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Abstract: This paper exemplifies several methods for retrofitting existing housing through four
case studies, representative of the historical centre of Enna, a small town in Sicily, according to the
requirements of static safety, typological adaptation and indoor comfort. These buildings were mostly
built in the nineteenth century, up to three floors based on load-bearing masonry, iron joists and
hollow tile floors and wooden roofs. A typological and construction analysis of these buildings was
carried out to identify the stratigraphy of the different technical elements. Static and energy audits
had been previously undertaken to understand the gap between the current state of the buildings and
Italian standards and to develop appropriate interventions taking into account the site characteristics
and the energy and seismic risk class pre- and post-retrofit intervention. The analyses and the retrofit
interventions were performed in compliance with Italian standards and laws and strove to reach
the minimum level. The study supports the planning of structural and energy retrofit interventions
designed for historic load-bearing masonry buildings. Finally, the study simulates a strategy of action
to provide subsidies and tax relief related to effective seismic and/or energy improvement that could
be relevant for owners/builders as well as for local authorities.
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1. Introduction

The static safety of existing buildings in Italy is increasingly important, especially due to the
intensity of recent earthquakes (L’Aquila, 6.3 magnitude on the Richter scale, in 2009; Emilia Romagna,
6.0 in 2012; and Umbria, 6.6 in 2016), that caused the loss of human lives [1]. This is true also in other
countries (Sumatra, 9.1, 2004; near the coast of Sendai, Japan, 9.1, 2011).

Compared to other earthquakes of higher magnitude, which occurred in areas where constructions
were built according to anti-seismic criteria, the number of victims was considerably higher due to the
vulnerability of the Italian buildings in historical centres impacted by the seism. For example, as a
result of the 1968 Belice earthquake in Sicily, which had a magnitude of 6.1, 296 people were killed
and 563 injured, compared to the last eight earthquakes that occurred in California from 2000 to 2014,
with magnitudes between 5.0 and 7.2, where seven people were killed and less than 500 people were
injured [1].

Of the 7.7 million residential buildings built before the first Italian anti-seismic law—Law No. 64
of 2 February 1974 [2]—almost 55% were built using the load-bearing masonry technique and mainly
placed in historical centres [3].

Energy efficiency is also a relevant subject of current debate, considering the European regulations,
e.g., Directive 2012/27/EU, and the proposed revision that was discussed and presented on
30 November 2016, proposing energy targets for 2030, including a revised Energy Performance
of Buildings Directive (EPBD) [4].
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On 19 December 2017, a provisional political agreement was subscribed to by negotiators from
the Council of the European Union, the European Parliament, and the Commission, to update the
EPBD and introducing new measures, particularly oriented to the renovation of existing buildings [5].

The preservation of buildings in historical centres from damage due to earthquakes, the need
to make these buildings safe, especially for their historical value, became essential, to allow their
repopulation. The current seismic, energy and functional inefficiency, in fact, has led to the
abandonment of some of these historical centres.

Only in Sicily, there are sixteen “ghost” villages and in Italy overall the last census showed 190
abandoned villages [6]. Together with the abandonment of whole villages, the historic urban fabric,
which is the core of the cultural identity of the Italian countryside, does not meet the current standards.
The south of Italy shows the largest number of abandoned buildings. Table 1 provides some details.
Milan has a similar number of abandoned residential buildings as the cities of the south of Italy [7].

Table 1. The most populous cities of Italy with data on residential buildings and abandoned buildings.

Municipality Population Residential Buildings Abandoned Residential
Buildings

Abandoned Buildings
Percentage

Palermo 672,398 44,499 2068 4.65
Catania 315,769 26,755 1272 4.75

Reggio Calabria 182,323 26,368 2010 7.62
Naples 969,490 40,344 1107 2.74
Rome 2,874,529 107,332 2365 2.20
Milan 1,353,467 42,628 1791 4.20
Turin 885,651 35,814 1119 3.12

This has often led to degenerative instabilities and collapses and an increasingly widespread
architectural and urban deterioration.

The intervention into these buildings supports the conservation of local territory, both in terms of
reducing the risks of decay and collapse and abandonment [8,9]. It is also a tool to avoid the loss of
cultural and technological knowledge of a place.

It is becoming increasingly important to incentivize and study methodologies and techniques for
the regeneration of these buildings that are able to combine the achievement of current performance
standards with the preservation of their peculiarities.

The two above-mentioned approaches are often planned and performed separately, considering
the seismic aspect a priority, thus ignoring the importance of having energy-efficient spaces to live,
or vice versa, considering the energy aspect first, and ignoring the importance of having safe spaces
to live.

Besides this, the interest of communities is more frequently pointed towards monuments or
public buildings due to their social value, such as town halls [10], schools [11], and churches [12],
not considering the two approaches combined.

Even when the interest is focused on vernacular architecture, the analysis is carried out of building
types and spatial organization, not considering seismic and energy improvement interventions [13].

Belleri and Marini strongly recommend integrated interventions, combining structural,
architectural and energy improvement interventions, resulting in a more sustainable approach [14].

Integrated interventions, particularly energy-efficient interventions, reduce the environmental
impact of buildings (in terms of energy consumption, operating costs and CO2 emissions) and even it
increases the life expectancy of the building.

