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Abstract

:

Recent earthquakes have highlighted a general inadequacy of the existing building stock in Italy and the need to address this critical issue by increasing its structural resilience. At the same time, the problem of energy consumption in existing residential and commercial buildings is increasingly significant and incompatible with the environmental targets set by governments. Considering all the aforementioned aspects, the seismic upgrading of existing buildings, based on the use of an eco-friendly and sustainable technology, has become more and more relevant and different intervention approaches have been developed. This paper aims to provide a multidisciplinary approach for the performance assessment of an eco-friendly and sustainable RC-framed skin for integrated refurbishment of existing buildings. A preliminary description of such skin technology is provided with particular attention to the simultaneous improvement of structural (e.g., seismic) and non-structural (e.g., energy, acoustic) performances and to issues concerning the limitation of invasiveness and interruption of use of the building. Technological details and in situ installation phases are described with special regard to connection and interaction with the existing building. Procedures for the assessment of upgraded building performances, in terms of seismic capacity and thermo-hygrometric and acoustic performances, are defined and applied to a selected basic cell structure. The feasibility and sustainability of the proposed upgrading intervention is finally investigated by means of a holistic Life Cycle Assessment for environmental impact and Life Cycle Cost for an economic evaluation. Finally, results from a multidisciplinary performance assessment are critically discussed by relating the performance aspects to the technological and installation issues.
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1. Introduction


In the last years, integrated renovation of existing building stock has become a strategic aspect of economic and environmental policies [1]. Several studies agree that residential existing buildings built before 1990, i.e., before the enforcement of most EU energy regulations, are currently responsible for 40% of the final energy demand and for approximately 36% of greenhouse gas emissions [2,3,4,5,6]. In addition to the energetic problem, the seismic vulnerability of the existing buildings stock is also a critical issue since nearly 50% of the European territory is earthquake-prone [1].



Focusing on the Italian scenario, around 86% of the residential stock was built before the enforcement of the 10/1991 Law dealing with the reduction of energy consumption in buildings and around 50% of the residential stock is characterized by a high seismic vulnerability since it was built before the enforcement of seismic codes [7,8]. These energy deficiencies and seismic vulnerabilities are typically associated with a general aging of the building stock which is more than 35% over 50 years old. From a structural point of view, it means that about a third of existing buildings have reached their nominal service life, exhibiting structural deficiencies for both vertical and horizontal loads [9]. In addition, the poor maintenance of the building stock induced an urban decay, resulting in a loss of the economic values of the building stock [10].



There are two possible intervention option to remedy energy deficits, seismic vulnerabilities and architecture of the existing building: retrofit or demolish and reconstruct the building. Generally, the first option entails lower embodied energy, global warming potential, and economic impact, as well as shorter relocation time, thus proving to be more sustainable [11]. In contrast, demolition and reconstruction should be preferred only when retrofitting solutions are not economically and technically advisable [11,12,13,14]. It is worth nothing that the issue of non-interruption of use of the building is critical to allow an adequate diffusion of retrofit interventions.



Different intervention techniques have been developed in recent decades for energetic or seismic retrofit of existing buildings. However, these interventions reach energy and seismic targets in a decoupled way generating high intervention costs and high occupants’ disturbance. According to these remarks, new integrated refurbishment techniques have been recently developed by companies and researchers in order to make combined renovation more environmentally, economically, and socially sustainable and less disruptive [15].



Within this framework, this paper proposes an eco-friendly and sustainable RC-framed skin for integrated refurbishment of existing buildings. Firstly, to better understand the overall topic, a review of the state of the art of traditional and innovative energy and seismic renovation interventions for RC-framed buildings is presented.



Then, a preliminary description of the proposed RC-framed skin technology is provided with particular attention to the simultaneous improvement of structural and non-structural performances. Technological details and in situ installation phases are described with special regard to connection and interaction with the existing building.



Procedures for the multidisciplinary assessment of building upgrading, in terms of seismic capacity and thermo-hygrometric and acoustic performances are defined and applied to a selected basic cell structure extracted from a representative existing building. The feasibility and sustainability of the proposed upgrading intervention is finally investigated by means of a holistic Life Cycle Assessment (LCA) for environmental impact and Life Cycle cost (LCC) for economic costs. Hence, considering the proposed retrofitting intervention, a cradle to gate analysis is carried out to preliminarily evaluate the carbon dioxide equivalent (CO2-eq) emissions and economic impacts related to the construction phase (i.e., consumption of raw materials, energy, transport, labor).




2. Proposed RC-Framed Skin for the Upgrading of Existing Buildings


In this section, after a brief review of the recurring techniques for energy and seismic renovation interventions, the proposed RC-framed skin technology is thoroughly described, also providing a description of the in situ installation phase, highlighting the peculiarities and advantages of the proposed system concerning the issues of the invasiveness and interruption of use of the building.



