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Abstract

The evaluation of the seismic behavior of masonry aggregates, which characterize Italian
historic centres, is a challenging and widely debated topic in the field of structural engi-
neering. These constructions, composed of several adjacent structural units, tend to exhibit
both global and local damage when subjected to horizontal seismic actions—loads that
were not considered at the time of their original construction. Developed over centuries
of unplanned urban growth, they are based on empirical construction rules and locally
sourced materials. Due to their poor thermal properties, these buildings are also affected
by significant heat losses, resulting in reduced indoor comfort. In this context, the present
study aims to evaluate the seismic performance of a masonry aggregate and two of its
constituent structural units located in Visso, in the province of Macerata, an area severely
affected by the 2016 Central Italy seismic sequence, both before and after the applica-
tion of an innovative integrated retrofitting solution. The proposed strengthening system
combines aluminium alloy exoskeleton with insulating sandwich panels, simultaneously
addressing seismic vulnerability and energy inefficiency. The assessment is carried out
through numerical analyses, including nonlinear static and dynamic approaches, to achieve
a comprehensive understanding of the structural response. Moreover, a comparative anal-
ysis between the masonry aggregate and the two individual structural units, modelled
as isolated buildings, is performed to investigate the influence of structural interaction
among adjacent units. The results demonstrate the effectiveness of the proposed retrofitting
strategy, highlighting a significant improvement in global stability. Furthermore, the com-
parison confirms the critical role of inter-unit interaction and underscores the necessity
of modelling historic masonry aggregates rather than isolated buildings to obtain a more
realistic seismic performance evaluation.
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1. Introduction
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factors, among which the lack of adequate preventive maintenance over past decades plays
a significant role. However, the primary source of structural inefficiency is mainly intrinsic
and lies in the absence of seismic design criteria, as these buildings were erected prior
to the introduction of modern seismic codes and were therefore conceived to withstand
gravitational loads only [1-6].

Furthermore, most masonry buildings were constructed using materials with poor
mechanical properties, often sourced locally near the construction site. In line with tradi-
tional construction practices—originating from early stone-building techniques based on
natural, unshaped blocks—masonry units were frequently arranged in a random manner.
This resulted in irregular textures and misaligned vertical joints, which further reduce the
strength and load-bearing capacity of masonry walls [7,8].

To prevent future disasters and large numbers of casualties, there is an urgent need
to safeguard this architectural heritage by enhancing its capacity to resist seismic actions.
A wide range of retrofitting techniques is currently available, spanning from traditional
approaches to innovative methods based on the use of natural fibres or integrated sys-
tems. Among the latter, external coating systems have proven particularly effective due
to their dual function of improving seismic performance while simultaneously reducing
energy inefficiency [9-11].

Indeed, existing buildings often exhibit significant thermal losses resulting from ma-
terials with poor thermal properties (e.g., high thermal transmittance), the presence of
thermal bridges, and construction defects. The adoption of integrated retrofit solutions
also facilitates compliance with recent European directives aimed at reducing environmen-
tal impact, considering that the construction sector is responsible for more than 50% of
pollutant-related emissions [12-15].

Beyond heavier interventions, such as cast-in-place reinforced concrete shear walls,
the most commonly adopted technologies rely on metal base frames infilled with insulat-
ing panels. These frames may be realized using either cold-formed steel or aluminium
alloy profiles [16-20].

Within this framework, the present study investigates the seismic behavior of a ma-
sonry complex located in the city of Visso, an area characterized by high seismic hazard, by
analysing its performance before and after the installation of a novel integrated seismic—
energy coating system, known as MIL15.s. Masonry aggregates represent a substantial
portion of the Italian building stock, and their seismic assessment is particularly challeng-
ing due to the interaction among adjacent structural units (SUs), which are typically not
effectively connected to one another [21-23]. To evaluate the influence of the so-called
“aggregate effect,” the seismic response of the entire compound was compared with that of
two individual structural units modelled as isolated buildings. In both cases, retrofitted
configurations were also investigated to assess the benefits provided by the integrated
MIL15.s coating system.

