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Abstract

:

This paper presents an innovative methodology to assess the economic and environmental impact of integrated interventions, namely solutions that improve both structural and energy performance of existing masonry buildings, preventing out-of-plane modes and increasing their energy efficiency. The procedure allows the assessment of the environmental and the economic normalized costs of each integrated intervention, considering seismic and energy-saving indicators. In addition, the work introduces in relative or absolute terms two original indicators, associated with seismic displacement and thermal transmittance. The iso-cost curves so derived are thus a powerful tool to compare alternative solutions, aiming to identify the most advantageous one. In fact, iso-cost curves can be used with a twofold objective: to determine the optimal integrated intervention associated with a given economic/environmental impact, or, as an alternative, to derive the pairs of seismic and energy performance indicators associated with a given budget. The analysis of a somehow relevant case study reveals that small energy savings could imply excessive environmental impacts, disproportionally increasing the carbon footprint characterizing each intervention. Iso-cost curves in terms of absolute indicators are more suitable for assessing the effects of varying acceleration demands on a given building, while iso-cost curves in terms of relative indicators are more readable to consider a plurality of cases, located in different sites. The promising results confirm the effectiveness of the proposed method, stimulating further studies.
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1. Introduction


Buildings and constructions are extremely impactful in terms of global energy consumption and greenhouse gases emissions, enhancing global warming. For this reason, mitigation policies seek low-impact solutions not only for new structures, but also for refurbishment and retrofitting of existing buildings. In the general framework of the life cycle cost analysis, the definition of more efficient refurbishment and retrofitting techniques requires a multi-disciplinary approach, based on a smart iterative procedure, where solutions addressing various issues are suitably combined, taking into account, besides structural and building engineering aspects, acoustic and energetic engineering needs. So far, since involving intricate multi-disciplinary problems, viable and general enough solutions of this type have been rarely investigated, researchers’ attention being mainly devoted to specific issues. For this reason, professional engineers are usually unaware of ad hoc combined methodologies aiming to reduce the environmental and economic impacts of refurbishment interventions on existing buildings, also because a specific standardization is still lacking. The introduction of powerful and easy-to-use tools is thus a prerequisite to spread these applications into the common engineering practice, optimizing their effectiveness. Some recent works analyzed the reduction of the carbon footprint in existing industrial infrastructures [1] and the environmental impact of flooring systems [2] and of public buildings [3], the latter also considering life cycle assessment.



In principle, individual solutions cover, with an increasing degree of extension, three different levels: the material level, the element level, and the building level, while combined interdisciplinary solutions typically apply to the element level and to the building level.



Concerning the material level, multiple solutions may be selected depending on the building material. For instance, hemp-based materials were recently proposed [4]; dealing with concrete, solutions based on geopolymer [5], plants [6], and recycled aggregates [7] are increasingly popular. Dealing with unreinforced masonry, solutions implementing hemp fibers and other bio-natural materials are often used [8,9], while innovative applications of composite materials can be envisaged for exposed masonry, especially in heritage constructions [10]. However, it should be noticed that these materials, although ecological in principle, may have some disadvantages (shrinkage and durability) and a pollutant potential (e.g., for concrete with recycled plastic fibers [11]).



Evidently, as already remarked, when one shifts to the element level, or to the building level, the assessment of appropriate retrofitting techniques requires duly considering, besides the enhancement of mechanical and thermal performances, also the improvement of acoustic performances, when necessary. The interaction between these multiple points of view generates an “integrated” intervention, aiming to find the optimum, i.e., the best possible compromise among often opposite requirements. Recently, a methodology to assess the beneficial effect of retrofitting solutions was proposed for masonry walls without openings [12], arriving at a proposal for integrated interventions involving both the seismic response and the thermal behavior. Economic and environmental iso-cost curves were suggested to define the impact of each integrated intervention. The methodology was then updated in [13] to consider openings with equivalent transmittance parameters. In a further stage of research, iso-performance curves were proposed as a decisional tool also including life cycle cost analysis (LCCA) and life cycle assessment (LCA) [14]. Analogous design procedures were recently proposed in [15] for reinforced concrete existing buildings. Moreover, it must be remarked that, on the one hand, LCCA analysis involves aspects, such as the maintenance policy, that are outside the direct designer control [16]; on the other hand, climate change can also directly impact the structural reliability, modifying the climatic actions [17,18,19].



A further evolution of this methodology is represented by the prevention of out-of-plane (OOP) failure modes in existing masonry buildings, or more generally in heritage structure [20], for which guidelines to assess the impact of seismic retrofitting techniques could be extremely helpful in view of practical applications. The seismic assessment and retrofitting of existing masonry buildings are particularly intricate, since they depend on the floor slab features. If the floor slabs are both stiff enough in their own plane and effectively connected to the walls, the seismic performance of the building is governed by its global behavior [21,22]; if not, it is controlled by local failure mechanisms. The local mechanisms can be studied by means of linear and non-linear kinematic approaches [23,24,25,26] or making use of refined transient non-linear analyses [26,27,28], aiming to exclude out-of-plane failures [29]. This issue is particularly relevant for historic structures, where the connections between horizontal diaphragms and walls are poor [30]. The most common retrofitting strategies for limiting the risk of OOP failure modes are steel tie-rods [24,31], CFRP, GFRP, and strength anchors [32,33] but also new generation dissipative devices [34,35] recently proposed to prevent and control OOP damage. Obviously, global analyses are admissible only as long as premature failures due to local mechanisms are excluded [36].



The present paper proposes and applies an original methodology to assess the impact of integrated retrofitting techniques for the mitigation of the local seismic vulnerability of existing masonry buildings, where OOP mechanisms are predominant.



More in detail, Section 2 presents the general methodology to assess the economic and the environmental impact of integrated retrofit techniques, contrasting OOP mechanisms of existing masonry buildings, detailing seismic and energy performance indicators. Then, the methodology is applied to a case study presented in Section 3, illustrating the operational approach, and its consequences, both in terms of strengthening and thermal insulation objectives.



The novelty of the proposed method is the introduction of a unified multidisciplinary approach for retrofitting existing masonry buildings, which suitably combines strengthening interventions with energy saving interventions. The main goal is to assess the economic and environmental impact of integrated interventions in view of the implementation of appropriate strategies for a more sustainable allocation of the available resources. Although the present study focuses, from the structural point of view, on interventions aiming to prevent the out-of-plane modes and, from the energy saving point of view, on the application of insulating panels (IPs), the proposed approach is much more general, being easily extendable to other kinds of intervention.



It must be remarked that the objective of the paper is to discuss the proposed procedure and to illustrate how various types of interventions can be compared by means of an appropriate sensitivity analysis and not to establish a cost hierarchy among the interventions. In fact, the direct costs of the intervention can be sensibly variable not only over time, as a function of the demand and offer ratio, but also depending on the country, the local market conditions, the availability and the sustainability of the material, the carbon footprint associated to the production and transport of one cost unit of the product, the evolution of monetary and fiscal policy aiming to promote or prevent use of specific products, and so on.



A sound way to notionally define direct costs of an integrated intervention is the embodied energy (EE): ‘‘EE can be defined as the energy consumed during a building whole life cycle; this excludes the operating energy, but includes raw material extraction, product production, manufacturing, installation, on-site construction, maintenance, repair and replacement, and finally the demolition and disposal of a building” [37,38,39]. Embodied carbon (EC) is an analogous concept. In [40], solutions to maximize both energy efficiency and environmental efficiency are illustrated, pondering the design alternatives in both the operational and embodied phases. Hsien Wei et al. [41] analyze the sustainability performance of a single RC building under seismic risk and a methodology to translate seismic building damage in a quantifiable social, environmental, and economic impact.



However, although EE and EC are commonly used when performing a LCCA, it must be recalled again that some addends of EE and EC, for example, use, maintenance, repair, replacement, demolition, and disposal, are outside the designer’s control. In addition, the evaluation of indirect costs is a very difficult task since it involves aspects, and political choices, that the designer, and even the owner of the building, cannot govern.




2. Methodology


2.1. Analysis Steps


Referring to the assessment of the seismic vulnerability of an unreinforced masonry building, the environmental and economic impacts of retrofitting techniques to prevent OOP failure modes can be evaluated according to the following steps (Figure 1):




	
Identification of the most likely OOP mechanism through the kinematic approach of limit analysis [29].



