Many of the typological–structural characteristics coincided with those of the previous
typology. There was a prevalent average spacing of the masonry walls that reached
4 m, a stronger connection between the orthogonal wall and a stringer connection of
the roof to the external walls. The stairs were usually made of reinforced concrete
ramped slab. The foundations were superficial and continuous, made of rubble stone
or squared blocks.

- Finally, the MUR3 typology was the most recent, built until the late 1970s. This
typology was made of masonry classifiable as regular squared stone without recourses
(C1.1). These buildings presented a greater height, with the number of floors between
3 and 4. About a quarter of the buildings of the typology had cast-in-place brick floors
that, constituting a rigid diaphragm, distribute seismic actions on the vertical-resistant
elements proportionally to their stiffnesses. Some of the buildings of this typology
are made with one-dimensional vertical and horizontal reinforced concrete elements,
inserted between the masonry walls, and thus constitute mixed confined masonry
structures.

- Among the reinforced concrete structures that have taken the place of buildings that
were demolished due to the high degree of deterioration, or saturated the few vacant
spaces, the most common typology was CAR1, consisting of buildings built in the
1970s. These buildings had 3–4 stories, a regular configuration in plan and elevation,
and frames with infills of substantial masonry. They were equipped with ramped slab
staircase and foundations made of a lattice of inverted beams. The buildings are often
constructed adjacent to pre-existing buildings, without adequate earthquake-resistant
joints, and have first-floor pillar dimensions of no more than 45 cm and structural
mesh sizes between 4 and 5 m. The percentage of longitudinal reinforcement of the
columns was close to 0.6% and the transverse reinforcement generally consisted of
φ6 stirrups placed at 30 cm spacing. The state of preservation was in the normal range,
since a significant percentage of buildings was subjected to recent maintenance work.

- A small percentage of buildings of the more recent CAR3 typology was also available.
These buildings were characterized by 3–4 stories and they were made with the same
structural typology as CAR1, but with adequate earthquake-resistant joints. The
percentages of longitudinal reinforcement were around 2% and the transverse rein-
forcement consisted of φ6 stirrups with spacing near the nodes of around 15/20 cm.
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The types found in Compartment C02 were similar to those in Compartment C01,
differing in the year of construction, number of floors, some construction details, and
intended use, due to the presence of a significant number of buildings partially intended
for commercial activities. The main difference between the two compartments, in addi-
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tion to the abovementioned features, was the different distribution of typologies in the
compartments. The MUR1 and MUR2 typologies in Compartment C02 were similar to
their counterparts in Compartment C01; although, in both there was a greater number
of regular buildings both in plan and elevation. Among the buildings in the MUR2 type
of Compartment C02, almost all of the staircases had ramped slabs, and there were far
more buildings that underwent local strengthening. The MUR3 type of Compartment
C02 differed from its counterpart, Compartment C01, mainly due to the prevalence of
rigid horizons made of cast-in-place c.a. floors and the considerable presence (40% of the
typology, 11% of the total) of buildings with reinforced concrete piers and curbs inserted
into the masonry, thus obtaining a mixed confined masonry structure.

As for the reinforced concrete typologies, CAR1 differed from its counterpart, Com-
partment C01, due to the presence of a substantial number of buildings constructed in the
1960s, with frames arranged only along one of the two main directions of the building
(about 4%). There were frequent ground-floor infills characterized by large openings and
only few buildings constructed with isolated plinth foundations. The CAR2 typology of
Compartment C02 was also similar to the CAR1 typology of Compartment C01, differing
only in some aspects: the construction period, identifiable as the 1980s; the presence (50%
of cases) of earthquake-resistant joints in accordance with the standards; a higher amount
of longitudinal reinforcements (0.8–1%); and stirrups of diameter of φ8, with spacing about
20 cm close to the nodes. In Compartment C02, there were also buildings belonging to the
CAR3 type, which are more modern and taller, built from the late 1990s with 4 or 5 floors,
with a resistant system and structural characteristics similar to CAR2, classifiable as infilled
frame structures with generally sturdy masonry, rarely light, and regular in plan and height
dimensions.