Some recent studies of the “minor historical centres”—with historical buildings of little value,
often located in small towns—of the Abruzzo area, in the centre of Italy—particularly of the village
of Sant’Eusanio Forconese [15]—focused on both seismic and energy improvements, and on the
importance of the conservation of the characteristics of the vernacular architecture.
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This study, consistent with the work carried out by several research groups in recent years,
especially in Italy, aims to further enrich technical knowledge and to demonstrate that it is possible to
meet the essential requirements of structural safety and energy improvement, with the preservation of
cultural values [11,16–18].

Particular attention was paid to the choice of interventions adopted in the various cases,
choosing, where possible, non-invasive, reversible techniques compatible with traditional materials.
The approach to intervention was that of “minimal intervention”, according to the basic principles of
the NIKER project (2010–2012) [19], co-funded by the European Commission, which sees in “minimum
intervention” the only intervention method to guarantee compatibility and low intrusion.

The study, therefore, aims to develop integrated seismic and energy intervention strategies for the
minor construction of historic centres, starting from the analyses performed on the selected case studies.

Thus, the selected target was the historic centre of Enna, and among this building stock,
the regeneration of four representative buildings was studied.

Several intervention methodologies were identified, being potentially standardizable for similar
building types, in other similar historical centres, to obtain those requirements according to
“contemporary” use (static safety, typological adaptation, environmental comfort).

These intervention methodologies require a deep knowledge of the building in its current state
from a typological, construction and energy point of view.

Through the application of recent Italian regulations on energy efficiency and seismic
improvement, published respectively in 2015 and 2017, the seismic risk class and the energy class were
identified before and after the intervention, which was necessary to formulate optimal strategies.

2. Methods and Case Studies

To define an intervention methodology for the historic urban fabric, it was necessary to carry
out an analytical phase, which led to knowledge of the typological, construction, seismic and energy
characteristics of the current state of the building. The next step was calculation, taking into account the
different alternatives for seismic and energy improvement intervention, leading to the development of
the various intervention strategies.

The methodology for the analytical phase was performed on two different levels. On the urban
scale, it concerned the urban fabric, the shape and orientation of the blocks and their relationship with
public spaces and contiguous buildings. At the architectural scale, the study provided a systematic
collection of relevant data on the building techniques, materials and finish, state of conservation,
use and spatial organisation [20]. Interest was focused on the four main technical elements of these
buildings (walls, slab-on-ground floor, roofing and doors and windows).

2.1. Seismic Analysis

Since most of the buildings in the historic centres mainly consist of private residential buildings
(not protected by law), in order to carry out a large-scale seismic improvement interventions, an Italian
law was necessary to encourage private people to carry out these types of intervention.

In accordance with these objectives, the guidelines for the classification of the seismic risk of
buildings (Decree of the Minister of Infrastructure and Transport no. 58, dated 28 February 2017,
as modified by the Decree of the Minister of Infrastructure and Transport no. 65, dated 7 March 2017)
were approved, combining the seismic improvement of buildings and economic incentives, called
“sismabonus” [21].

These guidelines are important because they define for the first time the subdivision into classes
of the seismic risk of buildings (from A+ to G), before and after any anti-seismic interventions;
the seismic risk is defined as a measure to assess the expected damage following a possible seismic
event. This depends on the interaction of related factors, namely the seismic hazard of the area, divided
into high (zone 1 and zone 2), medium (zone 3) and low (zone 4), the vulnerability of buildings and
the exposure of the various contexts.
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The seismic risk class depends on two parameters: the average annual expected loss (PAM,
the Italian acronym reported in the abovementioned law), which takes into account the economic loss
associated with the damage and refers to the cost of reconstruction of the building; the IS-V safety index
of the structure, defined as the ratio between the peak ground acceleration (PGA), which determines
the achievement of the limit state for safeguarding life, and the value of the PGA that the law indicates
for the site where the building is located.

The PGA represents the maximum acceleration value of the soil measured during an earthquake.
It takes into account the influence of any amplification effects of the seismic motion, depending on the
subsoil characteristics or topography.

The guidelines include two methods of seismic diagnosis, the “simplified” method, applicable
only to load-bearing masonry constructions and local reinforcement surveys and interventions, taking
into account only the PAM parameter, and the advanced method, the so-called “conventional” method.

The simplified method was applied to the selected case studies, introduced in §2.3, namely those
built using load-bearing masonry.

Based on the type of masonry, which is divided into seven classes by the EMS-98 [22], the average
vulnerability class is individuated by a table provided by the abovementioned Italian law.

Once the average vulnerability class is known and the seismic hazard area is identified, according
to the ordinance of the Italian Prime Minister No. 3274 on 20 March 2003, the risk class is defined by
the provided table and the PAM class is assigned consequently.

2.2. Energy Audit

The energy analysis was carried out through analytical calculations, as it is not possible to perform
an in situ experimental analysis (e.g., thermal resistance measurement by means of guarded hot plate
and heat flow meter methods), because the analysed buildings are abandoned, with partial collapses,
and lacking doors and windows, and therefore there is no difference in temperature between the inside
and outside.