	
Proposal of integrated solutions based on feasibility rules and on available materials nearby the construction site, duly considering the impact related to the transport phase.



	
Linear/non-linear static and/or non-linear transient analysis in the actual and in the retrofitted configuration, for each integrated solution.



	
Calculation of seismic and energy performance indicators to quantify the beneficial effects of each integrated solution.



	
Plot of iso-cost capacity and demand curves and/or of iso-performance curves to identify the optimal strategy for decision-makers.



	
Iteration of steps 4–5 to include a simplified life cycle assessment and/or life cycle cost analysis of each integrated intervention.








The entire process is then repeated for each OOP mechanism potentially affecting the considered masonry building. Afterwards, the global seismic analysis of the whole building can be performed by following traditional or more innovative procedures [42].



In this paper, an emblematic OOP failure mode of masonry building is considered, and the steps from (2) to (5) are performed to obtain the iso-cost curves (within the green frame in Figure 1). The application of life cycle assessment and of the methodology to obtain iso-performance curves will be presented in future works.




2.2. Definition of Integrated Interventions


Integrated interventions capable of counteracting the OOP mechanisms of masonry buildings can be numerous. Among typical strengthening measures, one can cite tie-rods [24,31], a traditional retrofitting measure for preventing OOP failure modes, CFRP and GFRP strips [43] vertically placed GFRP nets, ferro-cement, strength anchors [32,33], truss-like steel strips reinforcement [44], or rolls of fiber fabrics inserted in the masonry courses by using indent technique [5]. However, when the objective of the intervention is not only to improve the structural performance but also the thermal behavior of the building, these interventions are often associated with the implementation of energy-saving measures, such as the application of insulating panels. Moreover, since some strengthening techniques, such as CFRP/GFRP strips/nets, ferro-cement, or truss-like steel strips reinforcement, require the removal of the old plaster layer and new plastering, during the execution of this kind of intervention, the thermal transmittance of the walls can be further decreased by using less conductive plastering materials.



To derive the economic and environmental iso-cost curves, the starting point is the computation of the unit costs for each integrated intervention. To better compare the different retrofitting techniques, reference to the unit economic and environmental costs as costs per square meter seems a particularly convincing approach. These costs can be derived from regional/national lists and databases, duly considering the environmental impacts and quantifying the global warming potential in terms of carbon footprint. The carbon footprint is expressed in terms of CO2 emissions for product unit, and its value can be obtained from commercial software packages or national databases. It is worth noticing that databases included in a software package and price lists can often differ from each other, also in function of the extension of the intervention: this is a delicate aspect, since the economic/environmental impacts can be strongly influenced by these preliminary assumptions. It is therefore recommended to select databases that are sound and appropriate for the case study under consideration. Since, in some circumstances, there are peculiar site conditions, such as unusual distance from industrial areas, or other transportation difficulties, that can raise the transport quotas, both in terms of costs and carbon dioxide emissions, the database, or the economic and environmental impact analysis, which should be suitably adapted to reflect the specific features of the considered construction site.



Market research is strongly encouraged, also focusing on local enterprises, with the twofold objective of selecting sound values and optimizing the transportation costs to the construction site.



Once the unit costs are derived, the effectiveness of an integrated intervention can be assessed introducing appropriate performance indicators, each one associated with a specific aspect of the integration. These performance indicators should combine ease of use and representativeness, being at the same time as independent as possible of the operator. For the purposes of the present study, two particularly significant indicators have been identified: the seismic performance indicator, measuring the effectiveness of the intervention from the structural point of view, and the energy performance indicator, measuring the effectiveness of the intervention from the thermal insulation point of view.



A very impressive and synthetic way to compare different integrated solutions is plotting iso-cost and iso-performance curves in the plane   Δ  a c  − Δ U  ,   Δ  a c    and   Δ U   being the seismic performance indicator and the energy perfomance indicator, respectively, better described in the following. Evidently, depending on the specific investigated feature, iso-cost and iso-performance curves can be drawn referring to either economic or environmental aspects.




2.3. Seismic Performance Indicator


The seismic performance indicator, quantifying the improvement of seismic performance gained through the retrofitting technique, can be defined in terms of acceleration capacity, before and after the integrated intervention. Considering a rigid block chain simulating the OOP mechanism and a force-based approach, the meaningful parameter is    a c   , which is defined in [45] as the acceleration capacity of an equivalent single degree of freedom oscillator. It is herein assumed that    a  c , 0     refers to this parameter in the original configuration of the mechanism (before retrofitting), whilst    a  c , 1     indicates the acceleration capacity in its retrofitted condition. A first seismic performance indicator is the ratio between the acceleration capacity increase resulting from the retrofitting and the original capacity, as expressed by:


  Δ  a c  =    a  c , 1   −  a  c , 0      a  c , 0     .  



(1)







This indicator is valid in a relative sense with respect to the original capacity, but it does not provide information in an absolute sense. It is crystal clear that the significance of a given value of   Δ  a c    strongly depends on the initial capacity    a  c , 0    : for example, the benefit of having   Δ  a c  = 0.3   can be nearly insignificant, both if    a  c , 0     is low, and, vice versa, if    a  c , 0     is high (too safe-sided). In other words, the first seismic performance indicator solely gives a partial information about the structural enhancement attained through the intervention.



A second seismic performance indicator is an absolute parameter that reads:


  Δ ζ =    ζ 1  −  ζ 0    1 −  ζ 0    ,  



(2)




where   ζ =    a c     a d      is the ratio between the capacity,    a c   , and the demand,    a d   , in terms of acceleration [46]. The sub-index 0 refers to the original condition (without retrofitting), whilst the sub-index 1 indicates the retrofitted configuration, after the intervention. Such an indicator equals 0 when the intervention does not provide any enhancement (   ζ 1  =  ζ 0   ) and equals 1 when the capacity gained with the intervention is equivalent to the demand, in other words, when the intervention allows gaining what is lacking to fully satisfy the demand.



The acceleration capacity    a c    can be calculated by performing a kinematic analysis, based on either the Heyman’s model [47] or the frictional model [24,25,29]. Of course, the acceleration demand    a d    can be derived for the selected construction site by National Standards, such as [46], or by suitable refined studies.




2.4. Energy Performance Indicator


The first energy performance indicator,   Δ U  , quantifying the improvement of the energetic performance gained from the energy saving intervention, can be defined in terms of average thermal transmittance, before and after the integrated intervention. Analogously to what was proposed for the seismic performance indicator, in the present case,    U 0    designates the thermal transmittance in the original configuration of the mechanism (before retrofitting), whilst    U 1    refers to its retrofitted condition. The ratio between the thermal transmittance decrease resulting from the intervention and the original transmittance is thus:


  Δ U = −    U 1  −  U 0     U 0    .  



(3)







The thermal transmittance can be computed referring to the relevant international standards, such as EN ISO 6946:2017 [48] for thermal resistance values and EN ISO 10077:2017 [49] for thermal transmittance of glass panels. Indeed, when openings are present, the thermal transmittance of glass panels should be considered, as explained in [13,14]. The thermal transmittance of walls with openings can be synthetically represented by a unique averaged unit value,  U , which takes into account all the relevant parameters: the thermal transmittances of the wall,    A m  ·  U m   , the thermal transmittance of the windows,    A w  ·  U w   , and the heat flux through the thermal bridges,   l · Ψ  . The unit thermal transmittance  U  is, obviously, expressed by:


  U =    A m  ·  U m  +  A w  ·  U w  + l · Ψ    A m  +  A w    ,  



(4)




where:




	
   A m    is the net area of the wall involved in the mechanism;



	
   U m    is the unit thermal transmittance of the wall;



	
   A w    is the total area of the windows;



	
   U w    is the windows unit thermal transmittance;



	
 l  is the total length of the thermal bridge, and



	
 Ψ  is the unit thermal transmittance of the thermal bridge, as provided by EN ISO 10211:2017 [50].








