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Abstract

:

This paper presents a study based on new fireproof design guidelines for dwellings against the impact of wildfires. The main objective is to present the results from the surveys of the large wildfires of 2017 in Portugal, identifying vulnerabilities in dwellings that may result in spot ignitions when exposed to wildfires. Utilizing the information gathered from these surveys, it is possible to recommend fire resistance and reaction class requirements using European indoor fire standards and adapting them to suit wildfire conditions. The study focuses on classical dwellings predominantly located in high-risk fire zones within the wildland–urban interface. These assessments have the potential to generate new fireproof construction recommendations employing traditional materials commonly found in the European construction industry.
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1. Introduction


The occurrence of wildland fires (WLFs) during the summer has increased in Mediterranean Europe, California, and Australia due to climatic changes induced by global warming, primarily in vast abandoned forest areas. Beyond the damage inflicted on the forest, these fires also destroy homes and sometimes result in resident fatalities [1]. Therefore, it is imperative to put preventive measures into action that are constructive [2].



Modern society has adopted two primary approaches to address the inevitable occurrence of wildland fires. The first strategy involves proactive forest management and precautionary measures aimed at reducing the likelihood of a wildland fire [3]. Typically, this includes the reduction in hazardous fuel through mechanical means, prescribed fire [4] (i.e., intentional, typically low-intensity fires), or the use of WLFs [3]. WLFs allow unplanned ignitions to burn under favorable conditions to achieve forest management goals.



The second strategy is suppression, which involves an immediate response to an active WLF. Employing suppression agents such as water or other chemicals that suppress flames is one method of doing so [5]. Nonetheless, alternative strategies are also frequently employed [4], utilizing topographical characteristics and naturally occurring fuel breaks [5]. A third alternative strategy gaining success is grazing and browsing, effectively controlling the spread velocity [6]. While both management and suppression approaches are not new, ongoing efforts are required to ascertain their optimal utilization, particularly in the case of management [1].



The wildland–urban interface (WUI), commonly referred to as such, has expanded in recent decades due to human activity and development extending outward from urban centers toward forest boundaries [7]. Considering that the WUI may be directly associated with infrastructure and settlements in areas particularly susceptible to WLFs [2], the rise in the WUI presents challenges [8]. Due to the high combustibility of wildland fuel when dry and the impacts of climate change, wildfires have exerted a significant negative influence on Portugal’s forest fields in recent years. This has resulted in substantial and lasting damage, with the most severe cases involving the complete destruction of dwellings. Subsequently, it was found that the dwellings had been reconstructed with features closely resembling the originals excluding the addition of modern technology to enhance fire resistance. Nevertheless, there remains a likelihood that these structures may be susceptible to future wildfires.



Due to climatic change and the unregulated cultivation of eucalyptus and pine in the forest [9], the risk of wildland fires in Portugal has increased over the past decade [10]. Due to elevated fire spread associated with unfavorable fuel and geography conditions, the northern and central regions of Portugal, characterized by high-density vegetation, were notably affected by the largest wildland fires (WLFs) between 1996 and 2009 [11]. In 2017, two of the largest WLFs recorded in the history of Europe (“Pedrógão Grande” and “October 15th”) had a major impact not only on the forest areas (burning 45,000 ha + 241,000 ha, respectively) [12,13], but also on the communities, resulting in a death toll of 114.



Currently, there are no structural codes specifically tailored for the fireproof design of dwellings against wildfires that incorporate standard structural safety criteria. While certain countries possess construction standards of this nature, they exhibit considerable variability, with some focused on structural reliability for indoor fires, which are generally more severe. It is important to note that the Australian standard [14] recommends in extreme situations a fixed 60-min structural adequacy for any load bearing member that may be in contact with the flame of a wildfire.



The study of firebrand reactions to fire in building materials is not new. In fact, some nations have incorporated provisions for laboratory research by employing an experimental campaign to test the reaction to fire in construction materials due to firebrand accumulation. If possible, this includes wind simulation, in their fire codes, similar to California Building Code Chapter 7A-4 [15]. Several studies [16,17,18,19,20,21] have examined the thermal impact of firebrands on planar surfaces using this experimental technique, evaluating the heat flux transmission through radiation and convection.



Since 2014, numerous countries have conducted effective statistical surveys and inquiries to investigate the relationships between building features and post-wildfire damage [22,23,24]. The majority of these studies show the elements contributing to vulnerability and how they are included in contemporary vulnerability assessments. However, they do not specifically provide recommendations for fireproof construction practices that future civil engineers should follow.



1.1. Objectives


The main scope of this study is to propose new simplified guidelines for selecting construction materials based on fire resistance and reaction criteria from European Standards, adapting them to the wildfire thermal action. The requirements for fireproofing will mainly depend on the results presented by the surveys concerning the prospect of ignition locations in dwellings.




