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Abstract

:

Accessibility to buildings’ envelope depends on efficient inspection and other maintenance actions of their components. When access to these components is not planned, special means of access are required to carry out the maintenance work. Means of access, besides having a fundamental role on the quality of maintenance works of building envelope components, also represents a considerable part of the maintenance costs. Thus, to optimize costs and resources in maintenance plans, assessment of the impact of the means of access on maintenance costs is crucial. For works in height, there are several alternative means of access. The choice of the most adequate solution is strongly linked to the characteristics (e.g., architecture, height) and constraints (e.g., users, surrounding space) of each building, the maintenance needs of the envelope, and the time and funds available for the intervention. Therefore, in this study, a sensitivity analysis to understand how the cost of means of access can influence the maintenance costs is carried out. Moreover, the optimisation of maintenance activities in façade claddings is also analysed. This study intends to assess whether it is advantageous to consider permanent means of access during the design phase or opt for temporary means of access. In a first stage, the impact of six temporary means of access (supported and suspended scaffolds; articulated booms; telescopic booms; scissor lifts; and rope access) on the maintenance plans developed for the six types of claddings (ceramic tiling systems—CTS, natural stone claddings—NSC, rendered façades—RF, painted surfaces—PS, external thermal insulation composite systems—ETICS, and architectural concrete façades—ACF) is examined. The impact is estimated through a stochastic maintenance model based on Petri nets. After that, a sensitivity analysis and a multi-criteria decision analysis are performed. Based on the results, general recommendations are presented concerning the maintenance strategies to adopt in the cladding solutions analysed. The results reveal that planning the means of access during the design stage can be economically beneficial for all buildings’ envelope components.
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1. Introduction


In the building management field, an adequate degradation condition can be easily achieved but maintaining this degradation condition over time is another matter. Regular inspections and maintenance interventions are fundamental to preserve the degradation state of the building components, whatever their size, complexity, or function [1]. Accessibility is one of the main barriers to maintenance. While there are building envelope components that are easily accessible (e.g., windows frames or even roofs), external façades usually require special means of access to carry out the maintenance works [2]. Furthermore, these are not commonly designed to provide safe access to maintenance workers. In the construction sector, works in height are probably the activities that more frequently require special means of access [3].



In buildings, accessibility to all components, for maintenance activities, should be a concern of stakeholders at the design phase [4]. For example, the external façades of buildings should be designed by considering safe and easy access of the maintenance staff. The shape of the surface and number of features influence how the façade can be accessed [1]. Not planning assets with adequate means of access (permanent and/or temporary) is usually translated into higher maintenance costs, since temporary means of access need to be used to overcome this limitation and are not usually predicted in maintenance costs’ planning [5]. In the literature, there are no research studies that quantify the economic impact of temporary means of access during the service life of building components. Moreover, globally, the number of studies in the literature that deal with maintenance costs [6], the cost of the different types of inspections/maintenance of buildings [7], or the difference between what is planned and what is spent [8] is quite low. Concerning accessibility, the studies only suggest that this impact is real and significant to put into practice maintenance strategies during the life cycle. For example, according to the Construction Industry Institute (CII), temporary facilities for access are one of the main categories that influence the indirect construction costs [9]. El-Haram and Horner [10], in a study about the factors that affect maintenance costs, refer that, to reduce the maintenance costs, the number and/or the duration of the maintenance activities must be reduced. The authors also assert that the duration of the maintenance activities can be reduced by increasing the accessibility and planning maintenance resources. Moreover, Ferreira et al. [11] suggest that the fixed costs, namely the means of access, have a considerable influence on maintenance costs and, consequently, on the choice of maintenance strategies. In terms of safety, from a study about the implementation of design solutions to improve safety on the construction site during the construction stage in roofs, it is understood that permanent solutions are more expensive than temporary solutions [12]. However, in this study, the exploration stage is not considered. Still, from the findings of Rajendran and Gambatese [12], it is assumed that, when maintenance is really implemented in buildings during the life cycle, there are advantages in choosing the permanent solutions. The high initial costs of these solutions can be amortized over the years because there are no expenses with the non-predicted temporary means of access.



Methodology


In this study, a sensitivity analysis to understand how the cost of the means of access can influence the maintenance costs is carried out. The optimisation of maintenance activities in façade claddings is also analysed. This research intends to assess whether it is advantageous to consider permanent means of access during the design phase or to opt for predicted temporary means of access. To do that, in a first step, a stochastic maintenance model based on Petri nets is used to assess the impact of different temporary means of access in the maintenance plans developed for different types of claddings is examined. Six temporary means of access (supported and suspended scaffolds, articulated booms, telescopic booms, scissor lifts, and rope access) and six façade claddings (ceramic tiling systems—CTS, natural stone claddings—NSC, rendered façades—RF, painted surfaces—PS, external thermal insulation composite systems—ETICS, and architectural concrete façades—ACF) are analysed. These equipment types are chosen because they are the most common in Portugal. In a second phase, a sensitivity analysis is performed to analyse how the different façade claddings’ maintenance strategy costs are influenced by the cost of the means of access, and a multi-criteria decision analysis is carried out to analyse the more beneficial alternatives. Furthermore, based on the results obtained in the multi-criteria analysis, general recommendations are presented for the maintenance strategies. In this study, only the cumulative average costs of maintenance plans are considered. As a simplification, it is assumed that both the impact of the different maintenance activities on the degradation state and the time intervals between inspections are not influenced by the means of access selected.





