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Abstract

:

Concrete is one of the world’s most used and produced materials, based on its dominant role in the construction sector, both for the construction of new structures and for the repair, restoration, and retrofitting of built ones. Recently, research has been focused on the development of innovative solutions to extend the service life of reinforced concrete structures, specifically by introducing self-healing properties aimed at reducing the necessary maintenance interventions and, consequently, the environmental impacts. These solutions imply costs and financial feasibility impacts, which must be measured and evaluated to support the ranking of preferable alternatives. Thus, this paper proposes a methodology capable of supporting the selection of material/product options from the early design stages in the construction sector. Assuming a life-cycle perspective, the Life-Cycle Costing (LCC) approach is proposed for comparing three material solutions applied to the case study of a wall component hypothesized to be used in building construction in Turin, Northern Italy. Namely, traditional standard concrete and two different self-healing concrete types were evaluated using the Global Cost calculation of each solution. The focus is on the material service life as a crucial factor, capable of orienting investment decisions given its effects on the required maintenance activities (and related investments) and the obtainable residual value. Thus, according to a performance approach, LCC is combined with the Factor Method (FM). Assuming the capability of the lifespan to affect the Global Cost calculation, the results give full evidence of the potential benefits due to the use of self-healing materials in construction in terms of the reduction in maintenance costs, the increase in the durability of buildings and structures and related residual values, and consequently, the reduction in the environmental impacts.
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1. Introduction


Concrete is one of the preferred solutions for construction for its large availability, not high cost, and mechanical characteristics, such as the intrinsic high capability to resist compressive stresses and the synergic compatibility with steel reinforcement to sustain tensile stresses. Undoubtedly, the introduction of reinforced concrete has revolutionized the history of architecture and engineering.



The current environmental crisis due to climate change is strictly linked to negative effects such as excessive CO2 emissions, water pollution, waste production, and many other factors. In this framework, the intensive production and use of concrete is a crucial issue, precisely due to the consumption of natural resources and fuels for production. Elevated rates of CO2 emissions are also connected to the production and use of concrete due to the calcination of natural limestone and clay in cement plants, the fuel combustion for clinker burning and grinding operations, and the emissions caused by concrete manufacturing and transport. Concrete waste production and disposal at the end of a structure’s service life represent, in turn, a crucial environmental problem. The construction sector represents about 25–30% of all waste produced in the EU [1,2], including different materials such as concrete, plastic, wood, glass, metals, etc. Almost all the mentioned materials can be recycled in principle but are not in practice for many reasons.



Thus, the research demand for growing knowledge about alternative and improved materials caught the interest of researchers in the current debate on this topic. Many promising studies focus on extending the concrete lifespan based on self-healing strategies [3,4], either (stimulated) autogenous [5,6,7,8] or autonomous [9,10,11,12] healing. Among these, many have highlighted the potential of capsule-based self-healing for autonomously filling of cracks (which originate during usage) with different types of repairing agents. These studies focused on the use of both micro- [10,13,14,15] and macro-encapsulation [16,17,18,19,20], while the investigated repairing agents were minerals, polymers, or bacteria [17,21,22,23,24,25,26,27,28,29]. Crack sealing can prevent the exposure of steel rebars to detrimental environmental conditions, thus reducing the consequent risk of corrosion of the reinforcement. As is known, reinforcement corrosion is one of the main factors responsible for the deterioration of structural performance, eventually leading to premature collapse. Accordingly, as emerged from the literature, self-healing concrete can also positively impact the concrete lifespan, reducing maintenance interventions and environmental impacts [30,31].



According to the economic viewpoint, positive impacts are expected when using self-healing concrete in building construction due to reduced maintenance activities and related costs and lower investments for repairing and replacement. Consequently, the financial feasibility of projects can be positively impacted in terms of profitability, thus catching the interest of real estate developers and designers in adopting this innovative technology. Moreover, previous research shows that components’ durability and relative service life are capable of altering the output of the economic method application and the estimated residual values [32]. The results of LCC applications prove that the lifespan is capable of influencing the global cost, exceeding, in some cases, environmental and even financial element effects.



Despite the high importance of the potential effects on real estate market dynamics, the impact of self-healing concrete on the economic sphere and sustainable design has to be further analyzed, considering the present scarcity of the literature. Thus, this paper aims to propose a methodology for quantifying the economic impact of concrete self-healing production and use and, according to a decision-making perspective, for supporting the comparative selection among alternative materials/products from the design stages. Additionally, the focus is on the component service life as a relevant item, capable of orienting investment decisions given its effects on durability, the maintenance activity required, and the potential residual value. Attention is mainly paid to service-life estimation and its effects on the global cost and residual-value calculation.



Operatively, assuming a circular perspective, the Life-Cycle Costing (LCC) methodology [33] is proposed for comparing different material solutions—traditional concrete and two alternative self-healing concrete types—applied to the case study of a wall component, which is hypothesized to be used in building construction in Turin, Northern Italy. LCC is solved using the Global Cost calculation of each solution. According to a joint modality, the LCC approach is combined with the Factor Method (FM), standardized using ISO 15686—part 1:2000 [33]. This second approach is included to support the service-life prediction of a building component with the quantification of its service life by multiplying its Reference Service Life (RSL) with a list of factors, opportunely weighted, capable of influencing the component durability, according to a performance approach. A group of sub-factors is introduced to enhance the model; then, the results of the previously conducted laboratory tests are used to opportunely assign a weight to each sub-factor. Further, to introduce flexibility into the models, considering the presence of uncertainty due to the data variability and the limits of the simulation, the analysis is conducted by adopting a double scenario (high impact and low impact).



The simulation results demonstrate the capability of a lifespan to perturb the global cost and specifically highlight some potential benefits of using self-healing materials in construction to reduce maintenance costs, increase the lifespan of structures, and, consequently, reduce environmental impacts.



The innovative application proposed in this work contributes to extending the scientific literature on the topic and represents a step forward in future field applications of self-healing concretes. Practical implications are in the private and public interventions and Public Private Partnership (PPP) operations. Thus, this research is addressed to both private and public subjects involved in different phases: (1) private subjects in the selection of the best design options (considering the economic–financial feasibility of projects on different scales and with the adoption of different construction materials); (2) public subjects in decision-making processes based on the economic impact of project options and based on the environmental sustainability, for example, in the development of Green Public Procurement/Sustainable Public Procurement processes.



This paper is articulated as follows: Section 2 presents the literature and regulatory background. Section 3 illustrates the methodological background. Section 4 presents the case study. Section 5 shows the results of the analysis. Finally, Section 6 contains the main conclusions and final remarks.




2. Literature Background and Regulatory Framework


Besides the studies on self-healing cementitious materials mentioned in the previous section, this work is founded on a double scientific background. On one side is the LCC approach, and on the other is the Factor Method. Both approaches are recognized internationally among other fundamental tools, as demonstrated by the growing scientific literature covering their methodological aspects and applications. Among the contributions, references and regulations—enforced to implement environmental policies at the European and international levels—are used as fundamentals in this paper.