2.1. Overview on Combined/Integrated Systems for Energy and Seismic Renovation Interventions of RC Frame Buildings


In this section, a brief overview of the existing systems for energy and seismic renovation interventions is reported. First of all, the existing systems can be broadly divided in two categories [1]. The first category is related to those systems that combine energy and seismic renovation interventions in an additive way, i.e., superimposing two separate interventions; the second category is related to those systems that integrate energy and seismic interventions within a unitary technological system.



The former category is more traditional and has among its advantages the possibility to implement the distinct interventions in different periods. Typical interventions that reduce energy demand are the application of insulating materials on vertical surfaces and roofs, often together with the substitution of existing windows with high-performance ones. Other possible interventions include the installation of shading devices aimed at reducing the solar radiation and improvement of the efficiency of systems (for heating, ventilation, air conditioning, etc.). Interventions that improve the seismic performances can be separated into local and global interventions. Local interventions consist of the reinforcement of some of the existing structural elements (typically columns, beams, and beam–column joints) by means of steel, RC, or, more recently, fiber-reinforced polymer (FRP) jacketing. More recently, textile-reinforced mortar (TRM) has been considered as an alternative to FRP jacketing to overcome some of the limits of this material (i.e., poor behavior at high temperature, poor fire resistance, difficulty in application at low temperatures or wet surfaces, etc.) Global interventions consist of the construction of new lateral load-carrying systems such as, for instance, RC shear walls or steel braced frames; more recently, the possibility of exploiting timber shear wall, and particularly cross-laminated timber (CLT) shear walls, has been under investigation [16]. These techniques are often invasive, time-consuming, and expensive. In the case of global interventions, another critical aspect is relative to the requirement of the improvement of the foundation system. Finally, a further possibility to improve the seismic behavior is represented by techniques aimed at reducing the seismic demand by means of seismic isolator installed between foundation and structure. These techniques are not always applicable due to the required distance between near buildings; moreover, high costs are often associated with these techniques.



The integrated systems for energy and seismic renovation interventions are more recent and often they are represented by innovative retrofitting technologies that require the installation of seismic-resistant systems outside of the building; this is a very important aspect since the interruption of the use of the building during the intervention is avoided, meaning that none of the activities inside the building (e.g., residency, working office, etc.) are affected by the interventions. Among these solutions, Bournas [17] investigated an innovative intervention for existing RC frame and unreinforced masonry buildings represented by TRM strengthening coupled with installation of insulating materials and heating systems. Ecosism s.r.l. recently introduced an integrated and low-invasive solution developed in collaboration with the University of Padua [18,19,20] that consists of the creation of a new external envelope represented by RC wall cast in situ between one or two prefabricated layers of insulating material. This outer envelope skin is designed to carry the whole seismic action. Another solution proposed is the replacement of the infill walls with autoclaved aerated concrete (ACC) blocks exploiting both thermal and mechanical performance [21]. This technology is indicated obviously only for RC frame constructions with masonry infill. Ferrante et al. [22] investigated an integrated solution based on earthquake-resistant exoskeleton; particularly, they proposed the use of a new envelope constituted by prefabricated components of steel braced frames that create new living spaces. D’Urso and Cicero [23] worked on the idea of external steel exoskeletons to propose a parametric procedure to define multiple retrofitting alternatives. Marini et al. [24] and Manfredi and Masi [25] investigated systems based on an engineered double-skin. Particularly, Marini et al. [24] proposed a technological double skin exoskeleton that integrates structural and energy functions with the possibility of introducing dissipative elements to further improve the seismic performance. Manfredi and Masi [25] proposed the use of new RC infilled frames connected to the existing ones.



More recently, cross-laminated timber (CLT) panels have been considered as a valid alternative for the energy and seismic restoration intervention for existing RC buildings. CLT is particularly promising because it is an engineered wood product that on one hand is characterized by good thermal performance due to the low thermal conductivity, and on the other hand by its high strength and stiffness. To further improve thermal efficiency, additional insulating materials can be coupled to CLT panels. In particular, the possibility of replacing existing masonry infill walls in RC frame buildings with CLT panels has been investigated by Stazi et al. [26]. Despite the potential of this technique (in particular, speed of installation, reduced cost, low invasiveness, environmental sustainability, reversibility of the intervention), the research is still at a preliminary stage and needs further investigation.




2.2. Description of the Proposed RC-Framed Technology


The proposed technology for the integrated refurbishment is based on the idea of cladding an existing multi-story building with an eco-friendly and sustainable RC-framed skin.