2. Means of Access


Means of access are assemblies/structures or equipment used to provide support to people and material during the construction and/or maintenance of the building elements, at heights above the ground, allowing activities to be carried out under safe conditions [13]. According to its nature, the means of access are classified in two types [14]: permanent and temporary. Although permanent access systems can be implemented during the operational stage of the buildings, these systems are usually planned during the design stage and implemented at the construction stage [14]. Since the main purpose of these systems is aiding the periodic maintenance of building, they should be designed to facilitate access of the maintenance personnel to the building envelope, as well as to cover the largest possible area of the façade without causing damage to it, when the system is being used [15]. These systems are generally applied in buildings where maintenance requirements are high (for example, glass façade). There are several solutions for permanent access systems [14], depending on the buildings’ characteristics (architecture, height, among others) and constraints of each building (users, surrounding space, among others), the maintenance needs of the façade, and the time and funds available for the intervention [16].



On the other hand, temporary access systems are only installed before inspections or maintenance interventions take place and are removed after completion of the actions. This type of access system is used in two situations: when buildings do not have permanent means of access or when have permanent means of access, but these means are not able to cover all the singular points that need maintenance. As for permanent access systems, there are a variety of solutions for temporary access systems and its choice must take into account the characteristics and constraints of each building [16]. Among them are supported and suspended scaffolds, aerial work platforms (articulated booms, telescopic booms, and scissors lifts), and rope access (Figure 1). The temporary access systems represented in Figure 1 illustrate the means of access most often used in maintenance activities in current buildings.



2.1. Supported Scaffolds


Supported scaffolds are considered the means of access most used in building maintenance [5], as seen in Figure 1a. Scaffolding consists of a set of horizontal platforms, at different levels, linked by ladders and shoring props. In terms of disadvantages, to guarantee the safety, the temporary structure needs anchorage points. If the façade does not contemplate these points, the surface can be damaged. In addition, supported scaffolds require space and suitable ground to be installed [5]. Finally, the assembly and disassembly have a considered impact on the labour cost and construction schedule [9].




2.2. Suspended Scaffolds


Suspended scaffolds, as seen in Figure 1b, consist of a platform, rigging to suspend the platform, a hoist to move it up and down, and an anchor for the suspension ropes [17,18]. This equipment is provisionally suspended from the roof, and it is normally used in maintenance operations in high-rise buildings [18]. The choice of this equipment must consider the weather conditions (namely the action of the wind) and the characteristics of the roof. By comparison with the supported scaffolds, the assembly and disassembly times are shorter, it has a good carrying capacity for people and materials, and it allows access to façades with restrictions at the soil level [19], but it has limitations in complex features and protrusions from the façade [2].




2.3. Rope Access


Compared to other means of access [5,20], rope access (Figure 1c) provides easy access to all areas of the façade, ensures quick installation, and requires little equipment. Furthermore, the visual impact on the building is reduced and it does not need to damage the cladding to work on the façade [20]. On the other hand, the workers need specific training [20], and it is uncomfortable for long-term works [2,16]. The application of rope access ensures that the building meets adequate conditions for the installation of anchorage points. Moreover, good weather conditions should be assured during the intervention on the façade. The use of this technique can also jeopardize the quality of the maintenance work, thus this technique is mainly used for light maintenance actions and surveying [5,21].




2.4. Aerial Work Platforms


In terms of aerial work platforms, articulated booms (Figure 1d), telescopic booms (Figure 1e), and scissor lifts (Figure 1f) are the most common. Aerial work platforms are motorised vehicles and have reduced installation times. However, the weather conditions can also influence the performance and safety of this means of access, particularly the incidence of wind. Moreover, the ground surrounding the façade should have sufficient strength to support the equipment [14]. The work platform of the articulated and telescopic booms extends (vertical and horizontal) beyond the wheelbase of the supporting structure while scissor lifts are elevating platforms (only with vertical movement) [22]. These means of access are normally used in occasional and short-term maintenance operations in low-to-medium-height buildings. The reach of these equipment types is reduced when compared with the other means of access (approximately 20 m to articulated and telescopic booms, and 10 m to scissor lifts) [17,22].





3. Materials and Methods


To understand the influence of the means of access on the maintenance costs of building envelope elements, six temporary access systems are analysed: (i) supported scaffolds; (ii) suspended scaffolds; (iii) articulated booms; (iv) telescopic booms; (v) scissor lifts; and (vi) rope access.



3.1. Costs of Means of Access to Maintain the Building Envelope


Table 1 presents the costs of the different means of access analysed. These are average costs in Portugal, which were obtained through consultation with companies in this area of expertise from May to July 2020. As a case study, it was assumed that the equipment would be needed to intervene a 250 m2 façade cladding.



Rope access is the means of access with the lowest cost (2.12 €/m2). This means of access is suitable for cleaning operations on façades and possibly for more occasional minor interventions, considering the type of coating to be intervened. For example, this technique has been used in total replacement of the coating in painted surfaces. After rope access, suspended scaffolds are the most economical means of access, with an estimated value of around 4.68 €/m2. Compared to rope access, this equipment has a larger working area as well as greater load capacity. Regarding aerial work platforms, articulated booms are the most economical, with an average cost of 8.13 €/m2, which is lower than supported scaffolds (10.20 €/m2). Based on that and considering the constraints of supported scaffolds, such as the times of assembly and disassembly, visual impact on the façade, among others, articulated booms can be a good alternative, particularly in minor interventions.




3.2. Maintenance Model


This analysis is supported by a stochastic maintenance model based on Petri nets. This model was previously developed by the authors [23], as a useful tool to analyse the trade-off between different alternatives. The maintenance model developed is a condition-based model that, in addition to the degradation process, also includes the inspection and maintenance processes.



