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Abstract: Unreinforced masonry (URM) buildings in historic urban areas of European countries are
generally clustered in an aggregate configuration and are often characterized by façade walls mutually
interconnected with adjacent ones. As a result, the seismic performance of buildings in an aggregate
configuration can be affected by the mutual interaction between the adjacent units. This interaction,
often called the aggregate effect, could significantly influence the level of the seismic vulnerability of
URM buildings in aggregate configuration toward in-plane and out-of-plane mechanisms, the latter
being the object of the present paper. Traditional methods for assessing the seismic vulnerability
of URM buildings neglect the interactions between adjacent buildings, potentially underestimating
the actual vulnerability. This study aims to derive fragility curves specific for UMR buildings in
aggregate configuration and proposes an innovative methodology that introduces the aggregate effect
into an analytical approach, previously developed by the authors for isolated URM buildings. The
aggregate effect is modeled by accounting for the friction forces arising among adjacent facades during
the development of out-of-plane overturning mechanisms by considering different scenarios, based on
how façade walls interact with neighboring structures (e.g., whether they are connected to transverse
and/or lateral coplanar ones). The proposed approach is applied to a real case study of an Italian
historical center. The obtained results demonstrate that the aggregate effect significantly influences the
fragility curves of URM buildings arranged in aggregate configurations. This highlights the importance
of considering this effect and the usefulness of the proposed approach for large-scale assessments of
seismic vulnerability in historic urban areas, contributing to sustainable disaster risk prevention.

Keywords: aggregate effect; building in aggregate; unreinforced masonry; out-of-plane mechanisms;
historic urban area; fragility curves

1. Introduction

In many European countries, historic urban areas are generally characterized by unre-
inforced masonry (URM) buildings commonly clustered in aggregated configurations [1–5].
These buildings, due to their construction and evolution history, were not built in a unique
phase but they were gradually ‘assembled’ over time through a process of merging, ex-
panding, and modifying the original structures. As a result, within a building aggregate,
it is possible to delineate sections of buildings characterized by top-to-bottom structural
continuity. These sections, termed structural units (S.U.s) [6,7], typically arise from a unified
construction process or the presence of homogeneous vertical and horizontal elements,
which facilitate a uniform distribution of loads. They can be classified into three main
categories on the basis of their construction genesis: pre-existing, growth, and saturation
S.U.s (see Figure 1). The pre-existing units are those that were originally built as individual
buildings before being incorporated into the aggregate; the growth units are those that were
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added to the pre-existing units; the saturation units are those that fill the gaps between
pre-existing and/or growth units.
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The above features contribute to the complexity of assessing the seismic vulnerability
of aggregate complexes, especially because the façade walls of the different S.U.s are
often interconnected with each other and transmit mutual forces due to these connections,
creating mutual interactions among the adjacent structures. The effect of these interactions,
referred to as the aggregate effect [1,8–10], can affect the seismic behavior of the single S.U.s
that make up the aggregates. Consequently, during an earthquake, each S.U. does not
behave as an isolated entity but it is affected by the presence of adjacent structures.

Recent earthquakes in Croatia [11], Greece [12], and Italy [5,13–16] have again high-
lighted the significant threat posed by seismic events to historic urban area. The conse-
quences of earthquakes in these areas profoundly impact both residents’ safety and the
economies of the affected countries [17,18]. Improving the safety of such areas poses a cru-
cial challenge, requiring sustainable solutions to minimize waste and energy consumption.

In recent years, numerous studies have addressed the seismic vulnerability of ag-
gregate buildings in historic urban areas [3,4,19–26]. Some of them propose approaches
at various scales, such as single aggregate buildings or on a territorial scale [27,28]. For
example, in [29], the historic center of Campotosto (central Italy) is analyzed on an urban
scale by using an empirical method based on data relevant to the post-2009 L’Aquila earth-
quake, as well as being analyzed on a building aggregate scale by applying an analytical
method implemented in the Vulnus software [30]. Similarly, in [28], the historical center
of Castelpoto (southern Italy) is analyzed on an urban scale by applying the vulnerability
index method [31] and taking into account the interactions between adjacent structures, as
proposed in [32,33], as well as being analyzed at the building aggregate scale by means of
the 3Muri software [34].

Among approaches operating at the territorial scale, fragility curves are the most
commonly used tool; they enable the assessment of seismic vulnerability of buildings
or parts of buildings in probabilistic terms as the seismic intensity varies [35,36]. In
particular, several methods are available in the current literature for defining fragility curves
for aggregate buildings in historic centers. These methods are based on empirical [22],
analytical [2,37–41], and hybrid approaches [42–44]. In this context, one of the main and
still open issues regards the evaluation of the so-called aggregate effect on the fragility curves
for out-of-plane mechanisms, which could play a crucial role in the vulnerability of historic
buildings at urban scales.

The present paper aims to introduce the aggregate effect in the derivation of fragility
curves for URM buildings in aggregate configuration prone to out-of-plane overturning
mechanisms of their façade walls. In particular, this study proposes a new approach that,
starting from a previous proposal of the authors [45–47], specifically takes into account
the aggregate effect. This is achieved by considering, in the analysis of the mechanisms, the
different friction actions that may occur at the intersections between the façade wall of
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the building under consideration and the walls of the adjacent buildings. These actions
are evaluated assuming that there is a partially effective connection between the façade
wall and the transverse walls and/or coplanar façade walls of adjacent S.U.s, due to the
presence of interconnecting blocks.