The proposed refurbishment methodology aims to limit invasiveness and interruption of use of the building; therefore, the reinforcement system should preferably be applied to the external façade minimizing internal interventions. Hence, the proposed technology consists of adding a cast on site RC frame system to the outer walls by rigidly connecting the reinforcement RC structure at the floor levels of the building (Figure 1). The proposed retrofitting method could be effectively used for every type of building (steel or RC-frame, masonry) even if it turns out to be more suitable for RC-frame. The RC-framed skin is casted on site using prefabricated EPS modules which realize the formwork system and at the same time, ensure the thermal refurbishment of the building. The geometry of EPS modules is specifically shaped to realize, on the external surface, a thick and impact-resistant finishing plaster. The external plaster is reinforced with a steel mesh pre-assembled on the EPS modules and connected to the reinforcement RC frame by means of anchor rods.



The external reinforcement RC frame system is specifically designed to compensate the lack of seismic capacity of the existing building and is characterized by a modular geometry. The cross-section of the frame elements, the column interspace, and the reinforcement can be designed to achieve a specific target of seismic safety level.



Columns have a square cross-section with variable side dimensions in the range 150–300 mm. Transversal beams have a rectangular cross-section with base equal to the side of the column plus 50 mm and variable height dimension in the range 300–500 mm. The beam is positioned in contact with the existing structure in order to maximize the effectiveness of the connection system. The difference in thickness between the column and the beam is compensated with a special layer of EPS necessary to limit the linear thermal bridge at the inter-floor level.



Typical column interspace is equal to 1200 mm even if some adjustment can be required to fit the façade opening geometry.



Columns are characterized by continuous spiral transversal reinforcement while cross beams have common stirrups. In order to ensure adequate confinement of the beam-column joint, the spiral reinforcement of the column is continuous across the joint itself.




2.3. In Situ Installation Phases


The main feature of the proposed reinforcement system is the possibility of installation from the outside of the building without internal intervention, thus limiting invasiveness and interruption of use. The installation of the RC-framed skin is platform type (i.e., floor by floor starting from the bottom) according to the following main steps schematically depicted in Figure 2.



Step 1—Preparation of the façade and construction of the foundation beam. In this step, after a preliminary removal of the façade interfering installations (such as electrical, mechanical, or air conditioning systems), the excavation along the external perimeter of the building is carried out for the subsequent casting of the base curb. The base curb bears the weight of the new cladding system and is connected to the existing building by means of anchor rods. This connection makes the reinforcement structure integral with the existing foundation, avoiding sliding and uplift phenomena. The new foundation curb is reinforced continuously and is equipped with the reinforcement to be integrated in the subsequent casting of the reinforcing RC-frame column.



Step 2—Installation of the prefabricated EPS modules and casting of the reinforcement frame. In this step, the prefabricated EPS modules are fastened by means of non-structural mechanical anchors to the existing façade. The positioning of the EPS modules completely defines the structural grid of the reinforcing frame. Prior to the installation of the reinforcements inside the slots defined by the prefabricated module system, the structural anchor rods, necessary to connect the new RC frame to the existing structure, have to be fastened at floor level. Finally, the installation of the EPS layers in front of the columns and cross beam allows to complete the formwork for the subsequent casting of the structural concrete. The whole process described is repeated for each floor of the building.



Step 3—Realization of the external plaster and finishing of the façade. In this step the façade is completely plastered. The plaster is reinforced by the steel mesh integrated in the EPS modules and EPS covering layers and anchored to the EC-frame structure by means of mechanical connectors installed prior to the plastering phase. Refurbishment operations are completed with the accessory façade finishes (i.e., installation of the renovated doors and windows systems, upgrading of façade installations, etc.).





3. Multidisciplinary Performance Assessment of the RC-Framed Technology


Multi-performance analyses of the proposed RC-framed skin technology was performed referring to a basic cell structure of a typical multi-story RC construction extracted from the existing Italian building stock. The basic cell structure is representative of the typical external span of an existing masonry infilled RC frame (Figure 3a). The column spacing is 4000 mm while the inter-story height is 3200 mm. The columns have a 300 mm × 300 mm square cross-section while the beam has a 300 mm × 500 mm rectangular cross-section. The infill is a 125 mm thick brick masonry. External and internal surfaces were plastered with a 2 cm thick mortar plaster. Reinforcements of the existing frames were defined simulating the design practice adopted in Italy in the 1960s and 1970s, considering only vertical actions and disregarding the seismic horizontal forces [1]. Then, both the beams and the columns are considered without any seismic detail: the spacing of the stirrups is very sparse without any spacing reduction at the end regions of the columns. Moreover, the stirrups of the column stop before the node. Geometry and reinforcement of the basic cell structure are detailed in Figure 3b.