The classification system implemented is composed of five degradation conditions, varying between A (no visual degradation) and E (generalized degradation). The degradation condition is defined based on the severity of degradation index, Sw-Equation (1).


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



(1)




where Sw, the severity of degradation (in %), is the ratio between the area affected by the anomalies observed in the building component, weighted according to their severity, and a reference area is equivalent to the total area with the highest possible degradation level. An—the area affected by anomaly n (in m2); kn—the multiplication factor for the anomaly n; ka,n—the weighting coefficient according to the relative weight of the anomaly n; A—the total area of the constructive solution (in m2); and k—the multiplying factor corresponding to the highest degradation condition of the area A. These parameters vary according to the constructive solution (for CTS, see [24]; for NSC, see [25]; for RF, see [26]; for PS, see [27]; for ETICS, see [28]; and, for ACF, see [29]).



In the maintenance model, interventions are divided in four levels: (i) inspections; (ii) cleaning operations; (iii) minor interventions; and (iv) total replacement. In the inspection, a visual assessment of the building component is carried out. In the cleaning operation, the removal of the visual anomalies (soiling, stains, and other deposits) is proceeded. In the minor intervention, in addition of the cleaning operations, localized repair and/or partial replacement are also considered. Finally, in the total replacement, the complete replacement of the building component is carried out. Since the maintenance model is condition-based, a decision of maintenance activities is taken based on the inspection diagnosis. In this case study, it is assumed that, if the degradation condition of the building component is A, no maintenance is carried out; if it is B, a cleaning operation is needed; if it is C, a minor intervention is required; and, finally, if it is D or E, total replacement must be carried out. The outputs of the maintenance model (service life, life-cycle costs, efficiency index, and number of interventions) are used to assess the different alternatives.





4. Sensitivity Analysis


To analyse how the different façade claddings’ maintenance strategy costs are influenced by the cost of the means of access, a sensitivity analysis is carried out. This analysis has only impact on the maintenance costs. The impact of different maintenance activities on the degradation condition of claddings as well as the time intervals between inspections are the same regardless of the means of access selected. Furthermore, in the composition of the price of maintenance activities (cleaning operations, minor interventions, and total replacement), there is only a change in the cost of the means of access. The costs of materials, equipment, and labour remain the same. Results regarding the service life, efficiency index, and number of interventions can be consulted in Ferreira et al. [30]. In this study, there are six façade claddings (CTS, NSC, RF, PS, ETICS, and ACF), and four maintenance strategies, which are analysed below.



	
Maintenance strategy 1 (MS1): includes only the total replacement of the façade. This maintenance strategy is used to characterize the strategy most adopted by the owners or managers of the buildings. The façade is only intervened when the end of their service life is reached. MS1 is applied to the six claddings.



	
Maintenance strategy 2 (MS2): combination of total replacement and minor interventions. The minor intervention is added to delay or mitigate the degradation process, showing that localized repairs or replacements can be carried out to increase the service life of the claddings and, consequently, to prevent unnecessary interruptions without compromising important characteristics of the claddings. MS2 is not applied to PS due to its short service life.



	
Maintenance strategy 3 (MS3): combination of total replacement, minor interventions, and cleaning operations. The introduction of cleaning operations represents the maintenance activity most applied (easier and more economical) in claddings. MS3 is not applied to PS.



	
Maintenance strategy 4 (MS4): combination of total replacement and cleaning operations. It is a simplification of MS3. Since PS are not subject to minor interventions, MS4 is only applied to them.






The maintenance costs over time (C) include the costs of inspection (Cinspection) and other maintenance activities (Cmaintenance) (cleaning operations, minor interventions, and total replacement) (Equation (2)).


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



(2)







To consider future investments in this analysis, the net present value of the inspection and maintenance activities is computed through Equations (3) and (4) [31].


   C  i n s p e c t i o n   =  ∑  t = 0    t h       C  i n s p e c t i o n , 0        (  1 + υ  )   t    ,  



(3)






   C  m a i n t e n a n c e   =  ∑  t = 0    t h       C  m a i n t e n a n c e , 0        (  1 + υ  )   t    ,  



(4)




where Cinspection,0 and Cmaintenance,0 are the inspection and other maintenance costs at year 0 (Table 1 and Table 2), respectively; υ is the real discount rate; and th is the time horizon. In this study, a private sector environment is considered. Therefore, a real discount rate of 6% is adopted [32,33]. Finally, a time horizon of 150 years is considered as the period of study. A long-term horizon is used to guarantee that a considerable percentage of the Monte Carlo simulation samples reach the end of the service life, in the more durable constructive solutions, allowing decreasing uncertainty in the analysis.



The costs of the different maintenance activities (Table 2) are adapted from the literature [34]. Since the cost of the maintenance activities varies according to the materials applied, the following assumptions are adopted: (i) CTS-sandstone tiles; (ii) NSC-Alpinina stone; (iii) RF-current cementitious-based render; (iv) PS-paint based on acrylic polymers; (v) ETICS-expanded polystyrene boards as thermal insulation material and acrylic-based coat as finishing material; and (vi) ACF-façade cast in situ with a thickness of 25 cm and a smooth texture without paint. Only visual inspections are considered in this study.



According to the remarks presented in Section 3, for the six façade claddings, the following means of access are analysed: supported scaffold (the most commonly used means of access), suspended scaffolds, aerial work platforms (articulated booms, telescopic booms, and scissors lifts), and rope access. Finally, the situation in which maintenance activities can be carried out safely without the need of additional means of access is also analysed. The comparison of this situation with the different means of access helps to assess the influence of the means of access on the maintenance costs.



