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Abstract

:

This study analysed climate change effects concerning the resilience of timber buildings located in southern Chile, specifically in two cities: Collipulli and Temuco (Araucanía Region). A digital fuzzy logic method was used in a set of timber buildings declared as heritage conservation buildings by Chilean Government standards. The outcomes revealed that climate change impacts did not substantially alter the functional performance of the set of heritage timber buildings examined. This study’s results can assist in developing upcoming strategies or recommendations that can support adaptation policies for administering architectural heritage regarding climate change forecasts. These data will invaluably help stakeholders who support the conservation of timber structures located in the southern environment of Chile and under the changing climatic hazard.
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1. Introduction


Heritage buildings and infrastructures are one of the most visible parts of a society and even of a region’s history, showing several forms of cultural values expressed over time [1]. Due to the fact of their cultural, architectural and, often, their social value, these kinds of structures should be preserved, and the system of values, practices and symbols of identity that allow for the preservation of their particular context should be maintained [2,3].



International and even national entities recognise the crucial need to create several innovative and sustainable tools to support balanced planning regarding the built environment [4]. Recently, several researchers have noted the importance and direct contribution of cultural heritage to more sustainable development in specific local contexts [5]. Mainly due to the fact of their cultural and social value, architectural inheritance should be conserved, preserving the practices and symbols of a specific national, regional and local identity over time [2]. Hence, the NOAH European project established an innovative mechanism for managing and transmitting vital information regarding floods, which mainly focused on the Rhine River, and its possible influence on predicting flooding [6]. The Climate for Culture project is related to global climate change, and it investigates the potential impact of climate change on Europe’s cultural heritage assets, especially on historic buildings and their interiors [7]. Likewise, the Art-Risk project developed a computerised tool for the preventive conservation of heritage in urban centres based on artificial intelligence models and focused on the particular context of Europe [8]. Thus, currently, there is a significant necessity to improve new and coherent policies focusing on the management, preservation and protection of the built heritage environment considering new possible scenarios of external environmental hazards such as the effects of climate change. Hence, institutions, authorities and stakeholders have accepted the inevitable requirement to maintain their socio-cultural resources [9]. This is paramount because the renovation of urban heritage city centres offers several benefits related to several variables associated with regenerating neighbourhoods [10], which could be more appropriate for possible new external investments.



Therefore, the Chilean government, specifically the Ministry of Housing and Urbanism, promotes phased programmes for safeguarding the city’s heritage areas [11]. The urban heritage city centre is mainly constituted of public spaces, called historical zone conservations (HZCs), and buildings, called historical building conservations (HBCs), which, due to the fact of their historical features, are defined as examples of collective memory conveyed from generation to generation. These urban and architectural locations reflect several cultural features that define the community backgrounds of the municipality and even the territory in which they are placed [11]. Urban heritage protection policies aim to revitalise Chilean municipalities [11], creating a better-looking environment for inhabitants through urban planning that preserves the uniqueness of regions [3,12], stimulating urban heritage protection and preserving these buildings in satisfactory performance conditions.



Regarding international organisations, the International Council on Monuments and Sites (ICOMOS) [12] specified that the effects of climate change and global warming are among the key pressures for current societies and their direct historical environments. Similarly, the Intergovernmental Panel on Climate Change (IPCC) was generated to deliver an evaluation of the economic, social, environmental, technical and scientific situations related to the origins of climate change and its consequences [13]. The effects of climate change, specifically extreme weather events, have been found to accelerate the current degradation of heritage buildings and, consequently, these kinds of events can reduce the physical and functional performances of these constructions [14].



In 2017, Fatoric and Seekamp [15] found that research concentrated on heritage and resources at risk due to the fact of climate events arose at the beginning of the 21st century. Notably, these kinds of studies have increased over the last several years. Although various research methodologies have been used, new additional studies are required to understand the possible future impacts of climate change [16] on the deterioration phenomenon of heritage structures. Specifically, novel research should be devoted to safeguarding cultural heritage by adopting policies to address upcoming climatic actions [17]. Heritage structures must be safeguarded, and medium- and long-term conservation programmes should be designed and implemented through monitoring the performance of conservation actions [18,19].



Northern Europe, Asia, and North America are the international regions in which most of the research related to climate change effects have been conducted on architecture, construction and engineering; however, in the Southern Hemisphere, especially in South America, studies focusing on this specific issue are absent. Thus, new research must be developed to assess and understand climate change effects on the architecture, construction and engineering sectors, particularly for heritage buildings, to achieve new advances to be adopted in future practices.




2. Research Objective


The main novelty of this approach relies on evaluating timber buildings in Chile and quantifying possible future climate change effects. The results obtained can improve the understanding of climate change effects on timber buildings in southern Chile, especially in the Araucanía Region. Furthermore, the proposed system can be adjusted to aid in the establishment of innovative adaptation measures and mitigation approaches to propose possible upcoming maintenance programmes for timber buildings in other cities or regions of the continent. The motivation for this analysis was based on the demand to develop a public management plan focusing on safeguarding regional heritage buildings emplaced in South America and based on Chilean regulations. The outcomes reached can be advantageous to different users, owners or sponsors sensible for the maintainability of heritage structures, because they can reduce the possibility of buildings’ degradation and stimulating urban renewal in the southern context of Chile.




