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Abstract

:

Facades play an important role in building performance and durability since these systems, one of the most external elements, are highly exposed to climatic degradation agents. The degradation process evolves over time, causing anomalies and performance failures, ultimately reducing the building’s service life. When directly influenced by the agents and mechanisms, the expected degradation of the systems that constitute the facade depends on the degree of exposure to the agents and how the degradation mechanisms act under different conditions. Given the relevance of the topic and the need for information on the degradation process of facade elements, this investigation aims to evaluate the relationship between the degradation measured in buildings in Brasília and the exposure degree of the facades, focusing on climatic degradation agents. The facades are evaluated regarding exposure to driving rain and solar radiation and classified into two groups: high exposure and low exposure. The sample degradation was quantified using the Degradation Measurement Method (DMM) and the General Degradation Factor (FGD). This methodology showed both the behavior models for the different exposure groups and allowed us to calculate estimated service life (ESL) values of approximately 26 and 35 years for facades with high and low exposures, respectively. The FGD values are higher for facades with high exposure compared to those with lower exposure. Additionally, North-oriented facades are the most critical, exhibiting the highest degradation levels due to the greater intensity of driving rain and incident solar radiation.
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1. Introduction


Facade systems perform relevant functions for the performance of buildings, especially preventing the passage of water, whether from rain or other sources that generate moisture. In addition to the important watertight requirement concerning facade performance, another important function is to protect the internal environment from the external climate. Durable facades that protect against the elements are a requirement in the construction of buildings that aim to guarantee safety, aesthetics, and comfort for their users [1,2,3].



The building envelope, composed of the roof, facades, and elements under the ground, is the most external system of a building and receives a large set of actions and efforts, many of them arising from the climate. ISO 15686-2 [4] classifies agents according to their nature. In general, when external to the building, these degradation agents originate from the atmosphere or soil; when internal to the building, the agents originate from use and occupation [5,6,7,8,9,10]. Different agents can also act together, the greatest example being rain associated with wind that gives rise to driving rain at facades [11,12,13,14].




2. Facade Degradation


To investigate the degradation of facades and the factors involved in its process, different considerations are required, mainly regarding climate variables. In Brasília, DF, Brazil, in general, North-facing facades present potentially more significant levels of degradation resulting from exposure to a set of active agents [12,15,16]. From another perspective, high exposure to possible climatic degradation agents does not necessarily imply higher levels of degradation. For degradation to occur, the agent must allow conditions for the development of degradation mechanisms. Furthermore, the agent-mechanism combination, whether due to the intensity or duration of the effects, differentiates the degradation levels observed on building facades. Particularities that increase this action enhance the conditions necessary for developing significant levels of degradation; therefore, it is mandatory to investigate the agents and mechanisms, the level of exposure to the agents, and the anomalies observed in these situations [7,9,13,17,18,19].



2.1. Degradation Agents and Mechanisms


The building exposure conditions can contribute to the reduction of performance, consequently affecting the degradation and service life of the building facade [15,20,21]. Building elements are affected by an evolutionary process of degradation over time, mainly related to the conditions of exposure to the environment and the agents and mechanisms of degradation [22,23,24]. A mechanism may involve more than one degradation agent, and, in many cases, these combinations increase the system complexity, hampering the identification of such actions and mechanisms [25,26,27].



Degradation mechanisms can also act synergistically in different ways: associated or not, simultaneously, or sequentially. For example, the effects of wetting and drying cycles on the development of salt crystallization and the detachment of claddings [28]. The synergy between mechanisms, in these cases, is responsible for increasing degradation severity and propagation. Often, a mechanism generates an anomaly from which other mechanisms become relevant. For example, when cracking occurs, the entry of rainwater into the cladding starts to trigger other mechanisms that have not been active until then. Therefore, degradation evolution and propagation is not a constant process but rather an extremely dynamic one where the relevance of its agents and mechanisms changes constantly over time [4,13,28,29,30,31].



Different analyses and associations can be presented to understand the effects of degradation. Stresses and deformations of the facade cladding system are associated with temperature and evaluated based on the action of incident solar radiation striking the building’s facade. The incidence of solar radiation varies throughout the day, differing depending on the facade cardinal orientation [3,12,28]. The facade’s response to incident solar radiation manifests itself mainly in deformations and thermomechanical efforts caused by temperature differences between the elements. This behavior becomes even more significant with longer exposure of the facade to this agent and more intense incident radiation [32,33,34].