The novelty of the proposed approach is the introduction of the aggregate effect into
the process for deriving the fragility curves. Currently, existing methods assess the fragility
toward out-of-plane actions of URM buildings by disregarding the effect of neighboring
S.U.s and considering them as isolated buildings. This assumption could lead to an
underestimation of the seismic vulnerability of URM aggregate buildings. To address this
limitation, this study incorporates the aggregate effect of adjacent buildings into the fragility
analysis, offering a more comprehensive assessment of the seismic performance of URM
buildings in aggregate configuration.

Specifically, the fragility curves of the S.U.s that make up a building aggregate of
an urban historical area are derived as a function of the number of floors and the most
probable out-of-plane mechanism in case of an earthquake. Thus, the information obtained
from the application of the proposed procedure makes it possible to identify the most
vulnerable S.U.s within an aggregate, providing engineers and administrations with useful
information for prioritizing interventions and allocating the necessary resources. On the
other hand, the findings can help authorities to develop evacuation plans and emergency
response strategies in historic areas.

Aligned with the disaster prevention topic of this Special Issue, which aims to re-
duce the gap between researchers, decision-makers, and stakeholders in the process of
disaster risk reduction, the proposed approach would enhance the safety of historic urban
areas through the use of reliable approaches for seismic vulnerability assessment. These
approaches could facilitate the sustainable management of pre-earthquake interventions,
thereby reducing costs and environmental impacts associated with post-interventions,
which tend to have a greater environmental footprint.

It is pointed out that, given the high susceptibility of historic buildings to out-of-
plane overturning modes involving their façades, as reiterated by recent earthquakes in
Italy [5,13–16], this study focuses on the overturning mechanisms affecting the entire façade
(global simple overturning), those limited to the upper levels (partial overturning), and
those involving the portion of the wall from bottom to top between façade openings (global
simple overturning along openings).

The proposed procedure is then applied to a real case study located in central Italy, in
order to assess the vulnerability of its recurring building typologies. The obtained results
demonstrate the usefulness of the proposed procedure for assessing the vulnerability of
historic urban areas and highlight the influence of the aggregate effect, indicating which
construction details have the greatest impact on this effect.

This paper is structured into three parts. After a general introduction, Section 2
describes the different types of connection that can occur between URM buildings in
aggregate configuration and how the aggregate effect is modeled. Then, Section 3 presents the
proposed approach for the derivation of the fragility curves, illustrating how to incorporate
the aggregate effect analyzed in Section 2. Finally, Section 4 describes the application of the
approach to a real case study and analyzes the obtained results.

2. Aggregate Effect

The aggregate effect acting among contiguous S.U.s is introduced by referring, as an
example, to the aggregate depicted in Figure 2, in which the central S.U. is built in adherence
with the adjacent ones by sharing the boundary walls.
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Generally, the connection of the façade wall of the central S.U. with the transverse
walls and/or the coplanar façade walls of the adjacent S.U.s (Figure 2a,b) can be of three
possible types:

1. Good connection;
2. Ineffective or absent connection;
3. Partial connection.

In the first case, it is unlikely that the façade wall could experience simple out-of-
plane overturning mechanisms (global or partial). However, it might be subjected to other
failure mechanisms, such as horizontal or vertical bending mechanisms when thrusts of
arches, vaults, and roofs act along its orthogonal direction, and compound overturning
mechanisms when the façade wall is part of a corner S.U. of the aggregate.

In the second and third cases, the façade wall can be susceptible to global or partial
overturning mechanisms, provided that there are no devices, such as curbs and chains, that
prevent the wall’s overturning mechanisms. In particular, in the second case, the façade
wall is not affected by any interactions with the adjacent buildings and can be considered
in an isolated configuration; in the third case, it is assumed that the wall is affected by the
interactions with the adjacent buildings to which it is connected, which are referred to as
the aggregate effect.

Based on the above considerations, this study models the aggregate effect by considering
the frictional forces acting at the connections between the overturning façade wall and
the transverse walls, shared with the adjacent units, and/or the coplanar façade walls of
the adjacent units [9,47]. It is assumed that the overturning façade wall is interconnected
with the transverse adjacent walls through parallelepiped interconnecting blocks, such as
those illustrated in Figure 3. Although URM can be made up of irregularly shaped blocks,
the simplification of considering regular parallelepiped interconnecting blocks enables the
simulation of frictional contact between facade wall blocks embedded in adjacent walls.
This representation effectively captures the global aggregate effect without introducing overly
complex shapes that would affect the computation effort of the approach.

In this scenario, the friction force acts at the overlapping surface between the blocks.
For brevity, in the following, the overlapped portion of the block where the friction acts is
named “semi-blocks”.
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In particular, the resultant friction forces on both the sides of the wall, F, are the sum
of two components, Fb and Fq, defined as follows:

- Fb is the result of friction forces, fi, generated by the weight of the individual semi-block
(see Figure 4a).

