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Abstract

:

Now more than ever, the construction sector is aiming to adopt more sustainable solutions. To achieve this purpose, more durable solutions must be adopted, making rational decisions at the design and maintenance stages regarding the conditions of environmental exposure and use. In this sense, knowledge regarding the service life of building components is crucial. This knowledge should not be a general concept, or a standard value, and adapting practices from one country to another is extremely challenging. In this sense, this study analyses the service life of natural stone claddings. We adopt a methodology initially proposed for Lisbon (Portugal), intending to evaluate its applicability to other geographical contexts, in order to perform a more reliable service life prediction of stone claddings located in Tehran (Iran). An estimated service life of 65 years was obtained for a sample of 162 stone claddings directly adhered to the substrate, located in Tehran, which were analysed by in situ inspections. The impact of different conditions (e.g., type of stone and environmental exposure conditions) on the service life of stone claddings in Tehran was quantified, which revealed that the exposure to environmental agents, such as wind, rain and pollutants, is the main cause of degradation of the natural stone claddings.
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1. Introduction


The durability of buildings is one of the fundamental elements in assessing the quality of life of contemporary societies and is indispensable to their social and economic stability [1]. The durability of buildings can be jeopardised by increasing the degradation of their components, resulting from the natural ageing process of materials [2], leading to the loss of a building’s performance [3]. Due to this degradation process, the buildings tend to become obsolete and unable to meet the performance demands established during the design stage [4]. Therefore, the service life prediction of building elements is of utmost value for a more sustainable environment [5]. The knowledge about the durability of building elements allows a more rational management of resources, which can reduce the economic and environmental costs of buildings during their lifetime [6].



Building components are categorised in various studies [7,8,9,10] according to the time they take to reach the end of their service life, i.e., as durability layers. The façade is considered the “skin” of the building, acting as a protective layer against environmental degradation agents [2]. Therefore, the cladding is more prone to anomalies [11], which is why the building envelope failures can be held accountable for more than 50% of all building deficiencies [12]. The adoption of natural stone as a cladding solution is growing due to its durability and mechanical strength [13].



A review of the literature shows that a variety of approaches can be used in the description of models to replicate the degradation of façade claddings during their lifetime. Gaspar and de Brito [14] classified these under two categories, namely, (i) laboratory testing and (ii) fieldwork surveys, to evaluate the degradation condition of the elements in real exposure situations. In spite of using laboratory testing methods because of the quickness with which they yield results [15], some authors indicate that the simulation of the complete effect of environmental agents that simultaneously contribute to the degradation of the building elements is not possible in such an artificial environment, since the degradation effects are analysed in a much reduced way [16]. In addition, real life situations and the synergy between different degradation agents are difficult to model in a laboratory setting [17]. The studies conducted by Searls and Tomasen [18] and Henriksen [19] reveal that laboratory tests are more appropriate to model the effects of a given degradation agent [20].



To overcome this criticism, an evaluation of the influence of the combined actions of different agents on claddings’ service life by observing the existing condition was used. This research method, called ex post facto, which literally means ‘after the fact’ or ‘retrospectively’, refers to those studies that investigate possible cause-and-effect relationships by examining the elements under analysis in real situations and searching back in time for plausible causal factors [21]. This course of action to assess the durability of building components was conducted in several studies [22,23,24,25,26,27,28].



However, most of the research in the field of the degradation processes of exterior claddings in real conditions in retrospect have been carried out in a specific region with a specific climate type, and the identification of the influence of some properties on the evolution of the degradation can come to the light by comparing the same building components in different climate types. In this sense, Haagenrud [3] suggests that the relation between the degradation agents and their effects on the degradation process can be explained when the different geographical coordinates and climates are taken into consideration in the characterisation and mapping of the most significant degradation agents. Therefore, the impact of environmental agents and façade specifications determined by comparing the natural stone cladding behaviour in Tehran (Iran) and Lisbon (Portugal), performed within a PhD study [29] and unique in the literature, is described in this study.



Regardless of the innovations in cladding materials used in exterior walls, natural stone is still one of the most efficient and durable options [13]. Therefore, this cladding solution was selected as a case study in the present study. For decades, many methods to determine the adherence of stone plates to a building’s external walls have been developed, which can be classified under the headings of (i) a ‘direct fastening system’, which corresponds to the complete bond between the substrate and the stone elements, and (ii) an ‘indirect fastening system’, adopting mechanical anchorage methods [30,31]. Considering the fact that the indirect fastening system is a relatively new technology and that it is therefore difficult to find a significant number of case studies, natural stonewall claddings with a direct fastening to the substrate were chosen in the current study. The sample analysed comprises 203 stone claddings located in Lisbon (Portugal) and 162 stone claddings in Tehran (Iran), which were inspected in situ.



