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Abstract: Assessing the seismic vulnerability of existing buildings at the territorial scale is a crucial
aspect for seismic-prone regions to properly plan effective strategies for disaster risk management.
This paper presents a simplified methodology for the seismic vulnerability assessment of existing
masonry and reinforced concrete buildings. The main purpose is to provide a tool able to evaluate
the vulnerability of large building stocks, with the aim of defining priorities for further investigations
or interventions. The procedure, inspired by methods in the literature devoted to the large-scale
evaluation of structural vulnerability, allows defining the collapse peak ground acceleration (PGA.)
through the evaluation of the resisting shear force, the latter being estimated by mechanical con-
siderations and by taking expert judgment into account to consider the real structural complexities
involved. A classification is proposed, which aims to categorize buildings within homogenous
groups characterized by a level of seismic vulnerability belonging to given intervals. The method
was calibrated with reference to several case studies in order to reach a sufficient level of reliability in
the vulnerability estimate and was then applied to a significant number of school buildings in the
province of Ravenna, Italy. For some of them, the simplified methodology was validated through
comparisons with results obtained by means of vulnerability assessment procedures based on finite
element analyses.

Keywords: seismic vulnerability; building stock; masonry buildings; reinforced concrete buildings;
simplified methodology; territorial scale

1. Introduction

Seismic-prone countries throughout the world face the problem of assessing seismic
risk, especially in urban environments, to implement efficient managing strategies for
disaster risk reduction [1-3]. The seismic vulnerability of existing masonry and reinforced
concrete (RC) structures is evident from the damage observed in the aftermath of severe
earthquakes that have occurred in the last few decades [4-6], which also involved relevant
buildings such as schools [7,8]. To reduce the devastating effects of seismic events, it is
urgent to evaluate the vulnerability of building stocks with the aim of planning mitigation
policies and structural strengthening interventions [9].

In the literature, several procedures for the seismic vulnerability assessment of existing
buildings can be found, which can be classified as empirical, analytical, or hybrid methods,
the latter being a combination of the former two [10]. Empirical methods are mainly based
on visual inspections and on observational damage data obtained in post-earthquake sur-
veys [11-14], while analytical methods generally require an accurate assessment through
numerical analyses [15-20]. According to a recent classification, analytical methodologies
can be further subdivided into detailed and simplified approaches [21]. The main outcome
of these methodologies, applicable at the regional scale, is the evaluation of fragility func-
tions, which are able to describe the probability of specific building typologies experiencing
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a given damage level for an assumed earthquake scenario. In these procedures, it is essen-
tial to account for different sources of uncertainties, mainly related to the seismic input, the
variability of geometrical and mechanical parameters for buildings pertaining to a specific
typology, and the definition of damage states [22]. It should be highlighted that the choice
between an empirical, analytical, or hybrid methodology should be based on a balance
between the accuracy of the obtainable results, the computational effort required, and the
amount of information and resources necessary to achieve the objective of the seismic risk
assessment [10].

For large building stocks, simplified methodologies must be applied due to time and
economic constraints, which give information about the safety of existing buildings but
with limited effort. With this purpose in mind, a multi-level approach can be applied [23,24]:
a first-level assessment is aimed at identifying the most vulnerable buildings, on which
second- and third-level assessments can be applied with increasing levels of accuracy.
First-level assessments, such as rapid visual screening (RSV) empirical methodologies are
mainly based on the collection of qualitative information about the investigated buildings,
achievable through on-site surveys and visual inspections [25,26]. Different predefined
forms are available for the collection of this information, being that these methodologies
are applied throughout the world [27]. The most important information to be gathered
during inspections concerns topological aspects, structural configuration in plan and in
elevation, the state of damage, typological structural details, etc. The expected outcome
of a first-level assessment is the categorization of buildings into vulnerability classes, for
which priorities for further in-depth analyses can be defined. While the main advantage of
RSV methods is their fast and quite easy implementation, the main disadvantage is the lack
of a quantitative evaluation of the capacity of the investigated buildings.

The objective of the present research is to propose a simplified vulnerability assessment
methodology, classifiable as a first-level hybrid approach, applicable to both masonry
and RC buildings, with the aim of obtaining a homogeneous vulnerability classification
between the two typologies. The methodology makes it possible to combine the qualitative
information obtainable through on-site inspections with a quantitative assessment of the
building collapse peak ground acceleration (PGA.), making use of simplified mechanical
considerations without considering nonlinear models [28], which may be arbitrary when
information about collapse mechanisms or materials is not complete and may be applicable
only to simple structural schemes. The transition from the theoretical calculation scheme to
the real conditions of the building, which can highlight possible structural critical issues
not specifically considered in the capacity calculation, is implemented through expert
judgment following the on-site survey, according to well-established methodologies [29].
The preferential subject of the proposed method is represented by buildings belonging
to large stocks, for which an indicative but uniform seismic vulnerability level is to be
assessed in order to define a priority ranking for subsequent actions, i.e., more accurate
assessments or interventions.

2. Description of the Proposed Methodology

The simplified methodology proposed for the vulnerability assessment of existing
masonry and RC buildings is organized in the following steps (Figure 1): (i) the collection
of technical information with the aim of improving the structural knowledge about the
construction; (ii) the estimation of the capacity of the structural system in terms of PGA,
corresponding to the life safety (LS) limit state; and (iii) the identification of a vulnerability
class for the building under investigation based on the capacity-to-demand ratio. Even
though there is no consensus about the intensity measure (IM) that is better correlated to
damage or to the collapse risk of various types of buildings (e.g., spectral accelerations
according to [30,31] or, on the contrary, PGVs according to [32]), in the present study, the
choice of acceleration as the IM is mandatory because a mechanical model to assess the
vulnerability of the structure is adopted, which requires forces (and then, accelerations).
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Figure 1. Scheme of the proposed methodology.