3. Materials


3.1. Characterisation of the Buildings Analysed


In this analysis, two cities located in the region of La Araucanía (southern Chile) were analysed. Figure 1 shows the geographic locations of cities in South America.



The city of Temuco was founded in 1881 as a Fuerte Recabarren camp. As a city, Temuco resulted from the so-called pacification of La Araucanía. Currently, this city is the capital of the La Araucanía Region [20]. The geographical location of Temuco (elevation 360 m) relates to the latitude 38.74 °S and the longitude 72.59 °W. The case studies were emplaced approximately 680 km to the south of Santiago (capital) (Figure 1). Temuco is located on the banks of the Cautín River. The national census conducted in 2017, by the National Statistics Institute of Chile, established the population of Temuco to be approximately 221,000 inhabitants.



Collipulli is a commune placed in the province of Malleco in the Araucanía Region. The city is located close to the Central–South railway. It was founded in 1867 during the Occupation of Araucanía [20]. The current population is approximately 23,300 inhabitants. The geographical location of Collipulli (elevation 244 m) corresponds to the latitude 37.96 °S and the longitude 72.44 °W. The distance from Santiago is nearly 581 km to the south (Figure 1).




3.2. Climatic Environmental Characterisation


Regarding Köppen–Geiger climate cataloguing, both cities are characterised by Mediterranean weather with hot summer seasons [21]. Because there is no operational weather station near Collipulli, climate information from the Centre for Climate and Resilience Research (CCRR) was used [22]. This centre has developed a platform to visualise data from climate models [22]. This platform provides information on various meteorological parameters including the mean annual temperature and the annual amount of rainfall for the whole of Chile for historical periods (1985–2005) and future periods (2020–2044 and 2045–2069). For future periods, data are provided for two future climate change scenarios: RCP2.6 (the most positive scenario) and RCP8.5 (the most negative scenario).



A detailed description of these climate change scenarios is presented in an IPCC document (IPCC, 2013). Likewise, in previous research by Prieto et al. (2020) and Verichev et al. (2020), several examples of the use of these scenarios can be found in climate research in the fields of civil engineering and architecture [23,24].



Concerning the determination of the annual mean values of the climatic parameters, the mean value of the ensemble of climatic models was used. For the reconstruction of the climate data for the historical period, the average value of an ensemble of 57 climate models of different spatial resolutions presented on the CCRR platform [22] was used. For the RCP2.6 scenario, data from 28 climate models were considered, and for the RCP8.5 scenario, 44 models [22] were considered.



The quality of the climate models was evaluated based on their ability to reproduce the climate for a historical period. The CCRR platform provides annual or monthly average climate data already calculated and analysed. Concurrently, this platform implements the interpolation of data from the nodes of the climate models to any geographical point.



Table 1 shows that the mean error in the definition of the annual temperature for the historical period at both geographical points of this study was −0.01 °C for the mean of the ensemble of the climatic models. The climate models, on average, reproduced precipitation with a 99.91% level of precision in Temuco and 99.88% in Collipulli for 1985–2005.



In Table 1, for the RCP 2.6 scenario, the temperature increase will slow down after the 2020–2045 period. Concurrently, the increase in the mean annual temperature value will be 1.7 °C and 1.8 °C for the period 2045–2069 for the RCP8.5 scenario compared to the historical period, respectively, for Temuco and Collipulli.



In Temuco, the annual rainfall is expected to decrease by 5.6% in 2020–2045 compared to the historical period for the two scenarios. In 2045–2069, the expected decrease in precipitation will already amount to 7% and 11.8%, respectively, for RCP2.6 and RCP8.5. For Collipulli, from 2020–2045, the decrease in rainfall will be 6.3% and 5.7%, respectively, for RCP2.6 and RCP8.5. In 2045–2069, the predicted decrease in precipitation will reach 7.5% and 11.9%, respectively, for RCP2.6 and RCP8.5.



Of course, due to the geographical proximity of these cities, both the absolute values of the climatic parameters and the trends in the future changes of these parameters are quite similar. The information was also used to analyse the effects of climate changes on the performance of the timber buildings examined.




3.3. Characterisation of the Sample


The sample under analysis is categorised as an HBC regarding the main regulations of the Communal Regulatory Plan (CRP) [11]. The total sample comprised 14 heritage structures emplaced in the Araucanía Region, which were erected between the 19th and 20th centuries. However, seven buildings were particularly selected due to the fact of their similarities and presentation of some homogeneity related to their timber structures. Thus, the seven case studies were selected due to the study’s focus on wooden buildings, and a homogeneous sample was considered to minimise dispersion in the subsequent analysis of the model results.



The constructive systems implemented by Europeans, mainly Germans, in the southern regions of Chile, reproduce some of the principal features of their former homeland, although there are variations due to the use of wood as the main material in the local region. It is one of the primary accessible materials for production in this region [25,26].



Concerning several characteristics of the buildings, the ground floor is organised, in practically all of the case studies, around an axial axis formed by a central corridor or a corridor under the category of a hall [27]. The volume presents a glazed gallery, normally turned towards the north to leverage solar radiation. The case studies have listed turrets, bow-windows and projecting windows, galleries, corridors and accesses of imperial scales as characteristics [28]. The ceilings are rarely used, unlike what is appreciated in the areas farther south [29].