Regarding the maintenance strategies, for CTS, NSC, RF, ETICS, and ACF, four maintenance strategies are analysed: MS1, MS2, MS3, and MS3*. The main difference between MS3 and MS3* is the means of access used to perform the cleaning operations. Since for these five façade claddings the rope access is only suitable for cleaning operations; in MS3, the three maintenance activities (cleaning operations, minor interventions, and total replacement) are carried out using the same type of means of access. In MS3*, it is assumed that cleaning operations are always carried out by rope access and, because of that, for the remaining maintenance activities, the type of means of access used varies. On the other hand, for PS, rope access is also suitable for total replacement of the cladding. Therefore, only two maintenance strategies are analysed for PS: MS1 and MS4.



In Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7, maintenance costs (including inspection costs), at year 0, obtained for the different maintenance strategies and means of access, for the six façade claddings, are compared.



For a 150-year time horizon and a real discount rate of 6%, the inspection costs are 8.33 €/m2 (time interval between inspection of 2 years) for PS, 5.39 €/m2 (interval of 3 years) for RF and ETICS, 3.92 €/m2 (interval of 4 years) for CTS and ACT, and 3.04 €/m2 (interval of 5 years) for NSC.



Generally, the results obtained in the sensitivity analysis are in line with what would be expected. Firstly, as maintenance strategies become more complete (higher number of different types of interventions), there is an increase in maintenance costs. Secondly, the maintenance costs and the unit cost of the means of access (Table 1) have a direct relationship. Maintenance strategies combined with the most economical means of access correspond to the most economical options. However, the usefulness of this analysis is to quantify the savings, over the time horizon, when specific access equipment is not needed. Comparing with the different means of access and claddings, maintenance costs present an average reduction between 10% (for NSC) and 26% (for PS). When crossing this information with the service life and number of intervention values [30], the results reveal that the reduction on maintenance costs is greater for claddings and maintenance strategies subjected to a higher number of interventions during the time horizon.



For example, the impact on maintenance costs on MS3 is higher than on MS2 or MS1 (the number of interventions increases with the complexity of the maintenance strategy). In addition, for RF and PS (claddings with reduced service life and, consequently, higher number of interventions during the time horizon), the impact on maintenance costs is higher than for the remaining claddings (CTS, NSC, ETICS, and ACF). For RF/MS3 and PS/MS4, the costs of the means of access can represent a third of the maintenance costs. Furthermore, it is also found that the use of rope access to carry out cleaning operations has a significant impact on maintenance costs. For the 150-year time horizon, there is an average reduction of 20% in maintenance costs for CTS, NSC, and ACF, and 15% for RF and ETICS.




5. Multi-Criteria Analysis


In the same way as choosing the materials to be implemented in the façades, the types of maintenance strategies to be adopted, as well as the level of interventions and the time interval between inspections, the owners or managers always have the last word when it comes to deciding on the means of access to be used. Although the decision process is subjective, this decision must include different parameters, such as budget limitations, aesthetic appearance, target performance level, local constraints, the social and economic context of the building, among other criteria. Multi-criteria analysis is a useful tool to aid decision makers to coherently manage the available information. It can be used to identify a single option, to select a shortlist of options for future detailed appraisal, or to differentiate between acceptable and unacceptable possibilities [35]. The multi-criteria analysis allows ranking the different alternatives according to the criteria defined. In this study, an additive aggregation approach with compensatory rationality is implemented [36], as seen in Equation (5).


   X i  =  ∑  j = 1  m   λ j  ×  x  i j   ,   with    ∑  j = 1  m   λ j  = 1 ,  



(5)




where Xi is the global ranking of the alternative i, λj is the weight of the criterion j, and xij is the standardized classification of alternative i according to criterion j. The different scales in the different criteria are standardized by Equation (6) for an increased order of preference and by Equation (7) for a decreased order of preference [37].


   x  i j   =    X  i j   − min  X  i j     max  X  i j   − min  X  i j     ,  



(6)






   x  i j   =   max  X  i j   −  X  i j     max  X  i j   − min  X  i j     ,  



(7)




where Xij is the classification of alternative i according to criterion j, and min Xij and max Xij are the minimum and maximum value of criterion j, respectively.



From the individual analysis and comparison of criteria, it is difficult to identify the most and least advantageous alternative from all points of view. The strengths and weaknesses differ according to the criterion analysed. In this sense, for the different façade claddings, the different maintenance strategies and means of access (options) are globally classified in terms of durability (service life), performance (efficiency index), and maintenance costs. Consequently, four scenarios, considering three criteria (efficiency index, maintenance costs, and total replacements), are analysed. The four scenarios are: (1) the same importance is given to the three criteria; (2) a higher emphasis is given to the efficiency index; (3) a higher emphasis is given to the maintenance costs; and (4) a higher emphasis is given to the number of total replacements over the time horizon. Data referring to the efficiency index and total number of replacements can be consulted in Ferreira et al. [30]. In Table 3 and Table 4, the results obtained in the multi-criteria analysis are presented.



In a first analysis, the results reveal, for all façade claddings, that the alternatives where there is no need for means of access are the most advantageous. Therefore, the results confirm that the planning of accessibility to the different building envelope elements, in the design stage, can have a significant influence on maintenance costs over time. On the other hand, if the use of temporary means of access is indispensable (it should be predicted at design stage also in terms of costs), the results suggest that selecting rope access (for cleaning operations and total replacement of the painted surface, only in maintenance works where technical quality is guaranteed) and/or suspended scaffolds (for other types of interventions) are the most advantageous alternatives.