LCC analysis is normed using Standard ISO 15686:2008, Buildings and constructed assets—Service-life planning, particularly Part 5: Life Cycle Costing, prepared by Technical Committee ISO/TC 59, Building construction, Subcommittee SC 14, Design life [33]. As illustrated in Section 3, this Standard is the methodological foundation for LCC analysis. The methodological foundation of LCC is the Global Cost calculation, defined in Standard EN 15459:2007—Energy performance of buildings—Economic evaluation procedure for energy systems in buildings [34], and related Guidelines accompanying Commission Delegated Regulation (EU) No 244/2012 of 16 January 2012 supplementing Directive 2010/31/EU [35]. Starting from the fundamental contributions on the topic [36,37,38,39,40,41,42,43], researchers have explored the approach in the Italian context and using applications. See, for example, [44,45,46,47,48].



In a joint perspective with the LCC, the FM is normed by ISO 15686-8:2008, Building and constructed assets—Service Life Planning, Part 8: Reference Service Life and Service Life estimation [49]. As illustrated in Section 3, this Standard is the methodological foundation for the Factor Method application, and, with specific reference to the Italian context, it is strictly correlated with the document UNI 11156-3: 2006, “Valutazione della durabilità dei componenti edilizi”. Metodo per la valutazione della durata (vita utile)” (Evaluation of the durability of building components, i.e., the durability assessment method (service life) [50]. As the norms emerge, the FM is a tool for supporting the durability estimation, assuming a certain number of Reference Service Lives (RSL) as the reference values. Despite the difficulty in its prediction, service life estimation is a fundamental step in LCC applications, particularly in maintenance cost assessment. Further, the EU guidelines and regulations also norm the building products’ durability requirements. As demonstrated in the literature, the RSL and the Estimated Service Life (ESL) can be quantified using a set of different approaches, which can be reconducted to the following groups [51,52,53,54,55,56,57,58,59,60,61,62,63]:




	
Methods based on expert opinion, experience, and knowledge about the component behavior.



	
Methods based on scientific research, laboratory tests, statistical analysis, and technological information by producers.



	
Methods based on the deterministic and/or probabilistic application of the FM.



	
Method based on the engineering approach. Among these, the engineering of the FM, oriented to reduce the subjectivity of the simple FM, proposes an operative modality based on performance-based grids composed of the characteristics of the building component capable of impacting its durability and, consequently, the residual value of components [64,65,66,67], as will be illustrated in the following methodological section.








Finally, a fundamental contribution to this present research derives from the work by the authors of [68]. In this work, the authors explore the economic and environmental sustainability of innovative material solutions experimented with mitigating cracks in reinforced concrete via superabsorbent polymers. They apply Life-Cycle Assessment (LCA) and LCC to compare alternative solutions from a life-cycle perspective. The behavior in the lifespan and effects on the durability, according to the maintenance activity, are considered in the evaluation, with results that demonstrate the economic and environmental advantages particularly relevant in long time horizons. Then, in work [69], the development of innovative prefabricated concrete elements to be used in the energy retrofitting of existing buildings is explored under the economic–environmental viewpoint using the environmental LCC approach. The focus, in this case, is on the detection of the effects of specific cost items on the analysis results from a cost-optimization perspective and on the influence of discount rate on the result calculations.



Both works, with other contributions [70,71,72,73,74,75], represent the recent literature contributions oriented to harmonizing the economic sustainability of alternative materials, assuming a life-cycle and environmental perspective, as in this research.




3. Methodological Background


The methodology proposed in this study is founded on the joint application of two approaches. The LCC approach is calculated using the Global Cost method, its main synthetic indicator, and the deterministic FM with the performance grid approach elements for modeling alternative options’ service life. According to the methodological aspects below, the methodology is implemented using a four-step workflow.



3.1. Economic Evaluation with LCC Analysis


The selection of the preferable solution among alternative technological scenarios is supported using the Life-Cycle Costing (LCC) methodology, normed with ISO 15686-5:2008 (revised July 2017—ISO 15686-5:2017) [33]. As illustrated in the vast literature on this topic, this approach can quantify short- and long-term costs and benefits by calculating the synthetic indicators, assuming the entire life cycle of alternative scenarios (technological solutions). The efficiency and effectiveness of project options are evaluated according to a circular perspective. LCC is a tool to evaluate alternative products for new build constructions or retrofitting interventions, assuming a “from the cradle to the grave” perspective. The Global Cost concept, upon which LCC is founded, is defined in Standard EN 15459:2007 (repealed in Standard EN 15459:2017) [34]; synthetizing, it can be formalized as shown in Equation (1):


    C   G     τ   =   C   I   +   ∑  j    ·       ∑  i = 1   τ        C   a , i     j   ·   R   d     i     −   V   f , τ     j        



(1)




where CG(τ) stands for the global cost (referred to as starting year τ0); CI stands for the initial investment costs; Ca,i(j) stands for the annual cost during the year i of component j, which includes annual running costs (energy costs, operational costs, and maintenance costs), periodic replacement costs, and dismantling and disposal costs; Rd(i) stands for discount factor during the year i; and Vf,τ(j) stands for the residual value of the component j at the end of the calculation period, referred to the starting year. The discount factor Rd is formalized as in Equation (2):


      R   d     p   =     1   1 +   r   100         p    



(2)




where p stands for the number of years starting from the initial time, and r stands for the real discount rate. Notice that the initial investment costs are not discounted.



This research proposes a simplified LCC application at the material scale, focusing on maintenance cost items and service lives/residual values comparative analysis, as described below. The simplified Global Cost model adopted in this study is formalized in Equation (3):


     C   G     =   C   I   +     ∑  t = 1   N    (   C   m   ) /   ( 1 + r )   t   + (   V   r   ) /   ( 1 + r )   N       



(3)




where CG stands for the Global Cost, CI stands for the investment costs, Cm stands for the maintenance cost, Vr stands for the residual value, t stands for the year in which the cost occurred, N stands for the number of years of the entire period considered for the analysis, and r stands for the discount rate.




3.2. Service Life Estimation via the Factor Method with Sub-Factors


In the LCC model, a very delicate step is the residual value calculation, which, in turn, depends on the analysis period set given the component service life estimation. The FM, as illustrated in ISO 15686—part 8, is proposed to model the component’s lifespan. In the Standard, the FM, according to a “performance approach”, is proposed to quantify the service life of a component of a building by multiplying its RSL by a set of seven factors capable of impacting its durability, assuming certain conditions, as formalized in Equation (4):


ESL = RSL × A × B × C × D × E × F × G



(4)




where ESL stands for the component estimated service life, RSL stands for the reference service life, A stands for the quality of materials and components, B stands for the design level, C stands for the work execution level, D stands for the indoor environment conditions, E stands for the outdoor environmental conditions, F stands for the in-use conditions, and G stands for the maintenance level. Each factor of the equation has to be evaluated for each specific application based on laboratory experiments, tests, simulations on specific components, or simulations based on data deducted from scientific publications. The method can be enhanced by introducing a set of sub-factors related to each factor in Equation (4). Then, these sub-factors can be linearly combined to represent the synthetic factors indicated in the equation. Each sub-factor is introduced to highlight the elements able to impact the degradation process, improve/diminish the performance of the material/component, and, in general, influence its durability. The “factor grid”, which derives from this operative modality, can be a modality to prefigure the component performances over time. Thus, a performance analysis over time and critical value identification for each variable (critical performance) is required. The minimum critical value obtained represents the service life.



