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Abstract

:

In condition-based maintenance plans, the schedule of inspections is an important step. Condition-based actions are performed according to prescribed condition criteria (i.e., condition, cost, availability, among other factors), and the main purpose of inspections is to evaluate the façade’s condition and plan its correction in order to reduce the risk of failure of the cladding. Therefore, the main goal of this study is to implement multi-objective optimization to understand whether there is an optimal time interval for performing the inspections. For that purpose, a Petri-net condition maintenance model is used to assess the influence of different maintenance plans on the overall degradation of natural stone claddings. In this model, the maintenance activities can only be performed after an inspection has been carried out. The definition of the best maintenance policy results in a conflict of objectives. Owners/managers seek to achieve a maintenance strategy that minimizes service life costs and maintain the cladding in a safe and minimal degradation condition. Multi-objective optimization procedures are capable of considering several conflicting objectives. In this paper, the objective functions considered are minimization of the service life costs, maximization of the efficiency index, maximization of the service life, and minimization of the total number of replacements over the time horizon.
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1. Introduction


As the first line of defense against the environmental agents, the claddings are the most susceptible element to degradation [1]. However, for many years, little or no attention has been paid to their maintenance [2] since building owners/managers assumed that this element plays a more decorative than structural role [3]. As a result, severe degradation of the building façades has become a serious problem, both economic and cultural, in several countries [4,5].



However, over the last years, this belief has been changed, and stakeholders start to understand that appropriate and continuous maintenance is the most economical way to ensure the long-term durability of assets and improve the quality and aesthetic perception of the cities without compromising the assets’ reliability or safety [6,7]. Consequently, nowadays, decision-makers on service life management of the built environment are confronted by high demands of deteriorated assets and lower financial and human resources [8].



In the scope of the service life management of the built environment, significant work still needs to be done since consolidated guidelines are still not available [9]. For example, regular inspections to assess the condition and to define maintenance activities, in general, are not mandatory or regulated [10], depending mainly on the country [11,12] and the type of element to be assessed [13], and the definition of the end of the service life is subjective, depending on the owners’/users’ demands, aesthetic appearance, and budgets [14]. Nevertheless, a significant amount of effort has been undertaken to understand the natural aging phenomena and predict the degradation processes of buildings’ façades and claddings [5,15], to define more adequate repair techniques for anomalies’ correction and elimination of their causes [16,17,18,19,20], and to develop approaches for establishing optimum management of maintenance strategies [21,22,23,24].



For decision-makers, establishing an approach for the definition of optimum maintenance plans is the ultimate goal. However, the definition of an optimum maintenance plan implies a trade-off between distinct parameters. For example, usually, stakeholders pursue maintenance plans that minimize service life costs and maintain the assets in a safe and minimal degradation condition [25]. In this sense, multi-objective optimization procedures can be successfully used to achieve an optimal relationship between the multiple goals associated with service life management [8]. Specifically, these types of procedures can provide multiple trade-off solutions for decision-makers to select a rational alternative by using higher-level information [8].



Since the definition of the best maintenance plan results in a conflict of objectives, in this study, a multi-objective optimization procedure using genetic algorithms (GA), available in software MatLab® [26], is implemented to schedule the optimal time interval between inspections of building claddings. For that purpose, a condition-based maintenance model based on Petri nets is used to analyze the influence that different maintenance plans have on the overall degradation of natural stone claddings (NSC). In this model, the maintenance activities can only be performed after an inspection has been carried out. In condition-based maintenance plans, the maintenance activities are performed according to prescribed condition criteria (i.e., condition, cost, availability, risks, among other factors). Therefore, inspections should precede the decision-making process and are essential to evaluate the cladding’s condition and plan their correction. In other words, the information collected during inspection helps to select the best interventions in order to reduce the risk of failure of the cladding. In the multi-objective optimization procedure, the following conflicting objectives are considered: (i) minimization of the service life cycle costs in terms of maintenance; (ii) maximization of the efficiency index of the maintenance plan; (iii) maximization of the service life; (iv) minimization of the total number of replacements over the time horizon.



In the literature, there are several works that deal with optimal maintenance planning. For instance, some studies have focused on the schedule of maintenance activities: in bridges, in highway transportation networks [27,28,29,30]; on water distribution systems [31,32]; on power plants [33,34]; on other civil infrastructures [35,36,37]. Concerning the optimal planning of inspection in civil infrastructures, Berardi et al. [38] implemented a multi-objective genetic algorithm (MOGA) to prioritize inspection works in a large real-life sewer network. A trade-off between the risk of failures and the cost of inspections is used to identify the sewers that should be first inspected. This methodology identifies the set of sewers where the propensity and the consequences of failures are higher. Later, still in a sewer distribution system, Elmasry et al. [39] presented a work where a multi-objective optimization approach was used to optimize inspections in sewer pipelines. In this model, resource allocation is considered by minimizing the time and cost spent on inspections and maximizing the number of pipelines inspected. A more mathematical perspective about the optimization of inspection intervals was given by Zio and Viadana [40]. The authors investigated the use of different evolutionary algorithms (EA) to optimize the inspection intervals of safety systems in nuclear power plants. In this paper, the problem is both treated as single-objective and multi-objective optimization. In the multi-objective optimization approach, the availability of the facility, the cost of the inspection, and the exposure time of the maintenance operators are the different conflicting objective functions. Finally, Kim and Frangopol [8] applied the multi-objective probabilistic optimization process (MOPOP) for optimum inspection and repair scheduling of fatigue-sensitive structures. This methodology considers two alternatives to determine the best single optimum inspection plan. In decision-making before MOPOP, the weight factors are used to convert the multiple objectives into a single objective, and, consequently, a single optimum solution for inspection planning is obtained. On the other hand, in decision-making after MOPOP, the essential objectives are identified and used to select the best Pareto optimal solution.