The aim of this study is essentially to propose an empirical method to establish a degradation path for stone claddings over time, through a simple tool to predict the service life of these claddings, considering characteristics that can be easily assessed by visual inspections in situ. This study intends to analyse and quantify the impact of different factors, such as the characteristics of the stone elements and environmental exposure conditions on the service life of natural stone claddings in Tehran. This knowledge is extremely useful for the adoption of more sustainable and rational solutions at the design stage, as well as for the definition and optimisation of maintenance strategies to promote the durability of these claddings.




2. Materials and Methods


2.1. Climatic and Environmental Exposure Conditions


In this study, according to Haagenrud [3], different geographical coordinates and climates are taken into consideration at various scales. The macro scale usually describes the overall meteorological conditions based on meteorological indicators (e.g., air temperature, precipitation, among others). Tehran is categorised as having a cold semi-arid climate (BSk) based on the Köppen–Geiger classification [32], which denotes that at least one month’s average temperature is below 0 °C. By contrast, the Lisbon area is situated in a hot summer Mediterranean climate (Csa), where the average temperature is above 0 °C even in the coldest months. With respect to the meso climate, the effects of the ground and of the built environment are considered. In this context, Tehran is spread from 35°34′ to 35°51′ north latitude and from longitude 51°06′ to 51°38′ east with an average elevation of 1190 m, comprising 22 regions. The current study focused on the sixth district, which is geometrically located in the centre of Tehran and was founded in the 1950s (Figure 1).



The other research area is in the Lisbon area at 42°38′ north latitude and 09°08′ west longitude, located in western Portugal on the estuary of the Tagus River along the Atlantic coast.



The impact of environmental conditions on cladding degradation varies according to the building’s exposure circumstances, which mainly depends on the local climate [33,34]. Accordingly, the local specifications, i.e., the local conditions in the building’s proximity, were collected at the data acquisition stage.




2.2. Data Acquisition and Limitations of the Method Proposed


As Silva et al. [2] mentioned, in order to appraise the service life of building elements considering their current condition, various methods can be used, including destructive and non-destructive tests carried out in situ. The former procedures, however accurate in regarding the information provided, usually demand costly equipment, in addition to requiring repair actions afterwards. By contrast, the latter techniques, notably visual inspections, are generally fast, less expensive and adequate to establish the degradation condition of the elements under analysis [35]. Moreover, in most real situations in the geographical contexts analysed, the maintenance actions are carried out based on subjective criteria that depend on the users’ perception of the state of degradation of the façades acquired through simple visual inspections.



Consequently, in the current study, an in situ survey of buildings, through visual inspections, was used to collect data regarding the degradation condition of natural stone claddings. The fieldwork survey encompasses the following steps (Figure 2): (i) each case study is selected and characterised based on complementary information, such as the location of the case study, existing drawings and other relevant documents from the municipality; (ii) an inspection file is used to collect all the relevant information to characterise the case study (e.g., façade’s dimensions, exposure conditions and the description of the anomalies observed, as well as the area of the façade affected by these anomalies); (iii) during fieldwork, the case study is photographed, and, aided by diagrammatic sketches, the anomalies observed are identified and their extent is quantified using design and calculus software.



The method proposed, in which the fieldwork is based on visual inspections only, presents some limitations regarding the collection of relevant information to characterise some properties of the claddings, namely (i) the factors related to the characteristics of the materials applied in the execution stage, such as the bonding material applied or the material used to fill the joints, cannot be determined during the visual inspections; (ii) the execution conditions and the level of control over the construction processes (e.g., the quality of the workforce work, material storage environments, among others) are also difficult or even impossible to characterise. The use of inadequate materials or execution errors irreparably affect the durability of stone claddings, but there is a lack of information in municipalities about the execution processes, which do not allow consideration of these factors when using visual inspections only. However, in this study, the case studies that presented anomalies due to clear execution errors or choice of inappropriate materials were excluded from the analysis, as they do not characterise the physical degradation phenomenon of natural stone claddings.



Information about the maintenance and rehabilitation actions carried out on the façades analysed was collected in the municipalities and through contact with the owners. The type of actions carried out is not within the scope of this study, as the models consider the natural evolution of degradation of stone claddings without maintenance. In other words, the “age” is considered as the period since construction/last intervention/maintenance action until the inspection time.



Despite these limitations, the method used has numerous practical advantages. The main advantage relies on the time required to obtain relevant results regarding the influence of exposure conditions on the degradation of the claddings. The combined action of the degradation agents is not easily reproduced. In this sense, the field data on the degradation condition of buildings should be used when possible, since they provide relevant information on the real degradation of components when exposed to a particular set of degradation agents, which act simultaneously and synergistically, whose action it is not possible to simulate with precision in an artificial way.