The effect of radiation on facade temperatures is directly correlated with climatic characteristics and orientation, as well as material surface characteristics such as color and absorptance [35]. As a result of the action of temperature variations and their effects, detachment and cracking anomalies mainly occur [5,7,36,37].



Driving rain is responsible for several anomalies, affecting the durability and hygrothermal performance of buildings. The incidence of this agent is affected by the direction and speed of the wind, which leads to its action differing with the orientation of the facade. In most situations, there are facades with a higher incidence of driving rain throughout the year, in which the volume of rain is relatively more important. Water presence and transport in wetting and drying mechanisms can be one of the most common causes of damage to the cladding of building facades [28,31]. Several anomalies associated with ceramic and cementitious materials are affected by water transported in their porosity, such as the crystallization of salts, cracking, dimensional variations due to changing moisture, and the development of stains, among others [6,36,38,39]. Also, the mechanical properties are affected by entering water. Zones exposed to intense humidification during rainy episodes exhibit increasing ceramic detachments, for example. Therefore, areas close to the top of the building are significantly critical, as they are subjected to high levels of incident radiation and a high concentration of driving rain and their effects. This combined effect critically increases the severity of the degradation observed [13,18,40,41,42,43].



As facades are subject to climatic and atmospheric conditions, the level of exposure of the building to these agents affects its degradation and service life. Regarding driving rain, some standards classify facades as protected and unprotected [4,44], thus addressing considerations and criteria based on the degree of protection. A different exposure behavior is also assessed concerning the facade areas, where the top is the most exposed region [42,45,46].




2.2. Quantifying Degradation and Service Life


The measurement of degradation has several practical applications in civil construction, such as assessing service life conditions, quantifying damage, observing severity, and defining predictive or corrective maintenance operations according to building needs [13]. There are several methods to quantify facade degradation using indicators generally associated with inspections and mapping of areas degraded by different anomalies [46,47,48,49]. Thus, the severity of the degradation process can be investigated while also determining the possible causes of degradation.



The Degradation Measurement Method (DMM) allows the existing degradation to be quantified by calculating quantitative degradation indicators [3,31,42,45,50,51,52]. The assessment of degradation in building facades is facilitated by the organized, logical, and systematic process causing it. The DMM consists of procedures that involve facade inspection, mapping, and quantification of damages and anomalies [45,51].



Applying the DMM to investigate a database of a set of buildings provides degradation indicators that allow different analyses of degradation behavior, from the most specific to the most general. Furthermore, as long as the database is adequate, covering buildings of different ages and exposed to different cardinal orientations, it is possible to obtain mathematical degradation models that allow the estimation of the service life of facades [3]. The General Degradation Factor (FGD) is the main indicator, calculated based on the areas degraded by different anomalies, weighted by specific severity and relevance factors. It basically consists of calculating the weighted degradation related to the types of anomalies observed in the inspection process. This factor makes it possible to quantify the degradation of each facade sample. Based on previous studies [3,13,14,16], the adopted limit for the degradation state corresponds to a FGD of 0.05; this value indicates that the facade service life has been reached and that the cladding system no longer fulfills the functions for which it was designed and built.



Given the above and the need to understand the behavior and actions of degradation agents on facades, this work aims to contribute to the study of facade degradation of buildings in Brasília, Brazil. To understand the degradation process, the exposure conditions of the facades are classified based on the degree of exposure. In addition to the classification, the study measures degradation using the DMM by determining the FGD and analyzing its evolution over time for a robust database of inspected buildings. The degradation behavior is also correlated with the service life limit for both groups, classified according to the degree of exposure.





3. Method


This investigation focuses on the analysis of degradation quantified for the chosen database. The aim is to obtain differentiated profiles and patterns of degradation evolution depending on control variables such as age and exposure to agents (driving rain and solar radiation).