According to the ISO 15686-1 standard [41], maintenance can be defined as the “combination of all technical and associated administrative actions during the service life to retain a building, or its parts, in a state in which it can perform its required functions”, where inspection is one of those actions. As can be seen from the studies above, when the aim is to optimize the planning of inspections in civil infrastructures, the literature is scarce and becomes even scarcer when the planning of inspections in building components is considered since, for many years, the maintenance of building components has not been a major concern for stakeholders [42]. However, the results of these studies show that there are advantages in using multi-objective optimization procedures to optimize inspection intervals. It is a flexible and rational approach, and the results are useful for decision-makers since the most effective and efficient sequences of inspections are identified based on the restrictions imposed, allowing achieving significant cost-saving when compared with the current inspection practices. Furthermore, the genetic algorithms are revealed to be accurate for the optimization of inspection periods, helping to plan inspections that monitor the actual behavior of the elements, in particular for those where there is no in-service data. Therefore, the aim of this study is to develop a framework based on multi-objective optimization procedures and to optimize the inspection period in NSC. As a buildings’ constructive solution, NSC is widely used; however, little information is available in the literature about the inspection period, and the values available are deterministic and based on the experience of experts. Therefore, one of the hypotheses behind this study is to understand whether there is an optimal time interval for performing the inspections on NSC, whether it is in agreement with the values available in the literature, and whether these values are constant or change according to the owners’ requirements and demands.




2. Materials and Methods


2.1. Natural Stone Cladding


Around the world, the durability, attractiveness, and versatility of natural stone as an external cladding material are highly recognized [1,43]. Furthermore, in several situations, its low maintenance costs clearly justify the high initial production and construction costs [1]. However, in the past years, the increase of environmental pollution along with construction errors and lack of maintenance have contributed to the increase of the built heritage’s degradation [44,45,46,47]. Consequently, the development of tools to understand the behavior of this cladding material and reduce the risks for society is extremely relevant.



2.1.1. Classification System


The degradation condition of the buildings’ claddings has been assessed and characterized by different authors [10,12,48]. The classification system implemented in this study (Table 1) was introduced by Silva et al. [49], and it is based on the visual assessment of the extent of the cladding that is affected by the different anomalies considered. Five discrete conditions are adopted in this classification system, varying between condition A (no visible degradation—most favorable condition) and E (generalized degradation—most unfavorable condition). In Figure 1, some examples of the visual condition of NSC in each degradation level are presented. Condition A (Figure 1a) represents an NSC with no visible degradation; in condition B (Figure 1b), the NSC begins to present some visual anomalies (superficial dirt and stains) and some loss of integrity anomalies (material degradation and cracking), which do not put at risk the NSC’s performance; condition C (Figure 1c) corresponds to an NSC with slight degradation, with anomalies related with joints and substrate degradation and loss of integrity, such as open joint, scaling of the edges and fracture; condition D (Figure 1d) corresponds to an NSC with moderate degradation, where there is an evolution of the condition C anomalies; finally, in condition E (none of the case studies within the sample belongs to condition E), the NSC shows a generalized degradation, with severe loss of adherence anomalies. The overall degradation condition of the NSC is quantified through the severity of degradation index, Sw, which is given by the ratio between the area affected by the defects observed in an NSC, weighted according to their severity, and a reference area equivalent to the total cladding area with the highest possible level of degradation (Equation (1)).


   S w  =     ∑  ​   (   A n  ×  k n  ×  k  a , n    )    A ×   ∑  ​   k  m a x     ,  



(1)




where Sw is the severity of degradation of the cladding (in %); kn the multiplying factor of anomaly n, as a function of its degradation condition (varying between 0 and 4); ka,n a weighting factor corresponding to the relative weight of the anomaly detected (ka,n R+); An the area of cladding affected by an anomaly n (in m2); A the façade’s area (in m2); ∑(kmax) the sum of the multiplying factors for the highest degradation condition of each anomaly type. The type of anomalies, kn and ka,n coefficient’s values, and the relationship between the severity of degradation, Sw, and the degradation condition, C, for the NSC are presented in Table 1.