Table 2 shows the estimated distributions of the different types in the two compart-
ments obtained through estimates from the interviewed technicians and compared with
ISTAT data from the 2001 and 2011 censuses. For the two Compartments, C01 and C02,
sub-type MUR2/3_SCA, collecting buildings with masonry walls and cast-in-place RC
floors, and sub-typology MUR2/3_CONF, collecting buildings with reinforced concrete
floors and mixed confined masonry structure, were generated from the MUR2 and MUR3
typologies. This classification was adopted for reasons that are clarified below.

Table 2. Vulnerability indices and percentages of wall types.

Tot. Buildings Typology % Tip EMS98 VI* Σwi DVIM VI

C01 640

MUR1 18% M1 0.873 0.093 0.966

MUR2 26% M3 0.74 0.124 0.864

MUR3 22% M3 0.74 0.076 0.816

MUR2/3_SCA 5% M6 0.616 0.076 0.692

MUR2/3_CONF 3% M7 0.451 0.174 0.625

CAR1 21% RC1 0.644 −0.02 0.642

CAR3 5% RC3 0.324 −0.02 0.322

C02 2465

MUR1 10% M1 0.873 0.1 0.973

MUR2 20% M3 0.74 0.088 0.828

MUR3 7% M3 0.74 0.038 0.778

MUR2/3_SCA 17% M6 0.616 0.038 0.654

MUR2/3_CONF 11% M7 0.451 0.136 0.587

CAR1 20% RC1 0.644 0.063 0.707

CAR2 10% RC2 0.484 −0.01 0.474

CAR3 5% RC3 0.324 −0.03 0.294
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The performed analyses showed that (see Table 2), in Compartment C01, there is a
prevalence of masonry buildings with pseudo-regular rough-hewn stone MUR2 (26%)
or squared MUR3 (22%), with a reduced presence of sub-types MUR2/3_SCA (5%) and
MUR2/3_CONF (3%). All of the abovementioned typologies were made of good quality
masonry; reduced, however, is the presence of irregular stone masonry irregularly textured
MUR1 (18%). There was also a significant presence of reinforced concrete buildings, with
the oldest in the CAR1 typology, constituting 21% of the total, and the newest in CAR3,
constituting 5%. In Compartment C02, the presence of MUR2 masonry was still significant
(20%); however, the overall preponderant was the percentage of types characterized by the
presence of reinforced concrete floors (17%) or confined masonry (11%), along with 7% of
MUR3. About a third of the buildings in the compartment were made of reinforced concrete
(35%), with a predominance of the most vulnerable CAR1 buildings (20%), constructed
without an adequate earthquake-proof design. With reference to the height, for buildings
in Compartment C01, 58% were 2- or 3-story masonry (44% in C02), while only 15% (14%)
were 4-story masonry, a feature that increases their seismic vulnerability.

The reinforced concrete buildings in the two compartments were predominantly
3–4 stories, while only 2.5% in Compartment C02 had more than 4 stories. Although the
data on the construction period provided by the ISTAT census and by experts’ estimations
presented a reduced reliability level, overall, it can be considered that, in the historic
center, there is a significant presence of buildings constructed after the 1970s, a period
in which the memory of the Belice earthquake of 1968 was alive. This circumstance led
to the use of earthquake-resistant features both in the consolidation works of existing
buildings (curbs and rigid slabs in RC), as well as in the construction of new buildings with
confined masonry, making it possible to reduce their seismic vulnerability. It also favored
the construction of RC buildings with anti-seismic designs (frames in two orthogonal
directions and lattice foundations with inverted beams).

4. Seismic Vulnerability

The first operation required for the assessment of seismic vulnerability using the
Macroseismic method [20] and exposure estimates through the CARTIS form was the
assignment to each of the CARTIS types of a corresponding type derived from the EMS-98
macroseismic scale [39].

For typologies MUR1 and MUR2 of both compartments, it was simple to identify the
corresponding typologies among those obtained from the macroseismic scale EMS 98; in
particular, these were types M1 (rough stone masonry) and M3 (squared stone masonry),
respectively. On the other hand, for typology MUR3, it was necessary to derive the
two sub-typologies MUR2/3_SCA and MUR2/3_CONF, which, respectively, identified
constructions with rigid reinforced concrete floors and constructions with confined masonry.
The first of these two sub-typologies can be associated with the M6 typology of the EMS 98
classification, and the second to the M7 typology.

Table 2 summarizes the abovementioned correspondences and the corresponding
most-probable values (white values) of the vulnerability index VI* of the macro-types.