2.1. Collection of Information for Structural Assessment

When dealing with the seismic vulnerability assessment of existing structures, an
essential requirement is the achievement of a sufficient knowledge level of the building
under investigation, as prescribed by national and international standards [33-35]. The
knowledge of the building represents, indeed, the base for any type of structural analysis
and consequently, the safety assessment and the design of efficient strengthening interven-
tions, if needed. It can be achieved by means of historical analysis, considering a variety of
sources including available documentation, relevant data sources (e.g., codes and standards
of the time of construction), in situ investigations, and when applicable, in situ testing.
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During field investigations, it is recommended to carry out a general survey of the
building to verify the correspondence of the current state of the construction with the one
deduced from documents previously collected (e.g., drawings, historical documents, and
original design, when available), including modifications occurred over time. Besides a
geometric and a photographic survey, it is fundamental to identify the structural system
and the relevant characteristics for a seismic assessment, namely the type of foundations,
the geometry and details of the structural elements (e.g., walls, beams, columns, etc.), slab
and roof typologies, non-structural elements, the pre-existing damage state, and the quality
of the constituent materials.

In the framework of the simplified method proposed here, a specific procedure has
been defined, depending on the structural typology, where the following field investigations
should be at least carried out:

e  Masonry buildings: (i) the identification of the masonry typologies and corresponding
bond pattern and (ii) the evaluation of the quality of the connections between masonry
walls and between horizontal and vertical structural elements. These operations can be
performed in situ by removing a portion of plaster, if present, on at least two masonry
walls to be selected as representative of the construction, according to the knowledge
procedure previously carried out.

e Reinforced concrete buildings: (i) the identification of the type of reinforcement (i.e.,
number, diameter, and position of rebars, as well as concrete cover thickness) in some
representative columns of the building, at least one column per floor and (ii) an esti-
mate of the concrete quality. These investigations can be done using pacometer tests,
visual inspections, or sclerometer tests on the columns considered to be representative
of the resisting elements on each floor. The column strength for horizontal actions is
mostly related to its flexural behavior and thus to the amount of steel rebars rather
than to the concrete strength.

The mechanical properties of the materials can also be determined considering original
design specifications, if available, or default values in accordance with standards at the
time of construction or with the literature indications. For masonry structures, it is possible
to refer to the strength values reported in the Italian Building Code [34,35] for the specific
masonry typologies, as well as to recommendations of regional authorities following spe-
cific typological studies [36]. Appropriate safety factors, depending on the investigated
materials, and confidence factors, to consider the level of knowledge attained during the
investigation, should be used for the definition of design values for the verifications [33-35].
In the absence of more detailed indications, to properly account for uncertainties in the eval-
uation of the material properties, the maximum confidence factor, equal to 1.35 according
to Eurocodes and the Italian Building Code, should be used.

2.2. Evaluation of Structural Capacity (PGA¢)

Being masonry and RC structures characterized by different collapse mechanisms
in the event of an earthquake, two different simplified models will be described in the
following sections for the evaluation of their structural capacity.

2.2.1. Masonry Buildings

The evaluation of the collapse PGA, for masonry buildings is carried out floor-by-floor
under the assumption of having rigid floors adequately connected with vertical elements
and spandrels able to provide a good coupling between the vertical masonry piers, i.e.,
the condition of strong spandrels—weak piers [37]. Accordingly, the shear capacity of
the building can be calculated by considering the in-plane shear capacity of the resisting
masonry piers on each floor, taking into account the possible failure modes for a masonry
panel subject to a horizontal load, i.e., diagonal cracking, sliding and rocking, and the
corresponding failure criterion.
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In more detail, the shear resistance for the generic i-th floor of a masonry building is
evaluated by identifying two principal directions (x and y) and by quantifying the resisting
areas of the masonry piers (4, ; and A, ;), as follows:

wa,i
sz - E Ax,i,n

Ny (1)
Ay,i - Z Ay,i,n

n=1

where A, ;, and A, ; , are the resisting areas of the n-th masonry pier belonging to the i-th
floor in the x and y direction, respectively, while Ny, ; and Ny, ; indicate the number of ma-
sonry piers, i.e., resisting elements, on the i-th floor along the x and y direction, respectively.
Resisting elements can be identified as the walls continuous from the foundation to the
roof with a minimum width of one meter [34,35].

Irrespective of the failure criterion considered, the in-plane shear strength of ma-
sonry elements depends on the acting compressive stress o( ;, which can be calculated, in
simplified form, as the weight of the upper floors divided by the total resisting area.

N
kZ.Wk
o= =t 2
0,i Ax,i+Ay,i ( )
If Wi is evaluated on the i-th floor, the following expression holds:
(Ayi+Ayi)-hi
Wi = qi - Atot,i ( = A y,l : 'Pm,i+Ps,i> “ Atoti- 3)
tot,i

In the previous equations, g; is the load per unit surface corresponding to the i-th floor,
Ayt ; is the overall surface of the floor, £; is the height of the i-th floor, p,, ; is the weight
density of the masonry, p;; is the load per unit surface given by the dead and live loads
in the characteristic combination (i.e., seismic combination), and N is the total number of
floors. It should be noted that in the evaluation of the acting compressive stress, the vertical
loads are uniformly distributed across all the masonry piers and the stress variation due to
seismic action is not taken into account.

The resisting shear V,; for the i-th floor can then be computed by considering the
weakest direction among x and y, according to the Turnsek and Catovi¢ (TC) criterion [38]
or, alternatively, to the Mann and Miiller (MM) failure criterion [39], as follows:

1-5T0d 1 00,i

VrTc,i = Amin,i : T 1570 (4)
Amini ( food n

V. . Zlmini 00, ), 5

MM b 1+H¢+1+H¢GO'1 ®)

where A, ; is the minimum area between A,; and A ;, b is a coefficient depending on
the slenderness of the masonry piers, ranging from 1 (squat elements) to 1.5 (slender
elements) [35], and oy is the average compressive stress on the masonry elements on the
i-th floor—see Equation (2). For the TC criterion (Equation (4)), To; represents the design
values of the masonry shear strength according to a diagonal cracking failure mode. For
the MM criterion (Equation (5)), foy, is the design shear strength for a sliding failure mode,
u is the local friction coefficient, and ¢ is a parameter related to the masonry pattern,
which can be calculated as ¢ = 2h/1, h and | being the height and the length of the bricks,
respectively. The choice between the TC and MM failure criteria can be made by considering
the masonry typology under investigation. Typically, the TC criterion can be adopted for
irregular masonry typologies (e.g., irregular stone masonry), while the MM failure criterion
can be considered for regular masonry typologies (e.g., regular stone or clay brick masonry)
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for which the diagonal cracking mechanism occurs with a stair-stepped path through the
masonry joints [35].