In this work, a hypothesis of the factors’ entity is assumed according to the following consideration: design level, execution level, indoor environment conditions, outdoor environmental conditions, and in-use conditions are considered equal. Contrarily, specific sub-factors associated with the factor representing the materials’ quality and components (factor A) and the maintenance level (factor G) are assumed, according to the results of the laboratory tests preliminarily developed on a set of optional components.



In summary, the analysis workflow for the estimated service life quantification via the FM is as follows:




	-

	
Step 1: Individuation of the RSL of each component based on the literature on the topic and related data.




	-

	
Step 2: Individuation of the factors/sub-factors for FM application, according to a simplified performance approach implementation. This second step focuses on estimates based on empirical laboratory tests and the sub-factors weighting the set of alternative scenarios.




	-

	
Step 3: Internalization of estimated service lives in LCC analysis and application for each alternative scenario.




	-

	
Step 4: Comparison of results.











4. Case Study


A case study is adopted as a reference for applying the previously mentioned methodology. The results of a research experience, “Evaluation of Concrete Self-Healing Systems Using Capsule Strategies: A Comparative Case Study”, conducted by [76], are employed.



The mentioned work focuses on implementing self-healing strategies based on the development of novel types of macrocapsules (>1 mm) and their incorporation into cement-based materials. More specifically, it evaluates the performance of self-healing mortars obtained via the addition of two different types of capsules: tubular capsules with 3D-printed polylactic acid shells containing a polyurethane expanding resin as the healing agent and virtual capsules formed by compacting an active powder mix at (relatively) high temperatures (260 °C), subsequently coated with an epoxy resin (Figure 1) [76]. This study evaluates the performances of the two mortar systems (PLA and VIR, respectively) compared with a standard cement mortar (referred to as CEM) in terms of initial resistance, strength recovery, and crack-sealing capacities. Mortar prisms were used as specimens to quantify the performances at the lab scale.



The following steps were carried out:




	(1)

	
Self-Healing Capsule Development. The first type of capsule was developed by optimizing the design of a 3D-printed PLA tubular shell (with a tensile strength of 100 MPa and an elastic modulus of 3.5 GPa [77]) in combination with a commercial epoxy resin sealing (Stucco K, API SpA) in order to encapsulate a highly moisture-reactive, polyurethane(PU)-based, expansive healing agent (Carbostop U, Minova S.p.A.) [78]. A similar healing agent had already been investigated by the authors’ research group in [9], revealing the excellent potential for self-healing applications. According to the safety and technical datasheet of the resin Carbostop 102, which is similar to the Carbostop U that we used (both react with ambient water and yield a polyurethane/polyurea foam) [79], the PU resin is not a flammable liquid but can burn when in fire. However, a capsule content of about 4 vol% is targeted [19] to not decrease the mechanical properties of the self-healing concrete. When the capsule is broken, the PU resin is released and expands in cracks, usually with a size smaller than 1 mm, and seals them. Then, the availability of oxygen in the closed cracks is expected to be limited below the external surface of the repaired concrete. Thus, the risk in case of fire can be considered limited. However, the used PU resin is designed for underground engineering, and its resistance to fire obviously needs to be assessed. A summary of the research conducted on the fire performance of monocomponent PU adhesives for engineered wood products is proposed in the work of Shirmohammadii et al. [80]. As these materials must comply with the EN 301:2023 [81] and EN 302:2023 [82] standards, they tend to form a charred layer that slows down the combustion rate. Similar products can be used for self-healing concrete, too. However, some important drawbacks can be associated with the use of mono or bi-component organic healing agents (such as polyurethane resins), and in particular, the potential loss of effectiveness in the case of late-age cracking due to the relatively reduced the shelf life of these families of chemicals. For this reason, a new healing agent was developed, and a second type of capsule was designed accordingly. To this aim, an active powder mix was investigated that comprised a 10:1:1 proportion of a commercial mortar for restoration (Rassasie rapid cement, made of CEM II 32.5 R (cement with lime), quartz sand and admixtures, with a pot life of 2 min. When mixed with 23–25 parts of water, the compressive strength at 28 days should be 40.5 MPa [83]), used as the healing agent; sodium polyacrylate (a superabsorbent polymer), used as an internal curing agent to favor cement hydration; and an acid-base mix (containing sodium bicarbonate, malic acid, and tartaric acid for the production of sparkling water), used as an expanding agent. “Virtual capsules” were then created by compacting the powder mix at high temperatures in the shape of small cylinders and, subsequently, coating them with a commercial epoxy resin (Plastigel 3220, API S.p.A.).




	(2)

	
Experimental Setup. This study employed mortar prisms with the addition of the two above-described types of capsules (denoted as PLA and VIR, respectively) and reference mortar prisms without capsules (labeled CEM). The prisms were subjected to three-point bending tests using a 250 kN closed-loop servo-controlled MTS hydraulic press. The applied force was measured in kiloNewtons (kN), and a sensor beneath the prism recorded the crack opening (crack mouth opening displacement, CMOD; Figure 2). The maximum load was determined, representing the force that the prism could withstand. After cracking, the samples were allowed to repair autonomously underwater for 8 and 18 days. Then, they were tested following a water-flow test set-up to evaluate their self-sealing capacity and again under a three-point bending test set-up to evaluate the eventual mechanical strength regained after self-repair.




	(3)

	
Results and Analysis. This study compared the performance of the prisms under stress, with a focus on the initial resistance, strength recovery, and crack sealing capacities. The results demonstrated that prisms containing 3D-printed and virtual capsules exhibited a higher recovery of mechanical and durability properties after cracking than the reference mortar prism.









The maximum load that the CEM series prisms could withstand was 1.50 kN. When the crack opened to 0.2 mm CMOD, the force dropped to 0.20 kN. A further widening of the crack to 0.5 mm CMOD resulted in a load of 0.05 kN. After 18 days, the strength recovery of the reference mortar prisms was found to be 3.74% on average.



The VIR series prisms demonstrated a maximum load capacity of 1.20 kN. At a crack width of 0.2 mm CMOD, the force was 0.30 kN. As the crack widened to 0.5 mm CMOD, the load decreased to 0.18 kN. The average strength recovery for the virtual capsule system after 18 days was determined to be 10.6%.



Similarly, the PLA series prisms showcased a maximum load capacity of 1.30 kN. At 0.2 mm CMOD, the force was 0.80 kN. The load decreased to 0.20 kN as the crack reached 0.5 mm CMOD. The average strength recovery for the PLA capsule system after 18 days was measured as 13%.



Overall, the VIR and the PLA series outperformed the CEM series regarding load recovery. The average data obtained from conducting three tests for each system increased the reliability and significance of these findings.