Concerning the least advantageous alternatives, the results show that MS1 using telescopic booms is the worst option. However, the results reveal that the correct choice of means of access depends on several factors, such as building envelope, safety, interference with users, proximity to road traffic, structural limitations of the building, weather conditions, load capacity, and/or building volume/shape.



On the other hand, the results also show that it is advantageous to opt for more complete maintenance strategies (MS2, MS3, and/or MS4), while MS1 is the least beneficial one. For example, for CTS and RF, in three of the four scenarios analysed, MS3 is the most advantageous alternative. This position only changes to MS2 if more emphasis is placed on maintenance costs (scenario 3). For NSC and ACF, in scenarios 1 and 3, MS2 is the most advantageous alternative, while MS3 is the most beneficial in scenarios 2 and 4. For ETICS, MS3 is the most advantageous alternative for the four scenarios. Finally, for PS, MS4 is the most advantageous alternative for the four scenarios.



Finally, the weights in Table 3 and Table 4 are indicative. The weight can be influenced by several factors, such as location, economic context, and owner’s requirements, among others. However, subjectivity can be reduced through expert judgements or through other multi-criteria decision methodologies, such as the analytic hierarchy process (AHP), which can help to define priorities through a process of pair-wise comparisons [38,39].




6. Discussion/General Recommendations


From the results, some guidelines can be provided, which can help decision makers to make more rational and informed choices, based on objective criteria. However, the decision process is always influenced by subjective criteria, which depend on the experience and individual perceptions of decision makers. These criteria are practically impossible to model. However, on the other hand, objective criteria can be evaluated depending on the requirements of decision makers. Furthermore, it should be mentioned that all alternatives considered in this study are technically and economically valid. Thus, they can all be successfully applied to building envelope elements.



In a global analysis, the adoption of preventive maintenance activities (such as cleaning operations, local repairs, and local replacements) is beneficial. These actions allow increasing the durability of the façade claddings and reducing their physical degradation. Moreover, the risk to users and owners is reduced and, consequently, users’ satisfaction and the aesthetic perception of cities are improved. In Table 5, general recommendations of the most viable maintenance strategies to be implemented in the different façade claddings are presented. There, together with the identification of the most advantageous maintenance strategy and means of access for each façade cladding, the values of the essential parameters to be considered in this analysis are presented. These parameters are:




	
The service life: the end of the service life of the façade claddings is reached when the element reaches the degradation condition D;



	
The efficiency index: this value ranges between 0 and 1. The higher the EI value, the longer the element remains in the best degradation conditions (A, B, and C) during the time horizon (period of study);



	
The annualized maintenance cost: corresponds to the division between the life-cycle cost (includes inspection and maintenance costs) of the maintenance strategy of the element in year 0, by the time horizon;



	
The total number of replacements: corresponds to the average number of total replacements to which element is subject during the time horizon.








The service life, efficiency index, and total number of total replacements can be consulted in Ferreira et al. [30]. Based on that, it is suggested that MS3 is adopted to ceramic tiling systems (CTS), rendered façades (RF), and ETICS; MS2 is adopted to natural stone claddings (NSC) and architectural concrete façades (ACF); and MS4 is adopted to painted surfaces (PS). Regarding the means of access, the situation where there is no need for means of access is the most advantageous option. This result shows the relevance of having a maintenance plan and considering permanent means of access during the design stage or at least predict temporary means in the maintenance costs. If the building configuration requires the use of means of access, the results suggest opting for rope access in the case of carrying out cleaning operations (when technical viable) and replacing the painted surface and suspended scaffolds for the other types of maintenance activities (minor interventions and total replacement).




7. Conclusions


In this study, a sensitivity analysis of the impact of the means of access costs on the maintenance plans developed for building façade claddings is carried out. Based on this analysis, general recommendations for maintenance strategies are provided. The means of access costs vary between 2.12 €/m2 (rope access) and 11.84 €/m2 (telescopic boom). From the analysis, the results and trends on the viability of maintenance strategies, initially identified for supported scaffolds, are maintained for the other types of means of access. In other words, for any means of access, the maintenance costs increase with the complexity of the maintenance strategy. Furthermore, as expected, the lowest maintenance costs occur for the most economical means of access. The situation in which there is no need for means of access (i.e., when the means of access are considered during design stage) is the most economical, leading to an average maintenance cost reduction of 10% to 26% compared to other means of access.



For the situation in which the use of means of access is indispensable, the results suggest opting for rope access in the case of carrying out cleaning operations and replacing the painted surface and suspended scaffolds for the other types of maintenance activities (minor interventions and total replacement). The use of rope access to perform cleaning operations has a considerable impact on the maintenance costs. For a time horizon of 150 years, an average reduction between 15% and 20% is obtained. For the remaining means of access, in comparison with supported scaffolds, suspended scaffolds lead to an average reduction of 5% to 21%; the articulated boom leads to an average reduction of 2% to 6%; the telescopic boom leads to an average increase of 2% to 5%; and the scissor lifts lead to an average increase of 1%.



Based on these results, it is understood that the design of permanent means of access during the design stage may not be economically beneficial for all types of façade claddings. For instance, for a time horizon of 150 years, the average maintenance cost reduction for NSC is 10%. Possibly, the design of the permanent means of access, their construction, and their maintenance over the same horizon may represent a greater burden for the owner/manager than the use of planning temporary means of access when necessary. In addition, façades with nobler coatings may be more difficult to incorporate permanent means of access into the architecture without considerably affecting the aesthetics. However, for façade claddings, such as rendered façades and painted surfaces, the percentage of the means of access in the maintenance costs is already considerable (on average 26%). In these cases, considering permanent means of access can be a more economical solution.