1.2. Extension in Wildfire Protection Research


The same authors of this work have also recently proposed new fireproof construction guidelines [25] for dwellings against wildfire. However, these guidelines are based on an indoor 60-min standard fire curve, which is more severe than exterior wildfire exposure. Consequently, they may not be economically competitive. Additionally, to replicate the thermal exposure of a tree or bush burning close to an isolated dwelling in a forest area, the authors proposed new wildfire standard temperature curves [26]. In order to replicate the indirect effect of the firebrand accumulation, the same scientists also proposed a revised standard temperature curve [21]. Furthermore, these authors recently conducted an extensive experimental campaign to study the firebrand reaction in popular material specimens used in the construction industry due to firebrand accumulation [27].




1.3. Research Significance


After an extensive review of the scientific community, a comprehensive set of construction guidelines to provide the necessary fire resistance and reaction of dwellings against the impact of wildfires has not currently been fully explored. This exploration would involve using the fire verification standards present in the European fire standards. This work aims to fill this gap in knowledge by presenting a fire class for potential materials to be used in dwellings within the WUI, with the ultimate goal of achieving full wildfire resilience.





2. Dwelling Protection against Wildfires


This section presents the existing legislation, construction guidelines, standards, and research related to either the passive, active, or reactive protection of dwellings against the thermal exposure of wildland fires.



2.1. Initial Construction Guidelines for Wildfires


New legislation was created [28] in response to these fires. However, it solely addressed aspects of the WUI such as clearing forests and establishing a buffer between vegetation and habitations. It is surprising that no extra precautions or attention were taken when it came to the construction of houses or the safety of the residents. Nonetheless, it was evident from the examination of professional opinions and investigations [12,13,29] that the burned-out dwellings had constructive typologies without passive fire protection. Ignorance of this factor resulted in destroyed houses being rebuilt as the originals, where it is possible that they may burn in any upcoming wildland fire. This important gap in protection measures for dwellings against wildland fires has prompted the development of the design recommendations presented in this work, considering typical typologies for Portugal and southern Europe [25,29].



Recently, a new regulatory order was published [30] that proposed fire resistance and reaction requirements using classical nominal indoor fires. However, it employs a more strict structural safety standard, normally used for indoor fires, and lacks optimization for wildfires during the design phase.




2.2. Initial Concepts for Fireproof Dwellings against Wildfires


While the scientific community has not yet fully investigated the design of fireproof dwellings capable of withstanding wildfires, the business sector has recently made strides in a small segment of the construction industry. In the early 2000s, some authors set out a practical design approach for buildings and their immediate surroundings in rural areas [31]. They presented a range of options for designing various elements of both landscapes and buildings in wildfire-prone areas, but without proposing any code.



Engineers and architects have proposed solutions for new construction guidelines in Australia [32] and United States [33]. However, these solutions are based on fire resistant wood and protected steel structures. Although these are viable solutions, they do not involve traditional construction materials commonly used in southern Europe. In addition, some of the suggested fireproof solutions may not fully align with traditional fire resistance codes in those countries.



Numerous authors have explored critical ignition spots in dwellings [34] and potential construction solutions to protect them [23,35]. However, these studies still lack a comprehensive concept of fireproofing. These ideas for protecting dwellings are currently being investigated in the context of both industrial buildings [36] and infrastructures [37], but without direct integration into structural codes. A systematic review of the standards, codes, and guidelines for the design and construction of the built environment against WUI fire hazards has been presented [38]. They also propose building material requirements by comparing risk areas and related severity classes, but without actually taking into account the fire exposure of the wildfire. Some successful studies have been conducted to simulate the fire exposure of wildfires in laboratory settings, also proposing fireproof design guidelines for a specific set of construction materials [39].




2.3. Existing International Standards for Fireproofing Dwellings against Wildfires


It was beyond the scope of the present study to list all of the existing standards that have proposed construction and design guidelines to enhance the resistance of dwellings against wildfires. Further detail on this information can be found in [40]. The two most important standards regarding the construction guidelines, design proposals, and laboratory testing of construction elements are the Australian standard [14] and the California Building Code [15].



The Australian standard [14] was the first known code to present fireproof guidelines for buildings in regions susceptible to wildfires. It connects the risk of building ignition with the terrain slope, separation distance from buildings, and even type of vegetation, categorizing the fire by definition and calculation of bushfire attack level (BAL), therefore estimating the thermal properties and fire performance of each element of a building such as the window glazing, roofs, and walls.



For material testing, the Australian standard was complemented with Australian bushfire testing standard AS1530 [41,42], more precisely Part 8.1 “Tests on elements of construction for buildings exposed to simulated bushfire attack—Radiant heat and small flaming sources” and Part 8.2 “Tests on elements of construction for buildings exposed to simulated bushfire attack—Large flaming sources”. These standards propose the use of an industrial furnace in a laboratory to simulate the heat flux from wildfires on the construction elements. The level of heat flux starts to decrease after 3 min [43]. This reduction is achieved by increasing the separation distances of the construction element to the furnace, a parameter controlled by a human operator.