It should be noted that, in order to define the characteristic value of the vulnerabil-
ity index of CARTIS sub-typologies, it was still necessary to use the vulnerability index
modifiers DVI [20]. Behavior modifiers were divided into two broad categories: the first
one included regional modifiers of the vulnerability index DVIR, introduced to take into
account the different characteristics of the typologies built in the region or geographical
area where the studied building stock was located; this modifier can be assessed based on
the characteristics of local construction techniques, thanks to the judgment of an expert.
The second category included the behavior modifiers DVIM that took into account all those
characteristics of the building, not strictly characterizing the type, which significantly mod-
ified the expected seismic response. Many of them were coded, usually through a statistical
regression of the data on the variability of damage detected after real seismic events.
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Table 3 presents the values of the modifiers, differentiated for masonry and reinforced
concrete structures, according to the level of seismic design.

Table 3. DVIM vulnerability index modifiers.

Behaviour Modifier
Masonry

Reinforced Concrete

Seismic
Design Level

Without Moderate High

DVIm DVIm DVIm DVIm

State of preservation
Good −0.04 Good - - -

Bad 0.04 Bad +0.04 +0.02 0

Number of floors

Low (1–2) −0.08 Low (1–3) −0.02 −0.02 −0.02

Medium (3–5) 0 Medium (4–7) 0 0 0

High (≥6) 0.08 High (≥8) +0.04 +0.04 +0.04

Structural system

Wall thickness

−0.04 – +0.04

Short columns +0.02 +0.01 0

Wall distance Bow-windows +0.04 +0.02 0

Wall connection

Plan irregularity
Geometry

+0.04
Geometry +0.04 +0.02 0

Mass distribution Mass +0.02 +0.01 0

Vertical irregularity
Geometry

+0.04
Geometry

+0.04 +0.02 0
Mass distribution Mass

Superimposed floors +0.04

Roof Weight, thrust and connections +0.04

Retrofitting
interventions −0.08 – +0.08

Aseismic devices Barbican, Foil arches, Buttresses −0.04

Aggregate building
position

Middle −0.04
Insufficient

aseismic joints
+0.04 0 0Corner +0.04

Header +0.06

Typological
discontinuity +0.03

Aggregate building
elevation

Taller on 2 sides +0.04

Taller on 1 side +0.02

Shorter on 2 sides −0.04

Shorter on 1 side −0.02

Foundation Different level +0.04
Plinths +0.04 0 0

Isolated beams −0.04 0 0

A regional modifier was added for typology M7, confined masonry, to account for
the fact that confined masonry in Sicily is more often made with calcarenite blocks, in-
stead of the more common and more resistant solid bricks. This modifier had a value of
DVIR,M7 = +0.06.

The DVI values of the behavior modifiers were attributed to the different typologies by
means of weights wi that indicate the percentages of buildings of the typology that present
that particular characteristic. The sum value of the vulnerability index modifiers Σ wi DVIM
and final values VI of the characteristic vulnerability index for the CARTIS sub-typologies
thus obtained (VI = VI* + Σ wi DVIM,i) are presented in the last two columns of Table 2. It
can be seen that, for masonry typologies, the application of the behavior modifiers produced
an increase in the vulnerability index. In particular, in Compartment C01, the increase
was about 10% of the characteristic value of the EMS98 typology for MUR1 and MUR3
typologies, and 17% for the MUR2 typology, due to a higher percentage of roof spread and
a smaller presence of local strengthening interventions. The change in the vulnerability
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index of confined masonry was particularly significant (38%), due to the presence of the
regional modifier DVIR,M7. The increases in the vulnerability index in Compartment C02
were smaller, thanks to the reduced irregularities in the plan and elevation and the better
connection of roofs to the masonry walls, especially for the MUR2 and MUR 3 types. The
changes in the vulnerability index for reinforced concrete types, in both compartments,
were extremely small and all negative, except for CAR1 in Compartment C02, due to the
absence of seismic joints in accordance with the standards and the presence of a significant
percentage of buildings that were irregular in plan and/or elevation or had an irregular
distribution of infill.

In order to summarize the difference in seismic vulnerability between the two com-
partments, it was possible to estimate an average vulnerability index of the compartment
through a weighted average, according to the percentages of the presence of the vulnerabil-
ity indexes of each type. Thus, the values of VI= 0.747 for Compartment C01 and VI = 0.696
for Compartment C02 were obtained. The difference was mainly attributable to the higher
percentage of reinforced concrete buildings available in Compartment C02 and their lower
vulnerability.