Furthermore, the specimens were subjected to water-flow tests to investigate their water permeability properties in the presence of self-repaired cracks. To do so, the specimens were initially provided with a cast-in hole, which could be connected to a water tank, in accordance with the setup described in [84]. The water-flow test was repeated twice at a distance of 10 days from each other: first, after 8 days of water immersion and then after 18 days of water immersion. Each time, during the water-flow tests, the water head, determined from the center of the cast-in hole to the upper water level in the tank, was maintained at a constant during the measurements at (50 ± 0.5) cm by periodically refilling the tank with demineralized water (Figure 3). In this way, the pressure was always kept constant at ~0.05 bar. A PC was connected to a balance (Exacta Optech 7000) to record the amount of water Δm leaked out of the crack mouth during an interval of time Δt of at least 6 min (before the tests, the lateral faces of the crack were previously sealed with silicone to ensure that the water could leak out of the specimen only through the crack mouth).



The water flow (WF) was then calculated according to Equation (5), and the sealing efficiency (SE) was determined by dividing the difference between the average water flows from the reference prisms and the self-healing (PLA or VIR) prisms by the water flow of the reference prisms, as reported in Equation (6). (Notice that, in this equation, SH is equal to PLA or VIR according to the case. Further, notice that, in the same equation, the term WFCEM is updated for each test.) The sealing efficiency was expressed as a percentage.


   W F =   Δ m   Δ t       g / m i n     



(5)






   S E =     W F   C E M   −   W F   S H       W F   C E M         %     



(6)







The second water-flow test, conducted after 18 days of water curing, revealed that the reference samples exhibited an average reduction of 4% in water flow over a period of 10 days. This is considered a very minor autogenous healing effect that could not effectively prevent water passage through the crack.



In contrast, the PLA series prisms showed an average reduction of 25% in water flow over ten days. The sealing efficiency with respect to the reference series CEM was found to increase from 87.09% at the first execution of the water-flow test (after 8 days of water curing) to 90.30% at the second execution of the water-flow test (after 18 days of water curing), on average. These findings demonstrated that the PLA capsules significantly improved the sealing efficiency, effectively reducing the amount of water passing through the crack.



Lastly, the VIR series prisms exhibited an average reduction of 8% in water flow over ten days, with an average sealing efficiency at the end of the 18-day water curing of 96.14%. These results indicated that the virtual capsules were the most effective in preventing the passage of water through the crack.



Comparatively, both the PLA and VIR prisms demonstrated significant improvements in sealing effectiveness compared to the cement prisms. This suggests that the self-healing capsules enhance mechanical performance and improve the ability to prevent water infiltration. These findings have important implications for applying self-healing materials in construction, particularly in areas prone to water damage, such as basements or foundations.




5. Application and Results


In this section, the methodology described in Section 3 is applied to the case study presented in Section 4. The specific assumptions and results obtained are illustrated in the sub-sections below.



Notice that in this work, it is assumed that the experimental results obtained with reference to the mortars are also reproduced with the use of concrete. Thus, the properties obtained with this study, as illustrated in Section 4, are extended to the structural concrete, and the calculations are conducted according to this assumption.



5.1. Economic Evaluation via LCC: Assumptions


According to Equation (3) illustrated in Section 3.1, the economic indicator Global Cost is calculated by assuming the following set of input data, referred to as the three alternative solutions: CEM, VIR, and PLA (see Table 1). Notice that the economic assumptions and the financial data adopted for the simulation are hypothesized by considering that, for the time being, empirical evidence is not available, and, similarly, the production process is still in its early explorative stages. Further, the solely “relevant” cost items are considered, according to the norms, specifically ISO 15686:2008—part 5 related to the LCC methodology, and CEN 15459:2007 related to the Global Cost calculation. The relevant cost concept implies that (1) the modeling of the costs is effectively capable of differentiating the comparison between the technological options, (2) it omits cost items that can be considered shared among the alternatives, and (3) the relevant cost is referred to the items impacting the service life and the durability behavior of the components analyzed. Thus, we assume the following:




	
The initial investment costs CI, assumed at year 0, which include the costs of normal/self-healing wall construction [EUR/m2], are calculated using the specific price lists based on market prices. The price list provided by the Piedmont Region, “Per opere e lavori pubblici”, was used to obtain the price of a reference concrete wall. The following were used for the calculations:




	-

	
01.A04.B05 Concrete prepared on site with 300 kg of cement type 32.5 R, 0.4 m3 of sand, and 0.8 m3 of gravel, supplied on site, not to be used for structural purposes, 217 EUR/m3;




	-

	
01 01.A04.B15 Concrete for non-structural use prepared at a dosage with cement type 32.5 R in a central concrete batching plant, with the maximum nominal diameter of an aggregate being 30 mm, supplied on site, excluding the casting, vibration, scaffolding, formwork, and iron reinforcement, and counted separately;




	-

	
01 01.A04.B15.010 Concrete performed with 150 kg/m3 has a value of 108.43 EUR/m3.









By grouping both price list items, the average value obtained from the two different mixes of concrete, in which 32.5 R cement was used, is approximated to 150 EUR/m3.



	
The costs during the holding period, specifically inspection and maintenance [EUR/m2/yr]. The analysis found on the assumption (hypothetical) that a self-healing concrete wall of the same dimensions as a normal concrete wall (1 m height × 1 m large × 30 cm width) would have a maintenance cost of EUR 25/year, which is a 50% reduction from the average maintenance cost of EUR 50/year for a normal concrete wall in Italy.



	
The period of analysis, which is assumed equal to 50 years, is usually considered in the literature on the topic. This represents the following: (1) the RSL implied in the assessment of the ESL via the Factor Method, as described in Section 5.2; (2) the basis for the residual value calculation of the technical component in the function of the component’s durability increment (in terms of additional service life).



	
The discount rate, which is defined coherently with the literature, is assumed considering that the evaluation of the financial profitability of the investment is not the aim of the simulation. Thus, as usually carried out in LCC applications, the market risk is not included, the inflation rate is considered very low, and a high-level discount rate is excluded in the presence of a long-time period of analysis.









5.2. Service Life Estimation via the Factor Method: Assumptions


According to the methodology, a 50-year RSL is assumed as the first step. Then, the sub-factors capable of influencing the durability of the component are selected based on the available laboratory test results: specifically, factor A (quality of materials and components), detailed with the sub-factors Max Load, Resistance at 0.2 mm CMOD, Resistance at 0.5 mm CMOD, Strength Recovery, and factor G (maintenance level), detailed with the sub-factors Water-flow (L/min) variation in 10 days, and Sealing effectiveness (steel reinforcement protection) in 10 days.



Once the RSL was determined and the sub-factors were selected to influence the durability of the component, the ESL is calculated using the following Equation (7), derived from Equation (4):


ESL = RSL × A1 × A2 × A3 × A4 × B × C × D × E × F × G1 × G2



(7)




where ESL stands for the Estimated Service Life, RSL stands for the Reference Service Life, A1, A2, A3, and A4 stand for the sub-factors related to factors A, and G1 and G2 stand for the sub-factors related to factor G.



Notice that, in weighing the influence of the sub-factors, a mean value is calculated to quantify a synthetic weight of the factor as a whole. Thus, the final Equation results as follows:


  ESL = RSL   ×     A  ¯     1 , 2 , 3 , 4     ×   B   ×   C   ×   D   ×   E   ×   F   ×     G  ¯     1 , 2    



(8)







The quantification of the sub-factors is conducted by assigning a value k to each factor, within a range of 0.8–1.2 pts., as suggested in the norm and literature [38,67], and starting from the results of laboratory tests, which are opportunely weighed using an ordinary scale (0–5 pts.). Further, considering the uncertainty in the data assumptions due, for example, to the market price variability, flexibility in the model is introduced by simulating a variation in the k values within a range of 0.9–1.1 pts. For simplicity, the first option (0.8–1.2 pts.) is named the “high impact scenario”, and the second one (0.9–1.1 pts.) is named the “low impact scenario” (see Table 2).