3. Description of the Samples Analysed


Accordingly, with respect to the samples located in the Lisbon area, fieldwork data from previous research [22,24] were analysed in this study, related to the inspection of 203 stone claddings. The newest building was built in 2008, and the oldest building was built in 1891 (being subjected to a maintenance intervention in 1948). As for the case studies in Tehran, based on the research of Silva et al. [22] for the classification system of anomalies in stone claddings with direct fastening to the substrate, a visual inspection plan was developed. This fieldwork generated data from 52 buildings in the sixth district of the Tehran (Iran) area, whose claddings presented various anomalies, totalling 162 case studies. In the Tehran dataset, the oldest building is from 1969 and the newest one from 2010. The resulting data can generally be arranged into the headings of “materials’ characteristics” and “defects”. The former category comprises the type of stone, size and colour; the type of finishing; and the position of the cladding in the façade; in addition, complementary information (e.g., orientation, exposure to wind-driven rain, among other parameters) was collected in advance to put each case study into a better perspective (Table 1).



According to Silva et al. [2,22], four groups of anomalies are considered:




	(i).

	
Aesthetic degradation, which has a visual impact on the cladding, not jeopardising its integrity; these anomalies can be observed in most stone claddings and tend to occur prematurely;




	(ii).

	
Joint defects, which affect the proper functioning of the joints of the cladding and can promote the occurrence of new anomalies;




	(iii).

	
Fastening to the substrate that jeopardises the claddings’ and the users’ safety;




	(iv).

	
Loss of integrity due to the modification of the physicochemical properties of the stone (e.g., due to the exposure to pollutants), leading to irreversible changes in the physical and aesthetic properties of the claddings.









From the preliminary analyses of the data collected, as shown in Figure 3, the most and least frequent defects detected during the fieldwork in both research areas are aesthetic anomalies and those related to the fastening to the substrate, respectively. In the Tehran dataset, the aesthetic anomalies are followed by defects related to the loss of integrity (32%) and, finally, joint defects (15%). On the contrary, the analysis of the Lisbon cases shows joint defects in 29% of the inspected façades, while the defects associated with the loss of integrity occur in 28% of the case studies analysed.



The frequency of the different defects in the aesthetic anomalies group observed in the cases under analysis can be compared in Figure 4. Among the aesthetic degradation defects in both research areas, superficial dirt, caused by the accumulation of pollution debris on the façade, is the most common one. In Tehran, this is followed by colour change and stains (occurring in 46% and 44% of the sample analysed, respectively), while an inverse tendency in these defects is observed in the inspected façades in Lisbon. The fourth ranked frequency of the aesthetic degradation defects observed in both fieldwork surveys relates to flatness deficiencies, which is followed by efflorescence and biological colonisation, respectively, in Tehran, whilst the Lisbon samples exhibit inverse behaviour. The incidence of vegetation growth only occurs in the Lisbon sample.



Concerning the defects related to the joints, as shown in Figure 5, degradation of the materials used to fill the joints is more frequent than the loss of material (which corresponds to a more serious defect with severe consequences, such as penetration of water in the substrate). Concomitantly, given the higher age of the samples under analysis in Lisbon (less than 89 years) than in Tehran (less than 48 years), the first sample was naturally subjected for a longer period to the degradation mechanisms, thus leading to a higher incidence of joint defects.



Concerning the defects related to the fastening to the substrate (Figure 6), the scaling of the stone near the edges is the major defect in the sample analysed. This is followed by a partial loss of stone material and detachment, respectively, while a partial gap in the stone elements does not occur in any inspected cases in Tehran. Conversely, the analysis of the Lisbon data reveals that the presence of partial gaps in the stone elements is the second most common defect, followed by a partial loss of stone material.



Notwithstanding the lower age of the studied samples in Tehran (with an average age of 26 years and a maximum age of 48 years) in comparison with those in Lisbon (with an average age of 38 years and a maximum age of 89 years), the defects related to the loss of integrity are more frequent in Tehran than in Lisbon, as presented in Figure 7. This result can be justified by the presence of high levels of pollutants in Tehran, which occasionally reach dangerous levels, jeopardising the health of its residents and their quality of life [36,37]. Higher air pollution increases the deterioration and weathering of stone materials [38], causing different types of anomalies related to the loss of integrity of stone plates (e.g., erosion). Moreover, the action of pollutants also promotes discoloration of the stone elements [39], as observed in 46% of the Tehran sample, and a higher deposition of sediments (Figure 4).



In this study, the defects inspected visually during the fieldwork survey are discreetly ranked based on the proposal defined by Silva et al. [2,22] regarding the degradation condition of natural stone claddings. In this classification system, which was used in several studies [24,25,27,40], the defects are ranked from 0 (no visible degradation) to 4 (generalised degradation), considering the area of the façade affected by each anomaly and its relative importance within the degradation scale adopted (Table 2).



A preliminary analysis of the Tehran data shows that every cladding presents visible defects. Most of the anomalies observed are ranked level 1 (52% of the sample), followed by level 2 (45%) and, finally, by level 3 (3%); none of the inspected claddings belong to level 4. In the Lisbon data, the defects ranked in level 2 are the most common with a frequency of 55%, followed by those in levels 1 and 3, which occur in 27% and 16% of the case studies, respectively, and, finally, anomalies related to level 4 occurred in only 2% of the façades in question [2,22].