5. Assessment of Exposure and Vulnerability through Building-Scale Survey

As can be observed from the procedures and data presented above that the expo-
sure estimates conducted with the described procedure were strongly influenced by the
estimated percentage of a given type within the compartment. Moreover, the variation
in the vulnerability index related to detailing characteristics (influence of modifiers) was
significant for masonry types, while this variation was much lower in the case of reinforced
concrete structures.

Apparently, a more accurate estimate of exposure and vulnerabilities could be achieved
by surveying individual structural units. As is shown, this approach lead to total reliable
estimate, only if the survey was performed with great thoroughness, through an inspection
of the individual unit from the inside too, and an interview with the owner who could
provide details about the construction that could not be obtained by a cursory survey. This
procedure was so time-consuming and costly that it was possible to adopt it only for small
areas. More frequently and over larger territories, it was possible to conduct a cursory
building-scale survey, limited to a photographic survey and an inspection from the outside
of the building. In this case, structural features were often not clear, and the survey and
attribution of these features were strongly affected by the surveyor’s knowledge and skill
in correctly identifying elements representative of these features.

Based on these premises, the results of an investigation performed through cursory
surveys conducted from the outside of the building are presented. The evaluation was
conducted through a complete photographic survey of the units, the support of images
from the web, and a subsequent in-depth investigation through additional on-site surveys.
The photos and results were reported on a geo-referenced database, which was used as
support for the calculation of the vulnerability index of the individual structural unit.
The parameters of structural interest that were surveyed were the following: number of
floors, number of raised floors, state of preservation, regularities in plan and elevation,
type of masonry or type of characteristic framed structure, material of the elevation, type
of floors, type of roofing, presence of openings near the eaves, percentage of openings on
the ground floor, position in aggregate and interaction with adjacent buildings, presence
of earthquake-resistant devices, and presence of seismic strengthening or improvement
interventions.

As an example, thematic maps showing the number of floors (Figure 4a) and the
state of preservation (Figure 4b) of residential buildings are presented in Figure 4. The
former shows the prevalence of 2- and 3-story buildings in Compartment C01, while the
percentage of 4-story buildings, which are more vulnerable to seismic action, is significant
in Compartment C02. The second map shows a prevalence of good or at least sufficient
states of preservation.
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The units with a plastered elevation, for which the masonry type could not be as-
signed with a high degree of accuracy, are presented in light blue (Figure 5a). In fact, the
architectural characteristics allowed one to identify, with a certain reliability, among the
plastered structures, those that were reinforced concrete, while the attribution of masonry
typology was not as simple, except in the presence of strongly characterizing typological
indicators [38,42]. The high percentage of buildings with plastered walls (31.6%) affected
the accuracy of the cursory building-scale survey for the seismic vulnerability assessment.

Aiming at overcoming this problem, based on the previous studies, it was found
that the age of construction of the building and the number of floors were among the
parameters most correlated with masonry type. Therefore, since only the number of floors
could be attributed to the individual building with a high level of reliability, it was chosen
to attribute to plastered buildings a value of the most probable vulnerability index VI* as
a function of the number of floors. The value for each number of floors was obtained as
a weighted average according to the abundance of buildings of different types and the
corresponding most-probable vulnerability indices EMS98.

Table 4a presents the percentages of different types of masonry buildings divided
by floors and the value of the most probable vulnerability index attributed to plastered
buildings. It can be observed that, as the number of floors increases, the percentage of
buildings in the least-vulnerable classes increases, and thus the “initial” value of the most
probable vulnerability index decreases as the number of floors increases. This feature
should not be confused with the influence of height on a building’s seismic vulnerability,
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which has an opposite correlation, but represents the correlation between the material
of the vertical load-bearing elements and number of floors. Table 4b compares the rates
of each building typology predicted by the building-scale and CARTIS surveys. The
results highlight the difficulty of the building-scale survey in identifying both buildings
with confined masonry, which are largely underestimated, and RC buildings designed
according to the most recent seismic code. However, the overall estimation rates for
masonry buildings provided by the two survey approaches were similar, i.e., 0.73 and 0.67;
although, the differences in the distribution across the three different masonry building
typologies were quite significant (especially for the MUR3 typology). This circumstance
affected the vulnerability estimations since these characteristics significantly reduced the
vulnerability of both masonry and reinforced concrete buildings.