As discussed for the seismic performance indicator,   Δ U   only gives partial (relative) information about the enhancement attained with the retrofitting solution. Therefore, a second (absolute) energy performance indicator is introduced analogously to what has been done for the seismic performance indicator (see for details Section 2.3):


  Δ Υ =    Υ 1  −  Υ 0    1 −  Υ 0    ,  



(5)




where   Υ =  U c  /  U d    is the ratio between the capacity,    U c   , and the demand    U d    in terms of thermal transmittance. The sub-index 0 refers to the as-built condition (without retrofitting), whilst the sub-index 1 indicates the retrofitted configuration, after the intervention. Analogously to the seismic performance indicator   Δ ζ  ,   Δ Υ   equals 0 when the intervention does not provide any enhancement (   Υ 1  =  Υ 0   ) and equals 1 when the capacity gained with the intervention equals the demand.



Whilst the thermal transmittance    U c    can be calculated with Equation (4) following the procedures indicated by the above-mentioned ENI ISO standards, the demand    U d   , usually provided in National Standards, such as [37], depends on the climatic zone of the construction site, which can be identified, for example, by assigning the pertinent number of Degree Day.




2.5. Economic and Environmental Iso-Cost Curves


Starting from a given either economic budget or environmental impact, the corresponding seismic and energy performance indicators can be evaluated for each integrated intervention. The given economic budget and environmental impact are normalized to unit area; therefore, the economic budget is expressed in Euros/m2 and the environmental impact is quantified in kgCO2eq/m2 (emissions of equivalent carbon dioxide). The point of coordinates     Δ U , Δ  a c     , or      Δ Υ  , Δ ζ    , which expresses the combined indicator, is included in the graph plotting the relationship between the two indicators   Δ U   and   Δ  a c    (or between the two absolute indicators    Δ Υ    and   Δ ζ  ).



For each considered integrated solution, the procedure is repeated  n  times,  n  being the number of the investigated levels, in terms of economic budget or environmental impact. Consequently,  i  is the number of the integrated solutions considered in the analysis, and each graph counts   i × n   combined indicators, scattered at intervals.



For each economic budget and for each environmental impact, suitably fitting contours can be then found from the scattered indicators, thus obtaining a parameteric representation of the economic budget, or of the environmental impact. The fitting curves are thus economic iso-cost curves, if the variation of economic budget is considered, or environmental iso-cost curves, if the variation of environmental impact is accounted for.




2.6. Life Cycle Cost Analysis of the Integrated Interventions


Regarding the life cycle assessment of the assumed integrated retrofit technique, a preliminary step consists in identifying the appropriate system boundaries to be considered. According to UNI-EN 15804:2012 [51], the relevant boundaries generally used when performing a LCCA are: cradle to gate, cradle to site, cradle to handover, cradle to end of use, cradle to grave, and cradle to cradle, but in the definition of embodied energy (EE), common references are cradle to gate and cradle to handover boundaries [39]. Definitions for embodied carbon (EC) were found considering cradle to gate and cradle to handover. More detailed literature about EE and EC can be found in [39].



However, taking into consideration that, as already remarked, LCCA involves aspects pertaining to the whole life of the construction, from birth to death, which are outside the designer’s control, the proposed approach should be intended as a part, although fundamental, of a more complex procedure involving other “actors”, in particular the owners, and, above all else, the policy makers. As the outcomes of LCCA are often heavily influenced by subjective choices about the most appropriate use and management strategies of the construction, this aspect is not further considered here.





3. Case Study: Description and Performance Indicators


The proposed procedure has been applied to a relevant case study selected as a real and general example: a four-story masonry building (Figure 2a), located in Southern Italy. All the data for geometry, material properties and site parameters were provided by the University of Catania [52].



3.1. Description of the Case Study and Failure Mechanism


The failure mechanism chosen for the application of the proposed procedure is an OOP mode that could be activated in the considered building at the top story. It is a simple outward overturning mode, characterized by the formation of a typical horizontal hinge at the wall base, due to weak or unproper structural connections with the roof. The wall participating in the mechanism, schematically illustrated in Figure 2b, is represented by the masonry portion surrounding the two openings. The gross area of the wall, including openings, is 40.87 m2, while the net masonry area is 35.87 m2 (Figure 2c).



The floors of the building are horizontal reinforced concrete diaphragms; the wall thickness at the fourth story is 0.5 m. Evidently, the knowledge of the mechanical properties of masonry is not strictly needed to perform a linear kinematic analysis; in fact, limit analysis only involves the geometrical characteristics of the rigid-like block shown in Figure 2c. However, to compute the acceleration capacity attained with CFRP strips according to the formulations indicated in [53], the knowledge of the mean values of the compressive and tensile strength of the stone units is required. For the irregular limestone masonry wall under study, we hypothesize a mean compressive strength    f  b m     = 18 MPa, and a tensile strength    f  b t m     = 10%    f  b m     = 1.8 MPa. Note that the used notations comply with CNR-DT 200 R1/2013 [41], where    f  b m     corresponds to    f b    in the European standards.




3.2. Integrated Interventions and Unit Costs


The selected integrated interventions for limiting the seismic vulnerability and improving the energy performance considered in the case study are:




	(a)

	
insulating panels alone (IP);




	(b)

	
steel tie-rods with constant diameter plus insulating panels (tie-rods dconst + IP);




	(c)

	
steel tie-rods with variable diameter plus insulating panels (tie-rods dvariable + IP);




	(d)

	
carbon fiber reinforced polymer strips plus insulating panels (CFRP + IP).









To substantiate the comparison, the installation of IP has been considered in turn as a separate intervention, or, in combination with either tie-rods or CFRP strips, as part of an integrated solution.



For the sake of this example, the economic unit costs have been derived from Italian price lists [54], while the unit quantities of CO2 emissions for different materials, except CFRP, have been extracted from a commercial software database [55]. The CO2 emissions per kg of CFRP material have been derived from [56].



The costs are summarized in Table 1, where the cost of the plaster removal is reported in a separate column, since this operation is quite mandatory when the strengthening intervention includes application of tie-rods or CFRP strips. The unit economic costs are expressed per square meter of panel/strips/plaster surface (for IP/CFRP/plaster), and per square meter of retrofitted masonry façade (for tie-rods).



In the reference case, considering that the gross area is about 41 m2, the most appropriate tie-rod strengthening intervention consists in the application of two steel bars, 22 mm in diameter and 5 m long, so guaranteeing a demand over capacity ratio greater than 1.0 (  Δ ζ = 1.06  , see Section 3.3). Additionally, four uniaxial CFRP strips, 200 mm wide and 1.5 m long, with ultimate tensile resistance of about 50 kN are considered for the alternative strengthening intervention, providing   Δ ζ = 1.11  , as described in Section 3.3.



The unit economic cost of the steel intervention on the masonry façade (Figure 2b) has been obtained by dividing the available total budget, which is 480 euros, including both material and labor costs, [54], by the area of the gross area of the façade itself. Instead, CFRP strips and plaster removal are assumed to have unit economic costs of 350 €/m2 and 10 €/m2 [54], respectively. As the unit economic costs of IP/CFRP and tie-rods reported in Table 1 cannot be directly compared, in the calculation of iso-cost curves, they have been uniformed and expressed in terms of unit area of masonry wall to retrofit.



The environmental cost of tie-rods is again normalized in terms of gross unit area of masonry wall. To compute it, a total value of 10.8 kgCO2 eq has been considered for the above-mentioned reference steel tie rod (d = 22 mm), whose total mass is 14.9 kg. It must be underlined that the emission rate of 0.41 kgCO2eq per 10 kg of steel, associated with waste transportation and process, has been disregarded in the analysis, being part of other life cycle phases (usage and final disposal). These are, in fact, outside the horizon of the present exercise, which concerns only the installation of the retrofitting solutions.



The economic and environmental costs for insulating panels are valid for polystyrene slabs of density 20 kg/m3. Referring to a 100 mm thick polystyrene panel, a flat rate cost of 190 €/m2 and an emission rate of 34 kgCO2eq/m2 have been considered for them. CFRP strips and plaster removal are assumed to have environmental costs of 18.4 kgCO2eq/kgCFRP and 3.4 kgCO2eq/m2, respectively.




