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Abstract: In the present paper, an integrated intervention system applicable to concrete-framed 
buildings is presented. The purpose of the intervention is to improve both the seismic and the ener-
getic behaviour of such buildings using cross-laminated timber (CLT) panels. Two alternative inter-
vention configurations with different levels of invasiveness are described. Considering a double-
wythe masonry-infilled frame, the most invasive configuration consists in the replacement of the 
external masonry wythe with the CLT panel, while the least invasive configuration consists in the 
arrangement of the CLT panel from the outside without removing the wythes. The technical details 
and implementation procedures were studied, considering functionality and disturbance to occu-
pants. An isolated one-storey-one-bay frame was used as a reference for the seismic and thermal 
analyses. Subsequently, the two intervention configurations were applied to a case-study building 
by identifying two alternative intervention strategies. The obtained results showed that the pro-
posed integrated intervention approach can significantly reduce both the seismic vulnerability and 
the energy consumption of concrete buildings. 

Keywords: RC framed buildings; integrated retrofit solution; CLT panels; seismic vulnerability;  
energy consumption 
 

1. Introduction 
Over the last decades, the construction codes of many countries have paid continu-

ally increasing attention to the energy consumption and the seismic behaviour of new 
buildings. However, built heritage is often characterised by details and construction tech-
niques that deviate significantly from that required for new structures, regarding both 
energetic and the seismic aspects thereof. Additionally, from the second half of the 20th 
century onward, an excessive expansion of built-up areas has threatened natural ecosys-
tems [1]. Therefore, the urge for sustainable development has brought many countries to 
limit new construction, while promoting building retrofitting, rehabilitation, and renova-
tion. 

According to the reports of the European Commission [2], approximately 36% of the 
greenhouse gas emissions and 40% of energy consumption in the European Union are 
building-related. Furthermore, almost 75% of the building stock is considered energy in-
efficient [3]. Most of the existing buildings, especially the residential ones, not only feature 
outdated services, but also have either no insulation or present several thermal bridges. 
This inefficiency also affects comfort and wellbeing of the occupants, as reported in the 
2009 World Health Organisation guidelines [4]. 

Improving the energy performance of buildings is essential for reducing operating 
costs and has a fundamental role in the decarbonisation process. According to Pombo et 
al. [5], who provide an overview of existing housing renovation strategies, three energy 
efficiency measures are possible: the improvement of the building service systems, the 
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implementation of renewable energy, and the retrofitting of the building envelope. In par-
ticular, the present study focuses on the latter, taking the contribution of the other two 
measures also into account. The refurbishment of existing buildings can bring relevant 
energy savings, with a decrease in the EU’s total energy demand by 5-6% and in CO2 
emissions by approximately 5% [3]. 

In many areas of the world, earthquakes constitute a severe source of hazard and 
therefore must be carefully dealt with in order to prevent the loss of human lives, cultural 
heritage, and economic value. Recent earthquakes (e.g., centre of Italy, 2016 and 2017; 
Greece, 2020; Petrinja, 2020) have shown that past construction practices often lead to 
damage or collapse under seismic actions of smaller magnitude than those considered for 
new buildings. In addition, with reference to reinforced concrete (RC)- framed buildings, 
the interactions between structural and non-structural elements may induce dangerous 
phenomena such as the overturning of the masonry infills, shear failures of the columns, 
or the activation of soft storey mechanisms [6,7]. These phenomena depend on various 
factors [8–10] such as the properties of the materials, the geometry of elements, or the 
infills distribution both in elevation and in plan. 

In this scenario, the interest in developing new solutions to improve both the seismic 
and energetic behaviours of existing buildings is expanding among the scientific commu-
nity [11–16]. However, trying to reduce energetic and seismic vulnerabilities by relying 
on completely independent strategies could entail high costs and conflicting processes. 
For example, the application of structural interventions can generate additional thermal 
bridges while, at the same time, energy interventions can modify the seismic response of 
the structure. Consequently, to deal efficiently with such issues, renovation actions need 
to be combined. Improving energy efficiency and seismic safety at the same time, via in-
tegrated approaches, can indeed minimise conflicting processes, implementation time, 
and processing costs. 

In the last few years, several integrated retrofit solutions that included different ma-
terials and techniques have been studied all over the world. For example, integrated so-
lutions based on the use of independent multi-purpose exoskeletons [17,18], timber pre-
fabricated panels [19], or autoclaved aerated concrete blocks [20] have been proposed. 

In the present article, an integrated solution, applicable to masonry-infilled RC 
framed buildings, is presented, consisting of the use of prefabricated timber panels ade-
quately fixed to the existing structure. The proposed solution is expected to improve the 
in-plane and out-of-plane seismic response of the building's frame, thus reducing the 
overall seismic vulnerability of the building and providing external insulation of its enve-
lope. Specifically, two intervention configurations that differ in the invasiveness of their 
implementation have been developed. In the least invasive configuration, the panel is ap-
plied to the external side of the structural frame without removing the existing infill wall. 
This system is named “RC–TPext” (reinforced concrete–external timber panels). In the 
most invasive configuration instead, the CLT panel is placed inside the structural frame, 
after removing one or both wythes of the existing masonry infill. This system is named 
“RC–TP” (reinforced concrete–timber panels) and it has been deeply investigated [21–23]. 
The adoption of the RC–TPext configuration means shorter execution time and less dis-
turbance to the occupants. On the other hand, RC–TP has a greater impact on the building, 
even though it results in reduced wall thickness. In addition, because the structural panels 
are placed inside the concrete frames, RC–TP can provide additional resistance for vertical 
forces in case of severe damage to the structural concrete elements. 

In the current paper, functioning principles and technical details of the two interven-
tion configurations are presented, showing significant seismic and energetic benefits with 
reference to a generic RC frame. In order to investigate the energy performance improve-
ments obtained from the retrofit intervention at a wider level, the two systems were ap-
plied to a five-storey case-study building. 