4. Service Life Prediction Model


According to the literature, several methods can be used to predict the service life of claddings over time, which can be categorised as analytical, statistical, empirical and experimental [41]. Regarding the probabilistic nature of degradation phenomena in addition to the capability of statistical models to establish probabilistic and statistical means to predict the performance and failure probability [42], the statistical model proposed by Gaspar and de Brito [14] was adopted in the current study. This model was effectively used for the quantification of the degradation condition of various types of claddings and in other geographical contexts, namely in South America [43,44], and this is the first application of this model in Asia. This approach relies on the calculation of a numerical index (severity of degradation), which is given by the ratio among the area of the façade affected by the different anomalies (weighted based on the degradation level and the severity of the anomalies observed), and a reference area corresponding to the maximum hypothetical extent of the degradation for the façade under analysis—Equation (1).


   S w  =   Σ    A n  ×  k n  ×  k  a , n       A × Σ    k  max .        



(1)




where Sw—normalised severity of degradation of the façade as a percentage; An—area of the cladding affected by a defect n, in m2; kn—defects’ “n” multiplying factor as a function of its condition (between 1 and 4); ka,n—weighting coefficient to encompass the relative consequences of each defect, which considers the cost of repair of defect n (ka,n Є R+) (in absence of more information, ka,n = 1); kmax—weighting factor equal to the worst condition level; and A—total area of the cladding, in m2.



In this study, the groups of defects are weighted according to their repair costs [22] (i.e., the ratio between the total cost of the intervention needed to repair the anomaly and the cost of replacing the cladding). A higher weighting coefficient is thus assigned to the more complex and costly anomalies as shown in Table 3. The values of the weighting coefficient (ka,n) are different for the two samples, since these values are adjusted to the costs applied in each geographical context.



To evaluate the degradation of stone claddings over time, four typical deterioration patterns were proposed by Shohet et al. [20], defined based on specific degradation agents and mechanisms, comprising linear, convex-shaped, concave-shaped and S-shaped patterns. In this study, an S-shaped pattern was used, which allows taking into account different rates of the degradation of stone claddings; i.e., it is capable of describing the process of the cladding’s deterioration, which starts slowly and apparently stabilises over time but accelerates again near the end of the cladding’s service life. Accordingly, “S”-shaped degradation curves are obtained through a nonlinear regression, where a third-degree polynomial line is fitted to the case studies analysed in the fieldwork (Figure 8). The degradation curves of the Tehran and Lisbon data sets lead to a determination coefficient (R2) of 0.80 and 0.77, respectively. This reveals that a high percentage of the variance of the variable “severity” can be described by the proposed curves, i.e., there is a good correlation between the observed values and those predicted by the model.



To estimate the service life of the natural stone claddings, a threshold degradation level that establishes the end of its service life must be defined. The relevant literature on this subject suggests that establishing the conventional limit for the end of service life is not simple, depending on acceptance criteria, not certainly determined by “pure” scientific methods. Therefore, and according to previous research on natural stone claddings [2,22,27], a degradation severity level of 20% was chosen in this study to establish the end of service life. Accordingly, an estimated service life of 65 years was obtained, using the degradation curves in Figure 8, for the claddings located in Tehran, and an estimated service life of 68 years was calculated for the claddings in Lisbon.




5. Analysis of the Degradation Evolution According to Claddings’ Characteristics


Various studies [2,10] discuss the relevance of several contributory factors for the presence of defects in natural stone claddings, which are responsible for the claddings’ deterioration. In fact, the stone claddings show a distinct behaviour in terms of deterioration because of the great variability of their characteristics. In order to compare the degradation evolution in Tehran and Lisbon, the claddings’ features chosen in the research conducted by Silva et al. [2] for the Lisbon samples were also analysed in this work for the Tehran cases. They comprise the type of stone and related properties (colour, size and type of finishing), location of the cladding in the facade, the facade’s orientation and their exposure to environmental conditions (wind/rain action).



Natural stone is generally classified into three groups—igneous, sedimentary and metamorphic [30,31]—according to its mineral and chemical composition, the texture of the constituent particles and the genesis processes. Therefore, the samples under analysis here were grouped into three categories: (i) granite and similar stones, (ii) travertine and limestone and (iii) marble and crystal. Figure 9 provides the degradation evolution over time according to the type of stone plates used in the claddings.



In both research areas, granite stones present a longer estimated service life, even though the Lisbon data show a curve that is statistically unreliable due to a high scatter of results. In second and third place, the degradation curves reveal that travertine and limestone are more durable than marble and crystal in exterior wall claddings. An estimated service life of 64 and 63 years was obtained for limestone and marble, respectively, in Tehran, while 78 and 66 years were the estimated service lives obtained for limestone and marble, respectively, in Lisbon. These results are consistent with those of Schouenborg et al. [45], who found that granite is the most durable cladding stone, followed by limestone and then marble, by analysing the strength capacity of stone plates of 200 buildings.