The test results were compared on a 0–5 pts. scale for the three options, CEM, VIR, and PLA, are synthesized in Table 3.



The weights assigned to the selected factors A and G and the related sub-factors are represented in the tables below. Notice that the factors B, C, D, E, and F are not objects of specific analyses in relation to specific sub-factors, at least at this step of the research, and, thus, their weight is assumed to equal 1. To complete the analysis and assume that even a slight variation in input data can significantly influence the ESL and, consequently, the durability of the components, the analysis is repeated with two different ranges of weights, according to the previously mentioned hypothesis. Thus, a “low impact” scenario and a “high impact” scenario are implemented. The results are illustrated in Table 4.




5.3. Simulations and Results


Based on the data set described in the previous sections, the Global Cost application is operated for the three options, and then, the results are compared.



The ESLs are calculated using the Factor Method for each option as a first step, obtaining the results summarized in Table 5 below.



As highlighted in Table 5, the ESL for the CEM option shows a significant decrease in both the high impact and low impact scenarios, with a decrease from 5 to 10 years for the low and high impact scenarios. An opposite behavior is demonstrated for the VIR and PLA alternatives, which show an increase in the ESL, going from almost 4 years for the scenario VIR (low impact) to 20 years for the scenario PLA (high impact).



Assuming these quite divergent results, different LCC models are implemented by monetizing the respective residual values of the components.



In summary, by applying the LCC model for the whole set of options, the following results are obtained (see Table 6). The summary table presents the Net Present Values (NPVs) calculated for the three alternatives, CEM, VIR, and PLA, for high and low impact scenarios.



The NPVs obtained demonstrate a remarkable variability in view of the material adopted, ranging from the solution with the highest cost of the scenario CEM, with very close results for high and low impact scenarios, up to the alternatives VIR and PLA, which show significant reductions in the costs for both high and low impact scenarios.



Despite the simplicity of the simulation, the results demonstrate a remarkable convenience in adopting self-healing solutions, according to an economic perspective, due to the capability of innovative materials to improve the service lives and, as a consequence, the durability of components and their residual values. Further, the decrease in maintenance investments and repair contributes to containing the costs amounts during the holding period.





6. Conclusions


This paper proposes a methodology to verify from the economic viewpoint, focusing on the efficiency of self-healing concrete solutions as an alternative to traditional concrete. More generally, the methodology aims to support decision making in selecting the preferable solutions with alternative material components. Assuming that the results of research previously implemented to experimentally develop the components are accurate, in this research, the focus is posed on the life-cycle cost calculation and residual value as relevant items capable of orienting the design and investment decisions in the building and construction sector.



According to a circular perspective, the LCC analysis is proposed for quantifying (and comparing) each solution’s synthetic economic indicators (NPVs). The LCC model is applied jointly with the Factor Method as an approach capable of supporting the service life estimation of components according to a performance approach. More precisely, applying the Global Cost method, the life-cycle cost of three alternative components is quantified in monetary terms, internalizing into the model alternative service lives and related potential residual values.



The methodology is experimented with assuming a case study based on comparing self-healing concrete systems using capsule strategies. Precisely, a traditional concrete wall (CEM) is compared with two self-healing concrete walls based on two capsule types: 3D-printed ones sealed with an epoxy resin (PLA) and Virtual Capsules formed by compacting an active powder mix at high temperatures (VIR). The hypothesis to use these materials in building construction in Northern Italy is assumed. Notice that, as underlined in Section 5, in this work, it is assumed that the experimental results obtained with reference to the mortars can be extended to the concrete, and the calculations are conducted according to this assumption.



The study results demonstrate the advantage in evaluating the preferability of alternatives in the whole project life cycle, including jointly technological and economic effects. Assuming the capability of lifespan to influence the total life-cycle cost calculation, the results give full evidence of the potential benefits due to the use of self-healing materials in the construction sector via the reduction in component maintenance costs, the increase in durability, and related residual values. Consequently, benefits are obtainable from the capacity to reduce environmental impacts.



Despite the results obtained and the simplicity of the applied method, some limitations emerge from the research. For example,




	
The financial assumptions should be verified, specifically concerning the discount rate adopted, the initial and maintenance cost amounts, etc.;



	
The Factor Analysis, with the use of sub-factors, is related to only two factors over seven, and it should be completed by considering the specific sub-factors for each factor adopted;



	
The application of the analysis is related to a single reference component, and it should be extended to a larger reference scale, considering a whole building;



	
The stochasticity in data assumptions could introduce uncertainty in the model, which could then be solved via probabilistic analysis.








Future directions of this research could start from these limitations to improve the contribution to growing the literature on this topic.







Author Contributions


Conceptualization, E.F., P.A. and J.-M.T.; methodology, E.F.; software, D.G.F.; formal analysis, A.M.P.U., D.G.F., P.A. and G.A.; data curation, A.M.P.U., D.G.F., P.A., G.A. and J.-M.T.; writing—original draft preparation, E.F.; writing—review and editing, E.F., P.A., A.M.P.U., D.G.F., G.A. and J.-M.T.; supervision, E.F., P.A. and J.-M.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw data are available from the corresponding author upon request.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	LCC:
	Life-Cycle Costing



	FM:
	Factor Method



	RSL:
	Reference Service Life



	PPP:
	Private Public Partnership



	PLA:
	Polylactic acid



	VIR:
	Virtual capsules



	CMOD:
	Crack Mouth Opening Displacement



	WF:
	Water Flow



	SE:
	Sealing Efficiency



	ESL:
	Estimated Service Life



	NPV:
	Net Present Value







References


	



EUROPA. Available online: http://ec.europa.eu/environment/waste/construction_demolition.htm (accessed on 10 May 2023).

	



Directive 2008/98/EC of the European Parliament and of the Council of 19 November 2008 on Waste and Repealing Certain Directives. Official Journal of the European Union, 2008. Current Consolidated Version: 5 July 2018. Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0098 (accessed on 10 May 2023).