The California Building Code [15] focuses on material testing for firebrand accumulation and heat flux from wildfires, specifically in Section 7, which applies to construction materials and element systems to be used on building facades. For the windows and walls, it utilizes SFM 12-7A-1 and 12-7A-2 [44,45], where a direct flame of 150 kW is applied for 8 and 10 min, respectively, either using a commercial furnace or controlled burn.



For the decking design, the recommended standard is SFM Standard 12-7A-4 [46], which comprises two-part tests. The first involves a combustion test with an under deck exposure to an 80 kW intensity direct flame for 3 min. The second test includes a combustion test featuring a deck upper surface burning with firebrand deposition in a 5.36 m/s wind for 40 min, using 1.0 kg of burning material for a specimen measuring 300 mm × 300 mm × 57 mm. Both tests significantly differ from the Australian standard that was previously cited, and it is thought that they are more intense and may not accurately reflect a wildfire action, which results in a less optimal fireproof design.




2.4. Portuguese Legislation for Fireproofing Dwellings against Wildfires


Concerning new regulations regarding the wildfire safety of structures, Portugal has enacted new regulations for the integrated management of forest fires in the continental territory [28]. This law establishes that the National Authority of Emergency and Civil Protection is responsible for the specification of construction requirements for buildings in wildfire-prone zones. Therefore, Despacho n.º 8591/2022 [30] regulates the measures of protection against the passage of forest fires according to the usage of a building, and also considers the performance of the elements and construction materials to the exposure of forest fires. This regulation is based on the Australian standard [14], referred to in that document.



Following the Australian guidelines for WUI fire protection, Portugal proposes separation distances, not only for fire prevention, but also to evaluate the potential wildfire heat flux. Still, estimating the proximity of a dwelling to a tree determines the heat flux to which a building can be subjected, consequently proposing exposure classes (CEIR—Classe de Exposição ao Incêndio Rural in Portuguese) and concluding in an exposure class. According to [30], it is only necessary to build dwellings with fireproof resistance if the dwelling is less than 50 m from a tree. For greater distances, the Portuguese Law (Decreto—Lei n.º 82/2021) [30] is directly applied. In any case, for distances up to 300 m, it is still necessary to use construction materials that pass a given reaction to the fire test for the roof. For openings and walls, this distance is below 50 m. According to this standard, the maximum equivalent fire exposure time is 4 h when compared with classical interior fire curves. In any case, it is important to point out that this high-fire exposure time is due to buildings having strategic importance during the occurrence of a wildfire (i.e., hospitals).




2.5. Initial Studies Regarding Ignition Locations in Dwellings


This is not the first study regarding weak points in dwellings that could ignite due to contact with flames, heat radiation, or firebrands due to wildfires. This topic has been successfully studied since 2014 [22,23,24] by searching for relationships between building features and post wildfire damage in different countries. Most of these studies are a reflection of contributing factors to vulnerability and their respective inclusion in recent vulnerability assessments, but without any explicit recommendations of fireproof construction guidelines to be used by future civil engineers. In any case, some of these studies were very important, and in the meantime, they allowed for new ideas regarding new vulnerability assessment tools for dwellings in the WUI [47,48,49,50] since they relayed “in situ” information and real case studies.





3. Inquiries about the Interaction of the Fire with the Dwellings


In order to characterize the building typologies of the burned houses and their interactions with the fires, information was collected from three different institutions. It was therefore possible to assemble all the data regarding reports and studies performed on the two large WLFs that occurred in Portugal in 2017: “Pedrógão Grande” and “October 15th” as well as from surveys performed in the affected municipalities and national fire brigades in 2018 [12,29,51].



3.1. Pedrogrão Grande Report


The Pedrogrão Grande wildfire was marked by an elevated death toll, casualties, and damage in the forest and in buildings, being classified as a “catastrophe”. The total burned area was above 45,000 ha, and was considered as one of the worst disasters of this type in Europe. Regarding the houses, it was concluded in the fire report that the impact of the fire was dependent on the type of occupation (permanent housing, secondary housing, warehouses, etc.), type of construction (masonry, wood, etc.), age, and conservation status.



Regarding the type of ignition, 61% of the structures were damaged (partially and totally) due to firebrand propagation, but fires due to flame impact on the structures only accounted for 21%, as depicted in Figure 1. This is according to reports from previous wildfires all from different countries that have been warning for years, and one of the biggest causes of burned houses is not related to direct flame contact. In any case, 21% of houses burned due to direct flame contact, which still presents a challenge in terms of fire resistance, so design guidelines are needed for this type of action.