These investigations were carried out through the development of Frame by Macro-
Element (FME) numerical models and the execution of both nonlinear static and nonlinear
dynamic analyses, thereby enabling a comprehensive assessment of structural performance.

2. Description of the Case Study in Visso

The masonry compound under investigation is located in the small town of Visso, in
the province of Macerata, within the Marche region of Italy. Visso has a population of fewer
than 1000 inhabitants and covers an area of approximately 100 km?. The town is situated
in the Nera River valley and lies within the broader territory of the Monti Sibillini National
Park. Its geographical location is shown in Figure 1.
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Figure 1. Location of Visso on the Italian territory and view of its historic centre.

The city, classified as a high seismic hazard zone [24] together with many nearby towns
(Figure 2), was severely affected by the earthquake sequence that struck the area between
August and October 2016. The first major shock occurred near Amatrice on 24 August with
a magnitude of 6.0. After several minor tremors, an aftershock took place in October of the
same year, reaching a magnitude of 6.5. The effects of these devasting events caused over
300 casualties, the displacement of thousands of residents, and extensive damage to the
building stock [25].
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Figure 2. Seismic risk map of the Marche region of Italy. White circle indicates the approximately
location of the city of Visso.

Many structures experienced both global and partial overturning phenomena, par-
ticularly involving perimeter walls. Significant damage was also recorded on historic
constructions of high architectural and artistic value. As observed after similar catastrophic
events, these earthquakes clearly highlighted the fragility of the existing building stock and
the urgent need for adequate reinforcement strategies.

In recent years, a comprehensive program of reconstruction and consolidation has
been undertaken, with the aim of revitalizing the urban fabric while improving the seismic
resilience of the existing buildings. Particular attention has been paid to maintain the
historical identity of these towns while ensuring the safety of the population.

The case study is a masonry compound located in a central position within the historic
centre of Visso, overlooking Martiri Vissani Square and situated near the Collegiate Church
of Saint Mary, the town’s main religious place. The constitutive units of this masonry
aggregate exhibited various types of failure, including incipient overturning mechanisms,
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widespread cracks around openings, and deterioration of the masonry walls. The complex
consists of five SUs dating back to the early 1900s, built in continuity using irregular
calcareous masonry. Each cell shares its boundary walls with the adjacent ones. The layout
and the main facade along the square are depicted in Figure 3.
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Figure 3. (a) Ground floor layout with the identification of the SUs. (b) Main front view of the

aggregate. (c) Cross-section. (d) View of the main facade before the earthquake.
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The wall thickness varies from 80 cm on the ground floor to 70-60 cm on the upper
levels, reaching 40 cm on the top level. Most of the spaces at the ground floor are covered
by masonry vaults, whereas the other horizontal floors are made of timber beams support-
ing a single layer of plank. The roof of all of the units has a traditional double-pitched
configuration sustained by timber beams. The masonry walls of the aggregate, made of
irregular calcareous stone, are arranged with a non-homogeneous texture. The construction
technique is representative of early 20th century buildings in the Apennine area, where
locally sourced materials and empirical rules were commonly adopted. The masonry
texture shows the absence of regular through-stones and limited transversal connections,
which negatively affects both strength and stiffness.

Since no experimental tests were conducted on the materials, the mechanical prop-
erties of the masonry were defined according to Table C8.5.1 of the Ministerial Circular
of the Italian Technical Code for Constructions, assuming the lowest Knowledge Level
(KL1) [26,27]. In compliance with the code provisions, a confidence factor equal to 1.35 was
adopted in order to account for the high level of uncertainty associated with the mechanical
characterization of existing materials. Average values were assumed for the elastic moduli,
while minimum ones were selected for the strength parameters, as reported in Table 1.

Table 1. Mechanical properties for masonry of the aggregate cells.