Two types of energy analysis were conducted simultaneously. The first considered the entire
building according to Italian standards, thus calculating the energy class of the buildings. The second
considered the local type through the calculation of the thermal transmittance of the technical elements
of the envelope according to UNI EN ISO 6946:2008.

While in order to be able to connect the thermal loss to the building types, the surface percentages
of the various technical elements of the envelope were calculated with respect to the total surface.

The energy audit for the determination of the energy class of the buildings in the historic centre
of Enna consisted of two parts: the analysis of energy performance in the current situation and the
analysis of energy performance after the interventions.

All the characteristics (typological, geometrical and construction) found in the first phase were
summarized in a mathematical model that shows the energy performance of the building.

The building energy simulation was performed by means of the open access software DOCET
3 ITC—ENEA (Italian National Agency for New Technologies, Energy and Sustainable Economic
Development). This software conforms to the set of Italian technical standards UNI/TS 11300 series [23],
which implements the European standards EN 15316 series and EN 15243:2007 [24], and is appropriate
for evaluating the energy class.

Performing the energy analysis before and after the intervention, the software verifies how much
each intervention influences the energy performance of the building. Only interventions on the
elements of the envelope that could increase the energy performance were considered, neglecting any
improvements in the performance of the plants, considering the absence of the latter in the selected
case studies.

In the discussion part of this study, the choice of the energy performance improvement
intervention is evaluated in relation to the interventions necessary to improve the seismic efficiency.
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2.3. Four Case Studies in the Historic Centre of Enna

Enna is the highest Italian provincial capital at 931 m above sea level, a small town in the
hinterland of Sicily, south of Italy, and due to this position it earned the nicknames Urbs Inexpugnabilis
(unassailable town) by Romans, belvedere (panoramic viewpoint) and ombelico (navel) of Sicily.

The historic centre of Enna presents features common to many other Sicilian and Italian historical
centres, such as a narrow street network, load bearing masonry buildings of not more than three levels,
plaster and/or fair-faced stone masonry, Sicilian tiles as the roofing finish and green or brown wooden
doors and windows.

Large parts of the historic centre still maintain their identity and the original typological and
morphological characteristics of the building fabric, not altered by new construction.

This is also due to the orography of the land, with the historic centre of Enna on a mountain
(so-called “Enna Alta”) and a consequent expansion of the city downstream (“Enna Bassa”), as shown
in Figure 1, dating back to 1950.

Figure 1. View of the historic centre of Enna.

However, this expansion has in part caused the abandonment of some buildings in the
historic centre.

Many people preferred to move to new buildings better suited to current housing needs.
The lack of use of most building in the historic centre eventually caused partial collapses (Figure 2).

Figure 2. Examples of abandoned and partially collapsed buildings in the historical centre of Enna.
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The last census of residential buildings in Enna showed 4791 buildings, of which 3376 were built
with load-bearing masonry (937 were in a bad condition, partly abandoned, while 144 were in complete
decay and abandonment) before 1970, thus without anti-seismic criteria [25].

From the historic urban fabric of Enna, four case studies were identified with different
morphological, typological and construction characteristics. The buildings were chosen in the historical
fabric of “Enna Alta”.

The typological analysis followed a procedure that considered only the morphological
characteristics detectable from the outside and from the cartography [26].

The survey started with research into archival documents on related similar studies and on the
contribution made by the present and past urban plans. In particular, we followed the same method of
subdivision into building types used by the Detailed and Recovery Plans of the Municipality of Enna
from 1990.

The urban morphology of the historic centre of Enna is very complex. Its urban fabric is
characterized by a great variety of building types, presenting very different configurations within the
different urban meshes in which they are set.

The building types that can be found are linked to the urban hierarchy deriving from
the road relationship and the morphology of the site, distinguishing buildings of “major” and
“minor” importance.

According to this hierarchy, terraced buildings of considerable consistency were found,
overlooking the main streets and monumental buildings (churches, convents and noble palaces)
or the squares.

In addition, along the cross streets of the main axes and behind the squares, other significant
building typologies were identified: “corner buildings”, almost exclusively single-family, “at court”
and some cases of “tower” houses.

Excluding the recent and large volume residential buildings (4–6 floors), present in a limited
number, residential buildings are characterized by buildings with two or three levels above ground.

In order to gain knowledge of the typology examined, axonometric schemes were produced
reproducing the fundamental aspects of the four building types: a corner building (Figure 3a), terraced
building (Figure 3b), tower building (Figure 3c) and at court building (Figure 3d).

Figure 3. Axonometric scheme of the four building types.

From these schemes, such characteristics emerge as, for example, the ratio between horizontal
and vertical development, the division into living cells and the contiguity between the buildings.

Plans and schematic sections were produced, showing how the typology is generally inserted
within the urban fabric and whether, usually, this type is placed inside or on the front portion of a
building block, whether it has a courtyard or not and whether it faces a road axis.

The selected case studies are representative of the following types (Figure 4):
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1. Corner building: a building consisting of the union of two contiguous living cells, placed at
the corner of a quarter, constituted by irregular plots. The plots at the rear saturated the space.
(Case No. 1 located in Orfanotrofio St.).

2. Terraced building: the building is placed on the front portion of a building block (Case No. 2
located in Portosalvo St.).