Regarding the colour of the natural stone plates (Figure 10), both light and dark colours exhibit a good correlation between the field results and the degradation curves. Figure 9 shows that the degradation progress of stone claddings with light colours is faster than those with dark colour stones at the preliminary 50 years of the façade’s service life in both Tehran and Lisbon. On the contrary, after that time interval, there are no case studies in Tehran, and more data regarding claddings with dark colour stones must be collected in order to obtain unequivocal conclusions. The literature does not provide any indication regarding the relevance of colour for the deterioration of stone claddings [2]. In the Tehran sample, light colour stone claddings tend to present a higher incidence of defects than the dark colour ones, mainly because some defects, such as staining or soot deposition, are easily identified in light colour claddings [14], and, moreover, dark colours are usually associated with more durable stones, such as granites and other eruptive rocks [22].



In terms of type of finishing (Figure 11), subtle variations in the surface finishing produce some differences in decay patterns and the degradation evolution of stone claddings. Various studies suggest that the polishing of stone surfaces would partially inhibit the weathering effect because of the reduction in the open porosity of the stone surface, which exerts an influence on salt decay by fog sea-salt deposition in coastal areas, such as Lisbon, or soot deposition in the polluted air of Tehran [46,47,48]. In other words, claddings with a rough finishing present higher degradation indexes mainly due to having a higher area of stone exposed to the climatic degradation agents [49]. The results from this study (Figure 11) are coherent with previous findings, and an estimated service life of 67 and 61 years was obtained for claddings with smooth and rough finishings, respectively, in Tehran, while an estimated service life of 69 and 67 years was calculated for Lisbon for the same categories.



Regarding the evolution of the degradation condition of stone claddings according to the size of the stone elements (Figure 12), the results reveal that claddings with medium size plates (area < 0.4 m2) present longer estimated service lives than those with larger stone plates (area ≥ 0.4 m2). As mentioned by Silva et al. [2], this can probably be explained by the fact that the larger the size of the stone elements, the greater the cladding’s susceptibility to weather effects, in addition to the lower relative area of the joints in the larger plates and a resulting higher concentration of stresses, which can promote a higher incidence of defects. Based on the degradation curves (Figure 11), an estimated service life of 67 and 61 years was obtained for the Tehran claddings with medium and large stone plates, respectively, and 71 and 66 years for the Lisbon sample.



In terms of the location of the cladding (Figure 13), the samples under analysis were grouped depending on whether the stone cladding was located in the taller areas of the façade (integral or partial elevated cladding) or only in the lower floors of the building (partial bottom cladding).



Westberg et al. [50] suggested that the higher levels of façades are more exposed to the environmental agents, which can lead to a rapid deterioration of the stone claddings. Furthermore, bottom wall claddings are more accessible to carry out maintenance actions, so they are expected to have longer estimated service lives [2,22]. This study also leads to the same results, as shown in Figure 13, since an estimated service life of 63 years was obtained for partial or elevated claddings and 87 years for bottom wall claddings in the Tehran sample, while an estimated service life of 69 and 65 years was obtained for the bottom wall and elevated stone claddings in Lisbon, respectively.



The literature review on the degradation of building façades reveals that moisture is one of the main factors for materials’ deterioration [51]. Wind and solar radiation are responsible factors for moisture settling on the façade and are variable in accordance with the geographical orientation [52]; hence, an analysis of the degradation curves according to the claddings’ orientation seems relevant for the analysis of the degradation over time of stone claddings, and they are illustrated in Figure 14.



According to Gaspar and de Brito [14], regarding the rate of the erosion process according to the façades’ orientation, the authors concluded that north and west are the most critical orientations in Portugal. This has been confirmed by Emídio et al. [24], who suggested that the stone claddings facing east and south are more durable, while claddings facing west and north tend to present lower service lives. The outcomes of the current study for the Lisbon sample reveal that the most favourable cladding orientations are, in decreasing order, south, east, north and west, with estimated service lives of 71, 70, 67 and 64 years, respectively, which corroborate the findings of the previous works.



In accordance with the meteorological statistics [53], the prevailing winds in Tehran come from the west. Therefore, the probability of the incidence of wind-driven rain is high in that orientation, thus being more prone to suffer from anomalies due to the presence of moisture. Accordingly, in the sample analysed (Figure 14), stone claddings facing north/northeast and west/northwest show lower estimated service lives (63 and 64 years, respectively) in comparison with those facing south/southwest and east/southeast (with estimated service lives of 74 and 78 years, respectively).



Concerning the exposure to the combined action of wind and rain (Figure 15), two categories are considered: (i) stone claddings exposed to a severe action of wind and rain, in façades that are not protected by surrounding buildings or vegetation, in elevated areas; and (ii) stone claddings with a normal or moderate exposure to this action. As mentioned before, in the analysis of the impact of the façades’ orientation on the deterioration of stone claddings, the action of driven rain promotes the deterioration of stone claddings, being one of the main causes of erosion and other loss of integrity deficiencies [51,54]. Therefore, stone claddings with a severe exposure to wind–rain action reach the end of their service life sooner (64 and 67 years for Tehran and Lisbon samples, respectively) than claddings with a moderate exposure (85 and 68 years for Tehran and Lisbon samples, respectively).