2.1.2. Inspection Period


Regarding the adequate inspection period in NSC, the information in the literature is limited. Although not directly applied to claddings, Branco and de Brito [50] pointed out that current inspection should occur at the 15-month interval to detect anomalies of rapid evolution, to monitor anomalies detected in previous inspections, and to check all aspects that are influenced by the seasons and, every 5 years, current inspection should be replaced by detailed inspections in order to determine the extent, severity, and respective causes of the anomalies. Later, in a study about the durability of marble claddings, where the causes and mechanisms for the loss of integrity of these elements are discussed, Grelk et al. [43] referred that the inspections must be carried out at intervals between 2 and 5 years. In Portugal, the RGEU/Decree-Law No. 177/2001 (New Juridical Regime of Urbanization and Edification) [51] suggests that after 8 years, the buildings should be subjected to maintenance actions (without specifying the type of actions that should be carried out). In this sense, since NSC is a durable cladding material, it seems reasonable to consider that periodic inspections should be performed every 8 years, even to evaluate the degradation condition of the buildings and to confirm whether the maintenance actions are really necessary. More recently, Madureira et al. [23] proposed that inspections should be carried out every 5 years and that specialized equipment should be used to detect anomalies related to the presence of water and loss of adhesion. Based on these works, the time interval between inspections varies between 2 and 8 years, 5-year being the most common value. Furthermore, in the literature, these inspections only serve to assess the degradation condition of the NSC, without any action being carried out to improve the condition of the claddings.





2.2. Formulation of the Optimization Problem


Multi-objective optimization problems involve two or more objective functions that are in conflict, meaning that the improvement of one goal implies the sacrifice of another goal [52]. In the same way, as in the single-objective optimization problems, multi-objective optimization problems may contain different constraints that any feasible solution must satisfy, i.e., a multi-objective optimization problem can be expressed as follows [53]:





    Minimize/maximize:    f m  ( x )   m = 1 ,   2 ,   … ,   M     Subject to:    g j   ( x )  ≥ 0   j = 1 ,   2 ,   … ,   J          h k   ( x )  = 0   k = 1 ,   2 ,   … ,   K          x  i , L   ≤  x i  ≤  x  i , U     i = 1 ,   2 ,   … ,   I    



(2)




where fm(x) is the objective function, and gj(x), hk(x), xi,L, xi,U the constraints.



However, in multi-objective optimization problems, the concept of an optimal solution is replaced by the concept of non-dominated solutions. By definition, a feasible solution x(1) dominates the feasible solution x(2) if both the following conditions are true [53]:




	
The solution x(1) is no worse than x(2) in any objective;



	
The solution x(1) is strictly better than x(2) in at least one objective.








All solutions that are not dominated by any other solution of the set are called a non-dominated solution. In Figure 2, an example of a multi-objective optimization problem is shown. From the set of six solutions shown in Figure 2, the solutions linked by the dashed line are non-dominated solutions. The improvement in one objective, f1, requires a sacrifice in the other objective, f2. These solutions arrange a non-dominated front when viewed together on the objective space [53].



In this study, the optimization problem considers four objectives. The multi-objective algorithm is used to optimize the time interval between inspections. Therefore, in this optimization problem, the time interval between inspections is considered the design variable, while the objective functions are the: (i) minimization of the maintenance costs; (ii) maximization of the service life; (iii) maximization of the efficiency index; (iv) minimization of the number of replacements. The design variable is subjected to a constraint, i.e., the (optimal) time interval between inspections should vary between a maximum and a minimum value.



The analytical formulation of this optimization problem is given by:


    Find:   The (optimal) time interval between inspections ,  t  i n s p       So that:   Minimization of the maintenance costs         Maximization of the efficiency index         Maximization of the service life         Minimization of the number of replacements     Subject to:    t   i n s p  ,  m i n    ≥  t  i n s p   ≥  t   i n s p  ,  m a x       



(3)







The main interactions among the different models of the optimization procedure are presented in Figure 3. In this procedure, the optimization model is the most important characteristic. Herein, multi-objective genetic algorithms are employed. One distinctive feature of the GA is the use of a population of solutions, allowing searching within several Pareto optimal solutions simultaneously [53]. Furthermore, the GA does not need any further information about continuity or differentiability [40]. The management of cladding degradation, maintenance interventions, and maintenance costs are governed by the maintenance model.



The initial severity of degradation of the cladding, Sw; the degradation rate vector, Θ; the time horizon of the analysis, th; the maintenance action details; the cladding characteristics are the input data of the optimization procedure. The optimization procedure begins by setting a value for the design variable (time interval between inspections, tinsp). In the maintenance model, considering the input data and the time interval between inspections set, the degradation and cumulative maintenance cost profiles are computed. An extensive description of the procedure followed in the maintenance model can be found in Ferreira et al. [54]. In the oncoming step, the objective functions (the maintenance cost of the maintenance strategy, the efficiency index, the service life, and the number of total replacements performed during the time horizon) are computed. This procedure is iteratively repeated until the predefined stopping criteria in the GA are satisfied (the algorithm stops if the average relative change in the best fitness function value over 100 generations is less than or equal to 10−4 [26]). In the following sections, the theoretical background of the objective functions is provided.