These houses are preferably built as wood houses; however, towards the beginning of the 20th century, stucco brick masonry was incorporated, especially in baseboards or certain areas of the house [29]. There is also the use of an adobillo, a partition constructed using pieces of wood with a square section and a large square, usually oak, that is filled with adobe and then covered with cement mortar or metal plates [30]. A variant of this construction system is the “English partition” in which the adobe is replaced by unplanted clay brick, thus giving the appearance of a brick wall with its structures, sills and diagonals in sight [28,29]. Figure 2 shows the main characteristics of the case studies examined.





4. Fuzzy Logic Methodology for Evaluating Heritage Buildings’ Functional Performance


The system implemented in this study was based on fuzzy set theory, which was founded in 1965 by Lofti A. Zadeh (1965) [31]. Fuzzy sets are commonly used as a support system for decision-making and engineering procedures [32], particularly in cases where the phenomenon under examination presents different levels of uncertainty associated with its nature [33]. This happens in evaluating the functional performance of structures and the external hazards caused by different parameters such as social, natural or environmental transformations. In 2014, Macias-Bernal et al. (2014) [34] proposed an early version of the system: fuzzy building service life (FBSL). This method can be used to establish priorities for interventions in heritage constructions under similar constructive characteristics and was established based on the ISO 31000 risk management standard [35,36]. This fuzzy logic system has been correlated and validated to another predictive model that evaluates the physical service life or degradation of building components. The results revealed that when the degradation of building components increase, their functionality index decreases. To perform this analysis, the degradation conditions of 647 claddings (84 rendered facades, 177 painted surfaces, 183 ceramic claddings and 203 natural stone claddings) emplaced in southwestern Europe (central and south Portugal) were analysed. A strong relationship between the two indexes considered was obtained (with a determination coefficient of 0.673 for rendered facades, 0.833 for painted surfaces, 0.764 for ceramic claddings, and 0.756 for natural stone claddings), showing an inverse correlation between them [37].



This fuzzy inference system can provide the overall functional performance of buildings regarding five variables (v1–v5) related to intrinsic vulnerabilities (Table 2) and 12 variables related to external hazards (r6–r17), which are specified in Table 3. In Table 4, a correlation between average annual precipitation (mm), average annual temperature (°C), and the input variables, r12 (rainfall) and r13 (temperature), is provided based on previous approaches and on the local geographical context of the Araucanía Region [3,38]. From Table 4, two variables—annual precipitation and average annual temperature—are directly related to climate. Using the data detailed in Table 1, first, the overall functional performance of buildings under study in climatic conditions for the period 1985–2005 was established. Further, the set of buildings was remodelled based on two main hypotheses: (i) all input variables of the constructions were unchanged concerning the previous stage because it was not possible to recover enough information to predict the remaining variables’ evolution in the future [39]; (ii) only the atmospheric hazards (r12—rainfall; r13—temperature) were re-analysed in a new scenario of climate change using the information presented in Table 1 and Table 4.



The fuzzy system was executed through Xfuzzy 3.0, which is open-access software developed by the Microelectronics National Centre of Spain [40,41].



4.1. Fuzzification Phase


This process concerns the transformation of crisp parameters into different ratings of diffuse membership functions [42]. The methodology mainly concerns Gaussian-type membership functions as one of the most suitable functions for modelling the functionality of timber structures, except for the geological location parameter that implements four trapezoidal membership functions (concerning four types of terrain). Gaussian-type membership functions offer good accuracy regarding small mean square error [43]. The set of input parameters was fuzzified in particular membership functions,    μ A   , in which the universe of discourse is represented by U. A fuzzy set reaches any value described in the range [0,1] [44].



A membership function, μ, assigns to every component a degree of membership in fuzzy set A, going from zero to one [45] (Equation (1)).


   μ A  : U →  [  0 , 1  ]   



(1)







The fuzzy logic model considers the operator “and” as a connector that is described as an intersection. Therefore, given two sets, A and B, defined by their individual U, the intersection of both sets is A^B, and its membership function is defined in Equations (2) and (3) [46]:


   μ A    ∧    μ B     (  x , y  )  = T  [   μ A   ( x )  ,    μ A   ( y )   ]   



(2)






  T  (  x , y  )  = min  (  x , y  )  ,  



(3)




where T(x,y) = T-norm [47], which conforms with the commutative, associativity and monotony properties as seen in Equation (3). The fuzzy inference system (FBSL2.0) uses the minimum as a connective [48].




4.2. Knowledge Base and Inference Rules


A set of professional experts in structures and building management (specialists concerned with the restoration and pathology of heritage structures) was consulted during the model’s design phase [34,49]. The expert survey established 354 diffuse inference rules. An application based on the Delphi method was used to treat each expert’s answer [50]. The base of knowledge was a set of fuzzy rule controls, including linguistic labels, describing the knowledge of professional experts of the controlled method. Mamdani’s fuzzy model, one of the most accepted procedures and algorithms, was used in this approach [51]. Normally, the premise of the inference rule is established as combinations of input membership functions—IF, and the consequence part of the rule is stated as the output membership functions—THEN. In Table 5, a set of 10 IF–THEN inference rules are described. The theoretical inference rules are defined as follows in Equation (4):


   R u l e    (   v 1   )  =  w 1    i s    p 1    A N D    x 1    i s    q 1    A N D    y 1    i s    r 1  … T H E N    z 1    i s    s 1     R u l e    (   v n   )  =  w n    i s    p n    A N D    x n    i s    q n    A N D    y n    i s    r n  … T H E N    z n    i s    s n    



(4)




where p1, q1, r1, s1, pn, qn, rn and sn denote the linguistic values characterised by fuzzy sets.