Table 4. (a) Percentages of masonry building types divided by floors and most-probable vulnerability
index for plastered buildings; (b) estimated percentage presence types for the entire historic center.

(a)

M1 M3 M6 M7

VI*/floors 0.837 0.74 0.616 0.511 VI*PI

1 42% 53% 3% 2% 0.787

2 31% 56% 9% 4% 0.762

3 16% 65% 16% 3% 0.735

4 15% 51% 29% 5% 0.713

(b)

Construction Typology Building CARTIS

MUR1 0.16 0.12

MUR2 0.22 0.21

MUR3 0.20 0.10

MUR23_SCA 0.12 0.15

MUR23_CONF 0.03 0.09

CAR1 0.20 0.20

CAR2 0.08 0.05

CAR3 0.00 0.08

Figure 5b presents the distribution of the most probable vulnerability index estimated
once the values of VI* were attributed to the building with the plastered walls based on
the abovementioned procedure. Then, for each unit, the values of the sum of the DVI
behavior modifiers were evaluated according to the same criteria used for CARTIS types;
their planimetric distributions are represented in Figure 6a. Lastly, the algebraic sum of VI*
and DVI for each individual unit provides the final estimated value of the vulnerability
index (Figure 6b).

Figure 6a shows that the buildings with negative values for the behavior modifier
DVI are very few and the most can be identified in the zone of the town in which the
areas of the city where the detailed characteristics increase the vulnerability. Thus, a
comparison between Figures 5b and 6b shows that, overall, the behavior modifiers increase
the vulnerability estimate as well as the areas of the historic center that are characterized
by the greatest vulnerability.
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6. Comparison of Compartment- and Building-Scale Surveys

Table 5 shows, for the entire historic center, the effect of the behavior modifiers on the
evaluation of the vulnerability indexes for the different types estimated with the building-
scale analysis (for non-plastered buildings).

Table 5. Vulnerability index values estimated by the building-scale survey.

MUR1 MUR2 MUR3 MUR23_SCA MUR23_CONF RC1 RC2

Most prob. Vuln. Index VI 0.873 0.740 0.740 0.616 0.511 0.644 0.484

Average prob. Index VI 0.870 0.753 0.770 0.643 0.537 0.653 0.494

Standard Deviation 0.081 0.077 0.090 0.073 0.078 0.071 0.065

Coeff. of Variation 0.093 0.103 0.117 0.113 0.145 0.109 0.131

Min 0.653 0.530 0.560 0.456 0.331 0.504 0.344

Max 1.000 1.000 1.000 0.846 0.659 0.904 0.644

Variation Range 0.347 0.470 0.440 0.390 0.328 0.400 0.300

Variation of av. Value % 0.389 1.698 4.101 4.421 5.077 1.323 2.105

Variation range % 60.252 36.486 40.541 36.688 35.812 37.888 38.017

The table shows the statistical parameters (mean, standard deviation, coefficient of
variation, lower and upper extremes and width of the variation range, percent change in
the mean value, and percent of the width of the variation range with respect to the mean
value) of the vulnerability index for each of the CARTIS types. The percentage values of the
variation range, ranging from 35.8% for MUR2/3SCA up to 60.2% for MUR1, show that the
influence of modifiers at the building scale is very significant on the individual building.
However, it produces a modest average value of VI for the typological class. Excluding the
effect of the regional modifier, the greatest variation in the average value was found for the
MUR2/3_CONF typology and was 5.1%, while it was only 0.4% for the MUR1 typology. A
comparison with the influence of modifiers estimated with the compartment-scale survey,
highlighted by the results shown in Table 2, shows that, in this case, the influence on the
VI value is significant, being equal to 22% for MUR2/3_CONF (excluding the rate due
to the regional modifier), standing at values close to 10% for most masonry types and
with smaller variations for reinforced concrete types. These circumstances had relevant
repercussions on the expected mean damage (vulnerability curve) and damage distribution
(fragility curve) estimations as the intensity of the seismic event changes for each building
typology; however, the influence was greatly reduced when an overall assessment of the
expected damage was performed.
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7. Results