  



Sustainability 2021, 13, 11304 3 of 28 
 

2. Retrofit Solution 
The proposed integrated retrofit solution entails the building envelope and aims to 

reduce: (a) the seismic vulnerability of concrete structures by preventing brittle mecha-
nisms and favouring a ductile behaviour; (b) the energy consumption during the service 
life of the building. The proposed solution implies the installation of structural cross-lam-
inated timber (CLT) panels that are connected to the RC elements through steel connect-
ors. During the development of the proposed system, attention was paid to occupants’ 
disturbance. Indeed, starting from a typical masonry infilled frame, two intervention con-
figurations characterized by different levels of invasiveness are presented. In particular, a 
double wythe masonry infill was assumed for the as-built configuration (Figure 1a), as it 
was considered representative of most of the existing RC framed buildings. In the most 
invasive configuration, named RC–TP (reinforced concrete–timber panels), the CLT panel 
is inserted in the RC frame by replacing the external wythe of the infill (Figure 1b), while 
in the least invasive configuration, RC–TPext (reinforced concrete–external timber pan-
els), the CLT panel is installed from the outside without removing the masonry infill (Fig-
ure 1c). The intervention configurations are provided with insulating layers, placed on the 
inner side of the timber panel and on the outer side as well. The proposed insulating ma-
terials were designed to obtain optimal moisture and thermal responses, both in summer 
and in winter, thus granting good indoor comfort for the building’s occupants. 

 
(a) (b) (c) 

Figure 1. Pre- and post-intervention systems: (a) as-built masonry-infilled configuration; (b) RC–TP 
configuration; (c) RC–TPext configuration. 

Regarding the seismic response, the main goal of the two proposed intervention con-
figurations is to reduce the vulnerabilities that ensue from the interactions between the 
RC elements and the masonry infills. When considering the in-plane behaviour of the 
frames, both intervention configurations aim to avoid the development of brittle mecha-
nisms (i.e., shear failures of the concrete elements due to interaction with the masonry 
infill). Concerning the out-of-plane behaviour, RC–TP and RC–TPext are meant to prevent 
the overturning of the infill, which is fixed to the CLT panel that, in turn, acts as a support. 

2.1. Existing Structural Frame 
To examine, in detail, the presented system, reference was made to a generic ma-

sonry-infilled RC frame that can be considered representative of the ’70s–80s‘ RC framed 
buildings in Southern Europe [24–27]. The geometry of the frame, its reinforcement de-
tails, and its loading conditions (Table 1 and Figure 2) are consistent with those reported 
in [28]. 
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Table 1. Characteristics of the structural frame. 

Element Characteristic Value 
Concrete frame length [mm] 4500 
 height [mm] 3000 

 
column section (base x height) [mm] 
beam section (base x height) [mm] 

300 × 350 
300 × 500 

Reinforcements 1 column longitudinal rebars n2 + 2 Φ16 
 column confinement reinforcement (2-legged stirrups) Φ6 @150 
 beam longitudinal rebars at ends (top–bottom side) 6 Φ14–4 Φ14 
 beam longitudinal rebars at mid-span (top–bottom side) 2 Φ14–4 Φ14 
 beam confinement reinforcement (2-legged stirrups) Φ6 @200 
Double-wythe 
Masonry infill 
 

solid brick (external strong wythe) thickness [mm] 
air gap thickness [mm] 
hollow bricks (internal weak wythe) thickness [mm] 

120 
50 
80 

Loads vertical distributed (upper beam) [kN/m] 20 
 vertical concentrated (each column) [kN] 250 
1 n is the number of longitudinal rebars; Φ is the diameter of rebars in millimetres; @ is the stirrup 
spacing in millimetres. 

 
Figure 2. Existing structural frame with double-wythe masonry infill. 

Mechanical properties of concrete, steel, and masonry elements are derived from 
[24,29–32] and are reported in Tables 2 and 3. 

Table 2. Material properties of the structural frame. 

Concrete Steel 
fc [MPa] 20 fy [MPa] 460 
Ec [MPa] 27000 Es [MPa] 210000 
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Table 3. Material properties of the double wythe masonry infill. 

Solid Brick Value Hollow Brick Value 
fm [MPa] 3.45 fm [MPa] 1.7 
fv,0 [MPa] 0.20 fv,0 [MPa] 0.13 
Em [MPa] 1500 Em [MPa] 1150 

2.2. RC–TP Configuration 
In the RC–TP configuration, the CLT panel is inserted into the RC frame and fixed to 

it through a timber subframe. This configuration has been extensively discussed in [21–
23], where RC frames infilled with single-wythe masonry were retrofitted and analysed 
under nonlinear static in-plane loading. In the cited studies, therefore, the intervention 
consisted in the complete replacement of the infills with CLT panels. The frame consid-
ered in the present paper, instead, presents a double-wythe masonry infill. The results 
reported in the following sections show that the internal wythe (made of hollow bricks) is 
neither stiff nor strong enough to engage the shear failure of the concrete elements when 
the system is subjected to horizontal loading. Consequently, to limit the invasiveness of 
the intervention, only the strong external wythe was removed and replaced with a CLT 
panel, to which the remaining internal wythe must be connected to prevent its out-of-
plane collapse. Due to the presence of hollow bricks, approximately five adhesive anchors 
per square meter should be used to connect the panel to the infill. The anchors are made 
of 12 mm threaded steel rods bonded to bricks by using epoxy-based resin. 

Based on the recommendations provided by [23], for the load and geometrical char-
acteristics of the selected frame, the RC–TP solution was implemented by arranging the 
timber subframe only along the beams. In order to avoid any concentration of shear stress 
due to the direct contact between the CLT panel and the RC frame, a gap of 2 cm of size 
was created at the perimeter of the CLT panel between the timber surface and the concrete 
surface. This gap is also necessary for the insertion of the panel into the frame. The sub-
frame, of size 12 × 12 cm, was fixed to the RC elements through 12-mm concrete screws, 
forming a connection designed to remain in the elastic range for design-intensity earth-
quakes. The connection between the CLT panel and the subframe has, instead, a dissipa-
tive function and consists of 10-mm timber screws spaced at 10 cm intervals.  

Furthermore, because the panel is placed inside the frame, the fibres of the odd CLT 
layers are oriented along the vertical axis to provide additional resistance to vertical loads. 
Such resistance is activated in case the seismic action markedly aggravates the vertical 
loads or damages the RC frame elements. For this reason, in order to grant the capacity of 
the system to contribute resistance, also, to vertical actions, a three-layered 10-cm CLT 
panel was assumed. It is worth noting that, in the previous studies, a panel thickness of 
six centimetres has been proved sufficient to generate significant improvements in the in-
plane behaviour of the frame. 