- Fq is the result of friction forces due to the overloads (Qi) acting on the interconnection
semi-blocks due to two contributions: the weight of the portion of the wall of the
adjacent building placed above the semi-blocks (shown by way of example with the
cyan outline in Figure 4b) and the loads of the slabs of both the unit itself and adjacent
units (refer to Figure 4b, where the loads acting on the semi-blocks are illustrated
under the assumption that the slabs of adjacent units are perpendicular to the facades.
Consequently, these loads do not exert an effect on the transversal semi-blocks).
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Equations (1) and (2) provide the formulas for calculating Fb and Fq [47–49]:

Fb = ∑n
i=1 fi = µ · wb · n· (n + 1)

2
(1)
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Fq = µ ·∑n
i=1 Qi (2)

In Equations (1) and (2), the following can be noted:

- fi is the friction force acting at each semi-block and due to the weight of the individual
semi-block (see Figure 4a);

- µ is the friction coefficient between the interconnecting blocks [50];
- n is the number of rows of interconnecting blocks, equal to the ratio between the

height of the overturning wall and the height of the interconnecting block;
- wb is the weight of the generic interconnection semi-block (see Figure 4a), given by

the following formula:

wb = γm · t · hblock · Lblock,overlap (3)

where γm is the masonry specific weight, hblock and t are, respectively, the block height and
thickness, and Lblock,overlap is the length of the semi-blocks (see Figure 3).

- Qi represents the overloads acting on the interconnecting semi-blocks, due to two
contributions: the weights of the portions of the wall of the adjacent buildings placed
above the blocks and the loads of the slabs of both the unit itself and adjacent units. It
is worth noting that in historical centers, the units that make up a building aggregate
can frequently have different floor heights and numbers of floors, as shown in Figure 5,
and they may have some floors with slabs aligned parallel to the façades and others
with slabs perpendicular to the façades.
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slabs.

Within the different possible connection scenarios characterizing an aggregate, this
study considers six scenarios (see Figure 6), identified by the following labels “ac ij”, where
“i” indicates the number of side walls connected to the adjacent S.U.s (1 or 2), while “j”
indicates the type of adjacent wall involved in the connections: it is equal to “T” in case of
connection with the transverse wall and equal to “L” in case of connection with the lateral
coplanar wall:

- Scenario “ac 1T”—the façade wall is partially connected to the transverse walls on one
side (Figure 6a);
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- Scenario “ac 2T”—the façade wall is partially connected to the transverse walls on
both sides (Figure 6b);

- Scenario “ac 1L”—the façade wall is partially connected to the lateral coplanar walls
on one side (Figure 6c);

- Scenario “ac 2L”—the façade wall is partially connected to the lateral coplanar walls
on both sides (Figure 6d);

- Scenario “ac 1TL”—the façade wall is partially connected to both the transverse and
lateral coplanar walls on one side (Figure 6e);

- Scenario “ac 2TL”—the façade wall is partially connected to both the transverse and
lateral coplanar walls on both sides (Figure 6f).

Sustainability 2024, 16, x FOR PEER REVIEW 7 of 28 
 

of connection with the transverse wall and equal to “L” in case of connection with the 
lateral coplanar wall: 
- Scenario “ac 1T”—the façade wall is partially connected to the transverse walls on 

one side (Figure 6a);  
- Scenario “ac 2T”—the façade wall is partially connected to the transverse walls on 

both sides (Figure 6b); 
- Scenario “ac 1L”—the façade wall is partially connected to the lateral coplanar walls 

on one side (Figure 6c); 
- Scenario “ac 2L”—the façade wall is partially connected to the lateral coplanar walls 

on both sides (Figure 6d); 
- Scenario “ac 1TL”—the façade wall is partially connected to both the transverse and 

lateral coplanar walls on one side (Figure 6e); 
- Scenario “ac 2TL”—the façade wall is partially connected to both the transverse and 

lateral coplanar walls on both sides (Figure 6f). 

ac 1T ac 2T 

  
(a) (b) 

ac 1L ac 2L 

  
(c) (d) 

ac 1TL ac 2TL 

Figure 6. Cont.



Sustainability 2024, 16, 4172 8 of 27Sustainability 2024, 16, x FOR PEER REVIEW 8 of 28 
 

  
(e) (f) 

Figure 6. Connection scenarios considered in this study: facade wall partially connected to the trans-
verse walls on one side (a) and on both sides (b); façade wall partially connected to the lateral co-
planar walls on one side (c) and on both sides (d); façade wall partially connected to both the trans-
verse and lateral coplanar walls on one side (e) and on both sides (f). 

3. Fragility Curves for URM Buildings Considering the Aggregate Effect 
This section describes the proposed approach for deriving the fragility curves for 

URM buildings in aggregate that are susceptible to out-of-plane overturning mechanisms 
of their façade walls. The proposal introduces the aggregate effect to take into account in-
teractions between adjacent buildings that may occur in case of buildings in aggregate 
configuration [5,38]. 

The proposed approach, similarly to that developed by the authors in their previous 
works [45,47] and referring to isolated buildings, follows the multi-step procedure out-
lined in Figure 7. Each step is described in detail, providing specific evidence of the con-
tribution of the aggregate effect. 

Figure 6. Connection scenarios considered in this study: facade wall partially connected to the
transverse walls on one side (a) and on both sides (b); façade wall partially connected to the lateral
coplanar walls on one side (c) and on both sides (d); façade wall partially connected to both the
transverse and lateral coplanar walls on one side (e) and on both sides (f).

3. Fragility Curves for URM Buildings Considering the Aggregate Effect

This section describes the proposed approach for deriving the fragility curves for
URM buildings in aggregate that are susceptible to out-of-plane overturning mechanisms
of their façade walls. The proposal introduces the aggregate effect to take into account
interactions between adjacent buildings that may occur in case of buildings in aggregate
configuration [5,38].