The proposed RC-framed skin was applied to the external surface of the basic cell structure and rigidly connected at the floor-level using anchor rods. Three EPS modules 1200 mm wide and 325 mm thick were used to clad the basic cell structure. Three 250 mm × 250 mm column were included in the reinforcement. The rectangular 300 mm × 400 mm cross beam was installed adherent to the existing structure and fixed at the floor level using 16 mm diameter anchor rods with spacing of 500 mm.



Geometry and reinforcement details of the RC-framed skin installed on the basic cell structure are reported in Figure 4.



The assumptions and main results of seismic, thermo-hygrometric, acoustic, and LCA-LCC simulations of the unreinforced and reinforced basic cell structure are presented and discussed in the following sections.



3.1. Seismic Simulation


This section reports the results of seismic simulations carried out on the representative basic cell structure with the aim of investigating the structural response of the proposed RC-framed skin system. Specifically, a set of finite-element analyses was performed for both the unreinforced and reinforced configurations, also taking into account the effects due to the masonry infill on the existing frame. The models were implemented in OpenSees [27] using the pre- and post- processor STKO [28].



The material properties for concrete and reinforcement in both existing and RC-framed skin elements and of masonry infill are summarized in Table 1. The mean compressive strength of concrete, assumed as C25 class for existing structure and C30 class for RC-framed skin, was evaluated according to Model Code 2010 [29]. The mean yield strength, hardening ratio, and ultimate strain of the existing structure’s steel were selected by means of STIL software [30,31], where the probability distributions for those quantities are given based on an extensive database of experimental tests on reinforcing bars collected from samples of the second half of the last century, while the same properties for RC-framed skin’s steel (assumed as a reinforcing steel of class B450C) was taken from available experimental results [32]. A Kent–Scott–Park constitutive model [33,34] with no tensile strength was selected for concrete, while an elastic-plastic law with strain hardening was selected for reinforcement.



From the numerical point of view, the frame model, schematically depicted in Figure 5a, was created using a lumped plasticity approach with finite length of plastic hinges, adopting in particular force beam-column elements with a modified two-point Gauss–Radau integration over each hinge region [35], which ensures that localized deformations are integrated over the specified plastic hinge length. Plastic hinge length is computed according to the following relation [36]:


   L  p l   = 0.1  L v  + 0.17 h + 0.24    d  b L    f y       f c       



(1)




where    L v    is the shear span that was assumed equal to half the length of the element,  h  is the depth of the cross-section,    d  b L     is the mean diameter of tensile reinforcement,    f y    is yield strength of reinforcement, and    f c    is compressive strength of concrete. Both    f y    and    f c    need to be in MPa. The computed values of plastic hinge length for both existing and RC-framed skin elements are 577 mm (existing beam), 493 mm (existing column), 459 mm (RC-framed skin beam), and 545 mm (RC-framed skin column). Moreover, ductile mechanisms and brittle mechanisms (i.e., shear) capacities were evaluated for all elements according to EN1998-3 [36].



The effect of masonry infill was represented by means of an equivalent strut approach, according to ref. [37]. In particular, two diagonal truss elements resisting only in compression were used with multilinear constitutive law whose parameters were computed taking into account the properties of the masonry infill. In these analyses, also due to their comparative nature, the infill was considered without openings for the sake of simplicity. The obtained constitutive law is depicted in Figure 5b and is characterized by the following parameters: cracking force equal to 82.9 kN, maximum force equal to 138.2 kN, crack strain equal to   6.8 ×   10   − 5    , maximum strain equal to   9.8 ×   10   − 4    , and ultimate strain equal to   4.9 ×   10   − 3    .



The typical loads of an intermediate level of a four-story building were considered in the analysis. More in detail, a load of 25 kN/m was applied to the beams of the existing frame, while the internal actions (shear, bending moment, and axial forces) deriving from the contiguous elements have been applied to the external nodes of the frame. The base nodes of the frame were restrained for displacement and rotation in all degrees of freedom. The reinforcing RC-framed skin was modeled as connected to the existing structure by means of kinematic constraints imposing the equality of the horizontal displacement. After the application of the vertical loads, an incremental horizontal load at the top of the frame was applied in order to compare the structural performance of the system by means of push-over curves. The push-over curves were then bilinearized according to Figure 6, assuming the peak force as the yield force and the ultimate displacement as the first condition met between a drop of more than 20% of peak force or the attainment of a failure condition for at least one structural element (checked comparing the capacity of both ductile and brittle failure modes with the demand at each step of the analysis); finally, the yield displacement was computed evaluating the secant stiffness Ksec through an energy balance between the idealized bilinear curve and the actual pushover curve.