3.3. Seismic Analysis and Seismic Performance Indicators


The seismic assessment of OOP failure mechanisms in unreinforced masonry buildings can be carried out using force-based and displacement-based methods [45]. Keeping the purpose of this paper mainly addressed to the integrated approach, the former is preferred herein and the ultimate limit state (ULS) or life-safety is considered for the original and retrofitted configurations of the wall under study. The macro-block modeling approach of Casapulla et al. [24,29] is adopted to also take into account the contribution of frictional resistances.



Using the linear kinematic approach of limit analysis, the force-based method predicts the spectral acceleration as a function of the force capacity of the wall, corresponding to the collapse of the out-of-plane loaded wall. This acceleration capacity is [45]:


   a c  =    α 0    g    e *    C F   ,  



(6)




where    α 0    is the ultimate load multiplier, g the gravitational acceleration,    e *    the rate of the total mass participating in the rocking mechanism, and CF a confidence factor, which takes into account the available level of knowledge of structural properties. Since   C F   is not an objective property of the structure but some kind of additional safety factor, in the following, we assume   C F = 1  .



If the mechanism occurs at a height Z above the level of application of the seismic action, as in the case study, the seismic input amplification due to the filtering effect of the main building should be evaluated, at least for the first vibration mode; in fact, the contribution of higher modes is negligible for simple rocking. According to [45], the spectral acceleration demand takes into account the fundamental period of the building    T 1    in the considered direction and the behavior factor q, through the formulation:


   a d  =    γ 1       ψ 1   Z       S e     T 1  ,  ξ 1        1 + 0.0004    ξ 1 2     q  ,  



(7)




where    S e     T 1  ,  ξ 1      is the expected spectral acceleration of the elastic response spectrum, depending on the fundamental period    T 1   , and on the equivalent viscous damping    ξ 1   (%), while    ψ 1   Z  = Z / H   is the first vibration mode displacement in the considered direction at the height Z, normalized to that at the building top. The corresponding modal participation coefficient,    γ 1   , can be evaluated as a function of the total number of floors,  N , as    γ 1  = 3 N /   2 N + 1    .



Finally, the seismic check is satisfied if the following relationship is fulfilled:


   a c  ≥  a d  ,  



(8)




considering that the spectral acceleration demand    a d    depends on both the probability of exceedance    P  N C R     referred to the no-collapse requirement (ULS) and the notional reference life.



To calculate the spectral acceleration demand and capacity with reference to the case study wall in the original and retrofitted configurations, it is first necessary to assign all the involved parameters. Starting from the seismic action to be considered for ULS assessments, the spectral parameters characterizing the site are summarized in Table 2, including the control periods of the response spectrum, namely    T B   ,    T C   , and    T D    and the value of the acceleration demand derived from Equation (7). As    T B  <  T 1  <  T C   , it is worth noting that    S e     T 1  ,  ξ 1      lies in the plateau range of the response spectrum; it is given by:


   S e     T 1  ,  ξ 1    =  a g    S   η    F 0  ,  



(9)




where    a g    is the design ground acceleration on type A ground, S the soil factor,    F 0    the spectral amplification factor, and  η  the factor accounting for the viscous damping:   η = max   0.55 ;     10 /   5 +  ξ 1          (  η   = 1 if    ξ 1    = 5%). According to [45], the behavior factor q in Equation (7) has been taken as equal to 2.



The calculation of the spectral acceleration capacities has been carried out considering the schemes summarized in Figure 3, where the vertical sections of the unreinforced wall (URW) (Figure 3a) of the wall retrofitted with tie-rods (RWT) (Figure 3b) and of the wall reinforced with CFRP strips (RWS) (Figure 3c) are sketched. As introduced above, the reference tie-rod is a steel bar, 5 m long, having a diameter d = 22 mm, while the reference CFRP strip is a uniaxial fabric, 200 mm wide and 1.5 m long, whose ultimate tensile resistance is about 50 kN. The most relevant materials properties and dimensions used in the analysis are summarized in Table 3.



The ultimate load multiplier    α 0    in Equation (6) can be calculated by means of the mentioned macro-block model [24,29], using either the principle of virtual works or the moment equilibrium of the wall portion under study. With reference to the three configurations sketched in Figure 3, the moment equilibrium with respect to the pivot point at the base of the wall will provide the generalized formulation (with the sum of all contributions):


   α 0  =     W + Q      x W  + 2  F P     y F  +  n T    T    y T  +  n S     S  C F R P      y S    W    y W  + Q    y Q    ,  



(10)




where the symbols represent:




	-

	
 W , the self-weight of the wall portion under study;




	-

	
 Q , the overload applied to the wall top;




	-

	
   x i   , the horizontal distance between the application point of the i-th force and the pivot point;




	-

	
   y i   , the vertical distance between the application point of the i-th force and the pivot point;




	-

	
   F P   , the frictional resistance along one upper edge of the wall;




	-

	
 T , the pretension of the single tie-rod, 20% of the yielding force;




	-

	
   S  C F R P    , the end debonding force provided by the single CFRP strip;




	-

	
   n T   , the number of tie-rods;




	-

	
   n S   , the number of CFRP strips.









Of course, the load multiplier and the related acceleration capacity for each wall configuration are evaluated by Equation (10), considering in turn the involved forces only.



The frictional resistance is assumed in its major contribution, as exerted by each adjacent wall along its upper part of 2.7 m height (Figure 3), through the formulation [25]:


   F P  = γ   t    h b     l b     n b     n b  + 1    4    f ,  



(11)




where  γ  is the specific weight of masonry,  t  the thickness of the wall,    h b    and    l b    the height and length of the masonry unit,    n b    the number of courses within the upper wall portion, and  f  the friction coefficient (Table 3). While the prestressing force of the single tie-rod can simply be evaluated as:


  T = 20 %    f  y d      A s  ,  



(12)




the contribution of the CFRP strips is assessed according to the Italian reference Guidelines CNR-DT 200 R1/2013 [53], which are currently one of the most reliable tools (at a design level) providing theoretical formulas for calculating the FRP contribution. Considering that this contribution depends on the tensile strength of masonry, significantly smaller than the tensile strengths of both the adhesive and the CFRP strip [58,59], the only debonding force is herein referred to, which can be calculated according to the expression:


   S  C F R P   =    b f     γ  f , d       2    E f     t f     Γ f    ,  



(13)




where    b f    is the width of the CFRP strip,    γ  f , d     is the partial safety factor, and    E f    and    t f    are the dry fibers Young’s modulus and thickness (according to the technical data sheet), respectively.    Γ f    is the fracture energy defined as:


   Γ f  =    k b     k G    C F      f  b m      f  b t m     ,  



(14)




where    k b    and    k G    are the width and calibration factor, and    f  b m     and    f  b t m     are the brick mean compressive and tensile strength, respectively.



The forces acting on the wall are reported in Table 4 together with their lever arms (   x i    and    y i   ), where it should be noted that    F P   ,   T   and    S  C F R P     are referred to single contributions. Considering the frictional resistance on both sides of the upper portion of the wall under study and    γ  f , d   = 1.25   within Equation (13), the assessments provide a design number of    n T  = 2   orthogonal tie-rods with 22 mm in diameter and a design number of    n S  = 4   CFRP strips. The obtained load factors, spectral accelerations and seismic performance indicators are collected in Table 5. It is clear from this table that the seismic check by Equation (8) is not satisfied for the URW, while it turns guaranteed for the retrofitted configurations, whose seismic capacities increase by 140% with tie-rods reinforcement (RWT), and by 164% with CFRP strips reinforcement (RWS).



The absolute seismic performance indicator   Δ ζ   calculated with Equation (2) can be <1, since the Standards allow for existing building interventions that improve the seismic performance without fully meeting the Standards requirements valid for new buildings [46] (in any case, always ensuring    a  c 1   >  a  c 0     where    a  c 1     is the seismic capacity of the wall after the intervention).