The proposed approach, similarly to that developed by the authors in their previous
works [45,47] and referring to isolated buildings, follows the multi-step procedure outlined
in Figure 7. Each step is described in detail, providing specific evidence of the contribution
of the aggregate effect.

• Step 0 consists of defining the building typologies representative of the area of study,
on the basis of similar structural–typological features and the age of construction, as
defined within the Italian DPC-ReLUIS CARTIS Project [51–53]. For each identified
building typology, this step is also devoted to collect additional data specifically
concerning the type of connection between S.U.s.

• Step 1 consists of identifying, for each building typology, subsets of buildings charac-
terized by the same type of the most probable out-of-plane mechanism [50] and the
same number of floors. For this purpose, each sample S.U. of the area under study
is analyzed to define the corresponding most probable out-of-plane mechanism as
proposed in [54]. Then, the building typologies defined in the previous step are subdi-
vided in subsets of buildings with the same most probable out-of-plane mechanism
and the same number of floors, called building categories.
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• Step 2 consists of generating, for each building category, a set of 3000 virtual buildings
through Monte Carlo simulations. The virtual buildings are generated by varying the
following parameters of the facade walls: wall thickness, inter-story height, percentage
of holes, and masonry compressive strength. Each parameter is varied by assuming
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a lognormal distribution, commonly used to describe variables that can take on any
value greater than or equal to zero [55,56]. The steps goes on with the generation
of the height and the overlap length of the semi-blocks (hblock and Lblock,overlap) to be
associated with the 3000 virtual buildings. Since there is a lack of sample data on the
geometric characteristics of semi-blocks, we opt for a uniform distribution to generate
these dimensions. This approach aims to prevent any bias in the results. The resulting
values of height and overlap length are then linked to each virtual building based
on the type of connection scenarios among the S.U.s, as depicted in Figure 6. The
following must be noted:

- In case of the connection scenarios “ac 1T”, “ac 2T”, “ac 1TL”, and “ac 2TL”, i.e.,
in case of connection of the façade wall with the transverse walls, both hblock and
Lblock,overlap are associated with each virtual building;

- In case of the connections scenarios “ac 1L” and “ac 2L”, i.e., in case of connection
of the façade with the coplanar walls, only the hblock is associated with each
building, since, in this case, the Lblock,overlap is coincident with the thickness of the
adjacent coplanar walls.

• Step 3 is devoted to carrying out a nonlinear kinematic analysis of each virtual building
belonging to each building category and evaluating the capacity curve of the corre-
sponding mechanism in terms of spectral acceleration (a) vs. spectral displacement
(d). In particular, the nonlinear kinematic analysis of the façade wall portion involved
in the failure mode is conducted based on the following hypotheses:

- There are rigid blocks, zero masonry tensile strength [50,57], and limited masonry
compressive strength [58];

- There is a consideration not only of the weight of the portion of wall involved
in the failure mode, the corresponding horizontal seismic force, and any forces
arising from loads transmitted from floors, vaults, and roofs, but also the friction
force (F) due to the aggregate effect defined in the previous Section 2. It is important
to note that, unlike the other acting forces, the resultant F is not constant during
the evolution of the mechanism since it progressively reduces due to the gradual
loss of the overlap between the blocks [59] (see Figure 8).
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In order to evaluate the value of the friction force during the mechanism, it is necessary
to determine its ultimate value, Fu, at the loss of equilibrium. Fu is evaluated iteratively by
varying, at each iteration, the value of the acting frictional forces, as described in [59].
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Once the value of Fu has been defined, the force Fb during the evolution of the
mechanism is evaluated with Equation (1) by replacing n with r, where r represents the
number of rows of overlapping blocks, defined as

r = n − 2i (4)

In Equation (4), 2i is the number of block rows that lose contact during the evolution
of the kinematics [59], which is equal to zero at the activation of the mechanism.

The contribution of the friction force due to overloads, Fq, on the other hand, disap-
pears as soon as the contact between the blocks at the top of each story is lost.

• Step 4 is finalized to evaluate the seismic input of the site in terms of the compatible
displacement spectra derived by natural records. For this purpose, the following
occurs:

- Reference spectra of the site under consideration (target spectra) are selected by
considering eight different return periods;

- The “disaggregation” technique is used to identify natural records with similar
characteristics, in terms of magnitude and distance, to those expected at the
site [60,61];

- Records whose average acceleration spectra are compatible with the target spectra
within a pre-defined tolerance range [−10%–+30%] [62] are combined;

- The acceleration spectra corresponding to the 16th and 84th percentiles are evalu-
ated for each defined combination of records;

- From the obtained acceleration spectra, the corresponding spectra in terms of
ground and floor displacements are derived.

• Step 5 is finalized for calculating the variable Damage Index (D.I.), which represents
the degree of the Damage State (D.S.) achieved. This variable is determined for two
distinct D.S.s:

- The first, called DS1 and corresponding to the activation of the mechanism;
- The second, called DS2 and corresponding to the collapse of the portion of the

façade affected by the mechanism.