In terms of failure mode, in order to take into account the flexural resistance of the
masonry piers, which can limit the overall resistance in the case of slender elements,
both slenderness and vertical stresses on the masonry piers should be considered and, as
a consequence, the analysis should not be performed floor-by-floor as in the proposed
method. Nevertheless, for the simplified and fast methodology proposed here, it might be
impractical to collect this information and carry out specific load analyses for every single
pier. At the same time, it should also be highlighted that slender piers are characterized by
a high flexibility, so they carry a lower amount of shear force compared to squat panels, and
observed damage after past seismic events indicate that even with the occurrence of flexural
cracks, slender panels maintain their ability to transfer vertical stresses and eventually fail
due to diagonal cracking [5,40,41]. For these reasons, the flexural criterion is not further
discussed here. However, in case of the availability of the mentioned information and data,
the shear resistance corresponding to the flexural failure can be evaluated according to
the analytical formulations reported in the standards [34,35] or according to simplified
procedures proposed in the literature [42,43].

The evaluation of the acting shear force on the masonry piers to be compared with
the capacity is carried out by considering a linear static seismic analysis and a distribution
of equivalent static forces (F;) along the height of the building (one per floor), obtained by
imposing a reference acceleration equal to 1g [44].

1% Zj- Wi

Flzlgi

e (6)
g YN,z W

where z; is the height of the i-th floor above the foundations and W; is the weight of a single
i-th floor, while W is the total weight of the building and g is the acceleration of gravity.

The reference acting shear V,; on the i-th floor is then computed as the sum of the
shear forces acting on the floors above the i-th one, as

N
Vei=Y_ F (7)
k=i

The ratios between the resisting and reference acting shear V,;/V ; allow evaluating
the structural performance for each floor of the masonry piers to identify the weakest floor,
which corresponds to the minimum value of that ratio, and consequently, to the definition
of the resistance of the building in terms of the spectral acceleration (S,), which corresponds
to the attainment of the failure of the weakest floor. Indeed, since the reference acting
shear V ; is computed considering a unitary acceleration, the ratio V,;/V;; corresponds
to an acceleration on the structural masses, expressed as a fraction of the gravitational
acceleration g [43].

The spectral acceleration S;, obtained as previously described, is a conventional value
of the capacity of the building and should be corrected to account for real structural
complexity. With this purpose, several parameters related to structural components and
characteristics of the buildings are introduced for the evaluation of a reduction coefficient
(Cyig), which multiplies the conventional capacity S, previously obtained, making it more
realistic. These parameters, listed in Table 1, were firstly proposed in the II-level seismic
vulnerability assessment form of the Italian Group for Protection against Earthquakes
(GNDT), denoted as the GNDT form in the following [29]. Among the eleven parameters
of the GNDT form, parameter no. 3, related to the estimation of the conventional capacity
of the building, is not considered in this procedure because that parameter is quantitatively
evaluated as previously described. For each of the ten remaining parameters, a vulnerability
class from A (best class) to D (worst class) and a corresponding score are associated with
them [45], together with a relative weight of that parameter to take the different relevancies
of the various parameters into account—see Appendix A for further information. Scores



Buildings 2024, 14, 2890

7 of 23

and weights, whose product can be used in vulnerability index methods [10] to evaluate a
global vulnerability index for a building, were determined according to observed damage
in post-earthquake surveys [45]. The weights are constant for most parameters, with the
exception of parameters no. 5, 7, and 9, whose variable weights should be calculated for
the specific building under investigation. In more detail, the weight of parameter no. 5
(ws—horizontal structural element) can be calculated as

100
ws = min{O.S- ;1}, 8)
X0

where o is the percentage of the rigid slabs well connected to the masonry walls. The
weight of parameter no. 7 (wy—configuration in elevation) is equal to 0.5 in the presence
of plan irregularities determined only by the presence of porticos on the ground floor;
otherwise, it is equal to 1. The weight of parameter no. 9 (wy—roof typology) is given by
the following equation:

wg =054+ a1 +ay, 9)

where o is equal to 0.25 in the case of reinforced concrete and heavy roofs, i.e., with a
self-weight equal to or greater than 2 kN /m?; otherwise, it is equal to zero; and «; is equal
to 0.25 if the ratio between the roof perimeter and the overall support length is greater than
or equal to 2.0; otherwise, it will be assumed to be equal to zero.

After the identification of the vulnerability class for each parameter, following the
indications reported in [45], the reduction coefficient C,;; can be computed according to the
following expression:

10
- w
Cia=T] 1. P %% | (10)

10
k=1 k21 Pk,D * Wk,D

where p; and wy are the score and the weight associated with the k-th parameter, p;, p and
wy p are the score and the weight assuming the worst vulnerability class (D) for all the k-th
parameters, and « is a coefficient used for the calibration of the methodology. An interval
for the reduction coefficient C,;; can be defined as follows: the minimum value (C;g i)
corresponds to the condition in which all the parameters are classified with a vulnerability
class D, while the maximum value (C,j ;4y) is fixed and equal to 1, corresponding to the
condition in which vulnerability class A is considered for all the parameters. In this work,
the minimum value C,4 ,,;, was determined by applying the proposed methodology to
four school buildings, on which pushover analyses were also carried out considering an
equivalent frame modeling approach [46]. With a parametric analysis carried out on Cyig yin,
the optimal value was found as the one minimizing differences between the results of the
two methodologies in terms of resisting base shear on the investigated buildings, leading
to a value of C,ij i, equal to 0.6.

The spectral acceleration defining the vulnerability of a building, accounting for its
real complexity, is therefore equal to

Sa,c = Crid - Sq. (11)
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Table 1. Parameters, vulnerability classes, scores, and weights of the GNDT form for masonry buildings.