The results obtained based on the compartment-scale survey, using the procedure
described above, are initially shown. Figure 7a compares the average damage curves, as the
macroseismic intensity changes, for the typologies of the historic center, obtained with the
vulnerability index evaluated by the compartment- (solid line) and building- (dotted line)-
scale surveys, respectively. The curves show, for fixed seismic event intensity, the greater
expected damage in higher-vulnerability masonry buildings (MUR1), the lower propensity
for damage in buildings with RC on good-quality masonry (MUR23_SCA), the effectiveness
of masonry confinement in reducing the expected damage (MUR3_CONF), which is close to
that expected in non-seismically designed RC buildings (CAR1), and the reduced damage
expected in RC buildings designed in accordance with the recent earthquake-resistant
legislation (CAR3). A comparison between the curves obtained with the two different
scales of the survey campaign highlights the significant increase in the average damage
expected for the masonry types, above all for the more vulnerable MUR1 and MUR2, for
the survey at the compartment scale, and the negligible variation for reinforced concrete
buildings.
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The fragility curves for masonry buildings with reinforced concrete slabs MUR23_SCA
in Figure 7b show how, through the damage distribution probability function presented in
Equation (2), it is possible to predict, for each masonry type, the probability to exceed a
given damage level as the macroseismic intensity varies. The increase in the vulnerability
index obtained with the survey campaign at the compartment scale compared to that at the
building scale presented, as a consequence, a similar increase in the probability of damage
overcoming for all levels of damage.

The expected damaged based on the compartment-scale survey, using the procedure
described above, are initially shown. In more detail, Figure 8 shows the maps of the mean
values of the expected damage for two different macroseismic intensity levels, evaluated
based on the data derived through the building-scale survey. The first one, for macroseismic
intensity I = 6 (Figure 8a), roughly corresponding to an earthquake with a return period
RP = 30 years, shows that moderate damage is expected for this seismic intensity. In
the second one, related to macroseismic intensity I = 9 (Figure 8b), slightly higher than
that corresponding to a return period of 975 years, the number of buildings experiencing
substantial-to-severe damage, with moderate structural damage and severe nonstructural
damage (D ≥ 3), is significant.
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Taking advantage of the relationship presented in Equation (7), which links the macro-
seismic intensity to the seismic acceleration peak value, and the seismic hazard estimation
provided in the present Technical Standards for Construction (MIT, 2018), assuming that,
in a simplified way, the entire historic center is built on category-B soil (stratigraphic am-
plification coefficient S = 1.2), it was possible to provide an estimate of the foreseeable
damage for seismic events with return periods RP of 30, 50, 475, and 975 years, whose
corresponding to peak values of the acceleration at the foot of the structure are: 0.04, 0.05,
0.14, and 0.19 g (g = gravity acceleration).

The overall data for the entire historic center derived from the compartment-scale
analysis are shown for four different seismic action return periods in Figure 9a.

Appl. Sci. 2023, 13, 7092 17 of 20 

Figure 9. Damage scenarios: (a) historic center; (b) SLO (RP = 30 years); (c) SLD (RP = 50 years); (d) 
SLV (RP = 475 years). 

The figure shows that, for RP = 50 years, 20% of buildings suffer significant damage 
to non-structural elements (D ≥3), while, for RP = 475 years, more than one third of build-
ings suffer severe structural damage and very severe non-structural damage (D ≥ 4). Fig-
ure 9c, which shows the damage distribution among the different types for a seismic event 
with RP = 475 (corresponding to the Life Protection Limit State SLV) points out that ma-
sonry types with deformable horizontals (MUR1, MUR2, and MUR3) are those that par-
ticularly suffer significant damage to the structural elements. A significant number of re-
inforced concrete structures designed without anti-seismic measures (CAR1) suffer mod-
erate structural damage, while only about 50 of these and an equal number of confined 
masonry structures suffer severe structural damage. For the more recent reinforced con-
crete types, a significant number of buildings with moderate or greater structural damage
is not expected. 

In Table 6, the percentage difference of the damage distribution in the buildings in 
the historic center evaluated by the survey at the compartment scale and the survey at the 
building scale, respectively, is presented. The greatest increases in the expected damage 
percentage were observed for high structural damage (D5) for return periods of the seis-
mic action equal to or longer than 475 years. For a seismic action return period of 50 years, 
there was an increase of 2.29% of buildings suffering from moderate structural damage 
(D3). However, overall, the variation in expected damage was compatible with the overall 
degree of uncertainty that characterized these damage scenarios.