4.3. Defuzzification Phase


The defuzzification phase obtains crisp values representing the fuzzy information generated by the fuzzy inference system. The centre of the area (CoA), one of the most successful defuzzification processes, was used [52,53]. Equation (5) presents the mathematical defuzzification expression for estimating the functional performance index of buildings:


  F S B  L  2.0   =     ∑  i   y i  ·  μ B     (   y i   )      ∑  i   μ B     (   y i   )     



(5)







This method addressed a semi-qualitative output founded on the evaluation of the specialists for every structure considered. The output’s levels of performance (Conditions A, B and C) of the fuzzy expert system are defined in Table 6.





5. Results and Discussion


The next three subsections discuss the applicability of the fuzzy logic model to the set of case studies examined in the Araucanía Region (southern Chile): (i) application regarding current climate conditions; (ii) application considering two climatic situations (RCP2.6 and RCP8.5) of climate change predictions for a near future period (2020–2044); (iii) application of the fuzzy logic system to the sample concerning two specific climatic situations (RCP2.6 and RCP8.5) for a distant future period (2045–2069).



5.1. Fuzzy Logic System Applied to Heritage Timber Structures Regarding Current Climatic Conditions


Regarding the FBSL2.0 system’s application for southern Chile, a previous sensitivity analysis was performed to reach the maximum and minimum probable values of the model improved by Prieto et al. (2020) [38]. These prior examinations confirmed that the lowest output of the fuzzy logic system (9 points) achieved was also obtained in European contexts for Spain and Portugal [54]. Similarly, the maximum possible value for the functional performance output was established as 51 for buildings in southern Chile (Table 5). The fuzzy model maintained a constant total of three input variables encompassing the emplacement and the climatic present and future scenarios of the timber buildings analysed: geological location (v1), rainfall and wind (r12) and temperature (r13).



In this research, the functional performance method (FBSL2.0) was applied to a total of seven timber buildings located in southern Chile: four in the capital region of Temuco and three in the city of Collipulli. Concerning their administrative location, 100% of the cases were in the Araucanía Region and followed the set of HBC timber buildings as defined by the CRP [11]. Considering the applicability of the model, Table 7 specifies the data concerning the input variable valuation and the functionality (output parameter) of the cases analysed. In this analysis, a case study (14.3% of the sample) reached the lowest valuation (Condition C) regarding its functional service life, meaning that external risks and vulnerabilities were observed as especially aggressive to the building or structures analysed. Therefore, inspection and preventive maintenance action should be immediately recommended. A total of four case studies (57.1% of the sample) were classified as Condition B (orange colour) in which vulnerabilities and risks were considered moderate, where the benefits and costs were balanced in order to decide when it would be crucial to intervene. Finally, 28.6% of the samples (two buildings) were ranked as Condition A in which the risks and vulnerabilities were perceived as low; thus, intervention is not required in the near future (Table 8). Regarding a particular analysis of the sample and functionality conditions, the following results were obtained: (i) regarding Condition A, the case studies COL-01 and COL-03 in Collipulli were classified in this situation; (ii) most of the samples were classified as Condition B. In Collipulli, two cases (28.6%) were ranked as having the functional performance of Condition B (COL-04 and COL-02). Temuco also presented two cases (TEM-02 and TEM-03) in Condition B (28.6%). Finally, a case located in Temuco (TEM-01) was classified as Condition C (Table 7).




5.2. Climate Change and Building Performance for a Near Future Period (2020–2044)


Based on an introductory analysis of climate change conditions in the near future, minor differences between the current climatic conditions and the predicted period of 2020–2044 (Table 1) were observed. The reduction in annual precipitation and the increase in temperature in both locations (Table 1), Collipulli and Temuco, parallel the previous research analysed [55], demonstrating a decrease in precipitation for Central and South America, which will not generally induce an extreme further deterioration of the HBCs examined (Table 8). Thus, fewer actions related to precipitation with medium- or low-intensity risks should occur [56].



Evolved from the predictive information obtained from the CCRR (2019) for the near future (2020–2045), the average annual precipitation will decrease between 77 and 85 mm for both locations (Temuco and Collipulli) for RCP2.6 and the pessimistic scenario RCP8.5. Considering temperature (°C), Temuco and Collipulli showed a maximum increase in average annual temperature for the pessimistic scenario (RCP8.5), which will be around 0.9 °C; however, when analysing the optimistic scenario (RCP2.6), Temuco presented the lowest increase in average annual temperature (0.6 °C). For Collipulli, the increase in the average annual temperature was 0.7 °C. This analysis confirmed a decrease in the annual average precipitation predicted and an increase in the annual average temperature predicted regarding the regional zone (Table 1).



Based on the results achieved, no several variations among the current situation and the predicted climatic situations of 2020–2044 (Table 1) were identified. The fuzzy logic system was not sensitive enough to the very slight deviations in climatic conditions for 2020–2044. The functional performance predictions for the sample concerning RCP2.6 (i.e., the optimistic scenario) and RCP8.5 (i.e., the pessimistic scenario) for the period from 2020–2044 remained practically the same. This was mainly due to the fact of climate change, as the patterns of its impacts on buildings are particularly difficult to recognise because these changes occur at a very slow pace and, normally, changes in the near future are challenging to perceive [57].