The results obtained for the bare frame in both reinforced and unreinforced configurations are depicted in Figure 7a, where the pushover curves and the idealized bilinear curves are superimposed. The results in terms of stiffness, yield force, and ultimate force computed from the bilinear idealized curve are summarized in Table 2. It is possible to observe that the stiffness increased by a factor of 2, while the strength increased significantly by more than three times; finally, the ultimate displacement is not modified because it corresponds to the attainment of ultimate chord rotation capacity of a column of the existing frame. Concerning the failure mode, in the unreinforced configuration, a weak-column flexural mechanism was observed with formation of plastic hinges in top and bottom sections, as can be seen in Figure 7b, where the curvature is depicted with colored circles indicating the localization of deformations. As for the failure mode for reinforced configuration, a weak column mechanism was observed for all columns of existing and RC-framed skin columns: top and bottom sections of existing and RC-framed skin columns almost simultaneously reached the yielding condition, see Figure 7c.



The results obtained for the infilled frame in both reinforced and unreinforced configurations are depicted in Figure 8a, where the pushover curves and the idealized bilinear curves are superimposed, while the results in terms of stiffness, yield force, and ultimate force computed from the bilinear idealized curve are summarized in Table 2.



It is possible to observe that the yield force increases by about two times, while the ultimate displacement increases by around four times. Due to the bilinearization process, the stiffness of the reinforced configuration is apparently lower than the unreinforced configuration but inspecting the results closely, it is possible to see that the initial stiffness of the reinforced configuration is of course higher. The failure mode of the unreinforced configuration is due to the strength degradation of the masonry infill just after the formation of plastic hinges on the columns, as it is possible to see in Figure 8b. For reinforced configuration, after the attainment of the maximum strength in masonry strut, the strength of the masonry strut continuously reduces, while at the same time, the new RC-framed skin structure adsorbs higher values of horizontal force. Thereafter, the plastic hinge formation on columns of existing and then of RC-framed skin takes place as reported in Figure 8c.




3.2. Dynamic Thermo-Hygrometic and Acoustic Simulation


Thermo-hygrometric performances of the proposed retrofit system were evaluated implementing a bidimensional finite element model of the basic cell structure in the unreinforced and reinforced configuration, and computing both the heat fluxes and isothermal lines. The thermal transmittance U (W/m2K) was calculated as the ratio of the total heat flux to the area and the difference of temperature between internal and external environments. Temperature and heat transfer resistances used for U calculation were 20 °C and 0.13 m2K/W for the internal environment and 0 (°C) and 0.04 (m2K/W) for the external environment, respectively.



Table 3 compares thermal transmittance values U and minimum internal temperature Tmin of the reference basic cell structure of both unreinforced and reinforced configuration.



The reinforced configuration is characterized by U values significantly lower than the unreinforced configuration, ensuring high thermal performance of the building envelope.



Figure 9 displays the isothermal lines obtained along the middle horizontal cross-section of the investigated basic cell structure in the unreinforced and reinforced configuration.



Analyzing the isothermal lines reported in Figure 9, it is possible to observe that:




	-

	
The unreinforced configuration is characterized by a linear thermal bridge along the RC column which induces the risk of surface condensation due to the lowest values of internal surface temperature (about 11.5 °C). In addition to surface condensation risk, lower surface temperature causes discomfort inside the building for the lower radiant temperature.




	-

	
The reinforced configuration shows a minimum internal surface temperature greater than 19 °C avoiding the condensation risk and ensuring high thermal performance of the building envelope and high internal thermal comfort.









The modification of the acoustic insulation of the basic cell structure induced by the proposed RC-framed skin was investigated using the “Insul software” [38]. Analyses were performed according to the procedure recommended by the ISO 12354-1 [39] for both the unreinforced and reinforced configuration. It is worth nothing that the sound reduction index R of a multilayer cladded element is strongly affected by the acoustic property of the basic structure and by the connection system [40,41].



The first coincidence frequency of the basic cell structure is around 200 Hz and for the proposed RC-framed skin around 800 Hz. Then, three different types of connection used to fasten the RC-framed skin to the existing structure were investigated: Type 1-A300 punctual mechanical anchors with center-to-center distance of 300; Type 2-A1000 punctual mechanical anchors with center-to-center distance of 1000 mm; and Type 3-Linear linear connection (beam type). In Figure 10, the effects of coincidence phenomena are shown at 200 Hz for basic cell and 800 Hz for RC-frame.



Regardless of the type of connection used, generally the RC-framed skin ensures an improvement of the sound reduction index R of the basic cell structure, except at the coincidence frequency of 800 Hz. The difference between Type 1-A300 and Type 2-A1000 is due to fewer connections.