	



Van Tittleboom, K.; De Belie, N. Self-Healing in Cementitious Materials—A Review. Materials 2013, 6, 2182–2217. [Google Scholar] [CrossRef] [PubMed]

	



Cappellesso, V.; di Summa, D.; Pourhaji, P.; Prabhu Kannikachalam, N.; Dabral, K.; Ferrara, L.; Cruz Alonso, M.; Camacho, E.; Gruyaert, E.; De Belie, N. A review of the efficiency of self-healing concrete technologies for durable and sustainable concrete under realistic conditions. Int. Mater. Rev. 2023, 68, 556–603. [Google Scholar] [CrossRef]

	



Olivier, K.; Darquennes, A.; Benboudjema, F.; Gagné, R. Early-Age Self-Healing of Cementitious Materials Containing Ground Granulated Blast-Furnace Slag under Water Curing. J. Adv. Concr. Technol. 2016, 14, 717–727. [Google Scholar] [CrossRef]

	



Cuenca, E.; Mezzena, A.; Ferrara, L. Synergy between crystalline admixtures and nano-constituents in enhancing autogenous healing capacity of cementitious composites under cracking and healing cycles in aggressive waters. Constr. Build. Mater. 2021, 266, 121447. [Google Scholar] [CrossRef]

	



Litina, C.; Bumanis, G.; Anglani, G.; Dudek, M.; Maddalena, R.; Amenta, M.; Papaioannou, S.; Pérez, G.; García Calvo, J.L.; Asensio, E.; et al. Evaluation of Methodologies for Assessing Self-Healing Performance of Concrete with Mineral Expansive Agents: An Interlaboratory Study. Materials 2021, 14, 2024. [Google Scholar] [CrossRef]

	



Mignon, A.; Snoeck, D.; Dubruel, P.; Van Vlierberghe, S.; De Belie, N.; Mignon, A.; Snoeck, D.; Dubruel, P.; Van Vlierberghe, S.; De Belie, N. Crack Mitigation in Concrete: Superabsorbent Polymers as Key to Success? Materials 2017, 10, 237. [Google Scholar] [CrossRef]

	



Anglani, G.; Van Mullem, T.; Tulliani, J.M.; Van Tittelboom, K.; De Belie, N.; Antonaci, P. Durability of self-healing cementitious systems with encapsulated polyurethane evaluated with a new pre-standard test method. Mater. Struct. Constr. 2022, 55, 143. [Google Scholar] [CrossRef]

	



Al-Tabbaa, A.; Litina, C.; Giannaros, P.; Kanellopoulos, A.; Souza, L. First UK field application and performance of microcapsule-based self-healing concrete. Constr. Build. Mater. 2019, 208, 669–685. [Google Scholar] [CrossRef]

	



Davies, R.; Teall, O.; Pilegis, M.; Kanellopoulos, A.; Sharma, T.; Jefferson, A.; Gardner, D.; Al-Tabbaa, A.; Paine, K.; Lark, R. Large Scale Application of Self-Healing Concrete: Design, Construction, and Testing. Front. Mater. 2018, 5, 51. [Google Scholar] [CrossRef]

	



Shields, Y.; De Belie, N.; Jefferson, A.; Van Tittelboom, K. A review of vascular networks for self-healing applications. Smart Mater. Struct. 2021, 30, 063001. [Google Scholar] [CrossRef]

	



Mao, W.; Litina, C.; Al-Tabbaa, A. Development and Application of Novel Sodium Silicate Microcapsule-Based Self-Healing Oil Well Cement. Materials 2020, 13, 456. [Google Scholar] [CrossRef]

	



Du, W.; Yu, J.; Gu, Y.; Li, Y.; Han, X.; Liu, Q. Preparation and application of microcapsules containing toluene-di-isocyanate for self-healing of concrete. Constr. Build. Mater. 2019, 202, 762–769. [Google Scholar] [CrossRef]

	



Riordan, C.; Palmer, D.; Al-Tabbaa, A. Investigation of Membrane Emulsification for the Scaled Production of Microcapsules for Self-sealing Cementitious Systems. MATEC Web Conf. 2023, 378, 02010. [Google Scholar] [CrossRef]

	



Van Tittelboom, K.; De Belie, N.; Van Loo, D.; Jacobs, P. Self-healing efficiency of cementitious materials containing tubular capsules filled with healing agent. Cem. Concr. Compos. 2011, 33, 497–505. [Google Scholar] [CrossRef]

	



Qureshi, T.S.; Kanellopoulos, A.; Al-Tabbaa, A. Encapsulation of expansive powder minerals within a concentric glass capsule system for self-healing concrete. Constr. Build. Mater. 2016, 121, 629–643. [Google Scholar] [CrossRef]

	



Hilloulin, B.; Van Tittelboom, K.; Gruyaert, E.; De Belie, N.; Loukili, A. Design of polymeric capsules for self-healing concrete. Cem. Concr. Compos. 2015, 55, 298–307. [Google Scholar] [CrossRef]

	



Formia, A.; Irico, S.; Bertola, F.; Canonico, F.; Antonaci, P.; Pugno, N.M.; Tulliani, J.M. Experimental analysis of self-healing cement-based materials incorporat-ing extruded cementitious hollow tubes. J. Intell. Mater. Syst. Struct. 2016, 27, 2633–2652. [Google Scholar] [CrossRef]

	



Riordan, C.; Anglani, G.; Inserra, B.; Palmer, D.; Al-Tabbaa, A.; Tulliani, J.-M.; Antonaci, P. Novel production of macrocapsules for self-sealing mortar specimens using stereolithographic 3D printers. Cem. Concr. Comp. 2023, 142, 105216. [Google Scholar] [CrossRef]

	



Maes, M.; Van Tittelboom, K.; De Belie, N. The efficiency of self-healing cementitious materials by means of encapsulated polyurethane in chloride containing environments. Constr. Build. Mater. 2014, 71, 528–537. [Google Scholar] [CrossRef]

	



Van Belleghem, B.; Van Tittelboom, K.; De Belie, N. Efficiency of self-healing cementitious materials with encapsulated polyurethane to reduce water ingress through cracks. Mater. Constr. 2018, 68, e159. [Google Scholar] [CrossRef]

	



Feiteira, J.; Tsangouri, E.; Gruyaert, E.; Lors, C.; Louis, G.; De Belie, N. Monitoring crack movement in polymer-based self-healing concrete through digital image correlation, acoustic emission analysis and SEM in-situ loading. Mater. Des. 2017, 115, 238–246. [Google Scholar] [CrossRef]

	



Gilabert, F.A.; Van Tittelboom, K.; Van Stappen, J.; Cnudde, V.; De Belie, N.; Van Paepegem, W. Integral procedure to assess crack filling and mechanical contribution of polymer-based healing agent in encapsulation-based self-healing concrete. Cem. Concr. Compos. 2017, 77, 68–80. [Google Scholar] [CrossRef]

	



Wang, J.; Van Tittelboom, K.; De Belie, N.; Verstraete, W. Use of silica gel or polyurethane immobilized bacteria for self-healing concrete. Constr. Build. Mater. 2012, 26, 532–540. [Google Scholar] [CrossRef]

	



Palin, D.; Wiktor, V.; Jonkers, H.M. A Bacteria-Based Self-Healing Cementitious Composite for Application in Low-Temperature Marine Environments. Biomimetics 2017, 2, 13. [Google Scholar] [CrossRef] [PubMed]

	



Erşan, Y.Ç.; Verbruggen, H.; De Graeve, I.; Verstraete, W.; De Belie, N.; Boon, N. Nitrate reducing CaCO3 precipitating bacteria survive in mortar and inhibit steel corrosion. Cem. Concr. Res. 2016, 83, 19–30. [Google Scholar] [CrossRef]

	



Romero Rodríguez, C.; França de Mendonça Filho, F.; Mercuri, L.; Gan, Y.; Rossi, E.; Anglani, G.; Antonaci, P.; Schlangen, E.; Šavija, B. Chemo-physico-mechanical properties of the interface zone between bacterial PLA self-healing capsules and cement paste. Cem. Concr. Res. 2020, 138, 106228. [Google Scholar] [CrossRef]