Young Modulus Shear Modulus Compressive Strength Shear Strength Weight
E G fm T w

[N/mm?] [N/mm?] [N/mm?] [N/cm?] [KN/m?]
1740 580 2.60 5.60 21

In the absence of detailed information regarding the type of timber used for the beams,
the most common species in the area were selected, whose mechanical characteristics were
derived from the UNI EN 338:2004 standard “Structural Timber-Strength Classes” [28],
as listed in Table 2. Specifically, beech wood, which belongs to the hardwood category
and corresponds to strength class D30, was chosen. The beams were assumed to have a
cross-section of 20 x 30 cm spaced at approximately 1 m. The floor system was completed
with a plank layer of about 3 cm and made of the same wood species. The floor was then
completed with a light screed and the final floor finishes. The modification factor k4,
which accounts for the influence of load duration and moisture content on the strength
parameters, was set as equal to 0.6. This value results from assuming Service Class 1,
defined by moisture conditions and exposure, and a permanent load duration class. The
same wood species was also assumed for the structural elements supporting the roof.

Table 2. Mechanical properties of timber beams.

. Charact. Tensile Strength Young Modulus .
Charact. Bending Strength (Parallel to the Grain) (Parallel to the Grain) Shear Modulus Density
fm k G w
! ft,0,k EO,mean
[N/mm?] [N/mm?] [N/mm?] [N/mm?] [kN/m?]
30 18 10 0.60 5.4

For the vaulted structures located at the ground floor, the infill was assumed to consist
of calcareous stones, consistent with the material used for the vertical walls, completed by
a screed layer and the final floor finishing.
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3. A Novel Retrofit Solution: The MIL15.s External Coat
3.1. Scheme of Functioning

The selected retrofitting solution is the MIL15.s external coating system, patented
by TM Group S.rl. (Montegranaro, Province of Fermo, Marche Region, Italy). The
system combines a structural exoskeleton composed of aluminium alloy components
with insulating sandwich panels, consisting of double trapezoidal steel sheeting with
an internal insulation core [29].

The aluminium alloy used for the exoskeleton belongs to the 6000 series, which is com-
monly adopted in structural applications due to its favourable mechanical properties. Specifi-
cally, the system employs alloy 6060, which, according to the CNR-DT 208/2011 Guidelines
and Eurocode 9 [30,31], is characterized by a 0.2% proof strength fy, of 150 MPa and
an ultimate tensile strength f, of 190 MPa. The material exhibits an ultimate strain of
approximately 8%. These mechanical properties are summarized in Table 3.

Table 3. Mechanical properties of the retrofit system aluminium alloy profiles.

Charact. Value of
0.2-Proof Strength

Ultimate Tensile Strength Failure Strain Buckling Class ~ Durability Class

fo2 fu
[N/mm?] [N/mm?] [%] [-] [-]
150 190 8 A B

The aluminium alloy vertical components of the system are produced through an
extrusion process, which allows for the creation of a wide range of geometries and shapes,
which is followed by artificial ageing (T6).

A view of the retrofit system, including its components and connections, is shown in
Figure 4. In particular, the first element, referred to as the base profile (Element No. 1), is
anchored to the perimeter masonry walls using 12 mm chemical anchors spaced at 50 cm
intervals (El. No. 5). Between two consecutive base profiles, placed approximately 1 m
apart, a sandwich panel (EL. No. 7) is inserted and fixed with self-drilling screws (El. No. 6).
Once the additional components designed to limit thermal dispersion are positioned (EL
Nos. 3 and 4), the system is finalized with the aluminium closing profile (El. No. 2). Its
flanges interlock with the base element, while its wings attach to the external trapezoidal
sheeting of the sandwich panel.

Legend

4 — Thermal break spacer
1 — Base profile 5 — Chemical anchors

2 — Closing profile 6 — Self-drilling screws

3 — Thermal insulator 7 — Sandwich panel

Figure 4. View of the MIL 15.s system with its components.
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3.2. Main Advantages

The selected retrofit system for the masonry case study in Visso is a representative
example of an external coat, a novel technique designed for the combined seismic-energy
upgrading of existing masonry and reinforced concrete buildings. Its primary advantage is
the application from the building outside, which avoids disruption of internal activities
and prevents the displacement of occupants. This feature makes the system particularly
suitable not only for residential structures but also for buildings with diverse functions,
such as schools and offices.