As for the location of ignition, about 62% of the fires occurred on the roof, not only due to the existence of vulnerable points, but also due to the strong wind that caused the destruction of the roofs (moved tiles), exposing the interior of the structures. In about 23% of damaged structures, fire started in the windows and doors, as presented in Figure 2. It can be pointed out that the vents (or chimneys) are places where firebrands easily enter, and in 6.5% of cases, this was the place of ignition. In some cases, the structures began to burn on the exterior walls, a fact justified by the existence of cracks or other anomalies that made the structure susceptible to fire. Another conclusion that emerged from these reports [12] was the fact that about half of the fatalities occurred when people were trying to flee their homes, and it was later found that 21 out of the 65 victims had no damage in their own dwellings. This shows the lack of preparation and knowledge of the population on how to react in a wildland fire situation.



More than 84% of damage was located in exterior elements (roof, window/door, and wall), and if these present any structural functionalities, then they need to be fire resistant. For this study, since dwellings are viewed as a shelter for protection and should not be evacuated, they also require a higher reaction to fire class according to European standards [52,53].




3.2. 15 October Report


In this fire, there was also a high number of victims, and their geographic dispersion was much greater when compared to the fires of Pedrógão Grande, with 241,000 hectares of burned area [13]. One of the major problems that emerged from this fire was the existence of many small secondary fires arising from the projection of firebrands. Due to the strong wind and excessive fuel, there was a propagation of firebrands that was more than 2.0 km apart [13]. Once again, it was verified that the population was not prepared for a situation of WLFs, and 60% of the dwellings of the victims were not damaged. The only houses that burned completely were those built with combustible materials such as wooden roof beams, wooden windows and doors, and plastic shutters.



It is possible to conclude that the design of dwellings against the exposure of wildfire should not only be carried out for flame contact, but also for firebrand deposition. This is something that no existing standard requires.




3.3. Municipality Surveys


The inquiries carried out in the affected municipalities showed that about 93% of the dwellings that burned down completely were built with a stone masonry structure (main walls) with a wooden structure for the floors and roof, this one covered with ceramic tiles. Only 7% were built with reinforced concrete structures with concrete slabs on the floors, as observed in Figure 3. These inquiries may suggest that houses built with a concrete structure are more resistant to a WLF, since, in the studied area, the percentage of old masonry dwellings was below 50%. For the houses made of concrete, it was reported by some, an interior ignition of windows curtains, maybe due to heat radiation transmission in transparent materials.



In these inquiries, 67% of respondents replied that the fire started on the roof, although some indicated that the ignition occurred in windows or doors (Figure 4). Regarding the roof structure of the burned houses, it was mostly built with wood. This justifies that the burning caused by the propagation of the firebrands along the WUI, which were deposited on the roofs, initiating new ignitions, was the main reason for the secondary fires.



Regarding the floors of the houses that burned completely, 100% of the participants that replied anonymously to the survey stated that they were built out of wood. A total of 84% of answers also indicated that there were houses that burned without having any trees within a radius of 20 m, and indicated that fires in those structures began due to firebrands, as observed in Figure 5. The interview with the firefighters confirmed that firebrands were the main reason for the urban fires, especially with the help of the wind, as presented in Figure 6. There were extreme cases where the firebrands were projected for more than 2400 m, initiating new ignitions.




3.4. Summary of the Reports and Surveys


In summarizing the conclusions from the reports and surveys, it is evident that all the dwellings that burned indicated that most of the ignitions leading to secondary fires were directly associated with the transportation of firebrands. The most common ignition locations in dwellings were usually on the roofs, doors, and windows. The dwellings that burned were usually built with old masonry brick walls, had a wooden roof structure, and an old wooden roof floor.



Since the exterior elements (roof, window/door, and wall) accounted for over 84% of the total damage, they must be fire resistant if they provide any structural function. Additionally, since the dwellings are seen as protective shelters that should not be evacuated, they also need to meet the reaction class requirements of European fire standards.



Thus, it is reasonable to conclude that designing dwellings to withstand wildfire exposure should take firebrand deposition into account in addition to flame contact. However, there is currently no standard that mandates this in Europe.



According to the survey reports [54], the need for structural fire resistance in beams, slabs, and columns is not the most important if these are made of reinforced concrete or a steel–concrete composite. This may not be the case for wood or fiber reinforced plastic (FRP)-based composite structures, since their time exposure resistance to a fire is lower [55,56,57]. For non-structural exterior construction elements such as façade walls, windows, shutters, doors, and roofs, it recommends a fire resistance time mainly in terms of integrity and insulation, with details in Section 5.1. Furthermore, these elements need some sort of reaction class to fire, depending on the type of wildfire exposure scenario, and these are detailed in Section 4. For the secondary exterior elements in Figure 7 such as pipes, gutters, air vents, decks, and fences, these need only to verify the required reaction class to fire according to Section 5.2.