3.4. Thermal Analysis and Energy Performance Indicators


The thermal analysis consists in calculating the thermal transmittance of IP. As mentioned earlier, in the case of CFRP strips and IP, the thermal transmittance can be further reduced by using less conductive material for plastering. However, it must be remarked that such a reduction is negligible in comparison with the reduction of the thermal transmittance assured by the IP itself. Therefore, this additional reduction has been disregarded in the analysis, thus making the effect of the thermal insulation independent on the strengthening intervention. Let us assume as the thermal insulation system the already-mentioned traditional polystyrene slab (density 20 kg/m3), characterized, at a mean reference temperature of 10 °C, by a thermal conductivity   U   = 0.035 W/(m K) [60]. The thermal transmittance in the original configuration needs to be computed first. Procedures and equations utilized for computing the thermal transmittance are derived from [14]. Considering the layers of the masonry wall (inner lime plastering, limestone stone masonry of thickness   t   = 0.50 m, external cement-based plastering) and the internal and external air-wall heat transfer convection coefficients, a value of thermal transmittance of the masonry wall    U m    = 1.42 W m−2 K−1 is obtained. Then, considering the presence of two windows (Figure 2b), the weighted thermal transmittance in the original configuration    U 0    = 1.99 W m−2 K−1 is computed. The thermal transmittance demand    U d    is computed from the data provided in [61]. As the building is in a climate zone of type C (965 Degree days), the target demand thermal transmittances are    U  d , w a l l s     = 0.36 W m−2 K−1 and    U  d , w i n d o w s     = 2.00 W m−2 K−1 for walls and windows, respectively [61]. A consequent mean value of    U d    = 0.56 W m−2 K−1 is obtained. The absolute energy performance indicator   Δ Υ   calculated with Equation (5) can be <1, also admitting as valid interventions that improve the energy performance without fully meeting the Standards requirements (in any case, always ensuring    U 1  <  U 0    where    U 1    is the thermal transmittance after the intervention).





4. Case Study: Economic and Environmental Analyses and Iso-Cost Curves


4.1. Analysis in Terms of Seismic Performance Indicators


4.1.1. Economic Analysis


In this paragraph, the seismic indicators are calculated as functions of the economic impact of the selected integrated interventions. Once again, only the installation phase is considered, whereas all the operations related to the usage (maintenance) and final disposal of the interventions are neglected. As explained in Section 3.3, the spectral acceleration demand is equal to 2.98 m/s2 for the ultimate limit state. This value is approximated to 0.3 g. For each integrated intervention (Section 3.2), six total economic budgets are fixed, in the range from 100 to 350 €/m2, corresponding to different increases of the seismic and energetic performances. It is crystal clear that the seismic performance increase measured by   Δ  a c    has a relative significance. In fact, as already said, even if   Δ  a c    is extremely functional when the objective is the comparison of alternative solutions for a given building, it would lose its effectiveness when the benefit is referred to a specific demand, which depends on the site. For this reason, the iso-cost curves will be appropriately normalized by dividing the economic budget by the acceleration demand, which has been assumed as the reference seismic parameter. In addition, the second seismic performance parameter   Δ ζ   has been considered to obtain a sounder estimation of the optimal integrated intervention.



In the analysis, the available target economic budget has been spent, suitably modifying the thickness of IP, the diameter of the steel tie-rods (a pair, 5 m long), and the number of the 1.5 m long and 0.2 m wide CFRP strips. Obviously, IP has been applied on the total net area of the masonry façade: 35.87 m2 (Figure 2a).



An example of the computation of these indicators for CFRP strips and insulating panels is reported in Table 6. The first seven rows of Table 6 report the calculation of energy performance indicators, while the last seven rows report the calculation of seismic performance indicators. Evidently, since the focus is on integrated interventions, the seismic performance indicator and the energy performance indicator should be considered together: for example, if IP improves the thermal behavior, the CFRP strips mainly enhance the seismic performance. It is important to recall that the sum of the two corresponding budgets (for example 2nd and 9th rows: 93.98 €/m2 + 6.02 €/m2 = 100 €/m2) equals the target economic budget, ranging from 100 €/m2 to 350 €/m2, with a step of 50 €/m2. Such a matching is obtained by varying the thickness    t  I P     of IP and the number of CFRP strips. The current euro/dollar change is 1.16 according to the European Central Bank [62].



For what concerns the seismic analysis, the initial seismic performance indicator is the acceleration capacity in the original configuration,    a  c , 0    , which equals 1.50 m/s2, being evidently independent of the seismic demand. In contrast, the post-retrofitting acceleration capacity,    a  c , 1    , obviously varies as a function of the number of CFRP strips. The two values of acceleration capacity are then used in Equation (1) to compute the relative increase of acceleration capacity   Δ  a c   . Analogous considerations can be made for the integrated intervention, combining IP with tie-rods of variable number and diameter (Table 7).



The summary of the results for all the integrated interventions is reported in Table 8. The minimum number of CFRP strips that verifies the seismic analysis is 4 (  Δ  a c  = 1.09 ;   Δ ζ = 1.11 > 1  ). The minimum number and diameter of tie-rods which guarantee safety is 3 × 18, 3 × 20, or 2 × 22 mm. These two structural retrofitting techniques should be coupled with at least 7 cm thick IP (  Δ Υ > 1  ) to attain the target thermal transmittance    U d    = 0.56 W m−2 K−1 (Section 3.4).



It is worthy to notice that in all integrated interventions, the removal of old plaster and the new plastering are considered in the cost assessment.




4.1.2. Environmental Analysis


In this paragraph, the seismic indicators are calculated as functions of the environmental impact of the selected integrated interventions. The environmental analysis is performed under the same assumptions already adopted in Section 4.1.1, again considering only the installation phase, and disregarding other phases of the LCCA.



For each integrated intervention (Section 3.2), four environmental emission thresholds are fixed, from 20 to 50 kgCO2eq/m2. In the corresponding iso-cost curves, the environmental impact is divided by the acceleration demand (   a d    = 0.3 g), again to normalize the results in terms of the reference seismic parameter. Analogously to the economic analysis, thickness of IP, diameter, and number of 5 m long tie-rods and number of CFRP strips (length 1.5 m, width 0.20 m) have been varied to match the target environmental budget. For the sake of brevity, only the final results are listed in Table 9. It summarizes the seismic enhancement for each carbon footprint level (in kgCO2eq/m2) normalized per square meter of the total wall area. It is worthy to notice that three tie-rods with d = 18 mm are the minimum required solution (  Δ ζ = 1.07  ), providing an improvement of acceleration capacity by 105% (third column of Table 9). When the tie-rod diameter is variable (fifth, sixth, and seventh column), the seismic improvement increases from 70%, corresponding to two ties with   d   = 18 mm and 6 cm thick insulating panels, up to 130%, when three   d   = 20 mm ties and 14 cm thick insulating panels are implemented. In all the considered cases, the tie-rods, 5 m long, have been hypothesized to be placed at the top of the wall (Table 4).



In the integrated intervention based on tie-rods, only a minimal part (about 2%) of carbon footprint refers to the tie-rods themselves. In fact, the majority of carbon footprint regards the insulating panels, which have a unit environmental impact of 343 kgCO2eq/m3. A similar consideration can be made for the intervention with CFRP strips and IP (last three columns of Table 9), although, in this case, the impact of the CFRP strips is a little higher, 3.5% on average. For this integrated intervention, the seismic impact increases from 55%, corresponding to two CFRP stripes, 1.5 m long and 0.2 m wide, associated with 6 cm thick insulating panels, up to 137%, when the number of the CFRP stripes is increased to five and the thickness of the insulating panels is 140 mm.





4.2. Analysis in Terms of Energy Performance Indicators


4.2.1. Economic Analysis


The economic analysis considering energy performance indicators is computed in the same way as illustrated in Section 4.1 for the seismic analysis. The summary of the results for all the integrated interventions is listed in Table 10. They are computed tuning thickness of IP, number and diameter of tie-rods, and number of CFRP strips.



In Table 10, the values of the thermal transmittance and the two energy performance indicators are listed as functions of the intervention, namely, insulating panels only, or integrated intervention combining insulating panels, in turn, with steel tie-rods having constant or variable diameter, or with CFRP strips. Increasing the economic budget, the thermal transmittance clearly decreases, guaranteeing an improvement in the energy performance of the wall. Implementing the IP alone, the percentage reduction of thermal transmittance   Δ U   goes from around 75% for the 100 €/m2 budget (50 mm thick insulating panels) to around 91% for the 350 €/m2 budget (180 cm thick insulating panels). The corresponding absolute decrements    Δ Υ    are 1.05 and 1.26, respectively. Thus, even the lowest budget guarantees an effective intervention satisfying the target thermal transmittance. The trend of both energy performance indicators is not linear with the economic cost; in fact, the benefit obtained increasing the budget by a fixed amount, 50 €/m2, decreases as the total budget increases. As anticipated, the tie-rods do not influence the variation of thermal transmittance, while the final plastering is already included in the intervention with the IP alone. Evidently, for a given budget, integrated interventions lead to reductions of the thermal transmittance lower than those obtained with IP only, as part of the economic budget is devoted to the realization of the structural strengthening. Since the ratio between structural and energy saving costs depends on the adopted structural intervention, this effect is more pronounced for tie-rods rather than CFRP, if the considered budget is the lowest, the contrary occurs increasing the budget.