The use of aluminium alloy components further enhances the solution’s applicability.
With a density approximately one third that of steel, aluminium adds minimal mass to
the existing structure [30,31]. Additionally, aluminium is completely sustainable: at the
end of its service life, it can be fully remelted and recycled without losing its physical
or mechanical properties, significantly reducing pollutant emissions and supporting the
objectives of the European Green Deal [12]. For reference, producing one ton of primary
aluminium requires 14-16 MWh of energy, whereas recycling consumes only 0.7-0.8 MWh,
about 5% of the original energy requirement, substantially lowering CO, emissions [32].

Italy ranks third worldwide in aluminium recycling, following the USA and Japan,
and produces one of the highest volumes of recycled aluminium. According to the lat-
est CiAL report (National Aluminium Packaging Consortium), in 2021 Italy recycled
52,900 tons of aluminium packaging, representing 67.5% of the 78,400 tons placed on the
market, positioning it among the global leaders in aluminium recycling [33].

A further key advantage of this retrofit technique is its dual purpose: it enhances
structural performance while simultaneously reducing thermal dispersion, which pre-
dominantly originates from vertical partitions. This combined potential highlights the
competitiveness of the technology compared to traditional interventions that primarily
address structural deficiencies alone.

For these reasons, its cost of approximately EUR 150 per square meter, including
preliminary works and installation, is economically sustainable and reasonable. Moreover,
due to the high natural corrosion resistance of aluminium, the system requires minimal
maintenance, further reducing long-term management costs.

Despite the numerous advantages discussed above, the applicability of the proposed
retrofitting solution should be carefully evaluated in historic contexts. In particular, the
installation of the external coating system may not be suitable for facades of buildings
covered by cultural, artistic, or architectural bonds, as these surfaces are often required to
retain their original appearance. For this reason, the proposed solution is mainly intended
for non-monumental historic buildings. The visual impact of the system can be mitigated
by adopting suitable finishing layers; however, its use in protected historic city centres
must always be assessed on a case-by-case basis and approved by competent authorities.

4. Modelling of the Complex Using an FME Approach
4.1. Aggregated vs. Isolated Configurations Before and After the Installation of the MIL15.s

Following the acquisition of the geometric and structural properties of the aggregate,
the modelling phase begins with the creation of a Frame by Macroelement (FME) model
developed using the 3Muri computer software 15.0.0.1 developed by the STA.DATA com-
pany [34]. This approach, based on the observation of damage affecting real buildings after
seismic events, proposes the division of masonry walls into three macro-elements: piers
adjacent to openings, spandrels located above and/or below the openings, and rigid nodes
as the remaining parts between piers and spandrels, assumed to behave as infinitely rigid.

Specifically, three models were created. One corresponds to the entire masonry com-
pound, while the other two represent individual structural units modelled as isolated
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buildings. When analysing an isolated structural unit (SU), half of the thickness of the
boundary wall was considered, as adjacent units share common walls. The two units
analysed in isolation are SU3 and SU5. SU3 is an internal unit spanning three levels above
the floor, while SU5 is a corner unit comprising only two levels.

The behavior of the structures was also investigated taking into account the presence
of the integrated seismic-energy retrofitting solution described in the previous section.
In order to introduce the presence of the external coat, vertical elements representing
the aluminium alloy base profiles were inserted within the software environment. The
connection between these external profiles and the perimeter masonry walls was simulated
through rigid links. The sandwich panel, for computational efficiency and following several
studies [35], was schematized as an equivalent diagonal truss with a full circular cross-
section. This modelling strategy is capable of accurately reproducing the in-plane shear
stiffness of the panels. Its diameter was calculated using Equation (1):

Adiag = Keq : Leq/(E : COSZOC), 1)

where

e [ stands as the elastic modulus of the material.

e Leq is the equivalent length of the element, calculated as the ratio b/cosa, with b
representing the frame width and « = arctg h/b, considering h as the frame height.

e Kqq is the equivalent stiffness. It originates from the shear flexibility of the diaphragm.