5.3. Climate Change and Building Performance for a Distant Period (2044–2069)


Considering the prediction information gained from the CCRR (2019) regarding the period between 2044 and 2069, the average temperature (annual measure) will have a minimum increase of 0.7 °C from the current weather data (1985–2005) concerning the most optimistic predictions (RCP2.6) and an extreme increase of 1.8 °C for the pessimistic scenario (RCP8.5) (Table 1). This growth in average temperature (annual measure) was consistent in the cities examined. Considering the precipitation variable, Temuco and Collipulli presented the same decrease in annual average precipitation (−102 mm) for the optimistic prediction (RCP2.6) from 2044 to 2069. For the RCP8.5 scenario, in this period, Temuco showed the greatest reduction (171 mm) in annual average precipitation, which was less than the current weather data registered, followed by Collipulli, with a decrease of approximately 161 mm in annual average precipitation (Table 1).



Thus, the decrease in rainfall and the increase in temperature were consistent for the cities analysed in southern Chile. It has been determined that climatic prediction models normally minimise the average rainfall during the austral summer season over the Patagonia Region and in the southern regions of the Andes mountains but increase precipitation quantities near Peru. Vera et al. (2006) [58] remarked that one of the most substantial features that characterises wintertime precipitation in the Austral areas of South America is the clear decrease in annual precipitation levels over almost the entire region.



The precipitations (r12) and temperature (r13) input parameters were adjusted for the case studies of Temuco and Collipulli. In previous studies, atmospheric inputs were connected with real data gained from average precipitations (mm) and average temperatures (°C) in Chile [39]. The current version of the fuzzy system cannot contemplate unpredictable, severe climatic incidents.



Regarding the optimistic (RCP2.6) and pessimistic (RCP8.5) scenarios for 2044–2069, only the atmospheric variables (r12 and r13) were revised. This situation was considered to identify the specific pattern of future degradation related to the buildings’ functionality. Regarding the remaining 15 variables, they were assigned based on the in-situ survey and the preservation of their previous climatic scenarios analysed.



The current version of the FBSL2.0 system cannot identify differences in the functional performances for the case studies examined regarding the most optimistic scenario RCP2.6 for 2044–2069 (distant future); however, considering the most pessimistic scenario RCP8.5 (2044–2069), the method could show deviations in the functional performances of timber structures before and after climatic circumstances. The connections between the variables were as follows:




	
Collipulli: (i) the average precipitation (mm) was 1195 mm, equivalent to 5.5 points for the parameter r12 (precipitation); (ii) the average temperature (°C) was 13.2 °C, related to 3.5 points for the parameter r13 (temperature) (Table 8).



	
Temuco: (i) the average precipitation (mm) was 1279 mm, equivalent to 5.5 points for the parameter r12 (precipitation); (ii) the average temperature (°C) was 12.8 °C, related to 4.0 points for the parameter r13 (temperature) (Table 8).








For the most pessimistic scenario concerning RCP8.5, the maximum amplitude of the results achieved for the deviation in building performance was found in Collipulli. The functionality level of the building COL-02 will increase by 1.51 points; however, another case study (COL-04) presented a decrease of 1.44 points. For the seven case studies examined in Temuco and Collipulli, an average variation of −0.35 was perceived with a standard deviation of 0.93 points (Table 8). Six timber structures presented a decrease in their functional service life between the climatic assessment of 1985–2005 and the forecast for 2044–2069. Only one building (i.e., COL-02) showed an improvement in its functional service life (1.51 points). None of the case studies analysed presented changes in their functional conditions; all maintained their previous conditions.



Notably, with almost the same expected climate change variations, the case studies located in the Araucanía Region mainly observed a decrease in the value of the general functionality index, compared to other southern regions in Chile, such as Los Ríos and Los Lagos, where future climatic changes positively affected the value of the index. This occurred regarding the general functionality of the structures with the same construction characteristics under the most pessimistic climatic scenario: RCP8.5 [38]. However, the existing model has a rather poor sensitivity to changes in climatic parameters, while changes can positively and negatively affect the calculated value of the general function index. Therefore, it would be good to add extreme climatic parameters to the model but for different climatic zones, and these parameters should differ according to trends in the generalised climatic effects. These could include the annual sum of hourly temperatures greater than a specified base temperature as an analogue of cooling degree days; the annual sum of hourly temperatures less than a specified base temperature as an analogue of heating degree days [59,60]; the annual duration of heat waves; the annual duration of frost; the annual sum of direct solar radiation. Concurrently, it is important to consider the effects of climatic parameters and extreme climatic events on the degradation of buildings [61].



This new type of approach can be used for initial state-of-the-art applications considering climate change and the functional degradation conditions of timber heritage buildings in the context of the Southern Hemisphere (e.g., Chile). The results can improve the understanding of buildings’ performances in the future. These particular and specific approaches assist in the conceptualisation of a “time–space” examination, showing how climate change effects can affect the future degradation of heritage timber buildings in southern regions of Chile; however, more specific and particular research must be developed. Novel extensive applications must be considered to extend the number of case studies in the region and to examine new contexts considering additional constructive features in extreme cases, such as the northern and extreme southern (Magallanes) regions of South America.