3.1. Characterizing the Buildings of the Database


The used database consists of a set of buildings from a global database developed within the scope of DMMPROJECT: Degradation, Measurement, and Modeling, created and maintained by researchers at the University of Brasília [53]. All DMMPROJECT monitored buildings are located in Brasília, DF, Brazil. The city is recognized for the uniqueness and striking features of its architecture and urbanism and is considered a “National Heritage” and “Cultural Heritage of Humanity” by UNESCO. Brasília, located on the central Brazilian plateau, has either flat or gently undulating terrain.



According to the Köppen classification, Brasília has a tropical climate with two distinct seasons: rainy summers from October to March and dry winters from April to September, when rainfall rates are very low [54,55]. The predominantly northern winds have maximum values close to 10.4 m/s and an annual average of 2.45 m/s [12].



Brasília’s buildings, particularly those in the database, follow a pattern: the facades use masonry in ceramic or concrete blocks covered with ceramics or mortar/painting claddings. The structure is made of reinforced concrete arranged in slabs, beams, and pillars [9,56]. These mostly residential 6-floor buildings follow an architectural pattern with a horizontal trend, are elongated, separated from each other, and, generally, have 4 facades.




3.2. Sampling


To analyze the facades and measure degradation, a methodology was developed to define the study samples. The respective facades of the buildings were subdivided into samples, and each sample was investigated individually. After removing spurious data, 307 samples were selected. Then, the samples were grouped by age and cardinal orientation. Table 1 and Table 2 present the subdivisions after the global analysis of the samples.




3.3. Degradation Measurement Method (DMM)


Once the damage map has been prepared, based on the inspection, the areas degraded by the different anomalies are quantified. The subdivision of the samples on the facade follows some basic criteria. Each sample must comply with the following criteria [3,13,14,16,43]:




	
Area between 50 and 300 m2;



	
The sample must be on the same plane. Changes in plan orientation configure another sample;



	
The sample limit (edges) must coincide with structural or expansion joints, if there are any on the facade;



	
Each sample must be inserted into a single architectural element (facade or gable).








Figure 1 shows an example of the definition of samples on an investigated facade. The degraded areas were then quantified, and the cardinal orientation (North, South, East, and West) was observed for each sample [3,13,14,16,26,43,46,51].



The DMM quantifies the degradation process by defining quantitative indicators of degradation for each facade sample investigated. These indicators can be applied to model building degradation and define service life, among others. A particularity of this method is that degradation is quantified in facade samples, which allows a more specific analysis of the system behavior and a more detailed analysis of degradation behavior.



The DMM uses two main degradation indicators: the General Degradation Factor (FGD) and the Anomalies Damage Factor (FDanom). The FGD is determined according to Equation (1) and is calculated for each facade sample in which its area is mapped in relation to the observed anomalies. The quantification of degraded areas for the four main groups of anomalies is inserted into the sums described in Equation (1). Each anomaly area is weighted by the severity factor (G) (Table 3) and by the relative importance factor of the anomaly (RI) (Table 4). The FGD is an indicator in which the degraded area is weighted by these two factors and divided by the most critical condition possible, in which the sample area is multiplied by the sum of the maximum severity levels expressed in Table 4.


  FGD =     ∑  1   n    ( A a n ( n ) •   G ( n ) •   R I ( n ) )     ( A . Σ G m a x )    



(1)




where n is the group of anomalies (n = 1 detachment, n = 2 cracks, n = 3 joints, n = 4 stains); Aan(n) is the area damaged by an anomaly of group n (m2); G is the anomaly severity factor (Table 3); RI is a weighting factor for the relative importance of each anomaly (Table 4); A is the total area of the facade sample (m2), and ΣGmax is the sum of the maximum severity factor reached by the anomalies (Table 3), equivalent to 14.



The severity factor (G) ranges from 1 to 4, as proposed by ISO/DIS 15686-7 (2006) [4] when discussing the influence of degradation on building service life. Table 5 shows four ranges (A, B, C, and D) that are associated with the severity factor values for each anomaly group.



To define the severity factor G in Table 3, it is necessary to calculate the FDanom corresponding to each group of the four main anomalies (detachment, cracks, joints, and stains). The same is obtained by Equation (2).


  FDanom ( n ) =   A a n ( n )     A    



(2)




where FDanom(n) is the Damage Factor for the specific anomaly (n); Aan(n) is the sample degraded area due to the anomaly (n); n is the anomaly under analysis (detachment, cracks, joints, and stains); and A is the total area of the sample.