A 12-cm internal insulating layer made of wood fibres fills the internal cavity be-
tween the brick masonry and the CLT panel. On the outer side of the panel, there is a 
continuous insulation layer of polyurethane 6-cm thick. Both materials were selected with 
consideration of their thermal properties and their granted fire protection.  

The layup of the RC–TP configuration is reported in Figure 3. 
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Figure 3. RC–TP configuration layers. 

The timber subframe was made of glued laminated timber from grade class GL24h 
[33], while the CLT panel was made of boards of grade class C24 according to [34]. 

2.3. RC–TPext Configuration 
The RC–TPext configuration (Figure 4) permits maintaining the existing masonry in-

fills entirely and is characterised by shorter execution time and less occupant disturbance 
as compared with RC–TP.  

As the external masonry wythe is assumed to be strong, the RC–TPext configuration 
requires this wythe to be disconnected from the RC columns, leaving a gap of at least 3 
cm. Such gap prevents the infill from transmitting additional shear stress to the columns 
during in-plane seismic oscillations. As mentioned before, the internal weak wythe lacks 
the stiffness and the strength to cause damage to the columns. Therefore, it is not required 
to disconnect the internal wythe from the RC elements.  

To prevent the overturning of the infill under seismic out-of-plane loading, the two 
masonry wythes must first be connected to each other and then to the CLT panel. Due to 
the presence of the hollow bricks, adhesive anchors (e.g., epoxy bonded anchors with ny-
lon/plastic sleeves to favour the resin injection) are recommended for the connection be-
tween the masonry wythes, while dry screw anchors can be used for the connection be-
tween the solid bricks and the CLT panel. Similar to the RC–TP configuration, approxi-
mately five 12-mm anchors per square meter should be used. 

For RC–TPext configuration, a three-layer 6-cm thick CLT panel was connected to the 
concrete beams using 12-mm concrete screws spaced 15 cm apart, which have a dissipa-
tive function. As the panel is arranged outside the frame, the RC–TPext configuration is 
not designed to contribute to resisting vertical actions. 

A 5-cm insulating layer made of wood-fibre panels fills the cavity between brick ma-
sonry and CLT panel. Continuous insulation made of 6-cm polyurethane is applied to the 
outer surface of the panel in the RC–TP configuration. 
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Figure 4. RC–TPext configuration layers. 

2.4. Durability 
The use of timber elements requires specific precautions in order to avoid direct con-

tact with water accumulation, which can cause severe degradation of the material. De-
signs should cover all conditions that can reasonably be expected during the construction 
and use of the structure [35], including rain infiltration, indoor vapour production, or pos-
sible pipe leaks. A constructive detail for the two intervention configurations is proposed. 
Particular attention was paid to avoiding contact between the timber and the concrete 
beam, through which water, coming from the subfloor, could flow (Figure 5). Water com-
ing from the outside can be deviated with the correct design of junctions and flashings. 

  
(a) (b) 

Figure 5. Precautions to avoid water accumulation by the timber elements: (a) RC–TP; (b) RC–TPext. 
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2.5. Execution 
In order to speed up execution, the proposed retrofit solution can be partially prefab-

ricated by bonding the CLT panel with the inner and outer insulating layer in the factory, 
reducing labour and implementation time. In the external insulating layer, a space should 
be left for the application of the steel connectors that would later be filled and sealed with 
insulating foam. Specifically, holes in the insulating layer are made for the insertion of the 
CLT-masonry fasteners (both for RC–TP and RC–TPext), while a ~10-cm strip of uncov-
ered CLT is left at the top and bottom edges of the panel for installing the CLT-concrete 
(RC–TPext) or CLT-subframe (RC–TP) connections.  

The panels, which are of considerable size, should be moved using a crane. This im-
plies that execution has to start from the building base; the scaffolding is assembled one 
floor at a time, moving to the next level when the application of the prefabricated panels 
at the previous level is complete. Subsequent operations can be performed standing on 
the scaffolding. The representations of the assembly of RC–TP and RC–TPext are reported 
in Figure 6 and Figure 7, respectively. 

 
Figure 6. RC–TP assembly. 

 
Figure 7. RC–TPext assembly. 
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With regard to intervening on an intermediate storey of a building, the RC–TP exe-
cution procedure (Figure 8) is: 
• The demolition of the external solid brick wythe. Hammocks, to collect debris, must 

be placed on the scaffolding as a protection. 
• The application of the timber subframe to the existing RC structure.  
• The crane transportation of the prefabricated panel (provided with proper eyebolts) 

and the restraining thereof to the timber subframe. 
• The connection of the remaining hollow-brick wythe with the CLT panel through 

resin-bonded bars with anchor sleeves. 
• The finishing of the external insulating layer, covering of the holes and spaces with 

insulating material, and sealing of possible slits with foam. 
• The application of an external plaster composed of a rendering coat, two layers of 

rustic plaster, and two layers of lime slurry paint. 

 
(OC) (a) (b) (c) 

 
(d) (e) (f) 

Figure 8. RC–TP execution procedure: (OC) original configuration; (a–f) execution procedure. 

With regard to intervening on an intermediate storey of a building, the RC–TPext 
execution procedure (Figure 9) consists of the following: 
(a) The connection of the masonry wythes through resin-bonded bars with anchor 

sleeves. 
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(b) The disconnection of the external strong wythe from the columns (outlined in black). 
Hammocks to collect debris must be placed on the scaffolding as a protection (not 
necessary at the ground floor). 

(c) The crane transportation of the prefabricated panel (provided with proper eyebolts) 
and its restraining to the RC beams. 

(d) The connection of the CLT panel with the strong masonry wythe through dry steel 
anchors. 

(e) The finishing of the external insulating layer, covering of the holes and spaces with 
insulating material, and sealing of possible slits with foam. 

(f) The application of an external plaster composed of a rendering coat, two layers of 
rustic plaster, and two layers of lime slurry paint. 