In particular, Step 5 is finalized to calculate the variable Damage Index (D.I.) of
each virtual building. This variable represents the degree of the Damage State (D.S.)
achieved and is evaluated as the ratio between the maximum required displacement
of the DDSi (demand) mechanism and the damage threshold of the dDSi (capacity)
mechanism.
The demand is determined by using the displacement spectra obtained in Step 4 and
by applying the capacity spectrum method [63]. Specifically, ground displacement
spectra are used if the considered mechanism occurs at z = 0 [50]; conversely, floor
displacement spectra [64] are used if the considered mechanism occurs at z > 0 [50].
The capacity in terms of the damage threshold, dDSi, on the other hand, is derived
from the capacity curves derived in Step 3. The damage threshold corresponding to
DS1 is identified by the spectral displacement (dy) at the intersection between the
capacity curve and a linear branch representing the elastic behavior of the façade wall
before the activation of the mechanism. Conversely, the damage threshold of DS2
corresponds to the collapse defined by a damage threshold of 0.40 d0, where d0 is the
spectral displacement corresponding to the point where the spectral acceleration (a) is
zero [50,65,66] (see Figure 9).
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• Step 6 concerns the evaluation of the fragility curves for the two D.S.s for each build-
ing category. Using the Peak Ground Acceleration (PGA) as the intensity measure,
the fragility curves are assessed by considering a lognormal distribution for the
D.I.s [35,55,67], with the following:

- The mean values obtained through a linear regression of the natural logarithm of
the DIs versus the natural logarithm of the PGA [68];

- The derived total dispersion incorporating both the model variability [69] and the
record-to-record variability. The latter is estimated using the 84th and the 16th
percentiles of the selected spectra [45,70].

Steps 5 and 6 are carried out for each set of the virtual buildings corresponding to the
six possible connection scenarios. In this regard, it is evident that the connection scenario
could significantly influence the seismic vulnerability assessment of URM buildings in an
aggregate configuration. Nevertheless, investigations aimed at defining the connection
scenario could be challenging to conduct, expensive, and time-consuming. Therefore, in
the preliminary phase of analysis, all possible connection scenarios can be considered to
identify the most hazardous conditions.

4. Case Study

The urban area considered as a case study in this paper is the historical center of
Sora (Figure 10), a municipality of the Lazio region located in Central Italy. The authors
investigated this center as part of the CARTIS research project, a project funded by the
Italian Civil Protection Department and aimed at characterizing ordinary Italian build-
ings [51,52]. The center consists mainly of two URM building typologies, denoted here
with the labels “BT 1” and “BT 2”. The “BT 1” typology is characterized by two- and three-
story buildings, built before 1860 in uneven masonry with rough stones (Figure 11a), and
presents mainly wooden slabs (Figure 11b). The “BT 2” typology is characterized by S.U.s
built from 1861 to 1919 in regular masonry with square stones and has hollow-core concrete
slabs. Based on research conducted by the authors within the CARTIS database [47,48],
the two typologies are notably prevalent in central Italy, particularly in the municipalities
of the central Apennines. Therefore, they can be considered representative of the typical
buildings found in the historic centers of these areas. Figure 12 shows the typical buildings
representative of the two typologies. For a more detailed characterization, refer to [45].
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4.1. Application of the Proposed Approach

The knowledge process (Step 0) did not provide enough information to determine the
specific types of connections between buildings. Therefore, for the application of the proposed
approach, reference has been made to the presence of all possible configurations, including
both the isolated one and the six possible connection scenarios for the aggregate configuration.

For each of the two building typologies defined within Step 0, the application of the
second step led to the division of each typology into ten building categories as shown in
Table 1. This classification includes the following:

- One category for global simple overturning;
- Three categories for simple partial overturning;
- Two categories for global overturning along the openings;
- Two categories for horizontal bending;
- Two categories for vertical bending.

Table 1. Building categories into which the building typologies characterizing the historic center of
Sora have been divided.

Building Category The Most Likely Out-of-Plane Failure Mode Number of Stories

1 Global simple overturning 3

2 Simple partial overturning of the 2nd story 2

3 Simple partial overturning of the 3rd story 3

4 Simple partial overturning of the 2nd and the
3rd story 3

5 Global overturning along the openings 2

6 Global overturning along the openings 3

7 Horizontal bending 2

8 Horizontal bending 3

9 Vertical bending 2

10 Vertical bending 3

Next, for each of the categories characterized by the overturning mechanisms (from
1 to 6), 3000 virtual buildings were generated using the Monte Carlo method. The genera-
tions were carried out by varying the wall thickness, the inter-story height, the number of
holes in the façade, and the masonry compressive strength [46]. In this regard, it is assumed
that the values of the above parameters follow a lognormal distribution [55]. Specifically,
the geometrical parameters of each building story and the masonry compressive strength
values were generated using the mean and standard deviation values listed in Table 2. In
particular, the means and the standard deviations of the wall thickness, inter-story height,
and holes in the façade were obtained by calculating the means and the standard deviations
of the corresponding real data for each story belonging to the sample buildings of the
case study. To this end, the sample data were derived by an in-depth survey conducted
in [54,71]. The values of the mean and the standard deviation of the masonry compressive
strength were, instead, set equal to those characterizing the masonry typologies of the case
study buildings recommended in [55] (the uneven masonry with rough stones and the
regular masonry with square stones, respectively, for “BT 1” and “BT 2”).

In addition, for the analysis of the walls in aggregate configuration, the corresponding
dimensions of the interconnecting semi-blocks were associated with each generated virtual
building. They were simulated by the Monte Carlo method and the dimensions were
assumed to vary with a uniform distribution within a range specific to the examined
building typology (see Table 3).
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Table 2. Values of mean and standard deviation used to generate the parameters of the virtual sets of
buildings for each building category.