For Type 1-A300 below 200 Hz, the improvement of R is due to the increase of mass for area. Between 200 Hz and 800 Hz, the behavior of the basic cell structure prevails, and it is mechanically coupled with RC-framed skin.



If Type 3-Linear connections are used, below 800 Hz, the results are quite similar to Type 1 (mechanically coupled with RC-framed skin), up to 800 Hz the RC-framed skin behaves like a plate rigidly constrained to the edges and the effect of decoupled layers prevails as in Type 2.



Results from acoustic analyses are summarized in Table 4 in terms of the weighted sound reduction index Rw (ISO 717-1) [42] obtained for the two different investigated configurations. Results confirms that the application of the external RC-framed skin leads to an improvement in the sound reduction index Rw of the basic cell structure regardless of the adopted connection system.




3.3. LCA and LCC Simulation


This section reports the evaluation of the environmental and economic impacts related to the construction phase of the proposed RC-framed technology.



In accordance with ISO 14040:2006 standard [43], the Life Cycle Assessment (LCA) methodology and the impact assessment baseline IPCC 2013 were applied. The LCA is a standardized method, widely used to investigate the potential environmental impacts of a process, production systems, services, etc. It consists of an iterative process articulated in the following four phases: (i) goal and scope definition, (ii) inventory analysis, (iii) impact assessment, and (iv) results and interpretation.



Economic impacts were assessed by applying the Life Cycle Costing (LCC) methodology (ISO 15686-5:2017) [44]. LCC can be considered a useful complement to LCA: it covers a defined list of costs over the physical, technical, economic, or functional life of a constructed asset. For this purpose, the cost calculation associated with the construction phase of the designed technology was assessed.



In this context, an environmental assessment and a cost assessment of the designed technology were carried out. It is worth noting that functional unit and system boundaries set by the designed system were in common to environmental and economic analyses. As a functional unit, the RC-framed skin with a width of 4 m, a height of 3.2 m (12.8 m2), and a weight of 3.7 tons was chosen, while the boundary conditions were from cradle to gate. The system object of the analysis included consumption of raw materials, energy, transport, and labor. It should be noted that the maintaining, operating, and end-of-life of the proposed RC-framed technology were out of system boundaries. According to the method proposed in the study conducted by Giresini et al. (2020) [45], the aim of this analysis is to limit the CO2-eq emissions that are normally produced considering retrofitting interventions. More specifically, only CO2-eq emissions related to the phase of production and transport of the materials for the selected retrofitting intervention were considered (Figure 11).



The LCA was chosen to evaluate the environmental impacts that affect the designed RC-framed technology (i.e., production and transportation of the involved materials) in compliance with the ISO 14040 standard [43]. The Life Cycle Impact Assessment (LCIA) included the following mandatory elements: (i) the selection of impact categories and characterization models; (ii) the assignment of LCI results to the selected impact categories (classification); and (iii) the calculation of category indicator results (characterization).



The source of secondary data related to the environmental impacts of transportation and energy was the “Ecoinvent 3.5” database. The potential environmental impacts were evaluated using the software SimaPro® 8 [46]. The amount of CO2-eq imputable to the designed technology was calculated. The climate change factors of the IPCC method were evaluated with a timeframe of 100 years (Global Warming Potential 100 in version 1.03). It should be noted that use and end-of-life phases were omitted due to the lack of primary data. Future research studies might evaluate the use and end-of-life phases in a cradle-to-grave approach, that will be quantifiable through existing sources.



The overall environmental impacts related to the construction phase of the RC-framed technology are shown in Table 5.



Interestingly, structural steel and expanded EPS turned out to be the most impacting materials. As the total environmental impacts related to the selected functional unit was 2 tons of CO2-eq, to obtain CO2-eq/m2, the result was divided by the considered surface equal to 12.8 m2. As the average value is 156 kg of CO2-eq/m2 for a cradle-to-gate approach, the result appears to be a realistic assumption if compared to the study conducted by Eaton and Amato (1998) [47], which assessed a pioneering study of the embodied CO2-eq of steel, composite, reinforced, and precast concrete buildings. More specifically, the results of the above-mentioned study for the structure varied between 200 and 350 kgCO2-eq/m2.



Future research studies might evaluate the use and end-of-life phases in a cradle-to-grave approach, that will be quantifiable through existing sources.



Finally, to better understand the results of the analysis, Figure 12 shows the conceptual model elaborated by the software.



The tree model represents the designed system and indicates the negative environmental impacts with red lines whose size are proportional to the total amount of CO2-eq. Then, the results of LCA are used in the following section to measure the economic impact of the construction phase while future work will investigate the use and end-use phases.