Table 6. Percentage difference of the distribution of damage to buildings in the historic center eval-
uated by survey at the compartment scale compared to the survey at the building scale.

RP D0 D1 D2 D3 D4 D5 
30 years −3.43 −1.10 2.00 1.77 0.69 0.07
50 years −1.11 −3.68 0.76 2.29 1.47 0.26
475 years 4.43 −1.61 −4.34 −3.26 1.01 3.77
975 years 3.91 0.23 −3.14 −4.52 −1.43 4.95
Red color indicates positive variation, green color indicates negative variation. 

Figure 9. Damage scenarios: (a) historic center; (b) SLO (RP = 30 years); (c) SLD (RP = 50 years);
(d) SLV (RP = 475 years).

The figure shows that, for RP = 50 years, 20% of buildings suffer significant damage
to non-structural elements (D ≥ 3), while, for RP = 475 years, more than one third of
buildings suffer severe structural damage and very severe non-structural damage (D ≥ 4).
Figure 9c, which shows the damage distribution among the different types for a seismic
event with RP = 475 (corresponding to the Life Protection Limit State SLV) points out that
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masonry types with deformable horizontals (MUR1, MUR2, and MUR3) are those that
particularly suffer significant damage to the structural elements. A significant number
of reinforced concrete structures designed without anti-seismic measures (CAR1) suffer
moderate structural damage, while only about 50 of these and an equal number of confined
masonry structures suffer severe structural damage. For the more recent reinforced concrete
types, a significant number of buildings with moderate or greater structural damage is not
expected.

In Table 6, the percentage difference of the damage distribution in the buildings in
the historic center evaluated by the survey at the compartment scale and the survey at the
building scale, respectively, is presented. The greatest increases in the expected damage
percentage were observed for high structural damage (D5) for return periods of the seismic
action equal to or longer than 475 years. For a seismic action return period of 50 years,
there was an increase of 2.29% of buildings suffering from moderate structural damage
(D3). However, overall, the variation in expected damage was compatible with the overall
degree of uncertainty that characterized these damage scenarios.

Table 6. Percentage difference of the distribution of damage to buildings in the historic center
evaluated by survey at the compartment scale compared to the survey at the building scale.

RP D0 D1 D2 D3 D4 D5
30 years −3.43 −1.10 2.00 1.77 0.69 0.07
50 years −1.11 −3.68 0.76 2.29 1.47 0.26
475 years 4.43 −1.61 −4.34 −3.26 1.01 3.77
975 years 3.91 0.23 −3.14 −4.52 −1.43 4.95

Red color indicates positive variation, green color indicates negative variation.

8. Conclusions

An investigation of the seismic exposure and vulnerability of the historic center
of Alcamo was performed, based on the building stock characterization according to
two approaches: the first approach, consistent with the CARTIS form procedure, required
the subdivision of the historic center into compartments, which are homogeneous zones in
terms of building characteristics distribution.

The second approach was based on a cursory survey of the characteristics of each
individual building, conducted through external inspections. The reliability of the data
gathered by the two procedures was discussed, highlighting that each of the two procedures
presents weaknesses. In more detail, the results obtained by the survey at the compartment
scale are strongly dependent on the estimate of the percentage of each typology distribution
within the compartments, and the descriptions of the typologies features that character-
ize the expected seismic behavior have major influences on the attributed vulnerability
indexes. It was highlighted that, for the case study, it leads one to predict a significant
increase in vulnerability, especially for the oldest and most-vulnerable masonry types. By
contrast, the variations in the vulnerability index produced by the behavior modifiers for
exposure assessment campaigns conducted at building scales, while significantly influ-
encing the vulnerability of the single building, tended to compensate for all the buildings
in the compartment, resulting in average vulnerability values close to those predicted by
compartment-scale analyses.

The subsequent evaluation of the expected damage distribution, as a function of
the seismic intensity, together with the seismic hazard characterization provided by the
earthquake codes, at present, allowed for the derivation of damage scenarios. The latter,
although evaluated under simplifying assumptions that reduced their accuracy, proved
that the overall exposure estimates provided by the vulnerability survey at the two different
scales, although with some discrepancies, were comparable.
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