3.4. Criteria for Classifying Facades According to the Degree of Exposure


The classification of the degree and conditions of exposure focuses on investigating the quantification of driving rain and solar radiation incidents on the facades. To quantify the incidence of climatic agents, a hygrothermal simulation was applied to one year of exposure. One of the results of the simulation is the hourly quantification of incident radiation and directed rain for each of the facade orientations. This analysis was performed using the Wufi® Pro 6.7 software, which is a computational calculation tool for simulating the hygrothermal behavior of the building envelope. The simulation uses the climate file for Brasília developed by Roriz (2012) (TMY-Typical Meteorological Year) based on information from the meteorological station of the Brazilian National Institute of Meteorology (INMET) for the city of Brasília (INMET).



For the city of Brasília, a specific classification is proposed based on the degree of exposure based on the driving rain and solar radiation incident on the facades for the four orientations (N, S, E, and W). Figure 2 and Figure 3 show the different behaviors that are observed throughout the year in Brasília for driving rain and direct radiation, and Table 5 and Table 6 present the values for each month as well as the totals for the year.



Depending on the dry and rainy climatic periods, there are clear patterns of behavior. In the rainy months (from October to March), it is observed that the highest values of accumulated driving rain occur on the North facades (Figure 2, Table 5). The East and West facades present intermediate values, and the South facade shows the lowest values of driving rain, as can also be seen in Table 5. For the dry months (period from April to September), a much lower incidence of directed rain is observed, mainly on the East and South facades. This behavior is explained by the different cardinal orientation of the dominant winds that occurs in the less rainy season.



When observing the evolution of direct solar radiation throughout the year, it is identified that in the dry months (April to September), the highest radiation values are observed for the North façade, as illustrated in Figure 3 and shown in Table 6. This condition is due to the autumn and winter periods, when in the southern hemisphere, there is predominant exposure to sunlight. Another important point is that in the dry months, the cloud cover is very low, which leads to an increase in solar exposure on the North facade. For the East and West orientations, the evolution of incident radiation is intermediate, with values close to each other (Table 6). For the South orientation, the lowest values of incident radiation occur, and there is no solar incidence on this facade for almost the entire dry period.



For the rainy season (from October to May), it appears that the highest radiation values are associated with the East and West orientations (Figure 3). These values, however, are much lower than those that occur on the North facade in the dry season. The North façade during the rainy season presents the lowest values of incident radiation. It must be remembered that, in addition to differences in solar incidence, there is also cloudiness associated with the rainy season.



In the analysis of the values observed for directed rain and radiation for the four orientations (N, S, E, and W), it is identified that the North facades are the most attacked by these agents. Obviously, this action is not constant throughout the year, but it is possible to attribute a High Exposure condition to the North facade. Otherwise, especially, when observing the total values throughout the year, the East, West, and South facades can be assigned a Low Exposure condition. Exposure to agents is one of the conditions for degradation, but it is not the only one that explains it. One of the objectives of the present investigation, by differentiating these exposure conditions and using field data, is to highlight how much degradation can be explained by exposure and whether this condition has a clear impact on degradation and estimated service life.




3.5. Estimated Service Life


Based on a general model based on age, it is possible to parameterize the evolution of the degradation of each sample as a function of time. Figure 4 presents the values corresponding to the level of degradation of ceramic coverings in inspected buildings in the city of Brasília—DF, distributed according to the age of each sample that constitutes the database used in the study. The behavior of the degradation indicator observed in the degradation curve is represented by the second-degree polynomial indicated in Figure 4.



Based on a general degradation function (model), with age as the dependent variable, it is possible to investigate and determine the age of the building in which the degradation exceeds the service limit state (FGD > 0.05). The service life associated with the different acting conditions (degree of exposure, mechanisms, and anomalies) is thus quantitatively observed.



Among the various existing methods for determining the estimated service life, the point transposition method allows determining the adjustment of the general degradation function for each facade investigated in the database. By obtaining this adjusted function, it is easy to identify when the useful life limit value is reached (FGD of 0.05) and thus determine the age corresponding to the estimated service life. In this way, a transposition is made from the real case (measured by the DMM) to the age at which this case reached the limit state of degradation.