3. Tower building: the building is defined by its height and it breaks the alignment of the block to
which it belongs. It is characterized by one single room for each floor, all connected by stairs to
each other (Case No. 3 located in Zacche St.).

4. At court building: the building is set on the edge of a “court” building block (Case No. 4 located
in Colajanni St.).

Figure 4. Four case studies in Enna (Sicily).
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As is common for Italian minor centres, Enna is characterized by a spontaneous “architecture
without architects” style [27] developed by local builders, according to local topography and climate.

These were mainly built between the end of the 19th century and the beginning of the 20th
century [28], with load-bearing masonry (mainly irregular stones), girder and hollow brick floors or
wooden beams with gypsum vaults floors and wooden roofing. All the buildings selected were not
currently in use and in a state of abandonment [29].

In relation to the size and shape of the stone elements and the quality of the mortar and the stone,
the walls present several textures with different strengths, lacking an effective connection between
them and the horizontal elements. In addition, floors and roofing mainly made of iron and wooden
elements have low in-plane stiffness and strength. These buildings have very limited resistance to
seismic actions for both horizontal stresses in the masonry (shears stress) and out-of-plane (buckling
stress), therefore requiring seismic retrofitting. Besides, the lack of structural integrity due to a poor
connection between structural elements is one of the main causes of earthquake damage in vernacular
buildings, where the “box-behaviour” is not guaranteed [13].

The Case No. 1 building is in a state of abandonment and presents the partial collapse of the roof
and floors. It consists of load-bearing irregular stone masonry, consisting of 34 cm for external walls
and 20 cm for internal walls, finished outside with 2 cm cement-based plaster and inside with 1.5 cm
gypsum plaster, wooden floors with gypsum vaults, according to traditional construction techniques.
It has non-thrusting roofs with wooden beams arranged parallel to the eave line, completed with
planks and curved tile roofing as shown in Figure 5a.

The Case No. 2 building is in a good state of conservation and has undergone some energy
improvement interventions in recent years. It is also made of irregular stone load-bearing masonry
with an average thickness of 70 cm, with an insulating inner layer made of 4 cm extruded polystyrene
panels, an internal finish of 1.5 cm gypsum plaster and an external finish of 2 cm hydraulic lime plaster.
The first floor was rebuilt in the 70s and is a hollow brick floor. The internal space is divided into three
levels, one of which is the basement, and the two original floors consist of wooden beam floors to
support the bedding mortar and the flooring; the intrados are plain with a cane mesh ceiling finished
with plaster mortar. A similar construction technique with wooden beams and an upper and lower
layer of 1.5 cm cane mesh was found in the roof, finished with Sicilian curved roof tiles, as shown in
Figure 5b.

The Case No. 3 building is abandoned and shows collapse of the inter-floor slab. The load-bearing
structure is made of irregular stonewalls, 60 cm thick, finished externally with hydraulic lime mortar
and internally with gypsum plaster. The inter-floor slab is made of iron beams and bricks, the roof of
wooden beams, joists and Sicilian curved tiles as shown in Figure 5c.

The Case No. 4 building is in good condition. It shows a load-bearing structure of irregular stone,
85 cm thick, an inter-floor slab with iron beams and brick tiles and a wooden roof, finished with Sicilian
curved tiles and wooden beams covered by 1.5 cm of plasterboard as shown in Figure 5d.

All the case studies show similar characteristics: the slope of the roofing is between 35% and 40%,
the height of each floor is between 375 cm and 420 cm, and the shape of the interior rooms is polygonal.

In order to develop adequate seismic and energy improvement interventions, static and energy
checks were performed accounting for the characteristics of the site—geographical coordinates lat.
37.34, long. 14.16, seismic zone 2 and climate zone E, degree-day 2.248—identifying the seismic risk
class and the energy class.
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Figure 5. Structural cross section of the case studies.
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3. Results

3.1. Seismic Analysis

For the case studies analysed, the simplified method was applied for the calculation of the seismic
risk class, suitable for masonry buildings, considering the PAM parameter.

For each case study, by applying the guidelines the vulnerability class of the structure was
identified based on the European Macro-Seismic Scale (EMS), which includes six classes of vulnerability
from V1 to V6, based on the type of masonry, as reported in Figure 6. In all the four case studies,
based on “irregular stone masonry”, the most probable class of vulnerability (mean class) is V5.
However, in cases No. 1 and No. 3, there is a deviation from the mean class with an increase in
vulnerability to V6, due to the conditions of high degradation and collapse (collapse of the floors and
part of the roof).

Figure 6. Class of vulnerability of the structure [21].

By relating the vulnerability class and the danger of Enna’s location (seismic zone 2), the seismic
risk class was defined among the eight classes provided by the guidelines. According to the table of
guidelines shown in Figure 7, the buildings of case No. 1 and No. 3 can be classified within the F risk
class, while the buildings of cases No. 2 and No. 4 can be classified within risk class E.

Figure 7. Seismic risk class from the Italian guidelines [21].
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From these examples, it is clear that for existing buildings with load-bearing masonry it is not
possible to obtain a seismic risk class higher than E or D for areas with high seismic risk, not adding
into the calculation the geometric and construction characteristics of the building.