6. Results and Discussion


Table 4 shows a summary of the results obtained for the two samples. In the previous section, as the degradation curves were presented, the results were discussed, and the conclusions of this study can be summarised as follows:




	-

	
Tehran, the capital of Iran, is one of the most densely populated cities in the world, with a population around 12 million, and is located in an active seismic zone [55]; for that reason, the structures in Iran are designed for an optimal service life of around 30 years, after which some actions must be carried out to reduce the vulnerability of the buildings to the seismic action [56,57]. In this sense, the Tehran sample presents more recent buildings (with lower ages) than the Lisbon sample (in which the design service life is usually 50 years). According to the proposed model, the natural stone claddings reach the end of their service life after 65 years in Tehran and after 68 years in Lisbon. These values agree with the literature: (i) Silva et al. [2] adopted different statistical models for the service life prediction of stone claddings, and an estimated service life ranging between 68 and 90 years was obtained; (ii) Shohet and Paciuk [41], considering a lower level of users’ demand, attained an estimated service life of 64 years (with a range of 59 to 70 years);




	-

	
The results obtained for both samples are coherent, and similar degradation patterns were identified in both samples; i.e., stone claddings in more unfavourable conditions reach the end of their service life sooner than claddings more protected from the deterioration agents. The only exception is for the façades’ orientation, although for both samples, the north and west orientations have lower service lives due to high exposure to damp and prevailing winds;




	-

	
Pitzurra et al. [58] suggest that atmospheric agents and air pollution are the major causes for the degradation of external stone claddings, while other authors [55,59] suggest that the extent of degradation of the stone claddings is influenced by the type of stone used and its mineralogical composition, as well as by its physical and mechanical properties. The results in Table 4 reveal that the type of stone is the most influential parameter in the service life of natural stone claddings in Lisbon. On the other hand, exposure to prevailing winds and application of the cladding in bottom walls, which are more protected from the environmental agents, seem to be the most relevant factors for the deterioration of stone claddings in Tehran (these characteristics have the highest impact on the loss or gain of the estimated service life of stone claddings in Tehran);




	-

	
The results seem to reveal that two different atmospheric agents have a significant impact on the deterioration of stone claddings in the two geographical contexts. In Lisbon, the exposure to damp seems to be a relevant factor, which is accountable by the north orientation; this sample is located in different areas of the city, some closer to the river and the ocean, others more protected, which allows the verification of the impact of this action on the service life of stone claddings. On the other hand, in the Tehran sample, all the claddings are in the same district, thus presenting the same exposure to this action. However, driven rain proved to be a very important degradation agent, mainly because there are also high levels of atmospheric pollution associated with this action. The presence of pollutants was shown to be unquestionably relevant in the Tehran sample, with a higher incidence of anomalies caused by this action, such as the loss of integrity defects (e.g., erosion of stone), discoloration of stone elements and deposition of debris and superficial dirt.










7. Concluding Remarks


This study analyses the service life and durability of stone claddings in two environmental contexts, namely in Lisbon, Portugal, and in Tehran, Iran. The methodology applied in this study was initially developed for rendered façades in Lisbon [14], with the aim of being a general framework for predicting the service life of building elements. In this sense, this empirical method was adapted and applied to other claddings, in particular to natural stone claddings [2,22]. In the previous approaches, the authors mentioned that this method could be applied to other elements and to other geographical contexts. In fact, even though there are significant differences between the two locations, the proposed methodology proves to be able to accurately predict the service life of stone claddings in Tehran according to their intrinsic properties, such as the type of stone, their design conditions and their exposure to environmental agents.



Similar degradation patterns were identified in both samples in accordance with the physical deterioration process of natural stone claddings over time. The results obtained revealed that the characteristics of stone claddings strongly influence their service life. The climatic or atmospheric agents present a significant impact on the deterioration of stone claddings. However, the most conditioning climatic agents for the deterioration of stone claddings seem to change in the two geographical contexts. In Lisbon, the exposure to damp seems to be the most conditioning factor, while in Tehran, the exposure to driven rain appears to be a very significant degradation agent, mainly because there are also high levels of atmospheric pollution associated with this action.