6. Conclusions


This study presented a new approach for recognising the extent to which climatic factors impact the functionality of heritage timber structures, using case studies in two specific cities in the Araucanía Region. Hence, for a consistent analysis of the outcomes obtained, the main restrictions of the fuzzy method applied were explained. The FBSL2.0 methodology was previously established to arrange maintenance schedules for heritage parish churches in Andalusia, southern Spain. The system was adjusted and positively applied to new analyses focusing on the functional performance of heritage buildings in south and central Chile [24]; however, the fuzzy system was not previously developed to particularly recognise the impacts of climate change conditions on the functional performance of buildings in any context. Moreover, the model included several input parameters (significant for examining a building’s performance) and two variables that especially focused on climatic degradation agents. Furthermore, these two variables (r12—precipitation; r13—temperature) can be applied over time using the new adaptation of the parameters and the valuation involved.



Therefore, several specific conclusions must be drawn after the method’s application. The results achieved show that the fuzzy logic system does not recognise meaningful variations in the functional conditions of the timber buildings examined due to the fact of rapid climate changes and because climate changes should arise at a gradual velocity. In addition, the system could detect some variations in the most pessimistic scenario (RCP8.5) for 2044–2069.



Thus, the climatic variations in the region analysed were connected to an expected increase of approximately 1.8 °C in the average temperature and a reduction in the precipitation intensities (171 mm), which could preserve the maintenance of timber buildings at medium/good performance levels. Additionally, in some cases, a particular decrease in the average precipitation quantities could also increase the functional levels (performance) of the timber structures due to the reduction in defects related to water affections.



Examining a larger sample of heritage buildings in the region should induce improvements in the results, although, in previous studies, the number of case studies related to the sample was not an indicator of the sensitivity of the planned fuzzy logic system. This is because, in a city in which approximately 10 structures were examined, the influences of climate change were almost unobserved, while in another location with three or four buildings examined, all presented variations in their estimated functional performance.



In future studies, non-heritage buildings should be examined to detect the impact of climatic conditions. This type of examination will allow for determining whether the current construction methods and the state of the maintenance of buildings significantly impact their resilience and functional performance over time. This analysis helps to assist in developing upcoming strategies and recommendations that can support adaptation policies for managing and controlling architectural heritage regarding climate change forecasts. This information could also be relevant for stakeholders who support the conservation of heritage buildings in new emplacements in south Chile and under the effects of climate change.
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Figure 1. Location of the two municipalities under analysis (Araucanía Region) in southern Chile. 
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Figure 2. Samples under analysis. 
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Table 1. Data regarding the average annual precipitation and temperature for the three climatic periods for the two locations (i.e., Temuco and Collipulli).
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Temperature (°C)

	
1985–2005

	
2020–2045

	
2045–2069




	

	

	
RCP2.6

	
RCP8.5

	
RCP2.6

	
RCP8.5




	
Temuco

	
11.1(−0.01 ± 0.01)

	
11.7(± 0.08)

	
12.0(± 0.06)

	
11.8(± 0.10)

	
12.8(± 0.10)




	
Collipulli

	
11.4(−0.01 ± 0.01)

	
12.1(± 0.07)

	
12.3(± 0.06)

	
12.2(± 0.10)

	
13.2(± 0.11)




	
Precipitation (mm)

	
1985–2005

	
2020–2045

	
2045–2069




	

	

	
RCP2.6

	
RCP8.5

	
RCP2.6

	
RCP8.5




	
Temuco

	
1450(99.91% ± 0.32%)

	
1369(± 31)

	
1369(± 28)

	
1348(± 31)

	
1279(± 32)




	
Collipulli

	
1356(99.88% ± 0.36%)

	
1271(± 32)

	
1279(± 29)

	
1254(± 32)

	
1195(± 37)
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Table 2. Input variable descriptions related to buildings’ vulnerabilities [36].
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	Vulnerabilities
	Ids
	Quantitative and Qualitative Evaluation
	Qualitative Description





	Geological location
	v1
	1.0—favourable
	Optimal stability ground conditions



	
	
	2.5—medium
	Satisfactory stability ground conditions



	
	
	4.0—unfavourable
	Critical stability ground conditions



	Roof design
	v2
	1.0—favourable
	Very fast water evacuation of the roof



	
	
	4.5—medium/regular
	Normal water evacuation of the roof



	
	
	8.0—unfavourable
	Very slow water evacuation of the roof



	Environmental conditions
	v3
	1.0—favourable
	Building without a complex construction around it



	
	
	4.5—medium/regular
	Intermediary valuation concerning favourable and unfavourable states



	
	
	8.0—unfavourable
	Structure emplaced inside of complex constructions (city centres)



	Constructive system
	v4
	1.0—favourable
	Uniform constructive system features



	
	
	4.5—medium/regular
	Constructive system is defined between uniform and completely heterogeneous constructive system features



	
	
	8.0—unfavourable
	Constructive system presents several heterogeneous features



	Preservation
	v5
	1.0—favourable
	Optimal state



	
	
	4.5—medium/regular
	Normal preservation state



	
	
	8.0—unfavourable
	Neglected preservation state
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Table 3. Input variables descriptions related to external hazards [36].
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	External Hazards
	Ids
	Quantitative and Qualitative Evaluation
	Qualitative Description





	Static–Structural
	
	
	



	Load state modification
	r6
	1.0—favourable
	Slight load state modifications (low hazard)



	
	
	4.5—medium/regular
	Symmetric and balanced load state modifications (medium hazard)