3.2. Energy Analysis

The energy analysis performed before and after the various recovery interventions allowed us
to develop optimal energy intervention strategies. From the global thermal analysis, considering the
various buildings without winter and summer air conditioning systems and accounting only for the
energy required for lighting and domestic hot water, it was found that all the buildings studied were
in class G.

Since the buildings in the case studies are single family residences, the energy improvement
interventions affect the entire building envelope and therefore a percentage higher than 50% of the
gross surface of the entire building.

These interventions fall in the typology defined by the D.M. of 26 June 2015, important first
level renovations [30], and therefore the energy performance requirements to be verified concern the
entire building.

The verification of the thermo-physical characteristics of the various elements of the building
envelope, on the other hand, was useful to identifying the elements where the heat loss was higher,
based on the thermal conductivity of every layer, calculated according to UNI 10,351:2015 [31], UNI EN
ISO 10,456:2008 [32] and UNI EN ISO 13,370:2008 [33] (Tables 2–5), and thus guiding the energy
regeneration strategies.

Table 2. The layers of the envelope’s elements and their relative thermal resistance for Case No.1.

Type of Structure Original Layers Thickness [m] λ [W/mK] R [m2K/W] U [W/ m2K]

Façade wall

Internal hydraulic lime and gypsum plaster 0.015 0.70 0.021
Solid brick 0.340 1.30 0.226

External cement-based plaster 0.020 0.90 0.022
0.440 * 2.271

Roofing Fir plank 0.020 0.12 0.167

Sicilian curved tiles 0.010 1.00 0.010
0.317 ** 3.158

Slab-on-ground floor Ceramic floor tiles 0.012 1.00 0.012

Bedding cementitious mortar 0.030 1.30 0.023
Concrete layer 0.200 1.90 0.100
Rubble drain 0.400 1.80 0.220

0.355 *** 0.876

* indicates the values of thermal resistance, R, for walls, considering the addition of the superficial internal thermal
resistance equal to 0.13 m2K/W and the superficial external thermal resistance equal to 0.04 m2K/W; ** indicates the
values of R, for roofing, considering the addition of the superficial internal thermal resistance equal to 0.1 m2K/W
and the superficial external thermal resistance equal to 0.04 m2K/W; *** indicates the values of Rf, the thermal
resistance of the slab-on-ground floor.

Thermal transmittance in the case of the slab-on-ground floor was calculated in accordance with
UNI EN ISO 13370:2008:

U =
2λ

πB′ + dt
ln
(

πB′

dt
+ 1

)
B′ = 2A

P , characteristic dimensions of the floor, being A its surface and P its perimeter;

dt = w + λ
(

Rsi + R f + Rse

)
, being w the total thickness of walls;

λ = 2 W/m2K, the thermal conductivity of ground (sand or gravel);
Rsi = 0.17 m2K/W, the internal superficial thermal resistance for descending flux;
R f , = the thermal resistance of the floor;

Rse = 0.04 m2K/W, the external superficial thermal resistance.
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In order to be able to connect the thermal loss to the building types, the surface percentages of
the various technical elements of the envelope were calculated with respect to the total surface, as in
Figure 8a.

Table 3. The layers of the envelope’s elements and their relative thermal resistance for Case No.2.

Type of Structure Original Layers Thickness [m] λ [W/mK] R [m2K/W] U [W/ m2K]

Façade wall

Internal hydraulic lime and gypsum plaster 0.015 0.70 0.021

Extruded polystyrene panels 0.040 0.04 1.000

Calcarenite irregular stone masonry [34,35] 0.700 1.50 0.467

External NHL plaster 0.020 0.90 0.022
1.680 * 0.595

Roofing Internal hydraulic lime and gypsum plaster 0.010 0.70 0.014

Cane mesh ceiling 0.015 0.06 0.273
Cavity 0.100 0.25 0.400

Cane mesh ceiling 0.015 0.06 0.273
Cementitious screed 0.030 1.30 0.023

Sicilian curved tiles 0.010 1.00 0.010
1.132 ** 0.883

Slab-on-ground floor Bedding cementitious mortar 0.050 1.30 0.038

Rubble drain 0.800 1.80 0.444
0.482 *** 0.638

Table 4. The layers of the envelope’s elements and their relative thermal resistance for Case No.3.

Type of Structure Original Layers Thickness [m] λ [W/mK] R [m2K/W] U [W/ m2K]

Façade wall
Internal hydraulic lime and gypsum plaster 0.015 0.70 0.021

Calcarenite irregular stone masonry 0.600 1.50 0.400

External NHL plaster 0.020 0.90 0.022
0.614 * 1.630

Roofing Fir plank 0.020 0.12 0.167

Sicilian curved tiles 0.010 1.00 0.010
0.317 ** 3.158

Slab-on-ground floor Bedding cementitious mortar 0.030 1.30 0.023

Concrete layer 0.200 2.00 0.100
Rubble drain 0.800 1.80 0.444

0.567 *** 0.589

Table 5. The layers of the envelope’s elements and their relative thermal resistance for Case No.4.