2.2.1. Maintenance Costs


The maintenance cost is computed by Equation (4) and corresponds to the expected life-cycle cost, LCC, of the maintenance strategy under analysis during the time horizon, th. Specifically, this value corresponds to the total costs that the stakeholder will incur during the time horizon to keep the cladding in operation [55]. In this methodology, the construction costs are neglected.


  L C C =   ∑  ​   C  i n s p e c t i o n , t   +   ∑  ​   C  m a i n t e n a n c e , t   ,  



(4)




where ∑Cinspection,t refers to the accumulated costs associated with inspection over the time horizon, ∑Cmaintenance,t the accumulated costs associated with other maintenance activities, and t the year of the intervention’s occurrence. To consider the future investments, Equations (5) and (6) are used to compute the net present value of the inspection and maintenance activities, respectively [56].


    ∑  ​   C  i n s p e c t i o n , t   =     ∑  ​   C  i n s p e c t i o n        (  1   +   υ  )   t    ,  



(5)






    ∑  ​   C  m a i n t e n a n c e , t   =     ∑  ​   C  m a i n t e n a n c e        (  1   +   υ  )   t    ,  



(6)




where Cinspection and Cmaintenance are the inspection and maintenance costs at time t, respectively, and υ the real discount rate. In this methodology, a real discount rate of 6% (private sector environment) [55,57] is adopted.




2.2.2. Efficiency Index


The efficiency index, EI, refers to the ability of the maintenance strategy under analysis to keep the cladding in a good performance condition (in terms of degradation). In this methodology, EI can be formulated as [58]:


  E I =     ∫  ​   S w    d t   100 ·  t h    ,  



(7)




where ∫ Sw(t) dt is the area underneath the degradation profile (which represents the loss of performance of the cladding over time), and 100∙th is the area underneath the degradation profile when there is no degradation (utopian situation). This parameter varies between 0 (when the severity of degradation is always 100% or condition E) and 1 (when the severity of degradation is always 0% or condition A). The higher the EI value, the more efficient the maintenance strategy is over time.




2.2.3. Service Life


The estimation of the service life is based on the cumulative distribution functions (CDF) obtained through the degradation process [58]. Based on previous works [5] and experts’ judgment, the expected end of the service life (ESL) of the cladding is reached when the degradation condition D is achieved. Numerically, ESL is defined by a probability of transition between degradation conditions C and D equal to 50%.




2.2.4. Number of Replacements


Finally, the number of replacements represents the average number of times that the cladding is fully refurbished (that is, the cladding reaches the end of the service life) during the time horizon in the maintenance strategy under analysis.






3. Results


In this study, natural stone claddings are analyzed as a case study. To analyze the influence of the different maintenance plans, three maintenance strategies (MS) are considered: MS1—total replacement only; MS2—a combination of minor interventions and total replacement; MS3—a combination of cleaning operations, minor interventions, and total replacement. The MS1 represents the maintenance strategy most implemented by the owners/managers [45], while MS3 specifies the most complete maintenance strategy. Furthermore, as input data of the multi-objective optimization problem, a time horizon, th, of 150 years is considered, and the initial severity of degradation, Sw, of 0% (condition A) at the beginning of the analysis is adopted. In the maintenance model, it is assumed that the degradation process follows a Weibull distribution, and, in Table 2, the optimal parameters of the degradation process (degradation rate vector, Θ) are presented in terms of the mean and standard deviation of the sojourn time in each degradation condition. Specifically, according to a Weibull distribution, for an NSC, a transition between conditions A and B takes, on average, 4.1 years to occur, with a standard deviation of 7.0 years. The same analysis can be used for other condition transitions. The choice of the best probability distribution that describes the degradation process is performed through the maximization of the logarithm of the likelihood [59]. A more detailed explanation of these assumptions is provided in Ferreira et al. [58]. However, in relation to the data shown in Table 2, the high standard deviation of Ta is due to the reduced interval associated with the severity of degradation, Sw, and the anomalies considered to quantify the severity of degradation in conditions A and B. From Table 1, the severity of degradation of condition A varies between 0 and 1%, showing that the deposit of surface dirt is sufficient to change the NSC from condition A to B. Moreover, the classification of an NSC is highly dependent on the inspector, geographic location, exposure conditions, and time of the year. The maintenance action details (costs, application zone conditions, and impacts) are presented in Table 3, and the cladding characteristics are the condition limits given in Table 1 (last column), which relates the two scales of the classification system. The information presented in Table 3 can be read in the following way: a minor intervention in an NSC has a cost of 68.80 €/m2, and it is applied when the cladding reaches condition C, and improves the cladding’s condition to B, with a probability of 80.4%, or maintains condition C, with a probability of 19.6%. More detailed information about the cost calculation can be found in Ferreira et al. [58]. Regarding the design variable constraints (Equation (3)), and based on Section 2.1.2, it is assumed that the (optimal) time interval between inspection varies between 1 and 20 years. The lower limit is defined based on the literature, while the upper limit is increased in relation to the values found in the literature to determine the optimal time interval between inspection for NSC. Finally, it should be mentioned that all the solutions analyzed in this study are technically feasible.