	
	
	8.0—unfavourable
	Disorderly load state modifications (high hazard)



	Live loads
	r7
	1.0—favourable
	Live load below the original condition (low hazard)



	
	
	4.5—medium/regular
	Live load equal to the original condition (medium hazard)



	
	
	8.0—unfavourable
	Live load exceeding the original condition (high hazard)



	Ventilation
	r8
	1.0—favourable
	Natural cross-ventilation in all areas examined (low hazard)



	
	
	4.5—medium/regular
	Natural cross-ventilation in just some areas examined (medium hazard)



	
	
	8.0—unfavourable
	No natural cross-ventilation (high hazard)



	Facilities
	r9
	1.0—favourable
	All facilities are in use (low hazard)



	
	
	4.5—medium/regular
	Some facilities are in use, or they are not ready to be used (medium hazard)



	
	
	8.0—unfavourable
	The facilities are not possible to be used (high hazard)



	Fire
	r10
	1.0—favourable
	Low fire load regarding a combustible structure (low hazard)



	
	
	4.5—medium/regular
	Medium fire load regarding a combustible structure (medium hazard)



	
	
	8.0—unfavourable
	High fire load regarding a combustible structure (high hazard)



	Inner environment
	r11
	1.0—favourable
	Maximum level of health, cleanliness and hygiene of the building’s spaces (low hazard)



	
	
	4.5—medium/regular
	Medium level of health, cleanliness and hygiene of the building’s spaces (medium hazard)



	
	
	8.0—unfavourable
	Low level of health, cleanliness and hygiene of the building’s spaces (high hazard)



	Atmospheric
	
	
	



	Precipitations
	r12
	1.0—favourable
	Low annual precipitations



	
	
	4.5—medium/regular
	Medium annual precipitations



	
	
	8.0—unfavourable
	Maximum annual precipitations



	Temperature
	r13
	1.0—favourable
	Low temperature variances



	
	
	4.5—medium/regular
	Medium temperature variances



	
	
	8.0—unfavourable
	Maximum temperature variances



	Anthropic
	
	
	



	Population growth
	r14
	1.0—favourable
	Population increases of more than 15%



	
	
	4.5—medium/regular
	No population increase



	
	
	8.0—unfavourable
	Population increases of less than 5%



	Heritage value
	r15
	1.0—favourable
	High historical value



	
	
	4.5—medium/regular
	Normal historical value



	
	
	8.0—unfavourable
	Low historical value



	Furniture value
	r16
	1.0—favourable
	High social, cultural and liturgical value



	
	
	4.5—medium/regular
	Medium social, cultural and liturgical value



	
	
	8.0—unfavourable
	Low social, cultural and liturgical value



	Occupancy
	r17
	1.0—favourable
	High occupancy level



	
	
	4.5—medium/regular
	Medium occupancy level



	
	
	8.0—unfavourable
	Low occupancy level
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Table 4. Relationship between average annual precipitation, average annual temperature, and valuation of the atmospheric input parameters (r12—rainfall; r13—temperature) [39].
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	r12—Rainfall/r13—Temperature
	Average Annual Precipitation (mm)
	Average Annual Temperature (°C)





	1.0
	<100
	>18.0



	1.5
	100–200
	18.0–17.0



	2.0
	200–300
	17.0–16.0



	2.5
	300–350
	16.0–15.0



	3.0
	350–400
	15.0–14.0



	3.5
	400–450
	14.0–13.0



	4.0
	450–500
	13.0–12.0



	4.5
	500–750
	12.0–11.0



	5.0
	750–1000
	11.0–10.0



	5.5
	1000–1500
	10.0–9.0



	6.0
	1500–2000
	9.0–8.0



	6.5
	2000–2500
	8.0–7.0



	7.0
	2500–3000
	7.0–6.0



	7.5
	3000–5000
	6.0–5.0



	8.0
	>5000
	<5.0
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Table 5. IF–THEN fuzzy inference procedures and rules generated by professionals’ knowledge.
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	ID Inference Rules
	IF
	Premise One
	AND
	Premise Two
	THEN
	Possible Consequences





	1
	IF
	Geological location is optimal
	AND
	Constructive system is homogeneous regarding the materials used
	THEN
	Vulnerability of the buildings should be very low



	2
	IF
	Geological location is extremely poor
	AND
	Environmental conditions are regular
	THEN
	Vulnerability of the buildings is very aggressive concerning a normal state of building conservation



	3
	IF
	Occupancy is very high
	AND
	Heritage value is very high
	THEN
	Anthropic risks are very high



	4
	IF
	Roof is in a neglected state
	AND
	Preservation is poor
	THEN
	Vulnerability is very high



	5
	IF
	Ventilation does not exist inside the building
	AND
	Inner environment is normal
	THEN
	Static–structural risks should be normal



	6
	IF
	The building presents several load state modifications over its service life
	AND
	Facilities do not follow the current standards
	THEN
	Static–structural risks will be emplaced in an aggressive situation to the current state of the building



	7
	IF
	Rainfall and wind normally are not very high
	AND
	There are no significant variations between minimum and maximum temperatures
	THEN
	Atmospheric risks are not aggressive to the building



	8
	IF
	The building has been intervened with only several months ago
	AND
	Occupancy is normal concerning the building’s dimensions
	THEN
	The building does not present a high vulnerability



	9
	IF
	Anthropic risks are very low
	AND
	Vulnerability is at an acceptable level
	THEN
	The durability of the building is very good



	10
	IF
	Atmospheric risks are very aggressive to the current state of the building
	AND
	Static–structural risks present a high affection
	THEN
	The durability of the building decreases
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Table 6. Functional performance states in the context of southern Chile (Araucanía Region).
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	ID Conditions
	Range
	Levels
	Description





	A
	(51–30)
	Upper level

(Green colour)
	Vulnerabilities and external hazards are considered low. Therefore, a preventive safeguarding action is not specifically needed in the near future.