Vulnerability Classes and Scores

N° Parameter (k) Weight
A B C D (wy)
1 Typology and organization of the resisting system 0 5 20 45 1.50
2 Quality of the resisting system 0 5 25 45 0.25
4 Building location and foundations 0 5 25 45 0.75
5 Horizontal structural elements 0 5 15 45 Variable
6 Plan configuration 0 5 25 45 0.50
7 Configuration in elevation 0 5 25 45 Variable
8 Maximum distance between masonry walls 0 5 25 45 0.25
9 Roof typology 0 15 25 45 Variable
10 Non-structural elements 0 0 25 45 0.25
11 State of damage of the building 0 5 25 45 1.00

Finally, to define the seismic intensity corresponding to the life safety limit state, the
value of the spectral acceleration S, should be converted into the corresponding peak
ground acceleration (PGA.) through the following relationship [44]:

PGA, = Sac (12)

7
1
XpM " XAD DT - (,XD”:>

where

e «apy is the modal participation factor, equal to 1 for buildings having one floor above
ground only; otherwise, it is equal to 0.8;
ap is the spectral amplification factor, considered to be equal to 2.5;
apr is a parameter accounting for the dissipative behavior of the structure; for masonry
buildings, it is assigned a value of 0.8 or 1 if the dissipative contribution of non-
structural elements is relevant or not, respectively;

e  «apyc is a ductility factor accounting for the ductile resources of the structure, here
assumed to be equal to 2 (see the following considerations).

In order to set the value to be assigned to the ductility factor opyc, a comparison
between the results of the simplified methodology and of a nonlinear static analysis was
performed, considering a simple masonry building with a regular configuration both in
plan and in elevation (Figure 2a). The characteristics of the building were chosen so as to
have a unitary value of the reduction coefficient C,j4, i.e., all the parameters of the GNDT
form belong to vulnerability class A. To facilitate the comparison, the masonry walls along
the x direction were considered as the only resisting elements; therefore, the walls along
the y direction were given negligible thickness and stiffness. The mechanical parameters
assigned to the masonry are reported in Table 2, with confidence and safety factors set to 1.
A rigid reinforced concrete slab was considered, oriented so as to transfer the vertical load
to the walls along the x direction only.

For the nonlinear static analysis, the building was modeled according to the equivalent
frame method using the software 3Muri v.13 [46] (Figure 2b). With reference to the life
safety limit state, two capacity curves were selected for the comparison, obtained with a
force distribution proportional to the shape of the first mode of vibration applied along
the two +x and —x directions. The capacity curves are reported in Figure 2c and compared
with the value of the resisting shear V, obtained by applying the simplified methodology
previously described, showing a good agreement. It should be mentioned that the failure
mode of the masonry panels on the ground floor (i.e., the weakest floor) was a diagonal
cracking failure mode.
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Figure 2. Comparison between results obtained using the simplified methodology and nonlinear
static analysis. (a) Considered masonry building, (b) equivalent frame model, and (c) pushover
curves vs. resisting shear V.

Table 2. Mechanical parameters of selected masonry.

Parameter Value
Density (kN/m?) 18.0

Elastic modulus (MPa) 4550.0

Shear modulus (MPa) 1137.5
Compressive strength (MPa) 8.0
Shear strength—TC criterion (MPa) 0.09

In order to compare the results, the value of the PGA,, that is, the peak ground
acceleration causing the structure to reach the life safety limit state, was also determined
after the execution of the nonlinear analysis using the N2 method [47]. The values obtained
for the two analyses were PGA. = 3.41 m/ s? (+x) and PGA. = 4.03 m/s? (—x). For the
simplified methodology, Equation (12) was used. The equivalence between the average
PGA, values computed using the N2 method and the PGA, evaluated with the simplified
methodology was obtained for a ductility factor equal to 2.62. Considering the uncertainties
about the determination, during the on-site inspections, of the effective ductile capacity
of the masonry buildings, which could also be significantly affected by the presence of
irregularities, it was decided that for the application of the method on a large scale, a lower
value for the ductility factor would be used, i.e., xpyc = 2.

2.2.2. Reinforced Concrete (RC) Buildings

The evaluation of the collapse PGA, for RC buildings follows a procedure similar to
that used for masonry buildings. It is carried out floor-by-floor, considering the presence of
rigid floors and a shear-type behavior. In general, the shear resistance of the n-th column
on the i-th floor (V, ,, ;) must be calculated by knowing its resisting shear and bending
moment. In the framework of the simplified methodology presented here, it is not possible
to prescribe the survey of the relevant sections for each column of the building. Therefore,
it is recommended to investigate the section of at least one typical column per floor, which
should be representative of the columns of the entire floor, e.g., one column belonging to a
recurring frame. In more detail, for that column, it is necessary to gather information about
(i) the section geometry, (ii) the longitudinal rebars and the shear reinforcements, and (iii)
the mechanical properties of the materials in terms of concrete compressive strength and
steel tensile strength.
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The resisting shear force for a typical column on the i-th floor for the two main
directions of the investigated building (x and y) can be determined as

x — mi x X

Vcol,typ,i = min Vflex,typ,i’ Vshear,typ,i (13)
y — mi Yy .Y ’

Vcol,typ,i = min Vflex,typ,i’ Vshear,typ,i

where Vi typ,i and Vipegr i are the resisting shear forces associated with a flexural or
a shear failure of the column, respectively, both calculated with respect to the x and y
direction.

With reference to the flexural failure mode of the column, on the basis of the mechan-
ical properties of the materials and the percentage of steel reinforcement, it is possible
to calculate the resisting bending moment (Mc1p,i) of the section, obtained from the
interaction M-N diagram in correspondence with the value of the axial load at the base
of the column (N tp,))- The latter is calculated through a load analysis, considering the
actions given by the dead and live loads in the characteristic combination (i.e., seismic
combination). The calculation of the resisting bending moment should be carried out along
both the principal directions of the building.

For RC-framed structures entirely cast on-site, assuming a shear-type behavior, the
resisting shear forces associated with a flexural failure along the x and y directions, can be
calculated as

Vx — Z.M?ol,typ,i
flex,typ,i . ]/i ) (1 4)
2-M .
V]/ _ col,typ,i
flex,typ,i — hj

where M?ol,typ,i and MZol,typ,i
x and y directions, respectively and #; is the height of the i-th floor. In the case of columns
not rigidly connected with the beams on the upper floors but with a hinge connection,
as is the case with some typologies of prefabricated structures, the resisting shear forces
can be calculated according to a cantilever scheme with Equation (14), removing the “2”
coefficient, where resisting bending moments are those of the column base sections. The
evaluation of the resisting shear must clearly be made for all the floors of the building.