The results of the multi-criteria analysis confirm that there are advantages in selecting more complete maintenance strategies when several criteria are weighed, in addition to costs. When the criteria are assessed individually, the optimal maintenance plan changes according to the assessed criterion. For example, if the main purpose is to increase the service life of the element, more complete maintenance plans considering cleaning operations and minor interventions are preferable. On the other hand, if the purpose is to reduce maintenance costs, simpler maintenance strategies (without preventive maintenance activities) are the most indicated, even though they lead to the elements having higher rates of degradation (or worse degradation conditions) throughout their life cycle and, consequently, higher risks. The multi-criteria analysis helps to evaluate the criteria in a multidimensional way and, therefore, establish a hierarchical scale of preference. The recommendations presented in this paper correspond to the analysis of the results obtained in the different multi-criteria analysis carried out. The results reveal that, when the criteria are evaluated globally, there is a preference for opting for more complete maintenance strategies, while MS1 represents the least beneficial option.



Finally, it should be mentioned that this methodology should be seen as a general guideline for evaluating the impact of the means of access in the maintenance plans of the building envelope elements. Each situation should be evaluated individually, since other criteria, scenarios and weights can be considered, depending on the decision makers’ requirements. The choice of materials to be implemented in buildings, maintenance strategies, intervention levels, time intervals between inspections, and means of access always depends on the owners or managers and the results that they want to obtain based on all the available parameters (objective and/or subjective).
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Figure 1. Illustrative examples of the different temporary means of access: (a) supported scaffolds; (b) suspended scaffolds; (c) rope access; (d) articulated booms; (e) telescopic booms; (f) scissor lifts. 
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Figure 2. Sensitivity analysis of the different means of access in CTS maintenance strategy costs for a time horizon of 150 years. 
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Figure 3. Sensitivity analysis of the different means of access in NSC maintenance strategy costs for a time horizon of 150 years. 
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Figure 4. Sensitivity analysis of the different means of access in RF maintenance strategy costs for a time horizon of 150 years. 
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Figure 5. Sensitivity analysis of the different means of access in PS maintenance strategy costs for a time horizon of 150 years. 
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Figure 6. Sensitivity analysis of the different means of access in ETICS maintenance strategy costs for a time horizon of 150 years. 
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Figure 7. Sensitivity analysis of the different means of access in ACF maintenance strategy costs for a time horizon of 150 years. 
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Table 1. Unit cost, at year 0, for the different means of access.
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Means of Access

	
Supported

Scaffolds

	
Aerial Work Platform

	
Suspended

Scaffolds

	
Rope Access




	
Articulated Boom

	
Telescopic Booms

	
Scissor Lifts






	
Costs (€/m2)

	
10.20

	
8.13

	
11.84

	
10.58

	
4.68

	
2.12
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Table 2. Unit costs, at year 0, for the different maintenance activities without the means of access costs.
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CTS

	
NSC

	
RF

	
PS

	
ETICS

	
ACF






	
Inspection (€/m2)

	
1.03




	
Cleaning operations (€/m2)

	
17.28

	
21.17

	
16.68

	
16.68

	
16.68

	
16.98




	
Minor interventions (€/m2)

	
55.57

	
58.60

	
24.48

	
-

	
47.93

	
74.55




	
Total replacement (€/m2)

	
58.65

	
139.31

	
26.48

	
20.18

	
85.78

	
96.28
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Table 3. Multi-criteria analysis.
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Façade Claddings