 
(OC) (a) (b) (c) 

 
(d) (e) (f) 

Figure 9. RC–TPext execution procedure: (OC) Original Configuration; (a–f) execution procedure. 

The proposed partial prefabrication represents a good middle ground between pure 
onsite execution and total prefabrication. Onsite execution relies on a classic work organ-
ization but requires a longer implementation time. Full prefabrication, instead, makes the 
use of scaffolding unnecessary, as scaffolding can be replaced by a mobile lift platform. 
Hence, the construction process is safer and faster but can hardly result in a perfectly uni-
form façade due to, for example, the panel-to-panel junctions. This aspect, however, is 
worthy of further study. 
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3. Seismic Analyses 
The structural frame described in paragraph 2.1 was analysed considering horizontal 

actions in-plane and out-of-plane, and vertical actions. In particular, the focus of the pre-
sent study regarded the in-plane behaviour of the bare frame, the masonry-infilled frame, 
and the retrofitted frame (with RC–TP and RC–TPext configurations). The study of the in-
plane behaviour consisted of nonlinear static analyses that were performed via 2D finite 
element modelling, using the software SAP2000. However, a preliminary study of the ca-
pacity of the proposed system to resist out-of-plane and vertical actions is reported. 

3.1. Vertical and Out-of-Plane Actions 
Both out-of-plane and vertical actions were considered using simplified analytical 

approaches. Specifically, the reported static schemes were used to analyse RC–TP under 
vertical actions (a), RC–TP under horizontal out-of-plane actions (b-c), and RC–TPext un-
der horizontal out-of-plane actions (d-e). 

As reported in Section 2.2, because of the insertion of the CLT structural panels inside 
the concrete frame, only the RC–TP configuration can contribute to resist vertical actions 
in case of collapse or damage to the bearing elements. 

The response of the RC–TP configuration under possible vertical action was investi-
gated by assessing the minimum load that causes the buckling of the CLT panel. Until the 
gap between the panel and the beams is zeroed, any vertical force exchange between the 
panel and the beams is addressed by the screws that connect the CLT panel to the sub-
frame. The resulting load-eccentricity was taken into account by introducing a bending 
moment at both extremities of the panel (static scheme in Figure 10a). The maximum 
bending moment was calculated based on the vertical action that the screws transfer when 
subjected to a deformation equal to the size of the gap (2 cm). When the gap size reaches 
zero, any additional axial load is transferred from the beam to the panel by direct contact. 
Therefore, any further increase in the axial load is assumed to be centred on the panel 
midline (i.e., without accounting for any eccentricity). The results obtained showed that 
the CLT panel could resist vertical loading compatible with that supported by the upper 
beams and by the columns at the base of a two-to-three storey building. As the collapse of 
a structural element could alter the load paths and cause significant relative deformations, 
the capacity of the proposed system to contribute to the resistance to vertical loads should 
be further investigated. 

The out-of-plane responses of the RC–TP and RC–TPext systems was studied using 
the static schemes reported in Figure 10b–e. In particular, the masonry infills were con-
sidered only as seismic masses, neglecting, therefore, their contribution to the system's 
capacity. By virtue of the connection between the masonry wythes and the CLT panel, and 
between the CLT panel and the RC frame (as reported in sections 2.2 and 2.3), the CLT 
panel provides an effective restraint to the overturning of the infills. Consequently, the 
CLT panel and connections (CLT-subframe and subframe-RC frame for RC–TP, and CLT-
RC frame for RC–TPext) were checked against the design's lateral action, which was cal-
culated considering the seismic demand relative to a frame located on the fourth floor of 
a building. For all retrofit configurations, the CLT panel was verified for shear and bend-
ing, while the connections were verified for pull-out and shear. In the configurations an-
alysed, the verifications performed on the CLT panel and the fasteners showed large 
safety margins, which confirm the ability of RC–TP and RC–TPext to prevent the over-
turning of the infills. 
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(a) (b) (c) 

  
(d) (e) 

Figure 10. Static schemes used to analyse: RC–TP under (a) vertical load, (b) horizontal external out-
of-plane load, (c) horizontal internal out-of-plane load; RC–TPext under (d) horizontal external out-
of-plane load, (e) horizontal internal out-of-plane load. 

3.2. In-plane Analyses—Numerical Models 
The proposed intervention system aims at enhancing the in-plane seismic behaviour 

of the existing frames. As anticipated, the in-plane responses of bare, masonry infilled, 
and retrofitted frames were analysed via finite element modelling by performing nonlin-
ear static in-plane analyses. 

In all the configurations analysed, the concrete elements were modelled according to 
[21], as concerns material nonlinear behaviour and hinge characterisation. Specifically, 
deformation-controlled hinges were assigned at the extremities of columns and beams to 
simulate the post-elastic flexural behaviour, while force-controlled hinges were used to 
account for the shear failure. Furthermore, because the presence of strong beam–column 
joints was assumed, such joints were simulated as rigid in the numerical models. For the 
retrofitted frames, the nonlinear characterisation of the timber elements and the steel fas-
teners was based on the model presented in [21]. 

The double-wythe masonry infill was reproduced by modelling the two wythes sep-
arately, using the equivalent diagonal strut proposed by Liberatore et al. [36]. As this ap-
proach does not directly account for the shear stress that the masonry infill transfers to 
the columns, this additional action was evaluated a posteriori, based on the formulation 
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proposed by [37]. In the event of shear collapse of a concrete element due to the additional 
stress transferred by the infill, a shear release was assigned to the collapsed element. Using 
the model thus modified, the analyses were then restarted from the step where the shear 
collapse had occurred. 

As both retrofit configurations are supposed to preserve the internal wythe made of 
hollow-brick masonry, such wythes had to be modelled. The approach adopted was that 
proposed by [36], previously mentioned (see RC–TPext configuration in Figure 11a). As 
was done for the masonry-infill configuration, the additional shear in the columns due to 
the infill-frame interaction was considered a posteriori. Acknowledging that the chances 
of shear collapse of the retrofitted frames due to the infill-frame interaction would be 
higher if the internal wythe was made of stiffer and stronger masonry, the responses of 
the retrofit systems (RC–TP and RC–TPext) were investigated, also considering such sce-
nario. Consequently, two additional retrofitted models were analysed, simulating the 
presence of strong internal masonry wythes (named “AW”), whose characteristics are re-
ported in Table 4. 