The parameter C’, which accounts for the shear flexibility of different components,
such as sheeting and fasteners, was determined by means of Equation (2):

Keq=1/C’ (2)

The three-dimensional model of the entire aggregate in both conditions (isolated and
aggregated), along with the location of the two selected SUs extracted from the complex,
are shown in Figure 5.

The integrated seismic—energy retrofit system was applied to the main facades of
all SUs of the masonry complex, facing Martiri Vissani Square, as well as to the rear
facades. Conversely, the lateral facades of SU1 and SU5 were not retrofitted, as they are not
completely free and are partially constrained by adjacent constructions. This intervention
layout was defined in order to maximize the effectiveness of the strengthening solution
while respecting the geometric and urban constraints of the compound.

Regarding the presence of openings, the aluminium alloy vertical profiles are generally
arranged with a regular spacing of approximately 1.0 m. However, the presence of windows,
doors, or other openings may require the use of special elements with reduced modular
spacing. This allows the system to be properly adapted to the existing fagade geometry
without interfering with the architectural layout of the openings, while maintaining the
structural continuity and effectiveness of the external coating system.

4.2. Execution of Nonlinear Static and Dynamic Analyses

Once all models were defined, analyses were carried out to investigate the performance
of the selected case study.

Firstly, nonlinear static analyses (NLSAs) were conducted assuming two distributions
of horizontal loads, as prescribed by the Italian Technical Code. During the NLSAs, the
displacement of a top control node located at the barycentre of the structure was monitored
to assess the overall performance of the complex by gradually increasing lateral forces. The
results were evaluated in terms of the following:

https:/ /doi.org/10.3390/buildings16061208
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o  The agpy coefficient, related to the Life Safety Limit State (LSLS or SLV), defined as the
ratio of capacity to demand peak ground accelerations (PGAc/PGAp);
e  Capacity curves, representing the relationship between base shear and top displacement.

su5

SuU3

(0) (d)

Figure 5. Entire aggregate in (a) as-built configuration (main facade) and (b) retrofitted configuration
(main fagade); (c) SU3 (as-built configuration); and (d) SU5 (as-built configuration).

The same procedure was applied to the two isolated structural units (SUs) in both
as-built and retrofitted configurations.

Additionally, to comprehensively capture the structural behavior of the complex,
nonlinear dynamic analyses (NLDAs) were performed. These simulations allow for the
evaluation of structural response under realistic earthquake conditions using accelerograms,
which are records of ground acceleration over time. The accelerograms were obtained from
the Rexel web platform, a freely accessible resource providing ground motion records based
on input parameters such as the reference site’s geographical data (latitude and longitude)
and stratigraphical conditions [36,37]. The platform generates spectrum-compatible ground
motion, meaning the selected records match the target design spectrum, although they are
not necessarily recorded near the reference site.

In this study, seven seismic events were selected, each including two orthogonal
horizontal components (typically aligned North-South and East-West) from the same
earthquake record. This bidirectional input provides a more realistic representation of
ground motion. The selected events and their corresponding recording stations are listed
in Table 4.

At the end of this kind of analysis, the outcomes are compared in terms of d-t (displace-
ment vs. time) considering both structural conditions. Results are provided and discussed
in Section 5.
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Table 4. The seven spectrum-compatible earthquakes selected for seismic analysis.

Event No. Station M.,
1 Pasciano Amatrice 6.6
2 L’Aquila 6.1
3 Castelluccio di Norcia 6.6
4 Castel Sant’ Angelo Sul Nera 6.6
5 Mirandola 6.1
6 Medolla 6.0
7 Mirandola 6.0

5. Comparison and Critical Discussion of the Results
5.1. Structural Behaviour

Table 5 illustrates the results achieved at the end of the performance of NLSAs for all
models, including both the entire aggregate and individual SUs.

Table 5. Results of NLSAs on the entire aggregate and on the two SUs.