To obtain the adjusted function, Equations (3)–(5) allow carrying out the associated calculations. The transposition of the facade’s degradation point, identified at a given time (age) and with a corresponding FGD, occurs by converting the function f (Equation (3)), associated with the degradation model, into a function f′ (Equation (4)), of the same family of f, going through the facade case analyzed. The conversion of the function f into the function f′ is carried out by adjusting the function f multiplied by the factor k. This factor is obtained by the ratio between the real FGD and the model’s FGD at that age (Equation (5)) [3,9].


f = 0.000074·x2 + 0.000235·x



(3)






    f   ′   = k · a ·   x   2   + k · b · x k  



(4)






  k =   FGD r e a l   FGD m o d e l    



(5)




where f is the degradation curve, f′ is the curve of the same family as the function f through the analyzed facade, k is the multiplicative factor of the function f, a and b are the regression coefficients, and x is the age of the facade.



An example is shown in Figure 5, in which the degradation function f (model) is the central curve. The function f′ is exemplified at the two highlighted points, where it is identified that f′ passes through these points. The determination of the estimated useful life is determined for each case when this function f′ reaches the limit value of FGD (0.05).





4. Results


The present investigation proposes to discuss in a quantitative way the differences in degradation that may be associated with the degree of exposure to the agents. The aim is to observe whether conditions classified as high and low exposures present different behaviors in terms of degradation measured in the field (database).



The effect of the degree of exposure can be identified in the general model of the evolution of degradation in relation to age (time), as seen in Figure 6. When observing the behavior of samples classified as having high exposure, it is clear that their degradation is more pronounced at an early age compared to those with low exposure. It is also identified that, at more advanced ages, the evolution of degradation is much more pronounced. The trend curves (Figure 6) show that the service limit condition (FGD 0.05) is reached at about 22 and 27 years for high and low exposures, respectively. Also, the curves of both groups show that, although the degradation evolution curve differs from an early age, the difference in curves becomes more pronounced as the years go by. At 43 years, FGD values of 0.22 and 0.13 are observed for facades under high- and low-exposure conditions, respectively.



4.1. Estimated Service Life (ESL)


Considering the behavior of ESL in conditions of high and low exposures, the difference in values is evident. Figure 6 shows the ESL values for all investigated samples presented in chronological order of age. Most high-exposure samples have a useful life of up to 30 years. When analyzing an ESL considered advanced, such as 40 years, only 7 samples classified as high exposure exceed this limit, while in the low exposure condition, 35 samples have an estimated useful life of more than 40 years, some even exceeding 60 years.



In the analysis of Figure 7, a behavioral trend is observed, not a direct and conclusive relationship. It is clear from this trend that the low exposure group presents higher ESL values, but some low values are also observed, including those less than 20 years. This must be considered in the context of degradation assessed in the field, where it cannot be explained solely by exposure. The influence of other factors, such as age and critical facade zones, can differentiate behaviors. Due to the combination of factors, there may be critical conditions of greater sensitivity in which degradation occurs differently. However, the general trend is quite clear: high-exposure facades have lower ESL.



When quantitatively observing the number of cases in high and low exposure conditions, as in relation to the FGD limits and the average ESL, Table 7 summarizes the behaviors found. In terms of average ESL, values of 35 and 26 years are observed, respectively, for low and high exposures. This aspect coincides with the trend found in Figure 6, and it is emphasized that these are the average values of the samples for each condition. In this approach, it is possible to identify the influence of the exposure condition associated with greater degradation in conditions of greater exposure to agents.



In the case of samples with FGD ≥ 0.05 (Table 7), it is identified that 48% of the samples are found in the High Exposure group, while 28% of the group’s samples are found in the Low Exposure group. It is then identified that, in this condition of high severity, the incidence of observed cases is more incisive for the most severe exposure.




4.2. Degradation Classes


The results obtained for the studied samples were grouped into four classes that characterize the respective degradation degrees. Class A (FGD < 0.003) refers to a mild degradation condition; Class B (FGD from 0.003 to 0.049) indicates localized degradation that does not compromise performance; Class C (FGD between 0.050 and 0.169) indicates that the degradation limit is exceeded, with a loss of functionality and safety; and lastly, Class D (FGD > 0.169) indicates that degradation is severe and performance and safety are gravely affected, thus intensive rehabilitation must be carried out [3,43].