4. Natural Fire Models vs. Nominal Standard Fires


Similar to the thermal comfort code applicable to buildings [58], which outlines simplified guidelines for non-engineers, technicians, and architects in the selection of insulating materials, a simplified design procedure can be provided for quick verification. According to the EC1-1-2, a natural fire model must have at least three phases: growth, fully developed, and decay. In this scenario, it is possible to assess a relationship between the natural fire curve and the ISO-834 [59] nominal fire curve through an analytical formulation. Various methodologies exist to assess the severity of natural fire models in comparison to ISO-834, but as it was not within the scope of this paper to present them all, consequently, this study focused solely on introducing the two most widely recognized approaches.



The initial approach relies on a simplification for the absorbed energy due to natural fires (Figure 8), as proposed by Kodur [60]. Since the heat flux depends on the prescribed temperature (    T   F I R E    ) and surface temperature (    T   S U F    ), both of which are unknown in the given problem (1), this approach is nonlinear. However, by assuming a linear combination between     T   F I R E     and     T   S U F    , it becomes suitable to simplify the heat flux transfer from convection and radiation (2). A detailed exposition of this demonstration is available in [60]. The second approach is the equivalent area method [61,62], in which the action of a natural fire is compared to the equivalent time of exposure to ISO-834 (Figure 9). This method was derived through empirical approaches and experimental observation, wherein Ingberg searched for an equivalent fire exposure. Subsequently, the author deduced that a correlation exists between the temperature graph area of natural fire and ISO-834.



It is important to point out that this method lacks an assessment of the ventilation conditions and does not account for the thermal variation at the boundary surfaces. For the critical temperature, a round value of 300 °C is used (Figure 9) as it aligns with the average onset of pyrolysis effects on a burning tree, as indicated by [63]. The parameters used for these equations are emissivity (  ε )  , the Boltzmann constant   ( σ )  , convection coefficient     ( h   c   )  , ISO-834 fire temperature     T   I S O    , equivalent fire exposure time (    t   e   ) ,   and heat flux (    q   F I R E   )  .


    q   F I R E   = −   h   c       T   S U F   −   T   F I R E     − ε σ     T   S U F   4   −   T   F I R E   4     ≃ 4 σ ε   T   F I R E   3       T   F I R E   −   T   S U F      



(1)






    ∫  0     t   e        4 σ ε   T   I S O   4   +   h   c     T   I S O     d t   =   ∫  0     t   f i n a l        4 σ ε   T   w i l d f i r e   4   +   h   c     T   w i l d f i r e     d t    



(2)







These two methods were utilized in Section 5, and it was outside the scope of this paper to provide all the mathematical calculations performed. Further details on these procedures can be found in the literature [27,64]. These curves will be affected depending on the strategic importance of each building and the wildfire exposure class scenario.



4.1. Thermal Exposure to a Wildfire


Given the variability in the growth and transformation of green areas around dwellings, only three conceivable scenarios (Class A, B, and C) were considered for the exposure of dwellings to wildfire. In scenario class A, the dwelling is situated in an open field without trees and bushes within a radius of 50 m, and there are no other dwellings within a proximity of 10 m (Figure 10a). The immediate surroundings consist of small weeds, and the dwelling primarily encounters wildfire through the accumulation of firebrands. In scenario class B, the dwelling is situated in a forested area, surrounded by trees and bushes, with no other dwellings within a 10 m radius (Figure 10b). In this scenario, it is crucial to account for the combined impact of the wildfire, incorporating both the transmission of heat flux from the flames through heat radiation and convection, and the firebrand accumulation exposure. Finally, scenario class C involves a dwelling situated in the wildland–urban interface (WUI), potentially surrounded by trees, bushes, and other houses that could also ignite (Figure 10c). In this scenario, exposure to wildfire from scenario class B is taken into account, along with the possibility of an exterior fire resulting from the burning of a neighboring dwelling, therefore the exterior fire curve (5) described in EC1:1-2 [65] was utilized in this context. The corresponding temperature versus time curves for these scenarios are depicted in Figure 11.



Figure 12 illustrates the three distinct pathways through which a WUI fire has the potential to ignite a structure. The flame contact can produce heat flux by radiation and convection with wind, even for higher separation distances, so the transport of firebrands is possible [66], and these are not mutually exclusive. It is acknowledged that there is negligible heat flux transmission by: (i) convection, if the distance from a tree to the dwellings exceeds 10 m (Figure 12a) and (ii) radiation, if the distance from a tree to the dwellings exceeds 50 m (Figure 12b) [31,67,68,69,70]. Regardless, expert reports [54] indicate that firebrands can travel up to 2 km and still pose a risk of igniting a dwelling (Figure 12c).




4.2. Thermal Action of a Wildfire


The direct contact from burning trees and bushes is referred to as the direct impact of a wildfire, while the accumulation of firebrands represents the indirect action of a wildfire on a building. When simulating the direct action, the wildfire envelope curve (3) is employed to replicate the influence of burning trees and bushes, transmitting heat through convection and radiation. Conversely, for the indirect action, the temperature curve associated with firebrand accumulation (4) is employed. The thermal parameter values are presented in Table 1.