Table 4. Material properties of the alternative internal wythe “AW”. 

Hollow Brick Value 
fm [MPa] 2.2 
fv,0 [MPa] 0.27 
Em [MPa] 1500 
Thickness [mm] 80 

In the RC–TP configuration, the external solid-masonry wythe is completely re-
moved from the frame. Therefore, the external wythe was not implemented in the numer-
ical model of the frame retrofitted with the RC–TP. In the RC–TPext configuration, in-
stead, the external wythe is isolated from the RC columns by cutting the lateral edges of 
the wythe creating a 3-cm wide gap at the infill-to-column interfaces. Conversely, the 
bonding between the upper edge of the infill and the concrete beam is not affected by the 
retrofit intervention. Consequently, even though the external wythe is not removed, it 
does not transfer additional shear stress to the columns. Therefore, the external solid ma-
sonry wythe was simulated in the numeric model by an equivalent diagonal strut, but no 
additional column shear needed to be computed a posteriori. 

Regarding the system that governs the interaction between concrete and timber ele-
ments, in the RC–TP configuration it was modelled according to [21]. For the RC–TPext 
configuration, instead, a specific interaction system was developed for this study. As vis-
ible in Figure 11b, one-dimensional (1D) frame elements are placed at the midline of the 
concrete beams and columns to simulate the RC frame. The frame elements are connected 
to the bidimensional (2D) shell elements, simulating the CLT panel through a system com-
posed of 1D frame and link elements. Specifically, the LF (line of fasteners frame) marks the 
line where the metal fasteners are inserted. The LF is rigid and works as a support for the 
panel-to-frame link (PL) elements, which reproduce the behaviour of each fastener in the 
timber-to-concrete. The LF is connected to the 1D elements of the RC frame through a rigid 
link (RL)) that makes the LF move and rotate solidly with the RC frame. The PLs are non-
linear links whose behaviour was defined consistently with reference to [21]. 
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(a) (b) 

Figure 11. RC–TPext finite element model: (a) complete intervention system; (b) interaction system. 

3.3. In-plane Responses 
Figure 12 reports the results obtained considering the bare frame “BR”, the masonry 

infilled frame “MI”, the two retrofit configurations “RC–TP” and “RC–TPext”, and the 
two retrofit configurations with a stronger internal masonry wythe (see details in Table 4) 
“RC–TP_AW” and “RC–TPext_AW”. 

 

Figure 12. Isolated frame backbone curves: bare frame (BF); masonry-infilled frame (MI); masonry-
infilled frame with additional shear not accounted (MI_NS); retrofitted frame with the most invasive 
(RC–TP) and, the least invasive configuration, (RC–TPext); retrofitted frame with shear degradation 
not accounted in the most invasive (RC–TP_ND) or the least invasive configurations (RC–
TPext_ND); a retrofitted frame, assuming a stronger alternative internal masonry wythe in the most 
invasive (RC–TP_AW) and least invasive configurations (RC–TPext_AW). 

As expected, the original masonry-infilled configuration, MI, showed an initial stiff-
ness higher than that of the BF, RC–TP and RC–TP_AW configurations, and similar to that 
of the RC–TPext and RC–TPext_AW. However, at a displacement level close to 3 mm, MI 
exhibited a sudden two-step loss of lateral capacity, due to the shear failure of the columns 
(indicated with a black “×” in Figure 12), as a consequence of the additional shear stresses 
transferred by the masonry infill. Such premature capacity losses were not observed in 
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the retrofitted configuration due to the absence of any additional shear actions from the 
external solid masonry wythe. The collapse observed in MI attest to the importance of 
considering the additional shear due to the interaction between RC frame and masonry 
infill. Specifically, the red dotted curve reproduces the behaviour that the masonry-in-
filled frame would have if the additional shear stress were neglected (MI_NS in Figure 
12). 

The RC–TP and RC–TPext retrofitted frames showed ductile behaviour governed by 
the bending failure of the concrete elements and by the progressive yielding of the screw 
fasteners. However, at displacement levels ranging between 32 mm (RC–TPext) and 37 
mm (RC–TP), both retrofit configurations experienced shear failure of one of their col-
umns. It is worth highlighting that in the cases of the RC–TP and RC–TPext configura-
tions, the column shear strength was negatively affected by the large ductile flexural de-
formation of the columns. The phenomenon has been well described by Priestley et al. 
[38]: “as plastic-hinge rotations increase, the widening of flexure-shear cracks reduces the capacity 
for shear transfer by aggregate interlock, and the shear strength reduces”. The formulation pro-
posed by Biskinis et al. [39] that accounts for degradation due to inelastic cyclic displace-
ments was considered. In Figure 12, the collapse due to the shear strength degradation 
(cyclic shear) is indicated with a black triangle “▲”. If this degradation was not accounted 
for, the two systems (RC–TP and RC–TPext) would respond as represented by the dashed 
curves (RC–TP_ND and RC–TPext_ND, respectively). 

As already mentioned, the RC -TP_AW and RC–TPext_AW configurations simulate 
the presence of a stronger internal masonry wythe. As can be seen in Figure 12, the addi-
tional stress transferred by this wythe induces column shear failure at displacements sig-
nificantly lower than those reached in the RC–TP and RC–TPext configurations. This as-
pect confirms the importance of evaluating the stiffness and strength of the masonry infill 
with due care. When the infill-frame interaction is expected to cause damage to the con-
crete frame, either the removal of the infill or the introduction of lateral cuts to isolate the 
infill wythes from the frame columns, should be evaluated. 

4. Energy Analyses 
The energy performance of buildings depends on the thermal properties of their en-

velope, which separates the indoor and outdoor environment and interacts with climatic 
factors. In the following energy analyses, reference was made to the opaque components 
of the envelope (i.e., perimeter walls), which are the elements affected by the proposed 
retrofit solution and that play a predominant role in determining the envelope perfor-
mance. The study is based on the climatic conditions of the temperate zones of countries 
in southern Europe. 