Type of structure Original Layers Thickness [m] λ [W/mK] R [m2K/W] U [W/ m2K]

Façade wall
Internal hydraulic lime and gypsum plaster 0.015 0.70 0.021

Calcarenite irregular stone masonry 0.850 1.50 0.567

External NHL plaster 0.020 0.90 0.022
0.780 * 1.282

Roofing Plasterboard false ceiling 0.015 0.21 0.071

Cavity 0.015 0.25 0.600
Fir plank 0.020 0.12 0.167

Sicilian curved tiles 0.010 1.00 0.010
0.988 ** 1.012

Slab-on-ground floor Marble grain floor tiles 0.010 2.80 0.004

Bedding cementitious mortar 0.020 1.30 0.015
Concrete layer 0.200 2.00 0.100
Rubble drain 0.400 1.80 0.222

0.337 *** 0.762

The reduced percentage of door and window surfaces between 3% and 8%, typical of traditional
buildings of historic centres, which should make it possible to consider them negligible for the
calculation of thermal transmittance.
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Calculations show that under more unfavourable conditions, the increase found—considering the
thermal input of doors and windows—never exceeded 2.21%.

From the comparison of the thermal transmittances obtained for the various technical elements of
the envelope with the performance requirements, according to the current regulations, the thermal
transmittance values were found to be considerably higher than the threshold values, as shown in
Figure 8b.

Figure 8. (a) Surface percentages of the various technical elements of the envelope on the total surface;
(b) Thermal transmittance of the technical elements of the envelope of the considered case studies.

The elements with higher heat losses were the roofing (maximum value 3.22 W/m2K for cases
No. 1 and 3) exceeding from 4 to 15 times the threshold thermal transmittance, equal to 0.25 W/m2K,
and the walls (maximum value 2.25 W/m2K for case No. 1), exceeding from four to seven times the
threshold value of 0.3 W/m2K. Only in case No. 2, for the walls (0.61 W/m2K), which exceeded by only
two times the threshold value, as this building had experienced energy improvement interventions
with internal insulation.

Dealing with the walls of all of the case studies, a reduced thickness determined an increase in
thermal transmittance.

The maximum value was U = 2.271 W/m2K, for case No. 1 this was s = 0.375 m. The U percentage
reduction for case No. 2 was equal to 73.80%, with an increase in the wall thickness of 106.67%. For case
No. 3, the U percentage reduction with respect to case No. 1 was equal to 28.25%, with an increase in
the wall thickness of 69.33%. For case No. 4, the U percentage reduction with respect to case No. 1 was
equal to 43.57%, with an increase in the wall thickness of 136.00%.

For the floors on the ground, the thermal transmittance was calculated between 0.589 W/m2K
and 0.876 W/m2K (according to UNI EN ISO 13370:2008).

3.3. Strategies for Seismic and Energy Improvement of Historical Buildings

Once the risk class of the case studies was defined, it was possible to evaluate any risk
improvement and mitigation measures. However, using the simplified method it was possible to
choose only local interventions, which do not produce substantial changes in the behaviour of the
structure as a whole, addressing only the passage to the higher risk class.

Following the indications of the interventions provided in the guidelines, on the basis of similar
solutions adopted in other European countries [36] and the findings regarding recent seismic events in
central Italy, a list of possible actions for the case studies analysed was derived (Table 6). These seismic
improvement interventions are directed to pursue an overall “box” behaviour, which eliminates or
rather reduces local mechanisms outside the plane of the walls. Thus, these interventions aimed at
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the improvement of the relative mechanical resistance and the strengthening of mutual connections
between them and the horizontal elements (floors and roofs).

The interventions on the walls consisted of the improvement of the mechanical strength in two
ways: consolidation by means of mortar injections or glass fibre reinforced polymer (GRFP) net and
hydraulic lime or thermally insulating mortar (with perlite or polystyrene), 3 cm thick [37].

To increase the wall-to-wall connection, tie-rods were considered on both sides of the wall
(Figure 9a), while in the case of adjacent buildings, the solution chosen was the realization of an
internal iron hooting (Figure 9b). The effectiveness of the tie-rods connecting the walls to each other
was also demonstrated by the analysis of the damage undergone by a building in L’Aquila during the
2009 earthquake, since it was a seismic retrofit intervention in 2003, as demonstrated in the study by
Lucibello [38].

Figure 9. (a) Intervention in an isolated building by tie-rods and (b) on a terraced building by
iron hooping.

Table 6. Possible actions provided for the selected case studies.

Site of
Intervention

Retrofit
Solution Description

Walls SW1 Mortar injections

SW2 GRFP

SW3
Wall to wall connection improvement through tie-rods or internal hooping by
means of iron profiles

Floors SF1 Stiffening and connection with the load-bearing walls

SF2 Reconstruction

Roofing SR1 Steel or reinforced brick bond-beam with steel tie-rods or carbon fibre

SR2 Stiffening of the existing roof with steel tie-rods in the intrados

SR3
Connection of the existing roofing with the masonry through tie-rods or internal
hooting by means of iron profiles

Interventions on the floor depend on its static conditions. If in good status, the intervention
consists of the stiffening of the existing floor and the connection with the load-bearing walls. Steel ties
are the recommended intervention. The intervention with steel ties is less invasive, not requiring the
demolition of the existing pavement, as reported by Branco and Guerreiro [39].
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Chaining with steel profiles, moreover, has been implemented every time it has been necessary to
reconstruct floors or roofing, with glued laminated timber or cross-laminated timber panels. These “C”
or “L” steel profiles make it easier to set up new floors as well as creating a connection between vertical
and horizontal elements. The connection between parallel walls and the floor/roof, using steel plates
and wooden beams as connecting elements is one of the techniques of seismic reinforcement proposed
by Diz and Costa for supporting masonry buildings in the Azores [40].