This study proposes an empirical tool to evaluate the service life of natural stone claddings, considering their on-site performance. The application of this method to two different locations proves the validity and applicability of the tool to different contexts. This study provides some knowledge about the degradation and service life of stone claddings, quantifying the variability of the estimated service life introduced by the different characteristics analysed. This information can be extremely useful both in design and maintenance stages for the adoption of more rational and durable solutions.
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Figure 1. Map of the 6th district, located in the centre of Tehran. 
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Figure 2. Illustrative example of one case study analysed in Tehran: (a) photograph of the façade; (b) diagrammatic sketch to represent the anomalies observed; (c) direct measurements and identification of different anomalies in the natural stone cladding. 
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Figure 3. Statistical analyses of the defects observed in the case studies analysed. 
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Figure 4. Frequency of the defects in the aesthetic anomalies group observed in the samples under analysis. 
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Figure 5. Frequency of the joints’ defects in the samples under analysis. 
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Figure 6. Frequency of the fastening to substrate defects in the samples under analysis. 
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Figure 7. Frequency of the different loss of integrity defects in the samples under analysis. 
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Figure 8. Degradation curves of the Tehran and Lisbon samples. 
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Figure 9. Degradation curves of the Tehran and Lisbon samples, according to the type of stone. 
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Figure 10. Degradation curves of the Tehran and Lisbon samples, according to the colour of stone. 
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Figure 11. Degradation curves of the Tehran and Lisbon samples, according to the type of finishing. 
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Figure 12. Degradation curves of the Tehran and Lisbon samples, according to the size of the stone elements. 






Figure 12. Degradation curves of the Tehran and Lisbon samples, according to the size of the stone elements.



[image: Buildings 11 00438 g012]







[image: Buildings 11 00438 g013 550] 





Figure 13. Degradation curves of the Tehran and Lisbon samples, according to the location of the cladding. 
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Figure 14. Degradation curves of the Tehran and Lisbon samples, according to the façades’ orientation. 






Figure 14. Degradation curves of the Tehran and Lisbon samples, according to the façades’ orientation.



[image: Buildings 11 00438 g014]







[image: Buildings 11 00438 g015 550] 





Figure 15. Degradation curves of the Tehran and Lisbon samples, according to the exposure to wind and rain action. 
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Table 1. Description of the samples collected in Tehran and in Lisbon.
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Cladding Characteristics

	
Tehran (162 Cases)

	
Lisbon (203 Cases)




	
Number of Cases

	
% of Cases

	
Number of Cases

	
% of Cases






	
Type of Stone

	
Granite

	
52

	
32.1%

	
54

	
26.6%




	
Limestone

	
47

	
29.0%

	
72

	
35.5%




	
Marble

	
63

	
38.9%

	
77

	
37.9%




	
Colour of natural stone

	
Light colours

	
101

	
62.3%

	
134

	
66.0%




	
Dark colours

	
61

	
37.7%

	
69

	
34.0%




	
Type of finishing

	
Smooth

	
108

	
66.7%

	
96

	
47.3%




	
Rough

	
54

	
33.3%

	
107

	
52.7%




	
Size of stone plates

	
Medium size

	
105

	
64.8%

	
129

	
63.5%




	
Large size

	
57

	
35.2%

	
74

	
36.5%




	
Location of the cladding

	
Integrally or partially elevated

	
116

	
71.6%

	
61

	
30.0%




	
Partial bottom

	
46

	
28.4%

	
142

	
70.0%




	
Orientation

	
South/southwest

	
20

	
12.3%

	
35

	
17.2%




	
East/southeast

	
32

	
19.8%

	
60

	
29.6%




	
West/northwest

	
32

	
19.8%

	
51

	
25.1%




	
North/northeast

	
78

	
48.1%

	
57

	
28.1%




	
Height of the building

	
Current (≤5 floors)

	
122

	
75.3%

	
110

	
54.2%




	
High (>5 floors)

	
40

	
24.7%

	
93

	
45.8%




	
Use of the building

	
Residential

	
149

	
92.0%

	
104

	
51.2%




	
Mixed use

	
13

	
8.0%

	
99

	
48.8%




	
Exposure to wind/rain

	
Moderate

	
58

	
35.8%

	
170

	
83.7%




	
Severe

	
104

	
64.2%

	
33

	
16.3%
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Table 2. Classification of the degradation condition of natural stone claddings (data sourced from Silva et al. [2]).






Table 2. Classification of the degradation condition of natural stone claddings (data sourced from Silva et al. [2]).





	
Degradation Level

	
Anomaly

	
% Area of Cladding Affected (**)