To provide masonry walls with adequate thermal resistance and thus reach the min-
imum resistance prescribed by most design codes, the addition of insulating materials is 
required. The insulating layer should cover the entire façade, minimising material discon-
tinuities (i.e., thermal bridges) through which heat could exit. However, thermal insula-
tion increases the chance of surface condensation, especially during winter months, when 
the external humidity levels are higher [40]. The presence of moisture condensation on the 
exterior walls leads to the growth of undesirable mildew, which affects the durability of 
materials [41]. Interstitial condensation must also be verified to prevent material degrada-
tion [41] (e.g., mechanical properties of CLT and thermal properties of the insulating lay-
ers). Finally, the summer behaviour of the envelope, which affects indoor comfort, should 
be investigated considering multiple factors, such as periodic transmittance or areal heat 
capacity. 

With reference to the isolated RC frame previously described, both the RC–TP and 
RC–TPext configurations were analysed and compared with the existing masonry infill. 
The outer temperatures and humidity levels were related to a city in the north of Italy 
(Turin). The characteristics of the materials and the thickness of the layers are reported in 
Tables 5–7. 
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Table 5. Existing masonry infill. 

Layer 
Thickness 

[m] 
Density 
[kg/m3] 

Conductivity 
[W/m K] 

Specific Heat 
[J/kg K] 

Vapour 
Resist. 

Inside plaster 1 0.025 1400 0.7 1000 10 
Hollow bricks 1  0.08 800 0.4 1000 1 
Non-ventilated air-gap 2 0.05 1 0.273 1004 10 
Solid bricks 1 0.12 1800 0.72 1000 10 

Layer 
Surface 

Mass 
[kg/m2] 

Th. Re-
sistance 
[m2K/W] 

Equiv. air layer 
thickness  

[m] 

Diffusiv-
ity 

[m2/Ms] 
Inside plaster 1 35.0 0.036 0.25 0.5 
Hollow bricks 1  64.0 0.2 0.8 0.5 
Non-ventilated air-gap 2 0.1 0.183 0.05 0 
Solid bricks 1 216.0 0.167 1.2 0.4 
1 UNI TR 11552 [42]; 2 UNI EN ISO 6946 [43] 

Table 6. RC–TP configuration. 

Layer 
Thickness 

[m] 
Density 
[kg/m3] 

Conductivity 
[W/m K] 

Specific Heat 
[J/kg K] 

Vapour 
Resist. 

Inside plaster 1 0.025 1400 0.7 1000 10 
Hollow bricks 1  0.08 800 0.4 1000 1 
Wood fibre panel 2 0.12 170 0.043 2000 3 
CLT panel 0.10 420 0.12 1598 50 
Exp. Polyurethane 2 0.06 42 0.023 1402 60 
Outside plaster 1 0.025 1800 0.9 1000 10 

Layer 
Surface 

Mass 
[kg/m2] 

Th. Re-
sistance 
[m2K/W] 

Equiv. air layer thickness  
[m] 

Diffusiv-
ity 

[m2/Ms] 
Inside plaster 1 35.0 0.036 0.25 0.5 
Hollow bricks 1  64.0 0.2 0.8 0.5 
Wood fibre panel 2 20.4 2.791 0.36 0.126 
CLT panel 42.0 0.833 1.2 0.4 
Exp. Polyurethane 2 2.5 2.609 3.6 0.391 
Outside plaster 1 45 0.028 0.25 0.5 
1 UNI TR 11552 [42]; 2 UNI 10351 [44]. 

Table 7. RC–TPext configuration. 

Layer 
Thickness 

[m] 
Density 
[kg/m3] 

Conductivity 
[W/m K] 

Specific Heat 
[J/kg K] 

Vapour 
Resistance 

Inside plaster 1 0.025 1400 0.7 1000 10 
Hollow bricks 1  0.08 800 0.4 1000 1 
Non-ventilated air-gap 2 0.05 1 0.273 1004 10 
Solid bricks 1 0.12 1800 0.72 1000 10 
Wood fibre panel 3 0.12 170 0.043 2000 3 
CLT panel 0.10 420 0.12 1598 50 
Exp. Polyurethane 3 0.06 42 0.023 1402 60 
Outside plaster 1 0.025 1800 0.9 1000 10 

Layer 
Surface 

Mass 
[kg/m2] 

Th. Re-
sistance 
[m2K/W] 

Equiv. air layer thickness  
[m] 

Diffusiv-
ity 

[m2/Ms] 
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Inside plaster 1 35.0 0.036 0.25 0.5 
Hollow bricks 1  64.0 0.2 0.8 0.5 
Non-ventilated air-gap 2 0.1 0.183 0.05 0 
Solid bricks 1 216.0 0.167 1.2 0.4 
Wood fibre panel 3 20.4 2.791 0.36 0.126 
CLT panel 42.0 0.833 1.2 0.4 
Exp. Polyurethane 3 2.5 2.609 3.6 0.391 
Outside plaster 1 45 0.028 0.25 0.5 
1 UNI TR 11552 [42]; 2 UNI EN ISO 6946 [43]; 3 UNI 10351 [44]. 

4.1. Thermo-Hygrometric Performance in Winter Conditions 
In Table 8, a comparison between the thermal transmittance of the existing conditions 

and the retrofit configurations is reported. Transmittance calculation is based on UNI EN 
ISO 6946:2018 [44]. 

Table 8. Thermal transmittance. 
Existing 
[W/m2 K] 

RC–TP 
[W/m2 K] 

RC–TPext 
[W/m2 K] 

1.323 0.150 0.198 

The hygrothermal behaviour of the walls was investigated in the most critical months 
for the risk of mould growth and the risk of surface condensation, following the prescrip-
tions of UNI EN ISO 13788:2013 [45]. Tables 9 and 10 refer to mould growth risk and sur-
face condensation risk, while, in Figures 13–15, the interstitial condensation risk was ex-
amined. 

Table 9. Mould growth risk in the most critical month (November). 

Parameter Unit Value 
Outdoor temperature 
Outdoor pressure 

°C 
Pa 

6.8 
920.1 

Outdoor relative humidity % 93.1 
Minimum resistance to avoid mouldgrowth risk m2 K/W 0.909 
Resistance for existing masonry infill m2 K/W  0.756 
Resistance for RC–TP m2 K/W 6.666 
Resistance for RC–TPext m2 K/W 5.055 

Table 10. Surface condensation risk in the most critical month (January). 