The LCC analysis allowed the evaluation of the economic impacts that affect the designed RC-framed technology (i.e., raw materials, labor, and CO2-eq externality). Generally, it can be necessary to include the external cost related to the impact of environmental externalities in the LCC analysis. In this context, the negative effects of the total amount of CO2-eq (see Table 5) imputable to the designed technology were evaluated. According to the European Union (EU) Emissions Trading System (ETS) [48], the EU ETS carbon market price is currently around 44.06 euros per one ton of the CO2-eq. Hence, the CO2-eq externality is mathematically calculated multiplying the ETS carbon market price by the total carbon footprint value. Based on the previous materials (i.e., reinforced concrete, structural steel, expanded polystyrene (EPS), fiber-reinforced mortar, non-structural steel), the cost items were evaluated. The overall economic impacts related to the designed RC-framed technology are shown in Table 6.





4. Discussion and Conclusions


The integrated reinforcement system presented in this paper, based on a RC-framed skin, is a promising renovation solution for existing buildings in terms of technical feasibility, seismic retrofit, energy efficiency, and architectural enhancement potential.



The proposed solution consists of cladding the building envelope with an innovative tailorable skin based on prefabricated EPS modules, which improve the energy and seismic performance as well as the architectural quality of the renovated buildings. The use of prefabricated EPS modules allows reducing implementation costs and time, embodied energy, and occupants’ disruption, resulting in a sustainable system from a social, economic, and environmental point of view.



The main strength of the proposed system consists in the possibility of carrying out the intervention from the outside of the building, thus limiting the impact on the use of the building itself by the inhabitants.



The multiperformance analysis, conducted on a selected basic cell structure, demonstrated an excellent seismic retrofit capacity, a significant improvement in the thermo-hygrometric behavior of the building, a reasonable acoustic improvement, and an environmental impact compatible with regulatory requirements.



Regarding the seismic issues, a set of push-over analyses were carried out on both unreinforced and reinforced configurations, also considering the effect of unreinforced masonry infills by means of an equivalent truss approach. The results show that in the case of bare frame (where the infill can be considered as not structurally efficient), the RC-framed skin reinforcement significantly increases the maximum shear capacity of the structure by more than three times. In the case of infilled frame, the reinforcing RC-framed skin leads to an increase of shear force by a factor of about two, while the ultimate displacement is significantly increased by a factor higher than four. Performed analysis demonstrated the positive effect of the proposed system on the structural behavior of the reinforced structure.



From the thermo-hygrometric point of view, the reinforcement allows a significant increase in transmittance and the substantial elimination of the thermal bridges of the existing structure, thus eliminating the risk of condensation and improving the quality of the internal environment.



The massiveness of the RC-framed skin also allows for an acoustic improvement of the existing structure even if results from analyses demonstrate that the weighted sound reduction index is strongly affected by the fastening system used to connect the reinforcement to the existing building.



LCA and LCC analyses were conducted to evaluate the consumption of raw materials, energy, transport, and labor for the realization phase of the system. It is worth nothing that, in this study, only CO2-eq emissions related to production and construction phases (from cradle to gate) were considered. The proposed solution has the ambition to contribute to sustainability and footprint reduction. Results, expressed in terms of carbon dioxide equivalent (CO2-eq) emissions, showed that environmental and economic impacts of the proposed technology are similar to other common RC-based retrofitting interventions, mainly in terms of the materials’ impact (reinforced concrete and structural steel, and expanded polystyrene). Although the environmental and cost analysis can be extended to the entire life of the building, this paper neglects that aspect, which will be considered in a future research study.



In conclusion, results from multidisciplinary performance assessment demonstrate that RC-framed skin is a promising technology for existing building refurbishment, and is capable of integrating inhabitants’ and the environment’s needs, in the perspective of making the building reuse scenario more attractive after retrofitting, as opposed to demolition and rebuild, thus reducing the demand for new green areas.



Finally, authors would like to point out that this research is only the preliminary stage of a more comprehensive research project; experimental investigations are currently ongoing to optimize the structural efficiency and limit the heat transfer through the thermal bridges, as well as the environmental impact.
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Figure 1. RC-framed skin: global view and detail of an EPS module and reinforcement. 
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Figure 2. Scheme of the in situ installation phase. 
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Figure 3. Basic cell structure: (a) global view and (b) geometrical details and elements reinforcement. 
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Figure 4. Geometry and reinforcement details of the RC-framed skin (basic cell structure). 
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Figure 5. (a) FE Model for seismic analyses of a masonry infilled frame with reinforcing RC-framed skin; (b) constitutive law adopted for masonry infill equivalent trusses. 
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Figure 6. Bilinearization procedure for pushover curves. 
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Figure 7. Bare frame case: (a) structural response of unreinforced and reinforced configuration; curvature (ky) in integration points at ultimate displacement for: (b) unreinforced configuration, (c) reinforced configuration. 
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Figure 8. Infilled frame case: (a) structural response of unreinforced and reinforced configuration; curvature (ky) in integration points at ultimate displacement for: (b) unreinforced configuration, (c) reinforced configuration. 