	
CTS

	
NSC

	
RF

	
PS

	
ETICS

	
ACF

	
CTS

	
NSC

	
RF

	
PS

	
ETICS

	
ACF






	
Scenario

	
1

	
2




	
Criteria

	
Weight, λi




	
Efficiency index

	
33.3%

	
50.0%




	
Maintenance costs

	
33.3%

	
25.0%




	
Total replacements

	
33.3%

	
25.0%




	
MS

	
Means of access

	
Standardized global rating, xi




	
MS1

	
SS

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00




	
AB

	
0.00

	
0.00

	
0.02

	
0.03

	
0.02

	
0.00

	
0.00

	
0.00

	
0.01

	
0.02

	
0.01

	
0.00




	
TB

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
SL

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00




	
SpS

	
0.01

	
0.00

	
0.04

	
0.06

	
0.04

	
0.01

	
0.00

	
0.00

	
0.02

	
0.04

	
0.02

	
0.01




	
RA

	
-

	
-

	
-

	
0.08

	
-

	
-

	
-

	
-

	
-

	
0.05

	
-

	
-




	
NMA

	
0.01

	
0.00

	
0.06

	
0.10

	
0.06

	
0.01

	
0.01

	
0.00

	
0.04

	
0.06

	
0.04

	
0.01




	
MS2

	
SS

	
0.75

	
0.99

	
0.71

	
-

	
0.59

	
0.97

	
0.69

	
0.92

	
0.69

	
-

	
0.58

	
0.93




	
AB

	
0.76

	
0.99

	
0.74

	
-

	
0.61

	
0.98

	
0.69

	
0.92

	
0.70

	
-

	
0.60

	
0.93




	
TB

	
0.74

	
0.98

	
0.69

	
-

	
0.57

	
0.97

	
0.68

	
0.92

	
0.67

	
-

	
0.57

	
0.92




	
SL

	
0.75

	
0.98

	
0.71

	
-

	
0.58

	
0.97

	
0.69

	
0.92

	
0.68

	
-

	
0.58

	
0.92




	
SpS

	
0.77

	
0.99

	
0.78

	
-

	
0.65

	
0.99

	
0.70

	
0.92

	
0.73

	
-

	
0.62

	
0.93




	
RA

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NMA

	
0.80

	
1.00

	
0.84

	
-

	
0.71

	
1.00

	
0.72

	
0.93

	
0.77

	
-

	
0.66

	
0.94




	
MS3

	
SS

	
0.77

	
0.71

	
0.75

	
-

	
0.71

	
0.72

	
0.87

	
0.87

	
0.85

	
-

	
0.82

	
0.85




	
AB

	
0.82

	
0.76

	
0.80

	
-

	
0.77

	
0.77

	
0.89

	
0.89

	
0.88

	
-

	
0.86

	
0.88




	
TB

	
0.73

	
0.68

	
0.71

	
-

	
0.67

	
0.68

	
0.84

	
0.85

	
0.82

	
-

	
0.79

	
0.83




	
SL

	
0.76

	
0.71

	
0.74

	
-

	
0.70

	
0.71

	
0.86

	
0.86

	
0.84

	
-

	
0.81

	
0.85




	
SpS

	
0.89

	
0.83

	
0.88

	
-

	
0.87

	
0.85

	
0.94

	
0.94

	
0.93

	
-

	
0.92

	
0.93




	
RA

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NMA

	
1.00

	
0.93

	
1.00

	
-

	
1.00

	
0.96

	
1.00

	
1.00

	
1.00

	
-

	
1.00

	
1.00




	
MS3*

	
SS

	
0.93

	
0.88

	
0.86

	
-

	
0.88

	
0.89

	
0.96

	
0.97

	
0.92

	
-

	
0.93

	
0.96




	
AB

	
0.93

	
0.88

	
0.89

	
-

	
0.90

	
0.90

	
0.96

	
0.97

	
0.93

	
-

	
0.93

	
0.96




	
TB

	
0.92

	
0.87

	
0.85

	
-

	
0.87

	
0.89

	
0.96

	
0.97

	
0.91

	
-

	
0.92

	
0.96




	
SL

	
0.93

	
0.88

	
0.86

	
-

	
0.88

	
0.89

	
0.96

	
0.97

	
0.92

	
-

	
0.92

	
0.96




	
SpS

	
0.94

	
0.88

	
0.92

	
-

	
0.92

	
0.90

	
0.97

	
0.97

	
0.95

	
-

	
0.95

	
0.97




	
RA

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NMA

	
1.00

	
0.93

	
1.00

	
-

	
1.00

	
0.96

	
1.00

	
1.00

	
1.00

	
-

	
1.00

	
1.00




	
MS4

	
SS

	
-

	
-

	
-

	
0.73

	
-

	
-

	
-

	
-

	
-

	
0.83

	
-

	
-




	
AB

	
-

	
-

	
-

	
0.79

	
-

	
-

	
-

	
-

	
-

	
0.87

	
-

	
-




	
TB

	
-

	
-

	
-

	
0.69

	
-

	
-

	
-

	
-

	
-

	
0.81

	
-

	
-




	
SL

	
-

	
-

	
-

	
0.72

	
-

	
-

	
-

	
-

	
-

	
0.83

	
-

	
-




	
SpS

	
-

	
-

	
-

	
0.88

	
-

	
-

	
-

	
-

	
-

	
0.92

	
-

	
-




	
RA

	
-

	
-

	
-

	
0.94

	
-

	
-

	
-

	
-

	
-

	
0.97

	
-

	
-




	
NMA

	
-

	
-

	
-

	
1.00

	
-

	
-

	
-

	
-

	
-

	
1.00

	
-

	
-








Legend: SS—supported scaffolds; AR—articulated booms; TB—telescopic booms; SL—scissor lifts; SpS—suspended scaffolds; RA—rope access; NMA—no means of access.
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Table 4. Multi-criteria analysis continuation.
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Façade Claddings

	
CTS

	
NSC

	
RF

	
PS

	
ETICS

	
ACF

	
CTS

	
NSC

	
RF

	
PS

	
ETICS

	
ACF






	
Scenario

	
3

	
4




	
Criteria

	
Weight, λi




	
Efficiency index

	
25.0%

	
25.0%




	
Maintenance costs

	
50.0%

	
25.0%




	
Total replacements

	
25.0%

	
50.0%




	
MS

	
Means of access

	
Standardized global rating, xi




	
MS1

	
SS

	
0.01

	
0.00

	
0.02

	
0.03

	
0.02

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00




	
AB

	
0.01

	
0.00

	
0.05

	
0.08

	
0.05

	
0.01

	
0.00

	
0.00

	
0.01

	
0.02

	
0.01

	
0.00




	
TB

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
SL

	
0.00

	
0.00

	
0.02

	
0.03

	
0.02

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00




	
SpS

	
0.02

	
0.00

	
0.11

	
0.15

	
0.10

	
0.02

	
0.00

	
0.00

	
0.02

	
0.04

	
0.02

	
0.01




	
RA

	
-

	
-

	