Entire Aggregate
Nr Earthquake Direction Seismic Load Eccentricity [cm] As-Built Conf. agyy gg:lrfo ﬁotted A [%]
- 6SLV
16 —X Static Forces —267.02 0.328 0.499 52
23 -Y Static Forces 136.63 0.265 0.475 79
Su3
Nr Earthquake Direction Seismic Load Eccentricity [cm] As-Built Conf. agry gg:lrfo ﬁotted A [%]
- 6SLV
16 —X Static Forces —67.50 0.411 0.468 13
23 -Y Static Forces 90.40 0.277 0.400 44
SuU5
Nr Earthquake Direction Seismic Load Eccentricity [cm] As-Built Conf. agry gg:fo ﬁotted A [%]
- OSLV
16 —X Static Forces —91.50 0.466 0.515 10
23 -Y Static Forces 65.79 0.430 0.503 16

The seismic safety indices clearly demonstrate the effectiveness of the retrofitting
technique across all three modelling scenarios. In every case, the novel technique provides
an increase of at least of 0.1, fully in line with the requirements of the Italian Standard for
seismic upgrading interventions.

To ensure a more realistic comparison, the results considered for all three configu-
rations are obtained under the same seismic loading directions and identical horizontal
load conditions.

When examining the behavior of the individual SUs, it is observed that the as-built
configuration attains slightly higher indices compared to the aggregate model. In the
retrofitted condition, these indices also increase, although the improvement is more limited
compared to the enhancement achieved when the entire aggregate is studied.

This can be attributed to the fact that isolated units do not benefit from the “aggregate
effect,” which significantly contributes to reducing stresses and enhancing the global
response when the entire complex is assessed.

https:/ /doi.org/10.3390/buildings16061208
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In an aggregated configuration, the mutual interaction among adjacent SUs leads to a
redistribution of internal forces, and a greater capacity to dissipate seismic energy. Shared
walls and geometric continuity promote collaborative structural behavior that cannot be

reproduced when units are analysed in isolation disregarding the adjacent cells. As a result,
the aggregate behaves as a more coherent structural system, displaying improved stiffness
and strength compared to the sum of its individual components.

The divergences between the seismic performance of the entire compound and the
isolated cell are further evidenced by the derivation of the capacity curves (base shear vs.
top displacement) provided in Figure 6.

Comparison Capacity Curves
As-Built vs Retrofitted Configurations

1,000,000
900,000
800,000
700,000
600,000
500,000
400,000
300,000
200,000
100,000

0

V [daN]

————— Aggregate As-Built X-Dir

Aggregate Retrofitted X-Dir

d [em]

----- Aggregate As-Built Y-Dir

Aggregate_Retrofitted_Y-Dir

(a)

SU3 - As-Built vs Retrofitted Configuration

250,000

200,000

150,000

V [daN]|

100,000

50,000

----- SU3_As-Built-X-Dir
----- SU3_As-Built-Y-Dir

Figure 6. Cont.

2 3 4 5

d [cm]

SU3_Retrofitted X-Dir
SU3_Retrofitted_Y-Dir

(b)
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SUS - As-Built vs Retrofitted Configuration

250,000

200,000

150,000

V [daN]

100,000

50,000

0 1 2 3 4 5

d [cm]
————— SU5_As-Built_X-Dir

----- SU5_As-Built_Y-Dir

SU5_Retrofitted_X-Dir
SUS_Retrofitted Y-Dir

(c)

Figure 6. Comparison of capacity curves: (a) entire aggregate; (b) SU3; and (c) SU5. (Legend: dotted
lines: as-built configuration; continuous lines: retrofitted configuration; orange lines: X-direction,
blue lines: Y-direction).

The aggregate model displays the attainment of significantly higher base shear values,
as it accounts for the contribution of all SUs and therefore involves a much larger partic-
ipating mass. At the same time, its ultimate displacements are more limited compared
with those of the isolated units. This behavior is consistent with the presence of interac-
tion effects within the aggregate: the mutual constraints imposed by adjacent SUs restrict
deformation demand and promote a more globally coordinated response. In addition,
the aggregate effect leads to a redistribution of seismic forces among units, with stiffer
units attracting a larger portion of the base shear and more flexible units benefiting from
lateral support.