Parameter
Building

Floor
Number

“BT 1” “BT 2”

Mean Standard
Deviation Mean Standard

Deviation

wall thickness [m]

1st −0.35 0.17 −0.41 0.11

2nd −0.44 0.20 −0.51 0.08

3rd − 0.48 0.20 −0.60 0.08

inter-story height [m]

1st 1.08 0.21 1.16 0.16

2nd 1.07 0.13 1.10 0.06

3rd 1.01 0.26 1.07 0.10

holes in façade [-]

1st −0.62 0.17 −0.52 0.11

2nd −0.19 0.09 −0.20 0.11

3rd 0.26 0.12 −0.31 0.13

masonry compressive
strength [N/cm2] - 4.94 0.29 5.25 0.27

Table 3. Ranges used to generate the height (hblock) and the overlap length (Lblock,overlap) of the
interconnecting semi-blocks.

Building
Typology

1st Story 2nd Story 3rd Story

hblock [m] Lblock,overlap
[m] hblock [m] Lblock,overlap

[m] hblock [m] Lblock,overlap
[m]

BT 1 0.30–0.40 0.20–0.25 0.20–0.30 0.11–0.20 0.10–0.20 0.05–0.11

BT 2 0.09–0.15 0.15–0.20 0.09–0.15 0.15–0.20 0.09–0.15 0.15–0.20

It is important to note that, due to a lack of reliable information on the size of the blocks
used in the buildings of this case study, the ranges for varying the semi-block dimensions
were chosen by considering values derived from expertise judgments based on the common
properties that characterize local URMs.

For the “BT 1” typology, the blocks were varied within different ranges depending on
the building’s story and in order to account for the following considerations:

- The use of larger square blocks as cornerstones on the ground story, which reflects
local tradition [72] (see Figure 13);

- The gradual reduction in the block size used for the wall construction, from the ground
story to the upper ones, as it is characteristic of this typology.

For the “BT 2” typology, the dimensions of the blocks varied within the same range
for all the stories of the buildings.

For each building category, the capacity curve of each generated building was evalu-
ated, within Step 3, by performing a nonlinear kinematic analysis on the wall part involved
in the mechanism. Note that, for each category, seven sets of curves were obtained: the
curves were derived by considering both the wall in isolated configuration and that in
an aggregate configuration, according to the six different connection scenarios detailed in
Section 2 (Figure 3). Clearly, the friction force is considered only in the case of a building
in aggregate configuration and not in the case of an isolated building (in the case of an
isolated building, friction forces are not considered).
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Step 4 was performed to select the combinations of the acceleration spectra compatible
with the target spectra of the area under the study, in compliance with [62]. In particular,
the target spectra were defined for eight return periods, ranging from 30 to 975 years,
considering that the area where the case study is located is characterized by a flat topo-
graphic surface, corresponding to a topographical category (T1), and by a subsoil category
(D) [45]. The compatible spectra combinations, instead, were derived through the REXEL
v.3.5 software [73] from the natural records included in the ITACA Database [74]. For
each of the spectra combinations, the average and the 84th and the 16th percentile spectra
of the selected records were derived. The obtained acceleration spectra were converted
into ground displacement spectra (for mechanisms triggering at the base of the building’s
ground story) or into floor displacement spectra (for mechanisms triggering at higher
floors) [45,46].

Having obtained the capacity curves and the spectra in terms of displacement, the
damage thresholds, the maximum demands required for the mechanisms, and the related
DIs were then determined according to Step 5, for each building category and for both DSs
considered within the approach. Step 5 was carried out for both isolated and aggregated wall
configurations in order to define the corresponding fragility curves, according to Step 6.

The most relevant results obtained in terms of capacity and fragility curves are pre-
sented and discussed in Sections 4.1 and 4.2, respectively.

4.2. Results and Discussion

Figures 14 and 15 present the envelopes of the capacity curves obtained for the building
category of the three-story buildings susceptible to the global overturning mechanism and
belonging to the typology “BT 2”. The curves are expressed in terms of the spectral
acceleration (a) vs. the spectral displacement (d). The envelope reported in Figure 14
refers to the case of the wall in isolated configuration; the envelopes reported in Figure 15
correspond to the six different aggregate configuration scenarios considered in this study.
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The curves related to the isolated configuration have a linear trend. The curves
corresponding to the aggregate configuration have a linear trend as long as the forces acting
on the wall are constant; then, as soon as the overlapping between the interconnecting
blocks begins to be lost, the curves decrease with a nonlinear trend.

Comparing the envelopes of the capacity curves shown in Figures 14 and 15, it is clear
that both the spectral acceleration corresponding to the activation of the mechanism (i.e., the
first point of the capacity curves) and the ultimate spectral displacement of the mechanism
(i.e., the last point of the capacity curves) depend on the type of configuration and on the
type of interconnection scenarios. In particular, the spectral accelerations corresponding
to the activation increase from values in the range [0.3–1.2] m/s2, for the wall in isolated
configuration, to values in the following ranges:

- A range of [0.8–1.8] m/s2 for walls partially connected to the transverse walls of the
adjacent S.U. on one side (Figure 15a);

- A range of [1.2–3.0] m/s2 for walls partially connected to the transverse walls of the
adjacent S.U. on both sides (Figure 15b);

- A range of [0.8–2.2] m/s2 for walls partially connected to the lateral walls of the
adjacent S.U. on one side (Figure 15c);

- A range of [1.2–3.6] m/s2 for walls partially connected to the lateral walls of the
adjacent S.U. on both sides (Figure 15d);

- A range of [1.2–3.2] m/s2 for walls partially connected to the transverse and lateral
walls of the adjacent S.U. on one side (Figure 15e);

- A range of [2.0–5.8] m/s2 for walls partially connected to the transverse and lateral
walls of the adjacent S.U. on one side (Figure 15f).