4.2.2. Environmental Analysis


The environmental analysis follows the procedure utilized for the economic analysis. The only difference is that the impact of each integrated intervention is computed as a function of the carbon footprint rather than the economic cost. Table 11 reports the achieved values of the thermal transmittance and the energy performance indicators, depending on the type of intervention and on the carbon footprint, expressed in terms of carbon dioxide emissions for unit area of the wall. Examining the data of Table 11, it clearly results that small energy savings can imply high environmental impacts: for example, when the intervention consists in the application of insulating panels only, doubling the carbon footprint, from 20 kgCO2eq/m2 (60 mm thick IP) to 40 kgCO2eq/m2 (120 mm thick IP), results in a small reduction, less than 10%, of thermal transmittance (3rd column of Table 11). Looking at the absolute performance indicator    Δ Υ   , the wiser choice would be to limit as much as possible the environmental impact, selecting a 90 mm thick IP corresponding to 30 kgCO2eq/m2. Moreover, as expected, the integrated interventions adopting steel tie-rods of constant diameter (three ties, 5 m long, and 18 mm in diameter), or CFRP strips in association with IP, achieve lower benefits, in terms of reduction of thermal transmittance, in comparison with the IP intervention. In fact, as already explained for the economic analysis, part of the environmental impact is due to the, although minimal, environmental impact of the structural intervention (steel ties or CFRP strips). Consequently, if the energy performance requirements are not particularly strict, sustainable interventions call for limiting as much as possible the thickness of the insulating panels.





4.3. Economic and Environmental Iso-Cost Curves


This subsection discusses the iso-cost curves derived combining the two pairs of seismic and energy performance indicators:   Δ  a c  − Δ U   (relative) and   Δ ζ −  Δ Υ    (absolute).



4.3.1. Relative Seismic and Energy Performance Indicators


Since the structural benefits of a given intervention depend on the demand, i.e., the peak ground acceleration (PGA), and, consequently, on the site, to improve the significance of the analysis, the economic budgets should be normalized in terms of demand, in case the relative indicators are plotted. In the following, the curves are normalized in terms of the PGA of the reference construction site, expressed in  g  (    PGA   ULS     = 0.30 g). In this way, the seismic and energy performance indicators, listed in Table 8 and Table 9 (seismic analysis) and in Table 10 and Table 11 (thermal analysis), and the economic and environmental iso-cost normalized curves shown in Figure 4 and Figure 5, respectively, have been derived. These curves thus allow obtaining the cost assessed for each integrated intervention by simply multiplying the values of the legend by the acceleration demand of the actual site.



Firstly, the single indicators (pair   Δ U − Δ  a c   ) are marked in the graph for each economic budget (trivially, the higher the economic budget, the greater the two values of   Δ U − Δ  a c   ). Recalling what is illustrated in Section 2.5, for each considered integrated solution, the procedure is repeated   n = 6   times,  n  being the number of the investigated levels, in terms of economic budget. Consequently,   i = 4   is the number of the integrated solutions considered in the analysis, and each graph counts   i × n = 24   scattered combined indicators.



The iso-cost curves are then drawn with the minimum least square criterion. These curves can be used by decision makers in a two-way strategy, depending on the criterion governing the choice:




	-

	
when the economic budget is given, to identify the optimum integrated intervention, by determining the corresponding pair   Δ U − Δ  a c    (for example by means of demand curves [14]);




	-

	
when the pair   Δ U − Δ  a c    is given, to determine the economic budget to be allocated, by determining the iso-cost curve passing by   Δ U − Δ  a c   .










4.3.2. Absolute Seismic and Energy Performance Indicators


The absolute seismic and energy performance indicators   Δ ζ −  Δ Υ    provide a more complete information for the specific considered case as they include the acceleration demand. The economic and environmental iso-cost curves shown in Figure 6 and Figure 7 have been derived, respectively, again using the data reported in Table 8 and Table 9 (seismic analysis) and in Table 10 and Table 11 (thermal analysis). In this case, the legend is simply expressed as unit economic and environmental costs, the demand being already included in the indicators’ values. Thus, these curves are more readable when a single case must be evaluated.



Analogously to the iso-cost curves plotting the relative indicators, these graphs can be read by fixing the economic/environmental admissible impact and finding the optimal integrated intervention. As an alternative, the pair    Δ Υ  − Δ ζ   can be assigned and the corresponding budget consequently determined.






5. Discussion


The paper suggests a new methodology to assess the optimal integrated intervention with reference to retrofitting solutions counteracting out-of-plane (OOP) failure modes in existing masonry buildings. The fundamental step consists in defining sound seismic and energy performance indicators, which are, respectively:




	-

	
  Δ  a c  ;   Δ ζ   for the seismic analysis;




	-

	
  Δ U ;   Δ Υ   for the thermal analysis.









The first ones give a measure of the safety increment attained in terms of acceleration and thermal transmittance capacity; the second ones complete the information correlating the capacity to the seismic and energetic demands.



A typical OOP mode of simple overturning around a cylindrical horizontal hinge has been considered for a relevant case study, extrapolated from an existing masonry school located in Southern Italy.



Three basic solutions, combined into integrated interventions, have been hypothesized: insulating panels (IP), a variable number of 5 m long steel tie-rods, characterized by fixed or varying diameter, and a variable number of 1.5 m long and 0.2 m wide CFRP strips. The target economic budget has been then saturated suitably modifying the thickness of IP, the diameter of tie-rods, and the number of CFRP strips.



A suitable economic analysis has been performed considering budgets ranging from 100 to 350 €/m2, corresponding to different increases of the seismic and energetic performances. For each integrated intervention, the absolute thermal and seismic indicators   Δ Υ   and   Δ ζ   has been computed, revealing that the minimum retrofitting solutions that verify the required conditions consist in a 70 mm thick insulating panel, coupled with three tie rods, if their diameter is 18 or 20 mm, or with two 22 mm diameter tie-rods, or, as an alternative, with four CFRP strips. The intervention that implies higher variability of the seismic performance indicator (abscissa axes of Figure 4, Figure 5, Figure 6 and Figure 7) is that with CFRP strips and IP. The energy performance indicators show that small energy savings could imply too-high environmental impacts. For example, when the intervention consists in the application of insulating panels only, doubling the carbon footprint, from 66 to 132 kgCO2eq/m2, will result in a reduction of the thermal transmittance smaller than 10% (Figure 5). The same occurs when integrated interventions are considered. For example, for both integrated interventions with CFRP strips and IP and tie-rods and IP, passing from 30 to 50 kgCO2eq/m2 only causes a negligible increase of the absolute thermal performance indicator, from 0.99 to 1.07 (Figure 7). It means that the difference by 20 kgCO2eq/m2 emitted in the atmosphere would be useless since with 30 kgCO2eq/m2 one would have an intervention meeting the thermal requirements (0.99 ≈ 1). These considerations make it necessary to assess the carbon footprint of each intervention in order to avoid unnecessary high environmental impacts. Consequently, if the energy performance requirements are not particularly strict, sustainable interventions call for limiting as much as possible the thickness of the insulating panels, also cosidering that the environmental impact of structural interventions (steel ties or CFRP strips) is not particularly significant.



The iso-cost curves, either considering relative or absolute seismic and energy performance indicators, can be a very powerful tool to compare different solutions. Iso-cost curves in terms of absolute indicators are more suitable for assessing effects of varying acceleration demands on a given building, while iso-cost curves in terms of relative indicators are more readable, when a plurality of cases, located in different sites, needs to be evaluated. Both types of curves are two-way readable: by fixing the economic/environmental admissible impact, the optimal integrated intervention is found. As an alternative, the pair of seismic and energy performance indicators can be assigned, and the corresponding budget consequently determined.