In contrast, the capacity curves of the isolated units exhibit larger ultimate dis-
placements, since the absence of neighbouring cells eliminates the lateral restraints that
would otherwise limit deformation. This is particularly evident for the internal unit SU3,
which—when analysed as isolated—reaches an ultimate displacement of nearly 5 cm in
the X-direction, a value strongly influenced by the removal of the two adjacent SUs that
would normally confine its motion. A similar behavior is observed for the heading unit
SUS5, which also attains an ultimate displacement of approximately 5 cm in the Y-direction.
However, the influence of the aggregate effect is less pronounced in this case, as SU5 inter-
acts structurally with only one adjacent unit. Consequently, the absence of the aggregate
configuration alters its response to a lesser extent compared to SU3.

Finally, the continuous curves representing the retrofitted condition underline the
significant increase in stiffness provided by the arrangement of the combined retrofitting
system, which results in steeper initial branches and reduced lateral displacements for all
of the investigated scenarios. These results highlight that the aggregate effect not only
limits displacements but also enhances the global performance of the system by promoting
cooperative behavior among the units. Understanding this effect is therefore essential for
accurate seismic assessment and retrofit design of masonry complexes.

A qualitative comparison of the damage patterns observed in the numerical models
highlights a significant difference between the as-built and the retrofitted configurations as
depicted in Figure 7. In the unretrofitted condition, damage is mainly concentrated near
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the openings, where stress concentrations tend to activate brittle shear failure mechanisms
(elements in yellow) and some plastic failure (element in pink) in the masonry piers.
Conversely, the presence of the integrated seismic—energy strengthening system promotes
a more uniform distribution of damage along the facades. The external retrofit system
contributes to reducing concentrations of local stress and allows the structure to achieve a
more global response, favouring the development of ductile mechanisms (element in pink)
rather than brittle failures. This change in damage evolution represents a key benefit of
the proposed intervention, as it enhances not only the global seismic capacity, but also the
overall robustness of the structural response.

14
S

(a) (b)

Figure 7. Comparison of the damage pattern on the three-dimensional model representing the entire
building complex: (a) as-built configuration; (b) retrofitted configuration.

The outcomes obtained from the NLDAs are represented as displacement vs. time
curves which provide a direct evaluation of the seismic response in the time domain for
both the as-built and retrofitted configurations. The comparison was carried out for the
entire aggregate and, in coherence with the NLSAs, also for the individual SUs, which were
modelled as isolated buildings.

These curves are depicted in Figure 8, focusing attention on the structural response
along the Y-direction, which represents the predominant axis of the masonry complex
and the direction along which the retrofitting combined solution exhibits its predominant
effect. The comparison of the displacement-time histories highlights the clear performance
improvement of the retrofitted configuration (continuous green lines) compared to the
as-built condition (dashed red lines).

Analysing both the behavior of the entire complex and that of the individual SUs
evaluated as isolated (both internal and heading units), a systematic reduction of the
maximum displacement peaks is observed. This phenomenon is particularly evident in the
case of the internal structural unit.

Overall, these findings confirm that the application of the seismic-energy system
has effectively increased the structure’s stiffness and energy dissipation capacity, miti-
gating critical deformations along the directions of greatest vulnerability and geometric
development.

5.2. Thermal Performance Assessement by a Simplified Approach

The proposed retrofitting solution falls within the category of combined strengthening
systems, as it simultaneously provides both seismic upgrading and energy performance
improvement through a single intervention.

To demonstrate the benefits of this novel system from a thermal perspective, alongside
the seismic performance evaluated by carrying out both nonlinear static and dynamic anal-
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ysis, a simplified thermal assessment was conducted using the online tool Ubakus [38,39],
which calculates the thermal transmittance of various building components.

Comparison As-Built vs Retrofitted Configurations - Y-Direction - Event E6
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Figure 8. NLDA results: (a) entire aggregate; (b) SU3; and (c) SU5. (Legend: dotted red lines: as-built
configuration; continuous green lines: retrofitted configuration).
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Thermal transmittance, commonly referred to as the U-value, quantifies the amount
of heat flow through a wall per unit area per unit temperature difference. It represents a
key parameter for evaluating the thermal insulation performance of building envelopes.