The last point of the capacity curves shifts to the right in the presence of the aggregate
configurations, moving from values varying in the range of 0.22–0.56 m to values in the
range of 0.4–0.77 m in the case of walls partially connected to the transverse and lateral
walls on both sides.
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Figure 15. Capacity curves for the building category of 3 story-buildings susceptible to the global
overturning, part of the typology “BT 2”, derived for the case of (a) façade walls partially connected
to the transverse walls of the adjacent S.U. on one side; (b) façade walls partially connected to the
transverse walls of the adjacent S.U. on both sides; (c) façade walls partially connected to the lateral
walls of the adjacent S.U. on one side; (d) façade walls partially connected to the lateral walls of the
adjacent S.U. on both side (e) façade walls partially connected to the transverse and lateral walls of
the adjacent S.U. on one side; (f) façade walls partially connected to the transverse and lateral walls
of the adjacent S.U. on one side.
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The fragility curves obtained for the three-story building categories, which are part of
the two building typologies of this case study, are reported in Figures 16–22.

In each figure, the curves in gray are related to DS1 and those in blue correspond to
DS2. In particular, the following can be noted:

- The curves “DS1 ic” and “DS2 ic” represent the ones related to the façade wall in
isolated configuration, for DS1 and DS2, respectively;

- The curves “DS1 ac 1T” and “DS2 ac 1T” are the ones obtained considering the façade
wall in the connection scenario “ac 1T” for DS1 and DS2, respectively;

- The curves “DS1 ac 2T” and “DS2 ac 2T” represent the ones obtained considering the
façade wall in the connection scenario “ac 2T” for DS1 and DS2, respectively;

- The curves “DS1 ac 1L” and “DS2 ac 1L” represent the ones obtained considering the
façade wall in the connection scenario “ac 1L” for DS1 and DS2, respectively;

- The curves “DS1 ac 2L” and “DS2 ac 2L” represent the ones obtained considering the
façade wall in the connection scenario “ac 2L” for DS1 and DS2, respectively;

- The curves “DS1 ac 1TL” and “DS2 ac 1TL” represent the ones obtained considering
the façade wall in the connection scenario “ac 1TL” for DS1 and DS2, respectively;

- The curves “DS1 ac 2TL” and “DS2 ac 2TL” represent the ones obtained considering
the façade wall in the connection scenario “ac 2TL” for DS1 and DS2, respectively.

Figures 16 and 17 show the fragility curves obtained for the building category of
three-story buildings susceptible to the global overturning mechanism, part of the “BT 1”
and “BT 2” building typologies, respectively.
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(stretched-dot line), with lateral connection (dotted line), and with the co-presence of transverse and
lateral connection (solid line) (a) on one side only and (b) on both sides.
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The fragility curves of the three-story building category susceptible to global over-
turning along the openings, belonging to the “BT 1” and “BT 2” building typologies,
respectively, are shown in Figure 18.
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Figure 18. Fragility curves for the building category of 3-story buildings susceptible to global
overturning along the openings, part of (a) the typologies “BT 1” and (b) “BT 2”.

Figures 19 and 20 present the fragility curves derived for the building category of
three-story buildings susceptible to the partial overturning mechanism of the third story,
part of the “BT 1” and “BT 2” building typologies, respectively.
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Figure 20. Overlap between the fragility curves obtained for the case of walls in isolated configuration
(dashed line) and those obtained for walls in aggregate configuration with transverse connection
(stretched-dot line), with lateral connection (dotted line), and with the co-presence of transverse and
lateral connection (solid line) (a) on one side only and (b) on both sides.

Figures 21 and 22 present the fragility curves of the building category of three-story
buildings susceptible to the partial overturning mechanism of the second and third stories,
part of the “BT 1” and “BT 2” building typologies, respectively.
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The comparison of the fragility curves of buildings in isolated configuration with those
of buildings in aggregate configuration shown in Figures 16–22 reveals that the aggregate
effect has a beneficial influence on the seismic behavior of the buildings: in the case of
aggregate configuration, the fragility of the overturning mechanisms decreases for both
DS1 and DS2.

By observing the curves, it is noticeable that, for the same building category, the
curves related to the same DS but corresponding to a different configuration (isolated and
in aggregate) related to the “BT 1” building typology are closer to each other than those
related to “BT 2”. In particular, for the same building category, DS, and connection type,
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buildings belonging to “BT 2” are characterized by lower fragility; i.e., the same PGA
corresponds a lower probability of reaching or exceeding the DS.

To highlight the influence of the aggregate effect, the PGA value was evaluated for both
isolated and aggregate configurations, considering the following factors: Limit State DS2;
probability of exceeding 50%; overturning of the third floor only or overturning of the
second and third floors; and units connected to adjacent ones on one side only or on two
sides. By comparing the obtained values, it is possible to observe the following trends (see
Figure 19):

One-sided connection:

- In the case of overturning of the third floor, the introduction of the aggregate effect leads
to an increase in PGA of 47% for “BT 1” and 87% for “BT 2”.