In the case of the maintenance of existing steel floors, stiffening interventions have been provided
from the extrados by means of reinforced concrete slabs, connected to the masonry through injections
with stainless steel bars (Figure 10a).

Figure 10. Connection interventions between walls and slabs.

All the selected interventions were compatible with the chemical–physical characteristics of
natural stone materials and were in most cases reversible [41–43].

Otherwise, the reconstruction of the floor is provided for with lamellar wood beams or
cross-laminated timber panels, both making a connection to the walls with steel profiles (Figure 10b).

The lamellar wood beams reproduce the original static scheme, which also acts as a chaining,
facilitating its installation; the cross-laminated timber panels ensure greater stiffness of the plane.

Interventions into roofing consist of the stiffening of the existing roof with steel tie-rods in the
intrados and its connection with the masonry through similar interventions to those proposed for
the floors or the steel or reinforced brick bond-beam with steel tie-rods or carbon fibre in the case of
roofing reconstruction.

The results of the energy analysis demonstrated the need for energy improvement. Considering
the climatic conditions of the place, it was more important to provide interventions to reduce
consumption related to winter heating. Excluding an intervention on the plant, only passive insulation
measures (internal and/or external) of the envelope with traditional and innovative materials,
with high-energy performance and small dimensions were considered.

In order to provide optimal energy performance intervention strategies [44], checks and
calculations were carried out, through the combination of the following four interventions on the
insulation of external walls, roofing and slab-on-ground floor, doors and windows.

From the various simulations performed for the four case studies, the best performance was
found to occur either on the walls or the roofing or both, in relation to the percentage extension of one
or the other with respect to the entire surface.

Dealing with energy interventions on walls, the choice between external and internal insulation
was basically dictated by the presence or absence of the external plaster or any stone elements in the
façade, as it was permitted to intervene from the outside if the building was finished by plaster.

It was preferred, if possible, to use the system with the external insulation, guaranteeing better
living comfort both in summer and in winter.

The choice of the insulating materials, using the current technological solutions available,
was carried out in compliance with the studies carried out by De Bernardis on a series of buildings in
Abruzzo with characteristics similar to those of Enna [15].

From these studies we found that there were about 50% energy savings using vacuum insulation
panels (VIP), better set outside than inside; about 44% energy savings using aerogel; about 42%
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using EPS (extruded expanded polystyrene); and 30% with external TIM (heat reflective materials),
considering the same thickness of the insulation material.

For cases No. 1, No. 2 and No. 3, dealing with plastered masonry buildings (λ = 1.3 W/mK),
where the walls were available for seismic improvement, an external 12 cm cladding insulation
(L = 0.04 W/mK) was provided (cases No. 1 and No. 3), thus enhancing the limits of the law, and 8 cm
in addition to the 4 cm existing internal insulation (case No. 2). For case No. 4, due to the presence of
fair-faced stone around the doors and windows, a different choice was made.

Internal insulation was provided with 80 mm spray polyurethane foam (λ = 0.035 W/mK) directly
to the back of the existing masonry, the application of a 50 mm calcium silicate sheet (λ = 0.094 W/mK)
and 20 mm NHL plaster.

This solution was able to reach the performance standards required by law (U = 0.279 W/m2K)
and did not cause condensation problems in winter and mould growth.

To verify this, a calculation by means of a Glaser diagram was performed and Figure 11 shows
the results.

Figure 11. Glaser diagram of the proposed retrofit solution for Case No. 4.

This solution was also validated by Straube et al. in a report sponsored by the U.S. Department of
Energy [45].

Strategy 1 requires intervention on only one of the four technical elements of the envelope
identified (external walls, roofing, floor slab and doors and windows). Strategies 2–4 provide for
the combination of two interventions on two technical elements of the envelope. Strategies 5 and 6
provide for the combination of three interventions on the technical elements of the envelope. Table 7
summarizes the six retrofit strategies and for each case study, indicated in subscript, the relative energy
class is reported.

Table 7. Retrofit strategies of the selected case studies and relative energy class.