Parameter Unit Value 
Outdoor temperature 
Outdoor pressure 

°C 
Pa 

1.2 
555.0 

Outdoor relative humidity % 83.5 
Minimum resistance to avoid surface condensation risk m2 K/W 0.530 
Resistance for existing masonry infill m2 K/W  0.756 
Resistance for RC–TP m2 K/W 6666 
Resistance for RC–TPext m2 K/W 5055 
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Figure 13. Diagram for saturation and partial vapour pressure in the existing masonry infill 
(month: January). No interstitial condensation phenomena occur. 

 
Figure 14. Diagram for saturation and partial vapour pressure in the RC–TPext configuration 
(month: January). No interstitial condensation phenomena occur. 

 
Figure 15. Diagram for saturation and partial vapour pressure in the RC–TP configuration (month: 
January). No interstitial condensation phenomena occur. 

4.2. Thermal Performance in Summer Conditions 
As the summer behaviour of walls is subject to important variations throughout the 

day, it requires dynamic thermal simulations. As reported in Tables 11–13, some relevant 
factors to determine this behaviour were calculated, according to UNI EN ISO 13786:2018 
[46,47]. 

Table 11. Parameters that influence the summer performance of existing walls. 

Parameter Unit Value 
Periodic thermal transmittance W/m2 K 0.527 
Areal internal heat capacity kJ/m2 K 58.65 
Thermal time shift h 8 h 15′ 
Thermal decrement factor - 0.401 
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Table 12. Parameters that influence the summer performance of the RC–TP configuration. 

Parameter Unit Value 
Periodic thermal transmittance W/m2 K 0.006 
Areal internal heat capacity kJ/m2 K 57.56 
Thermal time shift h 19 h 1′ 
Thermal decrement factor - 0.037 

Table 13. Parameters that influence the summer performance of the RC–TPext configuration. 

Parameter Unit Value 
Periodic thermal transmittance W/m2 K 0.005 
Areal internal heat capacity kJ/m2 K 51.53 
Thermal time shift h 18 h 21′ 
Thermal decrement factor - 0.026 

Both retrofit configurations provide an overall improvement of envelope perfor-
mance, especially in winter conditions. However, when facing a real case study, it is also 
important to analyse thermal bridges to investigate the possible formation of mildew dur-
ing the most critical month. 

5. Case Study 
The proposed retrofit solution was applied to an existing RC framed building located 

in the north of Italy that was built in 1955. It has five floors and a basement, which are 
connected through two staircases. Each staircase is delimited by two RC walls parallel to 
the shortest side of the building. The structural frames are provided with double-wythe 
masonry infills, with an external strong wythe and an internal weak wythe, separated by 
an air gap (Figure 16). 

 

 
(a) (b) 

Figure 16. Original structural frame: (a) plan; (b) section. 

The two proposed intervention configurations were applied to the building, defining 
two different levels of retrofit. The RC–TPext strategy corresponds to the least invasive 
level, named L-I (least-invasive), which affects only the envelope, while the RC–TP solu-
tion is part of a larger renovation, named M-I (most-invasive), which includes the replace-
ment of the building services and the use of renewable energy. The L-I intervention can 
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be carried out by intervening only from the outside of the building, to minimize the dis-
turbance to the occupants. The M-I intervention, on the other hand, aims to maximize the 
building efficiency. 

5.1. Intervention Application and Alternative Solutions 
As the structural frames of the case-study building have columns that are larger than 

the beams, the structural details of both RC–TP and RC–TPext were adapted to optimise 
the effectiveness of the interventions for this geometric configuration (Figures 17 and 18). 
The RC–TP configuration reported in Figure 17 shows a generic implementation where 
the timber subframe is arranged on both columns and beams according to the implemen-
tation rules presented in [23]. 

 

 
(a) (b) 

Figure 17. RC–TP configuration, applied to the case-study structural frame: (a) plan; (b) section. 

 

 
(a) (b) 

Figure 18. RC–TPext configuration, applied to the case-study structural frame: (a) plan; (b) section. 

For the M-I and L-I interventions, the RC–TP (M-I) and the RC–TPext (L-I) retrofits 
were applied extensively, from the bottom of the façades to the top. These solutions were 
implemented in every frame vulnerable to the design seismic action, even though, due to 



Sustainability 2021, 13, 11304 21 of 28 
 

geometric constraints, not all the frame bays saw the application of the timber panel (e.g., 
in some bays of the outermost frames in the northwest façade, the infill was not aligned 
with the frame plane but was moved inward, see Figure 19a). The CLT panel retrofit was 
also not applied to a few frames in which the infill–frame interaction was expected not to 
be detrimental to the frame's resistance. In particular, this concerns the infilled frames that 
delimit the stairwells in the southeast façade. In these frames, the opening size is greater 
than 50% of the total infill surface, making the risk of a dangerous interaction with the RC 
elements negligible [48].  

To avoid the overturning of the infills of the frame bays, where the CLT panel could 
not be applied, the use of timber strong-backs [49] was proposed. Based on the geometry 
of the problem at hand, strong-backs of size 4 cm x 11 cm, fixed to the existing masonry 
infills and spaced at approximately 60 cm apart, were adopted. For the frame bays with a 
balcony, vertical strong-backs were used, while for the stairwell infills, horizontal strong-
backs were preferred, due to the shape of the openings.  

In the RC frame bays with balconies facing the southwestern side, it was not possible 
to apply the RC–TPext configuration, due to the presence of the balcony slabs preventing 
the panels from being fixed to the beams. Consequently, as Figure 19b shows, the frame 
bays with a balcony were retrofitted with the RC–TP solution in the M-I intervention, 
while in the L-I intervention, vertical strong-backs were applied after the lateral discon-
nection of the external wythe from the columns.  