Table 8 shows the grouping of the samples into classes according to the determined FGD value. The percentages the samples represent regarding the total of each exposure group are presented in Table 8 and Figure 8.



The separation of samples by range of values corresponding to the FGD shows that there are several samples that exceed the FGD limit value (classes C and D). For low and high exposures, FGD limit values of 29% and 48% are observed, respectively. Otherwise, for Classes A and B, FGD limit values of 71% and 52% are identified for low and high exposures, respectively. It is clear that the greater number of samples for conditions of lesser degradation (FGD < 0.05) is associated with conditions of lesser severity. In this case, when observing the Class A values, the highest percentage of the low exposure condition is clear, that is, there is a very significant value of samples with acceptable performance (low degradation). Likewise for Class B, the greater number of cases in the low exposure condition indicates samples are still within the service life limit.



Cases of high degradation are observed in low-exposure situations. In this case, this degradation is mainly limited to older buildings. As seen in Figure 6, degradation evolves with age for both exposure conditions. This behavior may be explained by the cumulative effect of actions over time, which ultimately coincides with a more severe degradation level since this behavior becomes more incisive under high exposure.




4.3. Evolution of Degradation and Service Life


When comparing the evolution of the FGD for the High-Exposure condition (Figure 9a) and for Low Exposure (Figure 9b), it is identified that the FGD increases more sharply for samples with more severe exposure. In this case, when exceeding the service limit (FGD > 0.05), the values increase in sequence, reaching values close to 0.28. An ESL under 20 years old is identified. In the Low-Exposure situation, the evolution of the FGD occurs below the service limit (FGD < 0.05) in almost 70% of the samples. In these samples, the highest ESL values are also observed, with several samples exceeding 40 years. When the useful life limit is exceeded, the FGD increases, reaching a value of 0.23. In these cases, the ESL reduces to values close to 25 years.



It is evident that both FGD and ESL are strongly influenced by exposure conditions. The trends discussed corroborate this relationship, which is evidenced by the field data investigated. Several aspects affect degradation and exposure, and its effects are one of the main ones, as can be seen in Figure 6, Figure 7 and Figure 9. In this sense, it is also necessary to address the association with the degradation mechanisms that act differently in anomalies. The age of the buildings is also a variable that differentiates behavior. Even with these aspects, the analysis of the database allows us to differentiate the effects of exposure to agents.





5. Discussion


This study differentiates facades’ behavior regarding the degree of exposure by showing the different degradation behaviors over time between low- and high-exposure facades. Furthermore, the results show that the facades are influenced by climate actions at varying degrees of intensity and frequency. Such differences depend, in addition to the degree of exposure, on the hygrothermal properties of the components and the cyclical and seasonal variations of climatic agents that affect behavior [12].



Corroborating previous studies [8,12,42,51], based on the behavior of direct solar radiation and directed rain, North-oriented facades are the most exposed throughout the year and become, therefore, the most critical for the emergence and even evolution of degradation. The influence of climatic agents on degradation responses, especially in older buildings, shows that the North orientation is the most critical. Faced with more intense degradation due to the action of climatic agents, it is highlighted that the probability of the occurrence of anomalies is higher in North-oriented facades [8,31,42].



Furthermore, highly exposed facades have a shorter estimated service life since they degrade more quickly compared to facades under low exposure; thus, the degree of exposure of a facade to incident agents correlates with the degradation level. Several studies [7,9,28] highlight this fact, showing that the North orientation is more critical for buildings in Brasília, and associate this result with incident radiation and also driving rain [9,12,57,58,59].



In addition to investigating the properties and characteristics of materials when studying degradation, another fundamental factor is based on agents, mostly climatic. Despite other agents of climatic origin acting on facades often, this study chose to focus on the different levels of exposure to driving rain and solar radiation. The presence of a degradation agent, whether of climatic origin or not, does not represent the only triggering factor in the degradation process. The degradation process, in addition to the presence of an agent, is triggered by the adequate conditions needed for the development of degradation mechanisms [13].