	
Level 0

	
No visible degradation

	
-




	
Level 1

Good

	
Aesthetic degradation anomalies

	
Surface dirt

	
>10%




	
Moisture stains

	
≤15%




	
Localised stains




	
Colour change




	
Flatness deficiencies

	
≤10%




	
Loss-of-integrity anomalies

	
Material degradation (*) ≤ 1% plate thickness

	
-




	
Material degradation (*) ≤ 10% plate thickness

	
≤20%




	
Cracking width ≤ 1 mm




	
Level 2

Slight Degradation

	
Aesthetic degradation anomalies

	
Moisture stains

	
>15%




	
Localised stains




	
Colour change




	
Biological colonisation

	
≤30%




	
Vegetation growth




	
Efflorescence




	
Flatness deficiencies

	
>10% and ≤50%




	
Joint anomalies

	
Joint material degradation

	
≤30%




	
Material loss—open joint

	
≤10%




	
Fastening to the substrate anomalies

	
Scaling of stone near the edges

	
≤20%




	
Partial loss of stone material




	
Loss-of-integrity anomalies

	
Material degradation (*) ≤ 10% plate thickness

	
≤20%




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

	
≤20%




	
Cracking width ≤ 1 mm

	
≤20%




	
Cracking width > 1 mm and ≤ 3 mm

	
≤20%




	
Fracture

	
≤5%




	
Level 3

Moderate degradation

	
Aesthetic degradation anomalies

	
Biological colonisation

	
>30%




	
Vegetation growth




	
Efflorescence




	
Flatness deficiencies

	
>50%




	
Joint anomalies

	
Joint material degradation

	
≤30%




	
Material loss—open joint

	
≤10%




	
Fastening to the substrate anomalies

	
Scaling of stone near the edges

	
>20%




	
Partial loss of stone material




	
Detachment

	
≤10%




	
Loss-of-integrity anomalies

	
Material degradation (*) > 10% e ≤ 30% plate thickness

	
>20%




	
Material degradation (*) ≤ 30% plate thickness

	
≤20%




	
Cracking width > 1 mm and ≤ 3 mm

	
>20%




	
Cracking width ≥ 3 mm

	
≤20%




	
Fracture

	
>5% and ≤10%




	
Level 4

Generalised degradation

	
Fastening to the substrate anomalies

	
Detachment

	
>10%




	
Loss-of-integrity anomalies

	
Material degradation (*) > 30% plate thickness

	
>20%




	
Cracking width > 3 mm




	
Fracture

	
>10%








(*) Material degradation is meant to be every anomaly that involves loss of volume of the stone material. (**) Data from Silva et al. [2,22].
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Table 3. Weighting coefficients corresponding to the relative importance of each group of defects.
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Anomaly

	
Repair Operation

	
Weighting Coefficient (ka,n)




	
Tehran

	
Lisbon (*)






	
Aesthetic degradation

	
Cleaning

	
0.12

	
0.13




	
Joints

	
Joint repair

	
0.13

	
0.25




	
Replacement of the joint materials

	
1.00

	
1.00




	
Fastening to the Substrate

	
Replacement of stone plates

	
1.23

	
1.20




	
Loss of Integrity

	
Repairing the affected stone plates

	
1.02

	
1.00








(*) Data from Silva et al. [22].
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Table 4. Summary of the results obtained for the estimated service life of natural stone claddings in Tehran and in Lisbon.
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Cladding Characteristics

	
R2 of the Degradation Curves

	
Estimated Service Life * (Years)

	
Service Life Gain or Loss According to the Claddings’ Characteristics ** (%)




	
Tehran

	
Lisbon

	
Tehran

	
Lisbon

	
Tehran

	
Lisbon






	
Type of stone

	
Granite

	
0.6356

	
0.2008

	
78

	
83

	
20%

	
22%




	
Travertine and limestone

	
0.8553

	
0.6865

	
64

	
71

	
−1%

	
4%




	
Marble and crystal

	
0.6594

	
0.8350

	
63

	
66

	
−3%

	
−3%




	
Colour of natural stone

	
Light colours

	
0.8339

	
0.8268

	
64

	
69

	
−1%

	
1%




	
Dark colours

	
0.7454

	
0.7413

	
67

	
60

	
2%

	
−12%




	
Type of finishing

	
Smooth

	
0.8565

	
0.6942

	
66

	
69

	
1%

	
1%




	
Rough

	
0.7056

	
0.7741

	
62

	
67

	
−5%

	
−1%




	
Size of stone plates

	
Medium size

	
0.8068

	
0.7729

	
67

	
71

	
3%

	
4%




	
Large size

	
0.8344

	
0.7482

	
61

	
66

	
−5%

	
−3%




	
Location of the cladding

	
Integral

	
0.7947

	
0.8604

	
63

	
65

	
−3%

	
−4%




	
Partial bottom

	
0.9149

	
0.7277

	
87

	
69

	
34%

	
1%




	
Orientation

	
South/southwest

	
0.6776

	
0.9047

	
74

	
71

	
14%

	
4%




	
East/southeast

	
0.7351

	
0.7144

	
78

	
70

	
21%

	
3%




	
West/northwest

	
0.8630

	
0.8835

	
64

	
64

	
−2%

	
−6%




	
North/northeast

	
0.8413

	
0.5918

	
63

	
67

	
−3%

	
−1%




	
Wind–rain action

	
Moderate

	
0.8442

	
0.7711

	
85

	
68

	
31%

	
0%




	
Severe

	
0.7849

	
0.6090

	
64

	
67

	
−2%

	
−1%








* The estimated service life is determined using the equations of the degradation curve shown in Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14. ** These values are obtained through the ratio between the estimated service life for each characteristic and the average estimated service life, which is 65 and 68 years for Tehran and Lisbon samples, respectively.
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