3.1. Comparison of the Optimal Solutions for the Different Maintenance Strategies


In Figure 4 and Figure 5, the Pareto solutions obtained for the three maintenance strategies are compared. In Figure 4, the solutions are displayed through pairs of the four objective functions (maintenance cost, service life, efficiency index, and the number of total replacements), while, in Figure 5, the time interval between inspections (design variable), tinsp, is compared with the four objective functions. A total of 18 optimal solutions are obtained for each maintenance strategy.



For each maintenance strategy, three optimal solutions are highlighted in Figure 4 and Figure 5. The values of the four objective functions and the design variable are presented in Table 4. The optimal solutions, for MS1, are identified as S1 to S3; for MS2, as S4 to S6; for MS3, as S7 to S9. By comparing the three optimal solutions for MS1, solution S1, which is associated with a higher time interval between inspections, yields a lower maintenance cost, but its performance is also lower. On the other hand, solution S3, which is associated with a lower time interval between inspections, implies higher maintenance costs but ensures a higher performance of the NSC over the time horizon. Lastly, solution S2 represents a trade-off between solutions S1 and S3. A similar consideration can be made for MS2 and MS3.



In Figure 4, a non-linear relationship between the objective functions is observed. In general, maintenance costs tend to decrease as service life increases (Figure 4a) and increase with the increase in the efficiency index (Figure 4b) and the number of replacements during the time horizon (Figure 4c). On the other hand, the number of replacements tends to decrease as service life increases (Figure 4d) and to increase with the increase in the efficiency index (Figure 4e), and, finally, the efficiency index tends to decrease as service life increases (Figure 4f). Figure 5 reveals that the maintenance costs (Figure 5a), the efficiency index (Figure 5c), and the number of replacements (Figure 5d) tend to decrease with the increase in the time interval between inspections, but service life tends to increase (Figure 5b).




3.2. Analysis of the Best and Worst Solutions for Each Maintenance Strategy


In order to compare the different optimal solutions for each maintenance strategy, radar charts [60] are used to display the four parameters (objective functions) in a bi-dimensional space and thus analyze the overall influence of each parameter. In Figure 6, for each maintenance strategy, only the three optimal solutions highlighted are plotted in the radar charts, but in the analyses to select the best and the worst solution, all solutions are considered. The optimal solutions highlighted are chosen from all optimal solutions obtained and represent the best, the worst, and an intermediate solution. In the radar charts, the solution with the largest area represents the most advantageous solution. The parameter values for each solution are presented in Table 4.



In Figure 6a, the optimal solutions highlighted for MS1 are compared. For this maintenance strategy, solution S2 reveals to be the best alternative. This solution presents a time interval between inspections of approximately 11 years and corresponds to a trade-off between the most economical solution (solution S1) and the most expensive one (solution S3). By comparing with solution S1, a slight increase in maintenance costs allows improving the aesthetical appearance and durability of the NSC. On the other hand, solution S3 identifies the least beneficial option for MS1. Although it has the highest efficiency index, the maintenance costs and the impact on users during the time horizon are higher. Finally, for this maintenance strategy, the time interval between inspections has a limited influence on the service life (approximately 70 years).



For MS2, the optimal solutions highlighted are shown in Figure 6b. The results reveal that the area for solution S4 is the largest among the three optimal solutions, indicating this solution as the most advantageous option for MS2. Solution S4 presents a time interval between inspections of approximately 19 years and, by slightly sacrificing the aesthetic appearance of the cladding, becomes the most economical solution with longer service life and a lower number of replacements during the time horizon. An inspection period of 19 years for NSC can be considered quite high for some owners/managers of buildings. Therefore, the solution S5, with an approximate time interval between inspections of 12 years, also represents a good alternative. Regarding the least advantageous alternative, this is identified by solution S6.



Finally, Figure 6c presents the optimal solutions highlighted for MS3. As for MS1, in this maintenance strategy, the results show that the trade-off solution (solution S8) identifies the best alternative, while the most expensive alternative (solution S9) is the least beneficial option. Solution S8 has an approximate time interval between inspections of 15 years, and, by comparing with the most economical solution (solution S7), with a reduction in the durability and slight increase of the maintenance costs, solution S8 maintains the number of replacements and allows improving the aesthetic appearance of the NSC.