       T   e     ℃   =   T   m a x             t   s       t   max     s       exp  ⁡    1 −   t   s       t   m a x     s               c   c o o l     ≥   T   a m b       



(3)






    T   f     ° C   =        T   m a x f     ×   1 −   exp  ⁡    −   a   1   × t   s         +   T   a m b     i f   t ≤ 3600   s     −     T   m a x f       3600   × t   s   + 2 ×   T   m a x     +   T   a m b     i f   t > 3600   s       



(4)






    T   e x t     ℃   = 660   1 − 0.687 ×   e  ⁡    − 0.32 t [ m i n ]     − 0.313 ×   e  ⁡    − 3.8 t [ m i n ]       + 20    



(5)







In exposure scenario class A, only the indirect action (6) of the wildfire was considered, given the absence of trees or bushes around the dwelling (Figure 13). Conversely, for exposure scenario class B, a combined approach involving both the direct and indirect actions of the wildfire was assumed (Figure 14), wherein the maximum temperature of both curves was utilized (7). It is noteworthy that the combination of both curves (Figure 14) may not necessarily represent the most severe scenario, as it could be conditional on the thermal properties of the materials involved. In addition, an alternative approach might involve initially applying only the firebrand accumulation curve for 60 min, followed by the superimposition of the envelope curve of trees and bushes. Additionally, in this exposure scenario, the consideration of these two curves separately and out of phase is acknowledged. Finally, in scenario class C, the same wildfire temperature curve as scenario class B was applied, along with the isolated action of a fire on the exterior façade (5) of a dwelling (Figure 15). These two actions need to be applied and thermally verified separately (8). It is crucial to refrain from making assumptions about the relative severity, as the outcome may depend on the specific properties of the materials tested.


    T   a )   =   T   f    



(6)






    T   b )   = m a x     T   e   ;   T   f      



(7)






    T   c )   = m a x     T   e   ;   T   f       o r     T   e x t    



(8)









5. Building Design Guidelines against Wildland Fire


The fire resistance and reaction class recommendations were based on results provided in the previous work [27] by the same authors in which wildfires were compared with equivalent nominal standard fires, and an extensive experimental campaign for firebrand reaction [71] was undertaken. The design of a fireproof house implies that it: (i) must withstand the near passage of a WLF; (ii) it must be protected against the entrance of firebrands; and (iii) in urban situations in the WUI, should be protected against the possible fire of nearby dwellings. This fireproof house must withstand the total thermal exposure of an exterior fire so that its residents remain safely indoors for an estimated time of 120 min according to [27]. These fireproof requirements must obey the fire resistance and reaction class structural reliability of the Eurocodes [53,72].



5.1. Fire Resistance


In this section, a simplified verification for wildfire resistance based on the classical nominal curve ISO-834 is presented by comparing the nominal fire curve with the wildfire performance base curve. To compare the action of a wildfire with ISO-834, the equivalent area and heat flux method are applied and compared, and these examples are fully detailed in [27]. These were obtained initially for dwellings and then particularized for essential buildings by using different safety coefficients and cooling parameters, in which a meticulous description is presented in [27]. It is important to point out that, at the moment, according to the authors’ best knowledge, there are no partial safety factors or reliability analysis for wildfires in structural design. Therefore, the different wildfire exposures for essential strategic buildings during an emergency are not known. Recently, new studies regarding this thematic mainly for dwellings have been analyzed by using a quantitative vulnerability assessment method and generating structural vulnerability indices [48,49].



In Table 2, the equivalent fire exposure time of the ISO-834 standard curve is depicted when compared with the thermal exposure of a wildfire for different types of essential buildings using the information from all three methods proposed previously to compare natural fires with standard fires. The main difference between these equivalent times and the ones proposed in the Portuguese regulatory order [30] and Australian standard [41] is that a minimum resistance of 30 min is always necessary, even if the trees and bushes are more than 50 m apart from the dwelling. In addition, the maximum equivalent time is 120 min, which is above the maximum equivalent time in the Australian standard of 60 min [14] and below the 240 min in the Portuguese regulatory order [30]. The difference is that the Australian standard does not directly compare essential buildings, and the new Portuguese regulatory order applies the same safety criteria for interior fires in buildings, which is very conservative when compared with a wildfire and may present a non-economical solution.




5.2. Reaction Class to Fire


According to the previous results of firebrands in construction materials [71], it was possible to conclude that this thermal effect was smaller due to firebrand accumulation than due to flame contact (as expected). However, the firebrand thermal effect duration was longer, and presented some fire smoldering in the insulation materials. It was preferable for the insulation not be in direct contact with the firebrands, if these weren’t incombustible. For flame contact with exterior elements of the dwellings, the European reaction classes [53,73] are still recommended. These are related to the requirements for the external façade being at least B-s2-d0, and are described in [52]. The fact is that the thermal-chemical effect of the flame from a wildfire is similar to the flame of an indoor building.