	B
	(30–20)
	Middle level

(Orange colour)
	Vulnerabilities and external hazards are observed to be moderate. Thus, the costs and benefits need to be balanced when deciding when it is necessary to intervene.



	C
	(20–09)
	Lower level

(Red colour)
	Vulnerabilities and external hazards are considered particularly aggressive to the building. Therefore, inspection and preventive maintenance action should be immediately recommended.
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Table 7. Input variables and functional performances (outputs) for seven timber structures examined in the Araucanía Region, southern Chile (climatic period 1985–2005).
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Ids

	
Location

	
Vulnerability

	

	

	
Hazards

	

	

	

	

	

	

	

	

	

	

	
Output

	




	

	

	

	

	

	

	

	
Static-Structural

	

	

	
Atmospheric

	
Anthropic

	

	

	




	

	

	
v1

	
v2

	
v3

	
v4

	
v5

	
r6

	
r7

	
r8

	
r9

	
r10

	
r11

	
r12

	
r13

	
r14

	
r15

	
r16

	
r17

	
FBSL2.0

	
Functionality Conditions






	
TEM-01

	
Temuco

	
4.0

	
3.5

	
5.0

	
2.5

	
5.5

	
2.5

	
3.0

	
5.0

	
3.0

	
6.0

	
5.0

	
5.5

	
4.5

	
4.0

	
1.0

	
5.5

	
5.0

	
19.58

	
C




	
COL-04

	
Collipulli

	
4.0

	
4.0

	
2.5

	
2.3

	
4.0

	
4.0

	
5.0

	
5.0

	
2.4

	
5.0

	
5.0

	
5.5

	
4.5

	
4.0

	
1.0

	
3.0

	
2.5

	
24.11

	
B




	
COL-02

	
Collipulli

	
4.0

	
2.0

	
5.0

	
3.0

	
4.8

	
3.0

	
2.0

	
5.0

	
4.0

	
5.0

	
5.0

	
5.5

	
4.5

	
4.0

	
1.0

	
5.5

	
5.0

	
24.16

	
B




	
TEM-02

	
Temuco

	
4.0

	
3.0

	
7.0

	
2.0

	
5.0

	
3.0

	
2.5

	
4.0

	
2.5

	
4.5

	
5.0

	
5.5

	
4.5

	
4.0

	
1.0

	
4.5

	
2.0

	
27.87

	
B




	
TEM-03

	
Temuco

	
4.0

	
4.5

	
6.0

	
3.0

	
3.5

	
2.5

	
2.5

	
4.0

	
2.5

	
4.5

	
5.0

	
5.5

	
4.5

	
4.0

	
1.0

	
4.5

	
2.0

	
29.53

	
B




	
COL-03

	
Collipulli

	
4.0

	
4.0

	
3.5

	
3.0

	
4.0

	
2.0

	
3.5

	
4.5

	
3.0

	
5.0

	
5.0

	
5.5

	
4.5

	
4.0

	
1.0

	
3.0

	
2.5

	
30.92

	
A




	
COL-01

	
Collipulli

	
4.0

	
4.0

	
4.2

	
2.0

	
2.0

	
2.0

	
2.0

	
4.5

	
2.0

	
5.0

	
5.0

	
5.5

	
4.5

	
4.0

	
1.0

	
3.0

	
4.0

	
35.40

	
A
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Table 8. Functional performance of the seven timber structures in the cities of Temuco and Collipulli before and after climatic variations (RCP8.5) for 2045–2069.
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Ids

	
Functionality

	
Functionality

	




	

	
1985–2005 (According to Table 7)

	
2044–2069

	




	

	
r12

	
r13

	
FBSL2.0

	
Condition

	
r12

	
r13

	
FBSL2.0

	
Condition

	
Delta FBSL2.0






	
TEM-01

	
5.5

	
4.5

	
19.58

	
C

	
5.5

	
4.0

	
19.52

	
C

	
−0.06




	
COL-04

	
5.5

	
4.5

	
24.11

	
B

	
5.5

	
3.5

	
22.67

	
B

	
−1.44




	
COL-02

	
5.5

	
4.5

	
24.16

	
B

	
5.5

	
3.5

	
25.67

	
B

	
1.51




	
TEM-02

	
5.5

	
4.5

	
27.87

	
B

	
5.5

	
4.0

	
27.44

	
B

	
−0.43




	
TEM-03

	
5.5

	
4.5

	
29.53

	
B

	
5.5

	
4.0

	
29.06

	
B

	
−0.47




	
COL-03

	
5.5

	
4.5

	
30.92

	
A

	
5.5

	
3.5

	
30.35

	
A

	
−0.57




	
COL-01

	
5.5

	
4.5

	
35.40

	
A

	
5.5

	
3.5

	
34.42

	
A

	
−0.98
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