For RC precast structures, in which beams are simply supported on the column top, it
is sufficient to evaluate the resisting shear with reference to the column basis, considering
that a cantilever static scheme can be associated to columns.

The resisting shear force for a typical column on the i-th floor, in the x and y directions,
is given by

are the resisting bending moments of a typical column in the

X i X .yx
shear,typ,i — mln(VRcd’ Vde) (15)
4 i vy yY ’

Vshear,typ,i - mln(VRcd’ Vde)

where Vs and Vg, are the shear resistances corresponding to the compressive concrete
failure or to the yielding of the transverse reinforcements, respectively. They can be
determined according to the formulations reported in building codes [34,48], referring to a
strut-and-tie model with variable inclination of the concrete strut.

By knowing the resisting shear forces for the typical column V; byp,i and cho Liypi I
a given cross-section, the resistance of all the columns (with different cross-sections) of a
specific floor is determined by using, alternatively, two different simplifying assumptions
based on correlation studies performed on a set of buildings (see Section 3) for which
information on more than one column was available. In the case of flexural failure, the
resisting shear forces can be assumed to be directly proportional to the inertia moment
of the columns’ cross-section. This approach seems to be reasonable and reliable, even
if it neglects the variability related to the contribution given by the actual amount of
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reinforcements within the section. From a practical point of view, the resisting shear forces
for a generic n-th column on the i-th floor along the x and y directions are given by

] n,i

X _ x . Jyn,

Vcol,n,i - Vcol,typ,i Jy,typ,i 16

vy =Y . L ’ (16)
col,n,i coLtypi Jxtyp,i

where ], , ; and ], , ; are the inertia moments of the section of the generic n-th column around
the x and y axis, respectively; ], 1, and ], 1, ; are the inertia moments of the section of the
typical column around the x- and y-axis, respectively. In the case of shear failure, a direct
proportionality is instead assumed between the resisting shear force and the dimension of
the cross-section of the column in the considered direction, thus leading to the following

expressions:
X — Yx . dxy,i
col,n,i = Vcol,typ,i dxtw,,,-
dyn,i 7 (17)

— Y .
coln,i — Vcol,typ,i dytyp,i

where dx,, ; and dy,, ; are the dimensions of the section of the generic n-th column along the
x- and y-axis, respectively; and dx;,, ; and dyy,, ; are the dimensions of the section of the
typical column along the x- and y-axis, respectively.

Finally, the total resisting shear forces of the building for the i-th floor, in the x and y
directions, are obtained as the sum of the resistances of all the columns (N,,;) belonging to
the specific i-th floor as follows:

N Ncol N
Vr,i = 1 Vcol,n,i
Ncol . (18)
VY = y y
7,0 col,n,i
n=1

Eventually, the resisting shear force for the generic i-th floor is the minimum between
the ones along the x and y directions as follows:

V,; = min (V;fi; Vgi) (19)

The presence of shear walls can be taken into account, considering the prevailing
direction of the wall as performed for the walls in masonry buildings. In the case of shear
walls in directions different than x and y, the contributions can be computed using simple
projections in the two principal directions. Nevertheless, since the structural model is a
shear-type model, where the individual elements at a given floor level are considered with
no rotations at the end, the lateral stiffness of the walls decreases on the upper floors due
to the wall rotations, a circumstance which can be taken into account by defining proper
reduction coefficients.

As already performed for the masonry buildings, the intensity of the acting shear
force on the columns, to be compared with the capacity, is obtained by considering a linear
static seismic analysis and a distribution of equivalent static forces along the height of the
building, obtained by imposing an acceleration equal to 1 g. Equations (6) and (7) can
be used for the evaluation of the reference acting shear V;; on the i-th floor. The ratios
between the resisting and reference acting shear V,;/V;; allow evaluating the structural
performance for each floor, identifying the weakest one corresponding to the minimum
value of that ratio, and consequently, to the definition of the resistance of the building in
terms of spectral acceleration (S;). Indeed, since the reference acting shear is computed
considering a unitary acceleration, the ratio V,;/V;; corresponds to an acceleration on
the structural masses, expressed as a fraction of the gravitational acceleration g [43]. As
already discussed for masonry buildings, the obtained S, value is conventional information
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about the capacity of the building and should be corrected to account for real structural
complexity.

A procedure similar to the one presented for masonry buildings is proposed here
for the evaluation of the reduction coefficient C,;;. Ten parameters are considered for RC
buildings, based on the GNDT form [29], with specific definitions in terms of vulnera-
bility classes, scores, and weights, as reported in Table 3. After the identification of the
vulnerability class, following the indications reported in [49] (see Appendix B for further
information), a unique score py and a unitary weight are associated with each parameter.
The reduction coefficient C,;; can then be computed according to Equation (10). In this
case, the calibration procedure allowed obtaining a minimum value of C,; i, equal to
0.5, corresponding to the condition in which the worst vulnerability class is considered
for all the parameters. The maximum value of the reduction coefficient C,g ,,, is fixed
and equal to 1, corresponding to the condition in which all the parameters are classified as
vulnerability class A.

Table 3. Parameters, vulnerability classes, scores, and weights of the GNDT form for RC buildings.