- In the case of overturning of the second and third floors, it leads to an increase in PGA
of 54% for “BT 1” and 174% for “BT 2”.

Two-sided connection:

- For overturning of the third floor, the aggregate effect leads to an increase in PGA of
12% for “BT 1” and 25% for “BT 2”.

- For overturning of the second and third floors, the aggregate effect leads to an increase
in PGA of 20% for “BT 1” and 48% for “BT 2”.

These results demonstrate that the influence of the aggregate effect depends on both
the connection scenario and the building typologies. In particular, the aggregate effect
is limited for buildings of “BT 1” but is relevant for buildings of “BT 2”. The limited
influence of the aggregate configuration for buildings of the “BT 1” typology results from
the presence, in such buildings, of small interconnecting blocks on the upper floors. These
blocks rapidly lose contact with each other as the tilting progresses, and the beneficial
effect of the friction quickly disappears. In contrast, buildings of the “BT 2” typology have
larger interconnecting blocks on the upper floors. These larger blocks maintain contact
with the adjacent walls longer during overturning, resulting in a significant reduction
in vulnerability for the “BT 2” typology in aggregate configurations compared to that in
isolated ones. Further, it is also evident how the lateral connection is more effective than
the transverse one in reducing the seismic vulnerability. Indeed, the capacity curves of
Figure 15 show that sliding between blocks starts at higher levels of PGA, due to the fact
that the contact surface between blocks is larger than in the case of transverse connection.

5. Conclusions

The present research work presents an approach specifically developed for the seismic
vulnerability assessment of URM buildings in an aggregate configuration. Its main novelty
with respect to existing methods is accounting for the potential interactions between adja-
cent buildings (aggregate effect) for the derivation of fragility curves. The latter in particular
were derived by focusing attention on the out-of-plane mechanisms often affecting the
façade walls of buildings in historic urban areas.

The approach operates in seven steps. It begins with defining the prevalent building
typologies in the urban area, considering factors such as construction age, construction
technique, and structural features. It then identifies how adjacent buildings are connected
to each other at the intersection between the facade wall and the adjacent walls (Step 0).
Then, for each building typology, it categorizes buildings with the same most probable out-
of-plane failure mode (e.g., global simple overturning) and the same number of floors. This
categorization creates subsets of buildings for each building typology, known as building
categories (Step 1).

For each building category, it generates 3000 virtual buildings and their corresponding
semi-blocks using a Monte Carlo simulations (Step 2).

Each generated building is analyzed using a nonlinear kinematic approach to obtain
the capacity curve of its most probable mechanism. This analysis incorporates the aggregate
effect and considers six different types of connection scenarios (Step 3).
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Then, the seismic input, in terms of displacement spectra derived from natural records,
is evaluated for eight different return periods (Step 4).

The approach proceeds with the calculation of the D.I.s to represent the severity of
damage for two specific D.S.s: the first corresponding to the mechanism activating and the
second corresponding to the wall collapsing (Step 5).

Finally, the approach evaluates, for the two considered D.S.s, the fragility curves of
each building category and each connection scenario (Step 6).

This paper also illustrates and discusses an application of the proposed approach to
the historical center of Sora, a medium-sized town of Central Italy. To critically analyze
the obtained results, both the aggregate configuration, with all the possible connection
scenarios, and the isolated configuration are considered. The obtained results pointed out
that the level of seismic vulnerability of the analyzed buildings can be strongly affected by
the beneficial influence of the aggregate effect, particularly depending on the configuration
of the structural details characterizing the connections among adjacent facades (interlock).
This suggests that one of the key aspects to consider, within the knowledge process, is the
type of connection that characterizes the facade wall of S.U.s of the building aggregates.
However, the potential lack of details on the geometrical characteristics of semi-blocks
could represent a limitation during the implementation of the procedure. To overcome
these limitations, the approach assumes a uniform distribution for these features.

The proposed approach is readily applicable to other urban areas; its application only
requires knowledge of the characteristics of representative sample buildings in the area
under study in order to be able to determine the prevailing building types, identify the
types of connections between buildings and the most likely out-of-plane mechanisms, and
evaluate the mean and standard deviation of the parameters needed to generate the virtual
buildings. This information can be obtained from available databases or from archival
documents and site surveys.

As a final consideration, it can be observed that the proposed approach represents a
valuable tool for the large-scale vulnerability assessment of existing buildings in historical
centers and the planning of a more environmentally friendly disaster prevention strategy.
In particular, taking the aggregate effect into account can lead to the planning of a more cost-
effective and targeted seismic mitigation plan for historic urban areas. Indeed, the results
of the approach could be useful to identify the most vulnerable buildings of a specific
area and, thus, to define the interventions finalized to safeguard the building heritage of
the historical centers. For example, understanding the most vulnerable structural units
(S.U.s) in an urban area in relation to a certain level of earthquake shaking can inform
decisions regarding strengthening measures or retrofitting interventions. Furthermore,
the information provided by the application of the approach can be used to evaluate
the resilience of transportation networks of the urban area, helping to plan for potential
disruptions caused by earthquakes.

The findings of this research work could have several future developments. First, the
proposed approach could be refined to include the soil–foundation–structure interaction
effect [75]. Additionally, the approach could be extended to other types of out-of-plane
failure modes and in-plane mechanisms.
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