The degradation of a facade and its elements must be studied in detail due to not only the complexity of the phenomenon but also the number of factors that influence this process; the cladding facade and its orientation can be highlighted. In some specific situations, depending on local characteristics, the microclimate around the building can also influence the speed of degradation [3,12,60].



The study of degradation, depending on the degree of exposure, contributes to the understanding of both the evolution characteristics and the quantitative assessment of degradation in each sample under high or low exposure. In addition to the need for a detailed study investigating degradation, it is necessary to pay attention to the particularities that must be considered for each case and approach. To establish behaviors and associated aspects and trends, it is always necessary to keep in mind that each field investigation has its particularities that are evident in the database used. Thus, constructive aspects, exposure to agents, and dominant mechanisms must always be linked to the investigated database. Comparing models or using indices and classifications based on very different databases, as in the case of countries with different climates, geography or relief, and construction techniques, leads to results that do not reflect the observed reality [13].




6. Conclusions


The results allow us to list the conclusions relevant to the study of degradation on facades with different levels of exposure.



The classification of facades into high-exposure and low-exposure groups proved to be relevant and appropriate for this investigation. Based on hygrothermal simulation, the quantification of agents allows an adequate association that is relevant in the analysis of exposure conditions.



Degradation behaves differently depending on the degree of exposure to each facade. Facades with a low level of exposure tend to degrade more slowly over the years as the agents, mostly climatic, act less directly and more mildly compared to those with high exposure.



The level of degradation determined according to degrees of exposure shows that degradation patterns change over time and are also controlled differently. For buildings over 40 years old, facades with greater exposure tend to show an increased FGD value. At more advanced ages, there will likely be combined effects between agents, and the mechanisms will worsen the conditions of degradation observed at earlier ages.



The behavioral findings presented are contributions that need to be considered when designing new buildings as well as when studying service life since they can have direct application in the rehabilitation of buildings. The differentiation of behavior concerning degradation for facades with different levels of exposure highlights not only the importance of what has already been investigated but also the need for a set of detailed analyses capable of tracking and identifying the factors or aspects that control degradation in addition to exposure and what other additional factors can aggravate the degradation of facades.



The behaviors observed in the study are specific to the database used for the city of Brasília. Complementary studies or similar considerations for other databases, locals, and construction topology must closely consider the specific characteristics.



Based on the results observed in low- and high-exposure behaviors, where degradation is very different, it is suggested that a new approach evaluating the degradation initiation phases (FGD < 0.05) and the propagation phase (FGD ≥ 0.05) could be useful for drawing more specific conclusions on degradation behaviors.
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Figure 1. Subdivision of the facade into samples according to the DMM. 
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Figure 2. Average driving rain observed monthly in a year. 
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Figure 3. Average direct solar radiation observed monthly in a year. 
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Figure 4. Degradation behavior over time in buildings in Brasília (DMMPROJECT database). 
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Figure 5. Degradation model with point transposition. 
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Figure 6. Facade degradation behavior over time regarding the degree of protection. 
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Figure 7. Estimated service life (ESL) of samples according to degree of exposure (samples in chronological order). 
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Figure 8. Percent samples per FGD class. 
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Figure 9. Service life and FGD for facades under the studied conditions: (a) high exposure and (b) low exposure. 
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Table 1. Database by age group.






Table 1. Database by age group.





	
Samples by Age






	
Age range (years)

	
0–10

	
11–20

	
21–30

	
31–40

	
>40




	
Number of samples

	
79

	
102

	
21

	
108

	
35











 





Table 2. Database by orientation.
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Samples by Orientation






	
Orientation

	
North

	
East

	
West

	
South




	
Number of samples

	
92

	
78

	
90

	
85











 





Table 3. Criteria for defining the severity factor G.
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Condition

	
G

	
FD Anom (%)




	
Detachment

	
Cracks

	
Joints

	
Stains






	
A

	
1

	
-

	
-

	
FD (JO) < 10

	
FD (ST) < 10




	
B

	
2

	
0 < FD (DT) < 5

	
0 < FD (CR) < 20

	
10 ≤ FD (JO) < 30

	
10 ≤ FD (ST) < 30




	
C

	
3

	
5 ≤ FD (DT) < 30

	
20 ≤ FD (CR) < 50

	
30 ≤ FD (JO)

	
30 ≤ FD (ST)




	
D

	
4

	
30 ≤ FD (DT)

	
50 ≤ FD (CR)

	
-

	
-








Source: [3,13,14,16].