Figure 8. Infilled frame case: (a) structural response of unreinforced and reinforced configuration; curvature (ky) in integration points at ultimate displacement for: (b) unreinforced configuration, (c) reinforced configuration.



[image: Sustainability 13 09225 g008]







[image: Sustainability 13 09225 g009 550] 





Figure 9. Isothermal lines from FEM analyses along the horizontal cross section of the basic cell structure for: (a) unreinforced and (b) reinforced configuration. 
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Figure 10. Sound reduction index R for unreinforced and reinforced configurations and for different connection types. 
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Figure 11. Diagram flow of the RC-framed skin. 
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Figure 12. Tree model of the proposed RC-framed technology. 
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Table 1. Material properties.
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Material

	
Property

	
Value






	
Existing structure: Concrete

	
Compressive strength

	
33 MPa




	
Strain at peak stress

	
0.002




	
Ultimate stress

	
0 MPa




	
Ultimate strain

	
0.006




	
Existing structure: Steel

	
Yield strength

	
524 MPa




	

	
Hardening ratio 1

	
1.5




	

	
Ultimate strain

	
22.5%




	
Existing structure: Masonry infill

	
Compressive strength

	
5.0 MPa




	

	
Shear strength (w/o axial load)

	
0.2 MPa




	

	
Young modulus

	
2100 MPa




	

	
Shear modulus

	
875 MPa




	
RC-framed skin: Concrete

	
Compressive strength

	
38 MPa




	

	
Strain at peak stress

	
0.002




	

	
Ultimate stress

	
0 MPa




	

	
Ultimate strain

	
0.006




	
RC-framed skin: Steel

	
Yield strength

	
496 MPa




	

	
Hardening ratio 1

	
1.21




	

	
Ultimate strain

	
26.3%








1 The hardening ratio is defined as ultimate strength over yield strength    f u  /  f y   .
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Table 2. Summary of seismic simulations.
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	Configuration
	Ksec (kN/mm)
	Fmax (kN)
	Du (mm)





	Unreinforced bare frame
	2.58
	60.94
	81.30 1



	Reinforced bare frame
	5.30
	217.84
	81.86 1



	Unreinforced infilled frame
	32.46
	127.35
	18.77 2



	Reinforced infill frame
	8.95
	223.41
	81.91 1







1 Reaching of    θ u    on a column; 2 Strength drop of 20%.
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Table 3. Thermal transmittance and minimum internal temperature values for the examined configurations.
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	Wall Type
	U (W/m2K)
	Tmin (°C)





	Unreinforced configuration 1
	1.86
	11.5



	Reinforced configuration
	0.15
	19.5







1 Column of 300 × 300 mm in the center of basic cell structure.
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Table 4. Weighted sound reduction index Rw for the unreinforced and reinforced systems.
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	Wall Type
	Rw (dB)





	Unreinforced configuration
	52



	Reinforced configuration
	



	Type 1-A300
	53



	Type 2-A1000
	63



	Type 3-Linear
	56
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Table 5. Environmental impacts related to the construction phase of the RC-framed technology.
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Material

	
Process

	
Source

	
Carbon Footprint

(CO2-eq)






	
Reinforced concrete

	
Concrete, 35 MPa

	
Ecoinvent 3 allocation cut-off by classification

	
   3.46 ×   10  2    




	
Structural steel

	
Reinforcing steel

	
   5.95 ×   10  2    




	
Expanded polystyrene (EPS)

	
Polystyrene, high impact

	
   5.90 ×   10  2    




	
Fiber-reinforced mortar

	
Cover plaster, organic

	
   1.91 ×   10  2    




	
Non-structural steel

	
Unalloyed steel

	
   2.82 ×   10  2    




	

	

	
Total

	
   2.00 ×   10  3    
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Table 6. Economic impacts related to the designed RC-framed technology.
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Cost Items

	
Source

	
Cost (Euro)






	
Reinforced concrete

	
Bologna, 2019 [43]

Reggio Emilia, 2020 [49]

	
118




	
Structural steel

	
1618




	
Expanded polystyrene (EPS)

	
293




	
Fiber-reinforced mortar

	
138




	
Non-structural steel

	
191




	
Labor

	
909




	
CO2-eq externality

	
EU, 2021 [48]

	
88
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