It is worth comparing the suggested methodology with models already available in the literature. Such models were recently presented for the optimization of integrated interventions, enhancing the performance of in-plane modes in masonry buildings [12,14,63]. In the methodology illustrated in [14,63], the target point is given by the intersection of the capacity curve with the demand curve (Figure 8). The demand curve, defined for a specific building site, is a function of seismic and energy parameters of the site through the following expression [14]:


  Δ U = α    c R     c U    Δ V ,  



(15)




where   Δ V   is the seismic performance indicator in terms of base shear (significant for in-plane modes) and the coefficient  α  is a tuning parameter established by the decision-maker. The two dimensionless parameters    c U    and    c R    depend on the site location according to the number of degree day (DD) and to the peak ground acceleration PGA of the site, respectively [12]:


   c U  =   D  D i    D  D  m a x     ;    c R  =   P G  A i    P G  A  m a x     ,  



(16)




where   P G  A  m a x     and   D  D  m a x     are the maximum values of PGA and degree day, respectively, in the reference area (regional, national, or other). That methodology is clearly different, albeit similar, from that proposed in this paper. Indeed, in [14], the capacity is not correlated with the site parameters, and this could be limiting, especially in the seismic vulnerability assessment, where the safety verifications indicated by the Standards [64] involve complex relationships between the acceleration, or displacement, capacity and the acceleration, or displacement, demand. By contrast, the suggested methodology directly considers the actual demand of the site (Figure 7). In fact, the graph of absolute performance indicators   Δ ζ − Δ Υ   gives complete information about the impact corresponding to the minimum safety coefficients, because   Δ ζ   and    Δ Υ    are also functions of the demand. In other words, with the suggested methodology, one can directly read in the curves plotting absolute performance indicators the environmental and the economic impact for a given site corresponding to safety coefficients at least equal to 1, which is the minimum for which all the verifications are satisfied. The safety coefficients can be tuned according to the needs of the decision maker, for example, giving greater relevance to the seismic safety than the energy performance, selecting   Δ ζ >  Δ Υ  ≥ 1  , or vice versa.



All the considerations made in this paper emerge from the analysis of the installation phase of integrated interventions. Future studies will deal with the joint selection of integrated interventions, considering both global and local analysis of existing masonry buildings, as well as duly modifying the seismic performance indicators and their computation, with the extension of the proposed methodology to reinforced concrete buildings.



In addition, the promising results stimulate further investigations, also aiming to apply the proposed methodology to the other phases of the building life cycle, including maintenance and final disposal, in a similar way to that proposed in [14].




6. Conclusions


The paper illustrated a new methodology to assess the optimal integrated intervention in existing masonry buildings capable to limit out-of-plane (OOP) failure modes. Seismic and energy performance indicators were proposed to give a measure of the safety increment attained in terms of acceleration and thermal transmittance capacity. Absolute seismic and energy performance indicators were also suggested to correlate the capacity to the seismic and energetic demands.



The proposed methodology was applied to a case study in which the following integrated interventions were considered and studied: insulating panels (IP), steel tie-rods, and CFRP strips. Different economic budgets and environmental impacts were considered, corresponding to different increases of the seismic and energetic performances. The iso-cost curves were revealed to be a powerful tool in assessing the effects of varying acceleration demands on a given building to find the optimal integrated intervention or the economic/environmental impact foreseen with specific seismic and energy performance parameters.



The target economic budget and environmental impact were saturated, suitably modifying the thickness of IP, the diameter of tie-rods, and the number of CFRP strips. The energy performance indicators showed that small energy savings could lead to unsustainable environmental impacts, revealing the importance of the latter parameter in the assessment of eco-friendly and effective interventions in existing buildings.



It must be underlined that the main objective of the study was to demonstrate the feasibility of a multidisciplinary approach, allowing the assessment of the sustainability of integrated interventions in a coherent and unified way. Further developments are in progress in order to refine the method, also referring to relevant case studies, in order to identify typical values of the most relevant parameters, for example, in terms of cost and carbon footprint, in view of a full validation of the method.



Paralell research works are also devoted to extend the procedure to the whole operational life of the construction, supplementing the study with a sensitivity analysis aiming to assess how relevant management and use strategies may influence the life cycle cost analysis.
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Figure 1. Schematics of the proposed procedure for the selection of optimal integrated retrofitting techniques for OOP failure modes in masonry buildings. Only the part framed in green is developed in this paper. 
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Figure 2. (a) Rear façade of the case study building; (b) schematic type of the mechanism under study; (c) geometric dimensions (m) of the considered rocking wall. 
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Figure 3. Forces and dimensions for the (a) unreinforced masonry wall (URW), (b) wall retrofitted with tie-rods (RWT) and (c) that with CFRP strips (RWS). 
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Figure 4. Economic iso-cost curves—relative performance indicators   Δ U     t h e r m a l   − Δ  a c      s e i s m i c     for different integrated retrofit solutions and consequent fitting curves as function of the economic budget. 
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Figure 5. Environmental iso-cost curves—relative performance indicators   Δ U     t h e r m a l   − Δ  a c      s e i s m i c     for different integrated retrofit solutions and consequent fitting curves as function of the environmental impact. 
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Figure 6. Economic iso-cost curves—absolute performance indicators   Δ Υ     t h e r m a l   − Δ ζ     s e i s m i c     for different integrated retrofit solutions and consequent fitting curves as function of the economic budget. 
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Figure 7. Environmental iso-cost curves—absolute performance indicators   Δ Υ     t h e r m a l   − Δ ζ     s e i s m i c     for different integrated retrofit solutions and consequent fitting curves as function of the environmental impact. 
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Figure 8. Comparison of the suggested methodology with literature models: use of demand curve (adapted from Figure 5 in [14]). 
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Table 1. Unit costs for the selected integrated interventions (IP = insulating panel).
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	Cost
	IP tIP = 100 mm
	No. 2 Tie-Rods d = 22 mm
	CFRP
	Plaster Removal





	Economic (€/m2)
	190
	12 1
	350
	10.0



	Environmental (kgCO2eq/m2)
	34
	22 1
	18.4 2
	3.4







1 per square meter of the entire wall (area = 40.86 m2). 2 per kg of CFRP.
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Table 2. Seismic parameters at ULS [46].
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Site Parameters (ULS)




	
     a g  / g    

	
    F 0    

	
  S  

	
   T B    (s)

	
   T C    (s)

	
   T D    (s)




	
0.2

	
2.36

	
1.42

	
0.2

	
0.6

	
2.4




	
Spectral Parameters (ULS)




	
   ξ 1    (%)

	
    γ 1    

	
    ψ 1   Z    

	
   T 1    (s)

	
    S e     T 1  ,  ξ 1       (m/s2)

(Equation (9))

	
   a d    (m/s2)

(Equation (7))




	
5

	
1.33

	
0.68

	
0.458

	
6.58

	
2.98
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Table 3. Materials properties and dimensions for the wall and the reinforcements.
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Masonry Wall




	
 γ  (kN/m3)

	
 t  (m)

	
   h b    (m)

	
   l b    (m)

	
    n b    

	
  f  




	
19

	
0.5

	
0.2

	
0.2

	
13

	
0.6




	
Steel Tie-Rods




	
   f  y , d     (MPa)

	
   A s    (mm2)

	

	

	

	




	
205

	
254.47

	

	

	

	




	
CFRP Strips (Uniaxial 300 g/m2)




	
   b f    (mm)

	
   t f    (mm)

	
   E f    (MPa) [57] *

	
   f  b m     (MPa)

	
   f  b t m     (MPa)

	
    k b  ·  k G    




	
200

	
0.17

	
83848

	
18

	
1.8

	
0.015








* The specific modulus here considered is valid for a percentage of carbon fiber by about 30%.
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Table 4. Forces involved in the mechanism and their lever arms.
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	Forces (kN)
	  x i   (m)
	  y i   (m)