3.3. Recommendation about the Most and the Least Advantageous Maintenance Strategy


Finally, to select the more beneficial maintenance strategy to implement in NSC, in Figure 7a, the best optimal solutions of each maintenance strategy are compared. The results reveal that solution S2 (the best optimal solution from MS1) is the one with the lowest maintenance cost. However, as a trade-off, of the three maintenance strategies, solution S2 is the one that presents the greatest number of replacements during the time horizon of 150 years, the lowest efficiency index, and the shortest service life. On the other hand, solution S8 (best solution from MS3) represents the most expensive maintenance strategy, but this increase in the maintenance cost allows reducing the number of replacements and increasing the efficiency index and the service life when compared with the other maintenance strategies. Finally, solution S4 (best solution from MS2) is an interesting trade-off. When compared with solution S2, the slight increase in maintenance costs of solution S4 (approximately 20%) allows significantly reducing the number of replacements during the time horizon and increasing the service life of the NSC and the efficiency index. In summary, the results obtained reveal that considering maintenance strategies with more maintenance activities is more efficient and has a higher impact on the improvement of NSC, promoting its durability. On the other hand, a more detailed intervention leads to higher maintenance costs. Regarding the worst maintenance strategies (Figure 7b), the results reveal that simpler maintenance strategies are less advantageous. Specifically, for the three maintenance strategies, solution S3 (worst solution from MS1) represents the least beneficial maintenance strategy to be implemented in NSC.





4. Discussion


The results obtained from the comparison of the optimal solutions for the different maintenance strategies (Figure 4 and Figure 5), more specifically in Figure 4a,d and Figure 5b, may seem contradictory, but they are expected. The optimal solutions with the lowest maintenance costs are the ones with the highest time intervals between inspections, tinsp, as confirmed in Figure 5a, which relates the design variable with the maintenance costs. If inspections are carried out more frequently (i.e., lower tinsp), then there is a greater likelihood of observing the end of the cladding’s life earlier, and, consequently, the replacement of the NSC is performed earlier (decreasing the service life), and the number of replacements during the time horizon increases. In this study, it is assumed that the end of the service life is achieved when condition D of degradation is reached.



In addition, the decreased period of inspections also contributes to increasing the maintenance costs over time since it will increase the costs associated with the inspection activities. Table 5 shows that as the time interval between inspections decreases, the percentage of the costs associated with inspections increases significantly. For example, for MS1, by comparing with solution S1, the costs associated with the inspections for solution S2 increase by 123%, and for solution S3, the value is approximately 33 times higher. On the other hand, the increase in the costs associated with the maintenance activities varies between 20% and 65%. Similar conclusions can be observed for MS2 and MS3.



Other conclusions can be drawn from the direct comparison of the optimal solutions of the three maintenance strategies (Figure 4), which is that it is advantageous to implement strategies with more maintenance activities. For example, for similar maintenance costs, MS3 presents higher service lives, higher efficiency indexes, and a lower number of replacements. This observation is corroborated by the results provided in Figure 7. In Figure 7a,b, the best and the worst optimal solutions of each maintenance strategy are compared, respectively. The results reveal that by balancing the four objective functions, MS3 is the most advantageous maintenance strategy, while MS1 is the least advantageous maintenance strategy.



Additionally, from the analysis of the best and worst solutions for each maintenance strategy (Section 3.2), it can be concluded that the time intervals between inspections recommended in the literature are conservative. The literature review (Section 2.1.2) shows that the recommended inspection period to NSC ranges from 2 to 8 years. By comparing these results with the results of the most common value for inspections (5 years) [58], the results reveal that with a low impact on the aesthetic appearance (less than 2%), a considerable reduction in the maintenance costs (ranging between 36% and 58%) can be obtained by increasing the time interval between inspections. Furthermore, the results also reveal that when the period between inspections is increased, the assessment of the degradation condition of NSC is performed later in the cladding’s life cycle, thus reducing the number of cleaning actions performed, also postponing the localized repairs. On the one hand, this has economic advantages, increasing the service life of the NSC (decreasing the number of total replacements and increasing the sustainability of NSC) and does not lead to significant differences in the claddings’ condition. However, the values provided by the literature review (Section 2.1.2) are deterministic values, defined based on the experience of experts or suggested based on users’ requirements. The main advantage of this study is the probabilistic framework of the methodology, which allows encompassing the uncertainty related to the inspection periods, proposing an optimization process to find the most adequate time intervals between inspections. In terms of constraints, as with other probabilistic methodologies, the main limitation of this methodology is the size and quality of the samples. If the sample in which the analysis is based is biased or with influential case studies, the results provided by the methodology will not be realistic.



Furthermore, it should be mentioned that the selection of the best maintenance strategy to implement in NSC is a dynamic task. The solution that is adequate for one owner or location/region may not show the same advantages in other places. These decisions are influenced by several factors, such as available budgets, degradation and performance levels, environmental exposure conditions, users’ and owners’ perceptions and requirements, local conditions to perform the maintenance works, and the economic and social context of the building, among others. These parameters will influence the degradation process and the impact of the maintenance strategies, and, consequently, different conclusions can be achieved. Therefore, this methodology allows building owners/managers to compare different alternatives and select one that shows a better compromise between the conflicting criteria. For example, let us assume the situation that the owner/manager has a maximum budget of 15.00 €/m2 to perform the maintenance works during the time horizon of 150 years. By imposing this constraint, the results reveal that the best solution still belongs to MS3, but the time interval between inspections should be increased from 15 to 20 years (maintenance cost = 13.65 €/m2; service life = 275 years; efficiency index = 0.9466; the number of replacements = 0.03). In another situation, where the owner/manager does not want an inspection period higher than 10 years, the results show that the best solution is no longer from MS3 but rather MS2 and has a time interval between inspections of 9 years (maintenance cost = 6.87 €/m2; service life = 155 years; efficiency index = 0.9375; the number of replacements = 0.38).