	



Schwantes-Cezario, N.; Cremasco, L.V.; Medeiros, L.P.; Teixeira, G.M.; Albino, U.B.; Lescano, L.E.A.M.; Matsumoto, L.S.; de Oliveira, A.G.; da Silva, P.R.C.; Toralles, B.M. Potential of cave isolated bacteria in self-healing of cement-based materials. J. Build. Eng. 2022, 45, 103551. [Google Scholar] [CrossRef]

	



Van Belleghem, B.; Van den Heede, P.; Van Tittelboom, K.; De Belie, N.D. Quantification of the service life extension and environmental benefit of Chloride Exposed Self-Healing Concrete. Materials 2016, 10, 5. [Google Scholar] [CrossRef]

	



Yoo, K.S.; Jang, S.Y.; Lee, K.M. Recovery of Chloride Penetration Resistance of Cement-Based Composites Due to Self-Healing of Cracks. Materials 2021, 14, 2501. [Google Scholar] [CrossRef] [PubMed]

	



Fregonara, E.; Ferrando, D.G. How to Model Uncertain Service Life and Durability of Components in Life Cycle Cost Analysis Applications? Sustainability 2018, 10, 3642. [Google Scholar] [CrossRef]

	



ISO 15686:2008; Buildings and Constructed Assets—Service-Life Planning—Part 5: Life Cycle Costing, ISO/TC 59/CS 14. ISO: Geneva, Switzerland, 2008.

	



EN ISO 15459:2007; Energy Performance of Buildings—Economic Evaluation Procedure for Energy Systems in Buildings. European Committee for Standardization (CEN): Brussels, Belgium, 2007.

	



European Parliament. Guidelines Accompanying Commission Delegated Regulation (EU) No 244/2012 of 16 January 2012 Supplementing Directive 2010/31/EU; European Parliament: Brussels, Belgium, 2012. [Google Scholar]

	



Flanagan, R.; Norman, G. Life Cycle Costing for Construction; Royal Institution of Chartered Surveyors: London, UK, 1983. [Google Scholar]

	



Norman, G. Life cycle costing. Prop. Manag. 1990, 8, 344–356. [Google Scholar] [CrossRef]

	



Task Group 4 (TG4). Report of Task Group 4: Life Cycle Costs in Construction, the European Commission. 2003. Available online: http://ec.europa.eu/enterprise/construction/suscon/tgs/tg4/lccreport.pdf (accessed on 2 January 2023).

	



Schmidt, W.P. Life Cycle Costing as Part of Design for Environment: Business Cases. Int. J. LCA 2003, 8, 167–174. [Google Scholar] [CrossRef]

	



Rebitzer, G.; Hunkeler, D. Life cycle costing in LCM: Ambitions, opportunities, and limitations. Int. J. Life Cycle Assess. 2003, 8, 253–256. [Google Scholar] [CrossRef]

	



Langdon, D. Life Cycle Costing (LCC) as a Contribution to Sustainable Construction: A Common Methodology—Final Methodology. 2007. Available online: http://ec.europa.eu/enterprise/sectors/construction/studies/life-cycle-costing_en.htm (accessed on 10 May 2023).

	



König, H.; Kohler, N.; Kreissig, J.; Lützkendorf, T. A Life Cycle Approach to Buildings. Principles, Calculations, Design Tools; Detail Green Books: Regensburg, Germany, 2010. [Google Scholar]

	



Department of Energy (DOE). Life Cycle Cost Handbook Guidance for Life Cycle Cost Estimate and Life Cycle Cost Analysis; Department of Energy (DOE): Washington, DC, USA, 2014. [Google Scholar]

	



Fregonara, E. Methodologies for supporting sustainability in energy and buildings. The contribution of Project Economic Evaluation. Energy Procedia 2017, 111, 2–11. [Google Scholar] [CrossRef]

	



D’Alpaos, C.; Bragolusi, P. Buildings energy retrofit valuation approaches: State of the art and future perspectives. Valori Valutazioni 2018, 20, 79–94. [Google Scholar]

	



Paganin, G.; Dell’Ovo, M.; Oppio, A.; Torrieri, F. An integrated decision support system for the sustainable evaluation of pavement technologies. In Values and Functions for Future Cities; Springer Nature: Cham, Switzerland, 2020; pp. 117–141. [Google Scholar]

	



Iodice, S.; Garbarino, E.; Cerreta, M.; Tonini, D. Sustainability assessment of Construction and Demolition Waste management applied to an Italian case. Waste Manag. 2021, 128, 83–98. [Google Scholar] [CrossRef]

	



Gabrielli, L.; Ruggeri, A.G. Sustainability and Energy Efficiency in Twentieth-Century Italian Built Heritage. In Advances in Science, Technology and Innovation; Springer Nature: Cham, Switzerland, 2022; pp. 7–9. [Google Scholar]

	



ISO 15686-8:2008; Building and Constructed Assets—Service Life Planning—Part 8: Reference Service Life and Service Life Estimation. International Organization for Standardization: Geneva, Switzerland, 2008.

	



UNI 11156-3: 2006; Valutazione Della Durabilità dei Componenti Edilizi. Metodo per la Valutazione Della Durata (Vita Utile). Italian Organization for Standardization (UNI): Milan, Italy, 2006.

	



Bourke, K.; Davies, H. Factors Affecting Service Life Predictions of Buildings: A Discussion Paper; Laboratory Report—Building Research Establishment; Garston: Watford, UK, 1997. [Google Scholar]

	



Aarseth, L.I.; Hovde, P.J.; Aarseth, L.I.; Hovde, P.J. A stochastic approach to the Factor Method for estimating service life. In Durability of Building Materials and Components 8; Lacasse, M.A., Vanier, D.J., Eds.; Institute for Research in Construction: Ottawa, ON, Canada, 1999; pp. 1247–1256. [Google Scholar]

	



LIFECON. Life Cycle Management of Concrete Infrastructures for Improved Sustainability. Available online: http://lifecon.vtt.fi/d21.pdf (accessed on 10 May 2023).

	



Moser, K.; Edvardsen, C. Engineering Design Methods for Service Life Prediction. In Proceedings of the 9th International Conference: Durability of Building Materials and Components, Brisbane, Australia, 17–20 March 2002; CIB, International Council for Research and Innovation in Building and Construction: Delft, The Netherlands, 2002. [Google Scholar]

	



Hovde, P.J.; Moser, K. Performance Based Methods for Service Life Prediction; State of the Art Reports, CIB Report; Publication 294; CIB: Rotterdam, The Netherlands, 2004. [Google Scholar]

	



Davies, H.; Wyatt, D. Appropriate use of the ISO 15686-1 factor method for durability and service life prediction. In Proceedings of the International Conference on Durability of Building Materials and Components, Lyon, France, 17–20 April 2005. [Google Scholar]

	



Gaspar, P.L.; de Brito, J. Service life estimation of cement-rendered facades. Build. Res. Inf. 2008, 36, 44–55. [Google Scholar] [CrossRef]

	