5.2.1. Reaction Class to Fire for the Class A Exposure Scenario


	
To build an external façade, independently of its material topology, a minimum reaction class to fire B-s2-d0 is required for external coverings, framing, shutters, windows, doors, and window covers.



	
In the case of sloped roofs with tiles, a material or combination thereof needs to meet two conditions: (i) the roof tiles can have a reaction class of C-s2-d0, in the particular case that the internal thermal insulation is at least reaction class B-s2-d0, otherwise, the roof tiles need to have minimum a reaction class of at least B-s2-d0 and the firebrands must not penetrate the interior layers of the roof; (ii) all internal material layers should be at least a Croof(t4) according to the European standards.



	
For plane roofing, it is always necessary to have a minimum reaction class to fire B-s2-d0 for the combination of the material layers.



	
Small wall openings or air vents must always have a metal gable vent with an interior steel screen with openings smaller than 1.5 mm, or alternatively, a screen material with a minimum reaction class to fire of A1-s1-d0.



	
For balconies, porches, or decks elevated or ground-based, the combination of their interior material layers should always have at least a reaction class to fire of B-s2-d0. Water gutters must have a minimum reaction class to fire of B-s2-d0



	
Exterior heat equipment must always be protected with an exterior-opened box with a minimum reaction class to fire of B-s2-d0.







5.2.2. Reaction Class to Fire for the Class (B) and (C) Exposure Scenario


	
For situations where having an exterior covering with an air box A2-s2-d0 is mandatory, this is associated with flame exterior flame propagation in tall buildings, according to [52].



	
For exterior walls with external thermal insulation composite (ETIC) systems using thermal insulation on the exterior surface, a minimum of class B-s2-d0 is acceptable for the material layer combination. It is also recommended that the thermal insulation be at least B-s2-d0.



	
The flame height can go above 20 m, even for small trees; therefore, it is also imperative to provide thermal insulation for the roof [74]. In the case of sloped roofs with tiles, a material or combination thereof needs to meet two conditions: (i) the roof tiles can have a reaction class of C-s2-d0, in the particular case that the internal thermal insulation is at least a reaction class of A2-s2-d0, otherwise, the roof tiles need to have a minimum reaction class to fire of B-s2-d0; (ii) all internal material layers should be at least a Broof (t4) according to the European standards.



	
For balconies, porches, or decks elevated or ground-based, the combination of their interior material layers should always have at least a reaction class to fire of A2-s2-d0. Water gutters must have a minimum reaction class to fire of B-s2-d0.



	
Exterior heat equipment must always be protected with an exterior-opened box, with a minimum reaction class to fire of A2-s2-d0 being required.









6. Discussion


This study differs from others in that it specifically concentrates on flames spreading from the exterior to the interior of houses. The primary objective is to prevent the occupants from leaving their houses for at least two hours during the duration of a fire, rather than evacuating them. The house has the function of a shelter. The cost of a fireproof house may depend on the type of material used, but the investment is considerably smaller when compared with rebuilding the entire house from scratch. The increased cost of adopting fire protection measures compared with the cost of a typical new construction made of a concrete structure is below 5%. Furthermore, it will lower the cost of rebuilding or restoring dwellings following a wildfire because, as a result of climate change, extreme wildfires are occurring more frequently and are likely to strike the WUI.



According to the survey data, wood (for the roof and openings) and stone were the principal building materials utilized in these structures, many of which were quite old and prone to fire. More than 60% of residential fires were directly related to the propagation of firebrands, and approximately 80% began in the roofs, doors, and windows. Dwellings built with brick walls, hardwood roofs, and flooring are far more fire-prone than reinforced concrete structures. Windows should be protected from firebrands and heat radiation, preferably external covers with non-combustible materials. Depending on the wildfire exposure scenario, the fire resistance requirements may vary between 30 and 60 min for the equivalent fire exposure time to ISO-834. The same is true for the reaction class to fire, where the variation may be between A2 and B for insulation materials.



6.1. Future Developments


Several configurations for walls, windows, doors, and roofs will be examined in the laboratory for wildfire activity, and the results of this work may provide some guidance with regard to combining the layers of the construction materials. New findings on these new fireproof construction guidelines will be made available at the following link: https://whp.tecnico.ulisboa.pt (accessed on 27 January 2024).




6.2. Limitations of the Study


Unlike earlier research that has been published [21,26,27,75,76], these simplified fire resistance requirements do not directly simulate the thermal exposure of a wildfire, therefore, it is expected that these fireproof requirements are the upper bounds.