Finally, multi-objective optimization is a tool, and the main aim of this study is to show its possibilities when applied to the schedule of inspections in maintenance plans. However, the decision-making behind the schedule of inspections is dependent on several factors. In this study, these four parameters (maintenance cost, service life, efficiency index, and the number of replacements) are chosen, but, depending on the decision maker’s requests, other parameters can be evaluated.




5. Conclusions


In this study, a multi-objective optimization procedure is used to schedule inspection interventions on natural stone claddings. This work intends to understand whether there is an optimal time interval for performing the inspections, considering the several conflicts that the building owners/managers are subjected to. In this case study, the conflicting objectives considered are minimization of the service life cycle costs in terms of maintenance, maximization of the efficiency index of the maintenance plan, maximization of the service life, and minimization of the total number of replacements over the time horizon.



From the results, two main conclusions can be drawn. Firstly, it is advantageous to implement maintenance strategies with more maintenance activities (strategies that consider preventive interventions). For example, if the most advantageous maintenance strategies are compared, the consideration of maintenance strategies with more activities, although leading to higher maintenance costs, has a higher impact on the improvement of NSC, promoting its durability, protecting the environment, reducing the risks for society, and improving the aesthetic perception and comfort of the cities. Secondly, the time intervals between inspections recommended in the literature are conservative. In the literature, the recommended inspection period for NSC ranges from 2 to 8 years. This study shows that the inspection period can be increased to 11 to 15 years. The results reveal that a cost-saving of 36–58% can be achieved if the inspection period is increased, with a lower impact on the aesthetic appearance (less than 2%).



Finally, it should be stressed that multi-objective optimization procedures are simply a tool to help decision-makers to make more rational and informed decisions. In the end, the selection of the best alternative is always performed by the building owners/managers and depends on their budgets, demands, and expectations. The main advantage of the multi-objective optimization procedures relies on the fact that it is not a closed methodology. As future research, this methodology can be used to analyze other maintenance strategies—in terms of the type of actions, the minimum requirements, or the environmental context, allowing considering different conflicting parameters—and applied to other buildings’ constructive solutions or even the building as a whole.
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Figure 1. Illustrative examples of NSC (natural stone claddings) in different degradation conditions. None of the case studies within the sample belongs to condition E: (a) condition A; (b) condition B; (c) condition C; (d) condition D. 
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Figure 2. Example of the non-dominated front of a multi-objective optimization problem. 
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Figure 3. Flowchart of the main interactions within the different models of the multi-objective optimization problem. 
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Figure 4. Comparison of the Pareto solutions bi-dimensional space: (a) relationship between maintenance cost and service life; (b) relationship between maintenance cost and efficiency index; (c) relationship between maintenance cost and the number of replacements; (d) relationship between the number of replacements and service life; (e) relationship between the number of replacements and efficiency index; (f) relationship between efficiency index and service life. 
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Figure 5. Comparison of the design variable (time interval between inspections, tinsp) with the four objective functions: (a) relationship between maintenance cost and the time interval between inspections; (b) relationship between service life and the time interval between inspections; (c) relationship between efficiency index and the time interval between inspections; (d) relationship between the number of replacements and time interval between inspections. 
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Figure 6. Comparison of the optimal solutions for: (a) maintenance strategy 1; (b) maintenance strategy 2; (c) maintenance strategy 3. 
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Figure 7. Comparison of the: (a) best optimal solutions of each maintenance strategy; (b) worst solutions of each maintenance strategy. 
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Table 1. NSC (natural stone claddings) classification system (data adapted from [49]).
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Degradation Condition

	
Anomalies

	
ka,n

	
% Area Affected

	
Severity of Degradation (%)






	
A (kn = 0)

	
No visible degradation

	
-

	
-

	
Sw ≤ 1




	
B (kn = 1)

	
Visual or surface degradation anomalies

	
Surface dirt

	
0.13

	
>10

	
1 < Sw ≤ 8




	
Moisture stains/localized stains/color change

	
0.13

	
≤15




	
Flatness deficiencies

	
0.13

	
≤10




	
Loss-of-integrity anomalies

	
Material degradation * ≤ 1% plate thickness

	
1.00

	
-




	
Material degradation * ≤ 10% plate thickness

Cracking width ≤ 1 mm

	
1.00

	
≤20




	
C (kn = 2)

	
Visual or surface degradation anomalies

	
Moisture stains/localized stains/color change

	
0.13

	
>15

	
8 < Sw ≤ 20




	
Moss, lichen, algae growth/parasitic vegetation/efflorescence

	
0.13

	
≤30




	
Flatness deficiencies

	
0.13

	
>10 and ≤50




	
Joint anomalies

	
Joint material degradation

	
0.25

	
≤30




	
Material loss—open joint

	
1.00

	
≤10




	
Bond-to-substrate anomalies

	
Scaling of stone near the edges

Partial loss of stone material

	
1.20

	
≤20




	
Loss-of-integrity anomalies

	
Material degradation * ≤ 10% plate thickness

Cracking width ≤ 1 mm

	
1.00

	
>20




	
Material degradation * > 10% and ≤30% plate thickness

Cracking width > 1 mm and ≤5 mm

	
1.00

	
≤20




	
Fracture

	
1.00

	
≤5




	
D (kn = 3)