Daniotti, B.; Hans, J.; Lupica Spagnolo, S. An international Service Life Database: The grid definition for an actual implementation of Factor Methods and Service Life prediction. In Proceedings of the CIB World Congress 2010, Salford Quays, UK, 10–13 May 2010. [Google Scholar]

	



Galbusera, M.M.; de Brito, J.; Silva, A. Application of the Factor Method to the prediction of the Service Life of Ceramic External Wall Cladding. J. Perform. Constr. Facil. 2014, 29, 04014086. [Google Scholar] [CrossRef]

	



Silva, A.; de Brito, J.; Gaspar, P.L. Stochastic Approach to the Factor Method: Durability of Rendered Façades. J. Mater. Civ. Eng. 2016, 28, 04015130. [Google Scholar] [CrossRef]

	



Jardim, A.; Silva, A.; de Brito, J. Application of the factor method to the service life prediction of architectural concrete. Can. J. Civ. Eng. 2019, 46, 1054–1062. [Google Scholar] [CrossRef]

	



Marino, F.P.R.; Marrone, P. From lifespan to useful life, towards a new paradigm of durability for sustainable construction. Technè 2020, 20, 148–156. [Google Scholar]

	



De Brito, J.; Silva, A. CIB W080. Prediction of Service Life of Building Materials & Components; Publication 421; International Council for Research and Innovation in Building and Construction: Lisbon, Portugal, 2021. [Google Scholar]

	



Deakin, M. Valuation, Appraisal, Discounting, Obsolescence and Depreciation. Int. J. LCA 1999, 4, 87–93. [Google Scholar] [CrossRef]

	



Fan, H.; AbouRizk, S.; Kim, H.; Zaïane, O. Assessing Residual Value of Heavy Construction Equipment Using Predictive Data Mining Model. J. Comput. Civ. Eng. 2008, 22, 181–191. [Google Scholar] [CrossRef]

	



Liapis, K.; Kantianis, D. Depreciation Methods and Life- Cycle-Costing (LCC) Methodology. Procedia Econ. Financ. 2015, 19, 314–324. [Google Scholar] [CrossRef]

	



Chau, C.K.; Xu, J.M.; Leung, T.M.; Ng, W.Y. Evaluation of the impacts of end-of-life management strategies for deconstruction of a high-rise concrete framed office building. Appl. Energ. 2017, 185, 1595–1603. [Google Scholar] [CrossRef]

	



Di Summa, D.; Tenorio Filho, J.R.; Snoeck, D.; Van den Heede, P.; Van Vlierberghe, S.; Ferrara, L.; De Belie, N. Environmental and economic sustainability of crack mitigation in reinforced concrete with SuperAbsorbent polymers (SAPs). J. Clean. Prod. 2022, 358, 131998. [Google Scholar] [CrossRef]

	



Zhang, C.; Hu, M.; Laclau, B.; Garnesson, T.; Yang, X.; Li, C.; Tukker, A. Environmental life cycle costing at the early stage for supporting cost optimization of precast concrete panel for energy renovation of existing buildings. J. Build. Eng. 2021, 35, 102002. [Google Scholar] [CrossRef]

	



Van den Heede, P.; Mignon, A.; Habert, G.; De Belie, N. Cradle-to-gate life cycle assessment of self-healing engineered cementitious composite with in-house developed (semi-)synthetic superabsorbent polymers. Cem. Concr. Compos. 2018, 94, 166–180. [Google Scholar] [CrossRef]

	



Van den Heede, P.; De Belie, N.; Pittau, F.; Habert, G.; Mignon, A. Life cycle assessment of self-healing engineered cementitious composite (SH-ECC) used for the rehabilitation of bridges. In Proceedings of the 6th International Symposium on Life-Cycle Civil Engineering (IALCCE), Ghent, Belgium, 28–31 October 2018; pp. 2269–2275. [Google Scholar]

	



Garces, J.I.T.; Dollente, I.J.; Beltran, A.B.; Tan, R.R.; Promentilla, M.A.B. Life cycle assessment of self-healing geopolymer concrete. Clean. Eng. Technol. 2021, 4, 100147. [Google Scholar] [CrossRef]

	



Di Summa, D.; Ferrara, L.; De Belie, N. How to account for benefits of Self-Healing concrete in design? A LCA/LCC perspective. In Proceedings of the 14th FIB PhD Symposium in Civil Engineering, Rome, Italy, 5–7 September 2022; pp. 689–696. [Google Scholar]

	



Maddalena, R.; Sweeney, J.; Winkles, J.; Tuinea-Bobe, C.; Balzano, B.; Thompson, G.; Arena, N.; Jefferson, T. Applications and Life Cycle Assessment of Shape Memory Polyethylene Terephthalate in Concrete for Crack Closure. Polymers 2022, 14, 933. [Google Scholar] [CrossRef]

	



Rengaraju, S.; Al-Tabbaa, A. Life Cycle Assessment (LCA) of Microcapsule based self-healing in concrete. MATEC Web Conf. 2023, 378, 06004. [Google Scholar] [CrossRef]

	



Panza Uguzzoni, A.M.; Anglani, G.; Antonaci, P.; Tulliani, J.M. New self-healing system for cracks repairing. In Proceedings of the SMARTINCS’23—Conference on Self-Healing, Multifunctional and Advanced Repair Technologies in Cementitious Systems, Ghent, Belgium, 22–23 May 2023; Volume 378. [Google Scholar]

	



PLA Technical Data Sheet. Available online: https://mgchemicals.com/downloads/tds/tds-3d-filaments-pla.pdf (accessed on 24 August 2023).

	



Carbostop U Technical Data Sheet. Available online: https://www.minovaglobal.com/media/1663/carbostop-u-tds.pdf (accessed on 24 August 2023).

	



Carbostop 102 Safety Data Sheet. Available online: https://www.minovaglobal.com/media/2342/sds-carbostop-102.pdf (accessed on 24 August 2023).

	



Shirmohammadii, Y.; Pizzi, A.; Raftery, G.M.; Hashemi, A. One-component polyurethane adhesives in engineering applications: A review. Int. J. Adhes. Adhes. 2023, 123, 103358. [Google Scholar] [CrossRef]

	



EN 301:2023; Adhesives, Phenolic and Aminoplastic, for Load-Bearing Timber Structures—Classification and Performance Requirements. European Committee for Standardization (CEN): Brussels, Belgium, 2023.

	



EN 302-1:2023; Adhesives for Load-Bearing Timber Structures—Test Methods—Part 1: Determination of Longitudinal Tensile Shear Strength. European Committee for Standardization (CEN): Brussels, Belgium, 2023.

	



Cemento Rapido. Available online: https://www.rassasie.com/prodotti/cementi/cemento-rapido.html (accessed on 10 November 2021).

	



Tziviloglou, E.; Wiktor, V.; Jonkers, H.M.; Schlangen, E. Bacteria-based self-healing concrete to increase liquid tightness of cracks. Constr. Build. Mater. 2016, 122, 118–125. [Google Scholar] [CrossRef]








[image: Sustainability 15 13637 g001] 





Figure 1. Virtual capsules: uncoated (on top), with the epoxy coating (below) (diameter is approximately 1 cm; length is about 5 cm). 
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Figure 2. Three-point bending test with CMOD device. 
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Figure 3. Water-flow test. 
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