Vulnerability Classes and Scores

N° Parameter (pi) V\ielght
A B C D W)
1 Typology and organization of the resisting system 0 —-1.00 —2.00 - 1.00
2 Quality of the resisting system 0 —-0.25 —0.50 - 1.00
4 Building location and foundations 0 —-0.25 —0.50 - 1.00
5 Horizontal structural elements 0 —-0.25 —0.50 - 1.00
6 Plan configuration 0 -025 —-0.50 - 1.00
7 Configuration in elevation 0 —0.50 —1.50 - 1.00
8 Connections and critical elements 0 —0.25 —0.50 - 1.00
9 Low-ductility elements 0 -025 —0.50 - 1.00
10 Non-structural elements 0 —0.25 —0.50 - 1.00
11 State of damage of the building 0 —-050 —-1.00 —245 1.00

The collapse pseudo-acceleration, accounting for the real complexity of the building,
is computed using Equation (11). Finally, to define the seismic intensity which the building
is able to withstand without collapse, the value of the spectral acceleration should be con-
verted into the corresponding peak ground acceleration (PGA) according to Equation (12).
The only differences with respect to the case of masonry buildings are the definitions of the
following parameters:

e «apr is assumed to be equal to 1 if the resistant contribution of the non-structural
elements is significant compared to that of the main resisting system and considered
in the analysis; otherwise, it is assumed to be equal to 0.8;

e  apyc is a ductility factor which can assume values between 2 and 3; in more detail, a
lower value is associated with fragile mechanisms (shear failure), while a higher value
is used for ductile mechanisms (flexural failure).

2.3. Safety Evaluation and Classification

After evaluating the structural capacity, the seismic vulnerability of existing masonry
and RC buildings is assessed through a comparison, referring to the life safety limit state,
between capacity and demand, expressed in terms of PGA, the latter being evaluated with
reference to the elastic response spectrum. In order to take the described simplifications
into account and to produce a more easily readable result about the seismic safety of the
construction, a simple classification is proposed, inspired by other classifications proposed
in the literature [9], according to which buildings can be categorized in five homogeneous
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vulnerability classes depending on the ratio between the capacity (PGA.) and the demand
(PGAy ). The intervals for the definition of these classes are reported in Table 4.

Table 4. Identification of vulnerability classes on the basis of the capacity-to-demand ratio.

PGA./PGA, Vulnerability Class
>100%
75-100% II
50-75% I
25-50%

v

At this stage, any potential local vulnerability or critical issue detected from the
inspections that was not adequately considered in the calculations but which may represent
a weak spot in the structural behavior in the event of an earthquake, come into play. Indeed,
if a significant number of critical elements is identified in a building, this must be given
a higher class with respect to the one resulting from the ratio between PGA values alone.
This allows, although in a simplified way, taking relevant local phenomena into account,
such as an out-of-plane collapse of masonry walls, insufficient shear reinforcement in RC
columns, serious geometric or structural irregularities, etc.

Based on the proposed procedure and classification, it is possible to quickly assess a
large number of buildings and define priorities for successive, more complex analyses and
interventions. As an example, buildings belonging to Class V should be given top priority,
and they will be the first ones to undergo more accurate seismic vulnerability assessment
procedures as reported in building codes [33-35]. On the basis of the obtained results, local
or global interventions may then be designed. The same procedure should then be applied
for all the vulnerability classes, in descending order.

3. Application and Validation of the Methodology

The possibility of applying a simplified assessment method is crucial in situations
where a quick evaluation is needed to plan further actions. This is especially valid for
public and high-priority buildings, such as schools, for which an allocation of resources for
interventions or further analyses should be properly planned. Moreover, at the municipal
or regional level, these building typologies might be among the first ones in which first-level
assessments can be performed.

The methodology proposed in this research was applied to 140 masonry and RC school
buildings located in the province of Ravenna, Italy. They were characterized by different
numbers of floors and ages of construction—see Tables 5 and 6.

The obtained ratios between the capacity and demand, in terms of PGA, are reported
in ascending order in Figures 3 and 4 for masonry and RC buildings, respectively. Vulnera-
bility classes associated with the various buildings are indicated with different colors in the
histograms. After the evaluation of local vulnerabilities, for some of the buildings, a higher
vulnerability class was selected (e.g., see some red bars among orange ones in the graphs),
leading to the safety classification reported in Figure 5 for the various typologies and for
the entire building dataset. It can be observed that none of the masonry buildings exhibited
a structural capacity greater than the demand currently requested by the Italian Building
Code and that, in general, masonry buildings are more vulnerable that RC buildings.
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Table 5. Distribution of masonry and RC buildings according to the number of floors above ground.

NF° of Floors N° of Masonry Buildings N° of RC Buildings
1 6 23
2 25 18
3 6 38
4 11 13
Total 48 92

Table 6. Distribution of masonry and RC buildings according to the age of construction.

Construction Age N° of Masonry Buildings N° of RC Buildings
<1919 20 -
1919-1945 11 -
1946-1960 7 20
1961-1970 3 38
1971-1980 2 13
1981-1990 - 7
1991-2000 - 11
2001-2005 - 3
Non-detectable 5 -
Total 48 92
125%
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Figure 3. Capacity-to-demand ratios (PGA./PGAy, in percentage) and identification of the vulnera-
bility class for masonry buildings.

It should be highlighted that besides the importance of assessing single building
typologies, there is a need to aggregate the obtained results for the entire building stock to
easily identify priorities for further in-depth analyses.
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Figure 4. Capacity-to-demand ratios (PGA./PGA,, in percentage) and identification of the vulnera-
bility class for RC buildings.

PGA:/ PGAa Vulnerability class

>100%
75% - 100% II
50% - 75% 1

25% - 50% v

0%-25% |

mClass] @ClassIl 4ClassIll wClassIV mClassV

(@)

(b) (c)

Figure 5. Percentage of buildings belonging to each vulnerability class. (a) Masonry buildings; (b) RC
buildings; and (c) entire dataset.

To validate the methodology and to determine if it is reliable to define the vulner-
ability of buildings not only in terms of relative results at the territorial scale but also
in absolute terms, vulnerability assessments were performed according to prescriptions
from codes [33-35] on 14 masonry and 4 RC buildings selected as representatives from the
building stock. In more detail, after the attainment of a specific knowledge level (usually
LC1), nonlinear static analyses were performed, considering both main building directions.
For masonry buildings, numerical simulations were performed by modeling the structures
according to an equivalent frame method; for RC buildings, the effect of infills was not
considered. For all buildings, only global analyses were performed because the simplified
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methodology does not explicitly consider local mechanisms. A safety assessment was then
performed in terms of the PGA./PGA, ratio. The results obtained for the weakest direction
were compared to the ones obtained with the simplified methodology proposed here for
masonry and RC buildings—see Figure 6a,b. In general, the simplified methodology pro-
vided vulnerability estimates in line with the results obtained from the finite element (FE)
analyses, with an average error, in terms of differences in the PGA, values, lower than 20%.
It can be noticed that for masonry buildings, the PGA./PGA, ratio was sometimes higher
than the one obtained from the FE analyses. This can be explained by considering several
aspects: firstly, the simplified methodology implies the attainment of failure for all the
vertical structural elements, while not all the elements reached failure in the nonlinear static
analyses; and secondly, the vertical stress variation due to the seismic action, which might
affect the activation of a different failure mechanism, is not considered in the simplified
methodology. However, the correlation between the results of the FE analyses and those
obtained with the simplified methodology (Figure 7), considering the whole dataset of
results for masonry and RC buildings, shows a very good agreement, i.e., the interpolation
line (black line) is almost coincident with the bisector (red dashed line).