 





Table 4. Relative importance factor (RI) for each anomaly group.
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	Anomaly Group
	Detachment
	Cracks
	Faulty Joints
	Stains





	RI
	1.00
	0.77
	0.28
	0.11







Source: [3,13,14,16].













 





Table 5. Accumulated driving rain recorded monthly in a year.
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Accumulated Driving Rain (L/m2)




	
Months

	
NORTH

	
SOUTH

	
EAST

	
WEST






	
January

	
9.3

	
2.3

	
3.1

	
8.2




	
February

	
12.6

	
6.7

	
5.4

	
11.5




	
March

	
26.2

	
3.8

	
13.4

	
7.7




	
April

	
15.2

	
8.0

	
12.7

	
5.6




	
May

	
0.6

	
6.7

	
1.6

	
0.8




	
June

	
0.0

	
0.0

	
0.0

	
0.0




	
July

	
0.0

	
4.5

	
4.2

	
0.0




	
August

	
0.8

	
9.3

	
13.4

	
0.3




	
September

	
1.2

	
10.2

	
2.1

	
3.3




	
October

	
13.7

	
15.5

	
18.1

	
8.4




	
November

	
34.6

	
5.2

	
6.4

	
27.8




	
December

	
28.7

	
2.7

	
11.0

	
16.3




	
Total

	
143.0

	
74.8

	
91.4

	
89.9




	
Total (%)

	
35.84%

	
18.74%

	
22.90%

	
22.52%











 





Table 6. Average direct solar radiation observed monthly in a year.
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Direct Solar Radiation (Wh/m2)




	
Months

	
NORTH

	
SOUTH

	
EAST

	
WEST






	
January

	
0.00

	
15,822.35

	
30,386.25

	
23,961.11




	
February

	
3097.99

	
2760.14

	
28,741.07

	
21,199.39




	
March

	
17,684.93

	
5.47

	
23,091.76

	
19,501.83




	
April

	
54,266.47

	
0.00

	
32,145.03

	
36,385.05




	
May

	
65,791.46

	
0.00

	
28,379.27

	
25,347.51




	
June

	
87,495.54

	
0.00

	
29,783.53

	
30,324.42




	
July

	
81,026.17

	
0.00

	
29,625.68

	
30,319.94




	
August

	
68,640.66

	
0.00

	
31,011.44

	
44,732.11




	
September

	
30,009.05

	
1.47

	
26,414.99

	
28,017.64




	
October

	
5852.94

	
1192.08

	
23,229.00

	
20,472.56




	
November

	
53.46

	
6134.73

	
16,542.69

	
13,781.67




	
December

	
0.00

	
12,635.13

	
17,040.01

	
15,998.00




	
Total

	
413,918.7

	
3855.4

	
316,390.7

	
310,041.2




	
Total (%)

	
38.36%

	
3.57%

	
29.33%

	
28.74%











 





Table 7. FGD and ESL of the two groups studied.
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High-Exposure Samples

	
Quantity of samples

	
85 (100%)




	
Samples with FGD < 0.05

	
44 (52%)




	
Samples with FGD ≥ 0.05

	
41(48%)




	
Average ESL (years)

	
26




	
Low-Exposure Samples

	
Quantity of samples

	
222 (100%)




	
Samples with FGD < 0.05

	
158 (72%)




	
Samples with FGD ≥ 0.05

	
64 (28%)




	
Average ESL (years)

	
35











 





Table 8. Number of samples per FGD range.






Table 8. Number of samples per FGD range.





	
Classes

	
FGD Range

	
No. of Samples (%)




	
Low Exposition

	
High Exposition






	
A

	
<0.003

	
43 (19%)

	
4 (5%)




	
B

	
0.003 to 0.049

	
115 (52%)

	
40 (47%)




	
C

	
0.050 to 0.169

	
53 (24%)

	
29 (34%)




	
D

	
>0.169

	
11 (5%)

	
12 (14%)




	
Total samples

	
222 (100%)

	
85 (100%)
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