	
0.20

	
-

	
-

	
-

	
-

	
-

	
0.05

	
-

	
-




	
NMA

	
0.04

	
0.01

	
0.17

	
0.25

	
0.16

	
0.03

	
0.01

	
0.00

	
0.04

	
0.06

	
0.04

	
0.01




	
MS2

	
SS

	
0.83

	
0.97

	
0.64

	
-

	
0.46

	
0.94

	
0.76

	
0.96

	
0.76

	
-

	
0.65

	
0.94




	
AB

	
0.87

	
0.98

	
0.72

	
-

	
0.53

	
0.95

	
0.77

	
0.96

	
0.77

	
-

	
0.67

	
0.94




	
TB

	
0.81

	
0.96

	
0.59

	
-

	
0.42

	
0.93

	
0.76

	
0.96

	
0.74

	
-

	
0.64

	
0.94




	
SL

	
0.83

	
0.97

	
0.63

	
-

	
0.45

	
0.94

	
0.76

	
0.96

	
0.75

	
-

	
0.65

	
0.94




	
SpS

	
0.92

	
0.99

	
0.84

	
-

	
0.63

	
0.97

	
0.78

	
0.97

	
0.80

	
-

	
0.70

	
0.95




	
RA

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NMA

	
1.00

	
1.00

	
1.00

	
-

	
0.77

	
1.00

	
0.79

	
0.97

	
0.84

	
-

	
0.73

	
0.96




	
MS3

	
SS

	
0.16

	
0.08

	
0.29

	
-

	
0.28

	
0.11

	
0.87

	
0.87

	
0.85

	
-

	
0.82

	
0.85




	
AB

	
0.32

	
0.17

	
0.43

	
-

	
0.43

	
0.22

	
0.89

	
0.89

	
0.88

	
-

	
0.86

	
0.88




	
TB

	
0.04

	
0.01

	
0.17

	
-

	
0.16

	
0.03

	
0.84

	
0.85

	
0.82

	
-

	
0.79

	
0.83




	
SL

	
0.13

	
0.06

	
0.26

	
-

	
0.25

	
0.09

	
0.86

	
0.86

	
0.84

	
-

	
0.81

	
0.85




	
SpS

	
0.59

	
0.32

	
0.66

	
-

	
0.67

	
0.40

	
0.94

	
0.94

	
0.93

	
-

	
0.92

	
0.93




	
RA

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NMA

	
0.95

	
0.52

	
0.97

	
-

	
1.00

	
0.64

	
1.00

	
1.00

	
1.00

	
-

	
1.00

	
1.00




	
MS3*

	
SS

	
0.70

	
0.42

	
0.60

	
-

	
0.70

	
0.50

	
0.96

	
0.97

	
0.92

	
-

	
0.93

	
0.96




	
AB

	
0.72

	
0.42

	
0.66

	
-

	
0.74

	
0.51

	
0.96

	
0.97

	
0.93

	
-

	
0.93

	
0.96




	
TB

	
0.69

	
0.41

	
0.56

	
-

	
0.67

	
0.49

	
0.96

	
0.97

	
0.91

	
-

	
0.92

	
0.96




	
SL

	
0.70

	
0.42

	
0.59

	
-

	
0.69

	
0.50

	
0.96

	
0.97

	
0.92

	
-

	
0.92

	
0.96




	
SpS

	
0.76

	
0.43

	
0.76

	
-

	
0.80

	
0.52

	
0.97

	
0.97

	
0.95

	
-

	
0.95

	
0.97




	
RA

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NMA

	
0.95

	
0.52

	
0.97

	
-

	
1.00

	
0.64

	
1.00

	
1.00

	
1.00

	
-

	
1.00

	
1.00




	
MS4

	
SS

	
-

	
-

	
-

	
0.35

	
-

	
-

	
-

	
-

	
-

	
0.83

	
-

	
-




	
AB

	
-

	
-

	
-

	
0.48

	
-

	
-

	
-

	
-

	
-

	
0.87

	
-

	
-




	
TB

	
-

	
-

	
-

	
0.25

	
-

	
-

	
-

	
-

	
-

	
0.81

	
-

	
-




	
SL

	
-

	
-

	
-

	
0.33

	
-

	
-

	
-

	
-

	
-

	
0.83

	
-

	
-




	
SpS

	
-

	
-

	
-

	
0.70

	
-

	
-

	
-

	
-

	
-

	
0.92

	
-

	
-




	
RA

	
-

	
-

	
-

	
0.86

	
-

	
-

	
-

	
-

	
-

	
0.97

	
-

	
-




	
NMA

	
-

	
-

	
-

	
1.00

	
-

	
-

	
-

	
-

	
-

	
1.00

	
-

	
-








Legend: SS—supported scaffolds; AR—articulated booms; TB—telescopic booms; SL—scissor lifts; SpS—suspended scaffolds; RA—rope access; NMA—no means of access.
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Table 5. Unit costs, at year 0, for the different maintenance activities without the means of access costs.






Table 5. Unit costs, at year 0, for the different maintenance activities without the means of access costs.





	Façade Cladding
	Maintenance Strategy/Means of Access
	Service Life (Years)
	Efficiency Index
	Annualized Maintenance Costs (€/m2/Year)
	Total Number of Replacements





	CTS
	MS3*

CO: Rope access

MI/TR: Suspended scaffolds
	108
	0.95
	0.63
	0.9



	NSC
	MS2

CO: Rope access

MI/TR: Suspended scaffolds
	148
	0.94
	0.97
	0.5



	RF
	MS3*

CO: Rope access

MI/TR: Suspended scaffolds
	33
	0.96
	0.69
	3.9



	PS
	MS4

CO/TR: Rope access
	17
	0.93
	0.54
	7.9



	ETICS
	MS3*

CO: Rope access

MI/TR: Suspended scaffolds
	44
	0.92
	1.14
	2.9



	ACF
	MS2

CO: Rope access

MI/TR: Suspended scaffolds
	120
	0.94
	0.81
	0.9
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