	   W = 340.8   
	0.25
	3.16



	   Q = 34.36   
	0.25
	6.22



	   F P  = 10.37   (Equation (11))
	-
	4.42



	  T = 77.93   (Equation (12))
	-
	6.00



	   S  C F R P   = 8.14   (Equation (13))
	-
	6.22
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Table 5. Load factors, spectral accelerations, and seismic performance indicators for the URW and the designed RW configurations at ULS.
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	Wall

Configuration
	    α 0    

(Equation (10))
	    a c     (m/s2)

(Equation (6))
	    a d     (m/s2)

(Equation (7))
	   Δ  a c    

(Equation (1))
	  Δ ζ  

(Equation (2))





	URW
	0.144
	1.50
	2.98
	-
	-



	RWT (2  T )
	0.294
	3.07
	2.98
	1.05
	1.06



	RWS (4    S  C F R P    )
	0.300
	3.14
	2.98
	1.09
	1.11
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Table 6. Computation of thermal and seismic indicators for the integrated intervention with CFRP strips and insulating panels.
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	Budget IP (€/m2)
	tIP (m)
	Area (m2)
	tIP/λ = R (m2K/W)
	R1 (m2K/W)
	U1 (W/m2K)
	∆U



	93.98
	0.049
	40.862
	1.237
	1.738
	0.575
	71%



	140.97
	0.074
	40.862
	1.855
	2.356
	0.424
	79%



	187.96
	0.099
	40.862
	2.473
	2.975
	0.336
	83%



	234.95
	0.124
	40.862
	3.091
	3.593
	0.278
	86%



	281.94
	0.148
	40.862
	3.710
	4.211
	0.237
	88%



	328.93
	0.173
	40.862
	4.328
	4.830
	0.207
	90%



	Budget CFRP (€/m2)
	ns
	Cost
	Cost/m2
	    a  c , 0      (m/s2)
	    a  c , 1      (m/s2)
	   Δ  a c    



	6.02
	2
	246.00
	6.02
	1.50
	2.32
	55%



	9.03
	3
	369.00
	9.03
	1.50
	2.73
	82%



	12.04
	4
	492.00
	12.04
	1.50
	3.14
	109%



	15.05
	5
	615.00
	15.05
	1.50
	3.55
	137%



	18.06
	6
	738.00
	18.06
	1.50
	3.96
	164%



	21.07
	7
	861.00
	21.07
	1.50
	4.37
	191%
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Table 7. Computation of thermal and seismic indicators for the integrated intervention with tie-rods and insulating panels.
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	Budget IP (€/m2)
	tIP (m)
	Area (m2)
	tIP/λ = R (m2K/W)
	R1 (m2K/W)
	U1 (W/m2K)
	∆U



	88.26
	0.046
	40.862
	1.161
	1.663
	0.601
	70%



	137.52
	0.072
	40.862
	1.810
	2.311
	0.433
	78%



	187.91
	0.099
	40.862
	2.473
	2.974
	0.336
	83%



	237.01
	0.125
	40.862
	3.119
	3.620
	0.276
	86%



	287.53
	0.151
	40.862
	3.783
	4.285
	0.233
	88%



	336.44
	0.177
	40.862
	4.427
	4.928
	0.203
	90%



	Budget Tie-Rods (€/m2)
	nT × d
	Cost
	Cost/m2
	    a  c , 0      (m/s2)
	    a  c , 1      (m/s2)
	   Δ  a c    



	11.74
	2 × 18mm
	479.90
	11.74
	1.50
	2.55
	70%



	12.48
	3 × 18mm
	509.85
	12.48
	1.50
	3.07
	105%



	12.09
	2 × 20mm
	493.95
	12.09
	1.50
	2.80
	86%



	12.99
	3 × 20mm
	530.92
	12.99
	1.50
	3.45
	130%



	12.47
	2 × 22mm
	509.48
	12.47
	1.50
	3.07
	105%



	13.56
	3 × 22mm
	554.21
	13.56
	1.50
	3.85
	157%
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Table 8. Acceleration capacity and seismic performance indicators for each integrated intervention (IP = insulating panels, dconst = constant diameter of tie-rods)—economic analysis.
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Tie-Rods dconst + IP

	
Tie-Rods dvariable + IP

	
CFRP + IP




	
Budget (€/m2)

	
    a  c , 1      (m/s2)

	
    Δ  a c     

	
    Δ ζ    

	
    a  c , 1      (m/s2)

	
    Δ  a c     

	
    Δ ζ    

	
    a  c , 1      (m/s2)

	
    Δ  a c     

	
    Δ ζ    






	
100

	
3.07

	
1.05

	
1.06

	
2.55

	
0.70

	
0.71

	
2.32

	
0.55

	
0.56




	
150

	
3.07

	
1.05

	
1.06

	
3.07

	
1.05

	
1.06

	
2.73

	
0.82

	
0.83




	
200

	
3.07

	
1.05

	
1.06

	
2.80

	
0.86

	
0.88

	
3.14

	
1.09

	
1.11




	
250

	
3.07

	
1.05

	
1.06

	
3.45

	
1.30

	
1.32

	
3.55

	
1.37

	
1.39




	
300

	
3.07

	
1.05

	
1.06

	
3.07

	
1.05

	
1.06

	
3.96

	
1.64

	
1.66




	
350

	
3.07

	
1.05

	
1.06

	
3.85

	
1.57

	
1.59

	
4.37

	
1.91

	
1.94
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Table 9. Acceleration capacity and seismic performance indicators for each integrated intervention (IP = insulating panels, dconst = constant diameter of tie-rods)—environmental analysis.
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Tie-Rods dconst + IP

	
Tie-Rods dvariable + IP

	
CFRP + IP




	
Carbon Footprint

(kgCO2eq/m2)

	
     a  c , 1     ( m /  s 2  )    

	
    Δ  a c     

	
    Δ ζ    

	
     a  c , 1     ( m /  s 2  )    

	
    Δ  a c     

	
    Δ ζ    

	
     a  c , 1     ( m /  s 2  )    

	
    Δ  a c     

	
    Δ ζ    






	
20

	
3.07

	
1.05

	
1.07

	
2.55

	
0.70

	
0.71

	
2.32

	
0.55

	
0.56




	
30

	
3.07

	
1.05

	
1.07

	
3.07

	
1.05

	
1.06

	
1.50

	
0.82

	
0.83




	
40

	
3.07

	
1.05

	
1.07

	
2.80

	
0.86

	
0.88

	
1.50

	
1.09

	
1.11




	
50

	
3.07

	
1.05

	
1.07

	
3.45

	
1.30

	
1.32

	
1.50

	
1.37

	
1.39
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Table 10. Thermal resistance and energy performance indicators for each integrated intervention–economic analysis.
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IP

	
Tie-Rods dconst + IP

	
Tie-Rods dvariable + IP

	
CFRP + IP




	
Budget (€/m2)

	
     U 1     

	
    Δ U    

	
     Δ Υ     

	
     U 1     

	
    Δ U    

	
     Δ Υ     

	
     U 1     

	
    Δ U    

	
     Δ Υ     

	
     U 1     

	
    Δ U    

	
     Δ Υ     






	
100

	
0.49

	
0.75

	
1.05

	
0.60

	
0.70

	
0.97

	
0.60

	
0.70

	
0.97

	
0.58

	
0.71

	
0.99




	
150

	
0.37

	
0.81

	
1.13

	
0.43

	
0.78

	
1.09

	
0.43

	
0.78

	
1.09

	
0.42

	
0.79

	
1.10




	
200

	
0.30

	
0.85

	
1.18

	
0.34

	
0.83

	
1.16

	
0.34

	
0.83

	
1.16

	
0.34

	
0.83

	
1.16




	
250

	
0.25

	
0.87

	
1.22

	
0.28

	
0.86

	
1.20

	
0.28

	
0.86

	
1.20

	
0.28

	
0.86

	
1.20




	
300

	
0.21

	
0.89

	
1.24

	
0.23

	
0.88

	
1.23

	
0.23

	
0.88

	
1.23

	
0.24

	
0.88

	
1.23




	
350

	
0.19

	
0.91

	
1.26

	
0.20

	
0.90

	
1.25

	
0.20

	
0.90

	
1.25

	
0.21

	
0.90

	
1.25
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Table 11. Thermal resistance and energy performance indicators for each integrated intervention–environmental analysis.
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