| B Simplified Methodology B FE Analysis |

160% 160%

T40% | 140%
z 120% e z 120%
= 100% < 100%
S S

80% 80%
£ £
< 60% < 60%
[©) Q
& 40% & 40%

20%
0%

20%
0%

RC_1 RC_2 RC_3 RC_4
RC buildings - Identification Code

Masonry buildings - Identification code

(a) (b)

Figure 6. Comparison between FE analysis and simplified methodology. (a) Masonry buildings and
(b) RC buildings.

To provide further validation, vulnerability classes were also assigned based on the
results obtained from the numerical analyses and compared with the ones obtained from
the simplified procedure (Figure 8). It should be noted that the same vulnerability class
was obtained in 61% of the cases, while a higher vulnerability class was obtained from the
simplified methodology in 17% of the cases; for the remaining 22% of the buildings, the
vulnerability class was lower. These results confirm that the simplified methodology can
be considered reliable in its application on large building stocks.



Buildings 2024, 14, 2890

17 of 23

PGAc/PGAdJ - Simplified method

1.60

1.40 2

1.20

o =
=
S S

[ ]

g
o
=}

(

0.40

0.20 = Linear interpolation

0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
PGACc/PGAdJ - FE Analysis

Figure 7. Correlation between the results of the FE analyses and the simplified methodology.
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Figure 8. Comparison between FE analysis and simplified methodology in terms of vulnerability class.

4. Conclusions

In this paper, a methodology is proposed for the comparative assessment of the

seismic vulnerability of existing building stocks. The methodology makes use of both
quantitative and qualitative inputs and is intended to assess the global behavior of masonry
and RC buildings subject to seismic actions by accounting for the structural complexity in a
simplified and expeditious way.

The proposed method can be considered as a simplified analytical method—analytical
because the basic shear resistance of the building is calculated analytically starting with
a few geometrical and mechanical characteristics of the construction and simplified
because as few parameters as possible, easily available after a short survey, are used.
PGA is used as an intensity measure, and spectral acceleration is directly obtained
from the PGA through a spectral amplification factor set equal to 2.5. The method
differs from other mechanical models for masonry buildings (see, e.g., [50]) and RC
buildings (see, e.g., [28]), which are based on simplified nonlinear analyses of the
most representative parts of the structure. The most relevant advantage is that the
proposed approach requires a smaller number of mechanical parameters and a priori
assumptions on the mechanical behavior of the structure; this is very important
because very limited surveys are possible. One disadvantage is that only the life safety
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limit state is considered because other damage states require displacements to be
estimated and thus, nonlinear analyses.

The proposed methodology was calibrated and subsequently validated through com-
parisons with results obtained from refined FE analyses, showing a good agreement. It was
also applied to 140 school buildings to demonstrate its suitability for large-scale studies,
oriented to define priorities for interventions in the framework of decision making at the
territorial level for seismic risk reduction. Seeing as the results presented are promising,
further studies are needed to confirm that the methodology can also be used for the assess-
ment of single buildings or for the derivation of typological fragility curves for seismic
risk assessment at the territorial scale. Indeed, some developments of the methodology are
currently under way, such as the calibration of the reduction coefficients for more specific
structural typologies or the inclusion of aspects, currently not specifically considered (e.g.,
strong building irregularities) but capable of significantly influencing the seismic behavior
of a building.
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Appendix A. GNDT form Parameters for Masonry Buildings

With reference to masonry buildings, indications are provided here about the main
criteria to be followed for the choice of the class (A, B, C, or D) for the ten parameters
reported in the II-level seismic vulnerability assessment form of the Italian Group for
Protection against Earthquakes (GNDT form). Further details can be found in [45].

N° 1—Typology and organization of the resisting system

The parameter is aimed at evaluating the box-like behavior of a masonry building. The
organization of the vertical structural elements is considered, regardless of the materials
and specific characteristics of the single masonry panels; the most important factor to be
evaluated is the presence and the efficiency of the connections between orthogonal walls
along the height of the building.

To assess the degree of connection between orthogonal walls, it is necessary to inves-
tigate the quality and workmanship of the stones/bricks at the corners with inspections,
verifying if the connection involves the entire thickness of the wall or just part of it. Addi-
tionally, the presence and efficiency of steel ties or reinforced concrete ring beams at the
floor level should be investigated.

N° 2—Quality of the resisting system

The quality of the resisting system is assessed based on the following:
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e  The type and homogeneity of the materials, i.e., the type and quality of the blocks, the
type and state of conservation of the mortar;
e The bond pattern, with reference to the dimensions of the blocks and their regular or
irregular disposition;
e  The presence of a transversal connection between wall leaves.
Classes from A to D are defined in the GNDT manual [45] based on specific com-
binations of the characteristics listed above. Pictures are also provided to facilitate the
classification.

N° 3—Conventional resistance
The parameter, as defined in the GNDT manual [45], is not considered in this work.
N° 4—Building location and foundations

The aim of this parameter is to evaluate, as much as possible through visual inspections,
the influence of the soil and of the foundations on the seismic response of a structure. In
particular, the following aspects should be considered:

e  The consistency and slope of the soil;

e  The presence of foundations;

o  The presence of foundations at different heights;
e  The unbalanced pressures of the embankments.

Classes from A to D are defined with an abacus in the GNDT manual [45] based on
specific combinations of the characteristics listed above.