In the original building, the absence of infills on the ground floor of the N–-W front-
age caused an irregular distribution of stiffness in plane and elevation that could lead to 
torsional effects and/or to soft-storey mechanisms. In addition, due to the absence of the 
base curb along this frontage, the resulting slender columns further facilitated these phe-
nomena. Consequently, a rearrangement of non-structural elements on the N-W frontage 
was designed (Figure 19c). It was considered to maintain the original openings under the 
balcony frames, and to implement the intervention systems in the other frames. At the 
ground level, for frames that are not located under balconies, a concrete curb similar to 
the one present on the other facades was designed. In this way, the CLT panels could be 
restrained to the new concrete curb and then be applied continuously from the bottom to 
the top of the building. The introduction of the curb avoids the presence of slender col-
umns and lets the timber elements to be separated from the ground, avoiding the contact 
with water. 

Finally, Figure 19d,e show that on the northeast and southeast facades the compre-
hensive intervention could be applied to all the frames, with the only exception being 
those delimiting the two stairwells, where horizontal strong-backs were used. 
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Figure 19. Case study—intervention strategies: (a) plan; (b) S-W frontage; (c) N-W frontage; (d) N-E frontage; (e) S-E 
frontage. 
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5.2. Energy Analysis of a Retrofitted Apartment 
For the energetic analyses, reference was made to an apartment located on an inter-

mediate floor, as highlighted in Figure 20. 

 
Figure 20. Existing building plan of an intermediate floor. The analysed apartment is highlighted in green. 

The apartment was selected because it had three side-facing walls and include both 
types of balcony frame-bay (Figure 20). It was assumed that the apartment has independ-
ent services. After investigating the performance of a single retrofitted frame, analyses on 
the comprehensive behaviour of the renovated apartment were performed for both retro-
fit configurations. Specifically, the analyses refer to annual energy consumption and to 
thermal bridges. The results were compared with the results obtained for the as-built con-
ditions. 

The least invasive intervention, L-I, saw the use of the RC–TPext configuration and 
the insulation of the not-habitable attic. Existing doors and windows were left in place, 
assuming that their thermo-hygrometric performance was sufficient to ensure the absence 
of indoor surface condensation. This proposed renovation affected only the building's en-
velope and could be carried out entirely from outside the dwellings. 

The most invasive intervention, M-I, saw the use of the RC–TP solution, the insula-
tion of the attic, stairwells, and basement and the replacement of doors and windows. 
Furthermore, a new heating and cooling system was provided that an collaborates with 
solar and photovoltaic panels. In this case, such renovation requires a longer and more 
expensive implementation, but ensures optimal energy performance. 

In Table 14 and Figure 21 the global energy consumption and the energy needed for 
apartment heating in one year are reported.  

Table 14. Annual energy consumption (total and for heating) for the analysed apartment. 

Annual energy consump-
tion 

Existing L-I 
(RC–TPext) 

M-I 
(RC–TP) 

EPgl,nren [kWh/m2 year] 182.638 87.250 28.887 
EPh,nd [kWh/m2 year] 83.52 26.04 13.39 
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Figure 21. Energy consumption reduction (global and for heating). 

The constructive details for both intervention configurations were designed with at-
tention paid to avoiding the possibility of superficial mould growth. The main thermal 
bridges were analysed, verifying that the calculated temperature coefficient (fRsi) was 
higher than the minimum temperature coefficient for mould growth risk (fRsi min) according 
to UNI EN ISO 13788 [45]. In Figures 22–24, the analysed details are reported. 

 
(a) (b) (c) 

Figure 22. Angular thermal bridge. Comparison between: (a) existing conditions; (b) RC–TP; (c) RC–TPext. 
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Mould growth risk 
fRsi = 0,70 < fRsi min = 0,73 

 

No mould growth risk 
fRsi = 0,85 > fRsi min = 0,73 

 

No mould growth risk 
fRsi = 0,77 > fRsi min = 0,73 

 

(a) (b) (c) 

Figure 23. Balcony slab thermal bridge. Comparison between: (a) existing conditions; (b) RC–TP; (c) RC–TPext. 

Mould growth risk 
fRsi = 0,54 < fRsi min = 0,73 

 

No mould growth risk 
fRsi = 0,85 > fRsi min = 0,73 

 

No mould growth risk 
fRsi = 0,92 > fRsi min = 0,73 

(a) (b) (c) 

Figure 24. Upper window thermal bridge. Comparison between: (a) existing conditions; (b) RC–TP; (c) RC–TPext. 

6. Conclusions 
In this research, an integrated intervention approach was presented that aims to im-

prove both the seismic and thermal behaviours of existing RC frames. Specifically, two 
intervention strategies characterized by different levels of invasiveness were developed 
for RC frames with double-wythe masonry infills. The most-invasive configuration (RC–
TP) sees the removal of the external wythes and the insertion of CLT panels inside the 
concrete frame. In the least-invasive configuration (RC–TPext), instead, the CLT panels 
are applied from the outside without removing the existing infill. 

The first step of the research involved seismic and energetic analyses of an isolated 
one-storey, one-bay frame, representative of the built heritage of many countries. Using 
both the retrofit configurations, the RC frame showed significant improvements in in-
plane response in terms of displacement and load-bearing capacity. Furthermore, the pro-
posed intervention resulted in a capacity for facing horizontal out-of-plane actions (both 
RC–TP and RC–TPext) and to resist huge increments in vertical actions due to collapses 
or damage to the structural elements (RC–TP).  

The durability and energetic aspects (e.g., mould growth, surface and interstitial con-
densation, summer and winter performances) were studied in parallel with the imple-
mentation details. A partial prefabrication of the system was also proposed. 
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In the final phase of the research, a case-study building was subjected to two alterna-
tive retrofit strategies. The least invasive strategy is based on the RC–TPext configuration 
and affects only the envelope, allowing all onsite operations to be performed from outside 
the building. The most invasive configuration, instead, relies on the RC–TP configuration 
and includes the replacement of the building services and the use of renewable energy. In 
both strategies, timber strong-backs were used to prevent the out-of-plane failure of those 
frames for which it was not possible or convenient to apply the CLT panels. Considering 
an apartment located on an intermediate floor, pre- and post-intervention energetic anal-
yses were performed. 

The results obtained showed that the proposed intervention can significantly im-
prove both the seismic and energetic behaviours of existing RC buildings. In addition, the 
possibility of preassembling the intervention system can guarantee fast execution and lit-
tle disturbance to the occupants. 
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