	
Visual or surface degradation anomalies

	
Moss, lichen, algae growth/parasitic vegetation/efflorescence

	
0.13

	
>30

	
20 < Sw ≤ 45




	
Flatness deficiencies

	
0.13

	
>50




	
Joint anomalies

	
Joint material degradation

	
0.25

	
>30




	
Material loss—open joint

	
1.00

	
>10




	
Bond-to-substrate anomalies

	
Scaling of stone near the edges

Partial loss of stone material

	
1.20

	
>20




	
Loss of adherence

	
1.20

	
≤10




	
Loss-of-integrity anomalies

	
Material degradation * > 10% and ≤30% plate thickness

Cracking width > 1 mm and ≤5 mm

	
1.00

	
>20




	
Material degradation * > 30% plate thickness

Cracking width > 5 mm

	
1.00

	
≤20




	
Fracture

	
1.00

	
>5 and ≤10




	
E (kn = 4)

	
Bond-to-substrate anomalies

	
Loss of adherence

	
1.20

	
>10

	
Sw > 45




	
Loss-of-integrity anomalies

	
Material degradation * > 30% plate thickness

Cracking width > 5 mm

	
1.00

	
>20




	
Fracture

	
1.00

	
>10








* Material degradation is meant to be every anomaly that involves loss of volume of the stone material.
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Table 2. Degradation rate vector, Θ.
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Parameters

	
TA

	
TB

	
TC

	
TD






	
Mean (years)

	
4.1

	
42.9

	
22.4

	
49.9




	
Standard deviation (years)

	
7.0

	
10.3

	
1.4

	
2.4




	
TA—transition between conditions A and B;

TB—transition between conditions B and C;

TC—transition between conditions C and D;

TD—transition between conditions D and E.
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Table 3. Maintenance action details.
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Maintenance Actions

	
Cost (€/m2)

	
Application Zone Conditions

	
Impact of the Maintenance Actions




	
PA (%)

	
PB (%)

	
PC (%)






	
Inspection

	
1.03

	
All

	
-

	
-

	
-




	
Cleaning operations

	
31.37

	
B

	
15.0

	
85.0

	
-




	
Minor interventions

	
68.80

	
C

	
0

	
80.4

	
19.6




	
Total replacement

	
149.51

	
D, E

	
100.0

	
-

	
-




	
PA—probability of the application zone changing to condition A;

PB—probability of the application zone changing to condition B;

PC—probability of the application zone changing to condition C.
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Table 4. Comparison of the four objective functions and the design variable of the optimal solutions highlighted.
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Maintenance Strategy

	
Optimal Solution

	
Time Interval, tinsp (Years)

	
Maintenance Costs (€/m2)

	
Service Life (Years)

	
Efficiency Index

	
Number of Replacements






	
MS1

	
S1

	
18.8

	
2.54

	
70

	
0.9057

	
1.17




	
S2

	
10.9

	
3.61

	
71

	
0.9155

	
1.42




	
S3

	
1.0

	
20.47

	
70

	
0.9316

	
1.75




	
MS2

	
S4

	
18.8

	
4.32

	
163

	
0.9292

	
0.14




	
S5

	
11.9

	
5.82

	
157

	
0.9367

	
0.35




	
S6

	
1.0

	
23.91

	
143

	
0.9449

	
0.57




	
MS3

	
S7

	
19.0

	
14.58

	
270

	
0.9460

	
0.02




	
S8

	
15.4

	
18.79

	
245

	
0.9489

	
0.02




	
S9

	
1.0

	
74.59

	
154

	
0.9494

	
0.46
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Table 5. Comparison of the costs associated with inspection and maintenance activities of the optimal solutions highlighted.
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Maintenance Strategy

	
Optimal Solution

	
Time Interval, tinsp (Years)

	
Maintenance Costs (€/m2)

	
Costs Associated with Inspection (€/m2)

	
Costs associated with Maintenance (€/m2)






	
MS1

	
S1

	
18.8

	
2.54

	
0.52

	
2.02




	
S2

	
10.9

	
3.61

	
1.16

	
2.45




	
S3

	
1.0

	
20.47

	
17.16

	
3.31




	
MS2

	
S4

	
18.8

	
4.32

	
0.52

	
3.8




	
S5

	
11.9

	
5.82

	
1.03

	
4.79




	
S6

	
1.0

	
23.91

	
16.67

	
7.24




	
MS3

	
S7

	
19.0

	
14.58

	
0.51

	
14.07




	
S8

	
15.4

	
18.79

	
0.71

	
18.08




	
S9

	
1.0

	
74.59

	
17.16

	
57.43
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