N° 5—Horizontal structural elements

This parameter expresses the role of the horizontal elements in ensuring a good box-
like behavior of a building. For the choice of class, good connections with the vertical walls
and the in-plane stiffness are considered. In the GNDT manual [45], schemes and pictures
are provided to facilitate the distinction between rigid and deformable floor typologies and
between effective and not effective connections with the vertical structural elements.

N° 6—Plan configuration

To assess the regularity of the plan configuration, the ratio between the two dimensions
in plan is evaluated for rectangular plan buildings. For buildings not characterized by a
rectangular plan, it is necessary to determine the entity of the deviation from the rectangular
shape. Based on the quantitative evaluation of these parameters, classes are defined
considering the most unfavorable one.

N° 7—Configuration in elevation

For masonry buildings, especially the oldest ones, the irregularities in elevations are
mainly due to the presence of towers or porticos. The relevance of porticos is considered
by evaluating the ratio between the plan surface covered by the porticos over the total plan
surface. In the presence of towers having significant height and mass, the ratio between
the height of the tower and the total height of the building should be evaluated and, more
generally, variations in terms of mass along the height of the building should be assessed
as well. Also in this case, schemes are provided in the GNDT manual [45] to facilitate
classification, according to the mentioned aspects.

N° 8—Maximum distance between masonry walls

This parameter takes into account the presence of walls effectively connected with
transversal (orthogonal) walls, which may prevent the activation and development of
out-of-plane failure mechanisms. If a good connection between these walls exists, the
classes are defined in function of the ratio between the distance within the transversal walls
and the thickness of the wall connected to them.
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N° 9—Roof typology

The roof typology can influence the seismic behavior of masonry buildings, mainly
depending on the following;:

The thrusting action of the roof on the perimetral walls;

The connection of the roof structural elements to the masonry walls (e.g., the presence
of ring beams or steel ties, etc.);

The roof weight;

The difference in terms of stiffness and resistance with respect to the masonry;

The support length of the roof.

The evaluation of all these elements by visual inspections will lead to the definition of
a specific class according to the GNDT manual [45].

N° 10—Non-structural elements

The presence of elements that can cause damage to people or things, such as cornices
and window frames, should be identified even if they are secondary elements in the
vulnerability assessment of the building.

N° 11—State of damage

The class is defined according to the state of conservation of the building, considering
the diffusion of damage throughout the structures and the width of cracks.

Appendix B. GNDT form Parameters for RC Buildings

With reference to reinforced concrete (RC) buildings, indications are provided here
about the main criteria to be followed for the choice of the class (A, B, C, or D) for the ten
parameters reported in the Il-level seismic vulnerability assessment form of the Italian
Group for Protection against Earthquakes (GNDT form). Further details can be found
in [49].

N° 1—Typology and organization of the resisting system

For the evaluation of this parameter, the main resisting system to lateral loads should
be identified as the one capable of carrying at least 70% of the design’s horizontal actions.
With reference to an RC frame building, the structural behavior can be classified considering
the stiffness (e.g., accounting for the presence of RC walls or good-quality masonry infills)
and the expected failure mode in the event of an earthquake (i.e., brittle or ductile).

N° 2—Quality of the resisting system
The quality of the resisting system is assessed based on the following:

The type and quality of the materials;
The adopted design criteria;
The adopted construction practices.

Information about the age of construction and about codes or standards in force at the
time will help, together with information about the construction practices in the specific
territory in which the building is located. The state of conservation of the building and the
quality of the materials should also be assessed through visual inspections, at least.

N° 3—Conventional resistance
The parameter, as defined in the GNDT manual [49], is not considered in this work.
N° 4—Building location and foundations

The aim of this parameter is to evaluate, as much as possible through visual inspections,
the influence of the soil and of the foundations on the seismic response of a structure. In
particular, the following aspects should be considered:

e  The consistency and slope of the soil;
e  The presence of foundations;



Buildings 2024, 14, 2890

21 0f 23

References and Notes

e  The foundation typology.
N° 5—Horizontal structural elements

This parameter takes into account the in-plane stiffness of the slabs and their effective
connection to the RC vertical structural elements. For the choice of the class, depending
on the slab typology, it is essential to evaluate either the presence of a reinforced con-
crete slab, the presence of structural elements resistant to tension and compression (slab
joists) with a horizontal bracing system, or the presence of efficient connections between
precast elements.

N° 6—Plan configuration

To assess the regularity of the plan configuration, the plan shape, together with the
mass and the lateral stiffness distributions, should be considered. In more detail, the ratio
between the two dimensions in plan should be evaluated for rectangular plan buildings,
while for buildings not characterized by a rectangular plan, plan setbacks should be
quantified, also evaluating if structural elements are distributed along the perimeter or if
they are displaced inward. Moreover, the eccentricity between the center of mass and the
center of stiffness should be calculated.

N° 7—Configuration in elevation

The regularity in elevation is assessed with reference both to the continuity of the
resisting system along the height of the building and to possible variations in lateral stiffness
and mass from the base to the top of the building. Schemes are provided in the GNDT
manual [46] to facilitate classification.

N° 8—Connections and critical elements

The parameter considers the quality of the connections between the structural el-
ements, such as beam—column joints, connections between slabs and beams, between
columns and foundations, etc. Critical elements are the ones intended to be of primary
importance for the resistance against horizontal actions, e.g., connections, squat elements,
etc. Specific criteria, both qualitative and quantitative, are defined in the GNDT manual [46]
for classification.

N° 9—Low-ductility elements

The parameter accounts for the cases in which the behavior of the building or part
of it is critical due to the presence of fragile elements or very rigid, low-ductile elements.
The presence of short columns is taken into account by means of this parameter. For
classification, the free height of the resisting elements is the main parameter to be evaluated.

N° 10—Non-structural elements

Non-structural elements may be subdivided into two groups: elements which may
fall outside the building (e.g., infills, parapets, cornices, chimneys) and elements which
may fall inside the building (internal walls, furniture, etc.). The stability of these elements
in the event of an earthquake, considering the potential presence of connections, should be
evaluated.

N° 11—State of damage

The class is defined according to the state of conservation of the building, considering
the integrity of vertical structural elements, foundations, and non-structural elements (in
order of importance). For these elements, the presence of cracks, their entity, and the
presence of damage associable to specific failure modes should be assessed.
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