Strategy Walls Roofing Slab-on-ground
Floor

Doors and
Windows

1 F1 E2 E3 D4 G1 G2 G3 G4 G1 G2 G3 G4 G1 G2 G3 G4
2 (Walls) - D1 D2 D3 D4 E1 D2 D3 D4 E1 D2 D3 D4

3 (Roofing) D1 D2 D3 D4 - G1 G2 G3 G4 G1 G2 G3 G4
4 (Slab-on-ground floor) E1 D2 D3 D4 G1 G2 G3 G4 - G1 G2 G3 G4

5 (Walls + roofing) - - D1 D2 D3 D4 D1 D2 D3 D4
6 (Walls + slab-on-ground floor) - D1 D2 D3 D4 - E1 D2 D3 C4

In case study No. 1, the best combinations always provide an intervention on the walls. We moved
from energy class G, detected in the actual state, to energy class F, by means of only interventions on
walls (26%), and to class D by intervening on the walls and roofing (71%), and to class E by intervening
on the walls and floors on the ground or on the doors and windows. Combining three interventions
between them, in no one case was the energy class higher than D.
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In cases No. 2 and No. 3, on the other hand, by only intervening on the walls, it changed
from class G in the actual state to class E, since the walls had a high percentage extension over the
entire surface (75%). By intervening both on the walls and on any other closing element (roofing,
slab-on-ground floor, doors and windows), it passed from class G to D. As regards the combination of
several interventions, similar observations can be made to those of case No. 1.

In case No. 4, by only intervening on the walls, it passed from class G to D, and adding an
intervention on another element of the envelope did not produce any class increase. Only using
strategy 6 was class C obtained.

4. Discussion of the Results

The choice of interventions, accounting for the peculiarities on a case-by-case basis, was made by
preferring interventions that involved the same technical element to produce both seismic and energy
improvement. By means of the analyses in the previous paragraphs, the elements that showed the best
performance were the walls and the roofing.

In fact, the sixth energy strategy, on the basis of the increase in energy class, led to the exclusion
of the energy improvement of both the slab-on-ground floor and doors and windows.

For the walls, thin reinforced plaster interventions were planned for walls with limited thickness
(30–40 cm), allowing an increase of the shear resistance in the plane and the flexural strength with
limited thickness (about 3 cm) reducing the masses and weights on the structure.

For walls between 60 and 80 cm thick, mortar injections were planned to increase the mechanical
resistance and the connection of the wall panels to each other by means of steel C-shaped profiles.

Table 8 shows the seismic and energy improvement interventions selected for the various case
studies and the related class increases that can be obtained.

Table 8. Seismic and energy improvement interventions.

Case
Studies

Seismic Improvement
Interventions Energy Improvement Intervention Seismic Risk

Class
Energy
Class

No. 1 SW2 SR3
External insulation, 12 cm thick, and L = 0.04 W/mk
Roofing insulation, 15 cm thick, and L = 0.04 W/mk (Figure 12a) F → E G → D

No. 2 SW1 SR2

External insulation, 8 cm thick, and L = 0.04 W/mk and integration
of internal insulation, 4 cm thick
Roofing insulation, 11 cm thick, and L = 0.04 W/mk (Figure 12b)

E → D G → D

No. 3 SW1 SW3 SR2
External insulation, 12 cm thick, and L = 0.04 W/mk
Roofing insulation, 15 cm thick, and L = 0.04 W/mk f → E G → D

No. 4 SW1 SR1

Internal insulation, 8 cm thick SPF, and L = 0.035 W/mk + 5 cm
thick calcium silicate sheet, and L = 0.094 W/mk
Roofing insulation from outside or intrados with insulation, 12 cm
thick, and L = 0.04 W/mk

E → D G → D

Figure 12. Detail of seismic and energy interventions on roofing and outer vertical walls (a) Case No. 1;
(b) Case No. 2.
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5. Conclusions and Future Research Lines

This research proposes a design tool to improve the energy efficiency and the seismic resistance
of historic buildings, considering their own architectural value, thus using a “case-by-case” approach.

Through the analysis of the case studies, based on a deep knowledge of their peculiarities,
we found that it is possible for existing buildings in the historic centres to develop intervention
methodologies on the same technical elements—generally walls and roofing—that combine seismic
and energy improvements. These strategies allow the optimization of interventions and above all
the possibility to obtain relevant tax relief, combining the two incentives: “sismabonus” (for seismic
improvement) and “ecobonus” (for energy improvement) [Italian law No. 205/2017]. While the
“sismabonus” is proportionate to the seismic improvement obtained with the intervention, equal to 70%
in the case of a single class improvement and 80% for an improvement of two classes, the “ecobonus”
refers to the mere total cost of the intervention without accounting for the results of the energy
improvement obtained. With the application of the simplified method of the Italian guidelines,
we found that for existing masonry buildings, a seismic risk class higher than E or D could not
be achieved for areas with high seismic risk, except through the application of the conventional
method and the single seismic class improvement, corresponding to the 70% incentive. Besides this,
the simplified method for buildings in historic centres is much cheaper than the more conventional
and complex method, which only allows an additional 10% financial incentive. It would be desirable
that the economic incentive for energy efficiency would be proportionate to the energy class obtained.
In particular, the incentive for single-family buildings, as are most buildings in historic centres, would
be equivalent to that provided for condominiums that can reach up to 70% for interventions on the
envelope with an incidence of more than 25% of the building’s surface, and to 75% for improving
winter and summer energy performance. Moreover, the possibility for single-family buildings to
obtain credit from banks would also make retraining interventions accessible to low-income people.

Further analysis of other case studies is needed both in the town of Enna and in other historic
centres to support this methodology.

Furthermore, the authors consider it important to perform a quantitative seismic analysis, e.g.,
based on the interpretation of the data provided by the limit states design methods, to verify the
real improvement of the seismic class, which is assumed to be superior to that obtained with the
qualitative method.
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