7. Conclusions


A new Portuguese wildland fire prevention law [28] was created in the wake of the 2017 Portuguese large wildland fires, however, it makes no provisions for the safety of people or their houses. Most countries in the south of Europe do not possess constructive typologies with any passive anti-fire protection, and these are in high-risk areas of WLFs. This important gap in protection measures for new dwellings against WLFs led to the development of this study, which aimed to fill this gap in knowledge. To solve this problem, fireproof design guidelines are proposed for windows, doors, roofs, exterior walls, and even secondary elements. Contrary to previous fireproof solutions for wildfires, these construction guidelines are in compliance with traditional fire-resistant regulations in southern Europe and can be assembled using traditional materials found easily in the construction industry market [25]. In this work, it was possible to conclude from the surveys the following:




	
It was confirmed through the use of questioners and reports in the analysis of the fires that the destroyed houses lacked constructive typologies for “anti-fire” protection and were rebuilt in an identical manner, making it likely that they would burn down in the next wildland fire.



	
The statistics showed that wood (for the roof and openings) and stone were the primary building materials used in these structures, many of which were quite old and prone to fire.



	
According to the surveys, more than 60% of the fires in dwellings were directly associated with the propagation of firebrands. Around 80% began in roofs and also in doors and windows. More than 90% of the houses built with masonry walls and wooden roofs and floors were much more susceptible to fire than the reinforced concrete structures.








Based on existing knowledge, design recommendations for fire resistance and reaction class to fire were established for the construction of houses to withstand wildland fires. These were based on European standards for equivalent ISO-834 fire resistance and reaction class to fire:




	
If there is some uncertainty about the type of wildfire exposure class during the fireproof design phase, then the most severe temperature vs. time curve should be used, in the case of a dwelling, a fire resistance of 60 min is necessary.



	
As good practice for all external construction elements, the combination of reaction classes to fire should be at least B-s2-d0, again if the wildfire exposure class during the fireproof design phase is not known. As good practice, the thermal insulation material should always be reaction class A2-s2-d0.



	
Exterior non-constructive elements such as balconies, porches, or decks should not be made of flammable materials.
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Figure 1. Percentage of damaged structures, depending on the type of ignition. 
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Figure 2. Percentage of damage in exterior elements, depending on the place of ignition. 
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Figure 3. Houses that burned with a concrete vs. masonry structure. 
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Figure 4. Location of the ignition in the structure. 
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Figure 5. Responses to the inquiry on houses that burned without trees in a 20-m radius. 
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Figure 6. Responses of the participants on houses that burned due to firebrands. 
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Figure 7. Ignition locations in dwellings with more probability of localized fire damage due to the fire exposure of wildfires [40]. 
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Figure 8. Comparison of the heat flux of the natural fire model vs. standard fire, where A1 = A2 [27]. 
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Figure 9. Comparison of the natural fire model vs. standard fire using the equivalent area method, where A1 = A2 [27]. 
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Figure 10. Dwelling exposure classes for wildfire-fireproof design [27]. (a) Dwelling isolated in the plain field without any near trees. (b) Dwelling isolated in the wildland and surrounded by trees. (c) Dwelling located in the WUI, surrounded by trees and buildings. 
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Figure 11. Temperature vs. time curves used for the proposed wildfire standard structural code [27]. 
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Figure 12. Types of wildfire heat flux transmission [27]. (a) Heat flux due to convection, radiation, and flame contact. (b) Heat flux due to radiation; no flame contact. (c) Heat flux due to firebrand accumulation. 
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Figure 13. Design temperature vs. time curve due to firebrand accumulation, used in class exposure scenario A [27]. 
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Figure 14. Design temperature vs. time curve due to convection, radiation, and firebrand accumulation, used in class exposure scenario B [27]. 
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Figure 15. Design temperature vs. time curve due to convection, radiation, and firebrand accumulation or external façade fire, used in class exposure scenario C [27]. 
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Table 1. Thermal parameters used for buildings with different strategic importance.
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	      T   m a x f      
	      c   c o o l      
	      t   m a x      
	      T   m a x      
	      T   a m b      





	Dwelling
	430 °C
	1.000
	150 s
	1050 °C
	50 °C



	Police Station
	494.5 °C
	0.333
	150 s
	1050 °C
	50 °C



	Firehouse
	537.5 °C
	0.100
	150 s
	1050 °C
	50 °C



	Hospital
	645 °C
	0.050
	150 s
	1050 °C
	50 °C










 





Table 2. Simplified fireproof design requirements according to the building strategic importance for fire resistance, integrity, and insulation.
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ISO-834-EQ

	
Equivalent Fire Exposure Time [min]




	
Dwelling

	
Police Station

	
Firehouse

	
Hospital






	
Scenario class A

	
30

	
45

	
60

	
75




	
Scenario class B

	
45

	
60

	
75

	
120




	
Scenario class C

	
60

	
75

	
90

	
120
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