For the as-built condition, a masonry wall approximately 60 cm thick, representative
of the ground floor wall of a generic SU, was considered. The wall was assumed to be
finished with mortar plaster applied on both the internal and external surfaces.

In the retrofitted configuration, the same masonry panel enhanced by the addition
of the integrated seismic-energy coating layers described in Section 3 was considered.
Within the sandwich panel, mineral wool insulation with a standard thickness of 100 mm
was adopted.

The resulting U-value for the reinforced configuration was compared with the maxi-
mum allowable value prescribed by the Ministerial Decree of 26 June 2015, which estab-
lishes limit values for opaque vertical partitions depending on the climate zone.

The municipality of Visso, where the masonry aggregate is located, falls within climate
zone E, characterized by a Heating Degree Days (HDD) range between 2100 and 3000. For
this climate class, the regulation sets a maximum U-value equal to 0.28 W/m?K [40].

Table 6 presents a comparison of the two conditions.

Table 6. Comparison of thermal analysis scenarios.

Scenario U-Value [W/m?K] Heat Capacity [kJ/m?K]
As-built 1.286 577
Retrofitted 0.280 1300

The tool also provides an estimate of the heat capacity of the wall, which is significantly
increased after the installation of the MIL15.s system. This improvement indicates a greater
ability of the envelope to store thermal energy, thereby reducing heat losses and improving
indoor comfort for occupants.

Furthermore, the retrofitted scenario does not exhibit risks of interstitial or surface
condensation. This result is ensured by the proper design and positioning of the intermedi-
ate layers within the integrated system, which effectively prevent moisture accumulation
and guarantee adequate hygrothermal performance.

6. Conclusions

This study investigates a retrofitting technique applied to a masonry complex in
Visso, a small municipality in the Marche region heavily affected by the 2016 Central Italy
seismic sequence. The research was carried out through the development of equivalent
frame numerical models (FMEs), aiming to explore the influence of the so-called “aggregate
effect” and to validate the effectiveness of an integrated retrofit strategy. Nonlinear analyses,
both static and dynamic, were performed on the entire building complex as well as on two
structural units: one internal and one at a corner (heading) position.

The proposed strengthening approach involves the application of the external seismic-
energy coating system, MIL15.s, a technological solution combining an aluminium-alloy
base-frame exoskeleton with insulating sandwich panels. The system was selected for its
ability to simultaneously address structural and energy deficiencies, providing enhanced
seismic performance while reducing thermal losses. The use of aluminium alloy ensures
a lightweight intervention that does not increase seismic masses and, due to its high
recyclability, satisfies contemporary environmental sustainability standards.

Nevertheless, the applicability of this retrofitting system is mainly limited to non-
monumental historic masonry buildings, as the installation of external coating solutions
may be constrained in the presence of architectural or cultural protection requirements.
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Results from the numerical simulations highlighted significant differences between
modelling the entire complex and individual units. Analyses showed that neglecting
mechanical interactions between adjacent units leads to unrealistic estimations of structural
response. In particular, isolated models tend to overestimate ultimate displacement capacity,
as they do not benefit from the lateral confinement and force redistribution provided by
neighbouring buildings. This underscores the importance of modelling historical centres as
complex aggregates to achieve reliable assessments of global stiffness and safety.

Regarding the effectiveness of the intervention, comparisons between pre- and post-
retrofit conditions yielded highly positive results. Nonlinear static analyses recorded a
systematic increase in the seismic safety index, xgry, of at least 0.1 across all scenarios,
fully meeting regulatory requirements for seismic improvement. These results were further
confirmed by nonlinear dynamic analyses, whose displacement-time histories provided
a detailed understanding of structural behavior, particularly along the Y-direction, the
main longitudinal axis of the complex. The displacement-time graphs showed a marked
reduction in peak displacements compared to the as-built condition.

Overall, the intervention effectively mitigated seismic vulnerability, confirming its
suitability as an optimal solution for preserving and enhancing historic masonry heritage.
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