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Abstract

:

Traditional and modern coatings play a key role in enhancing the fire resistance of ancient Chinese buildings. However, further comparative analysis is needed on the fire properties of the two coatings and their effects on different timber structural components. This study focuses on the main hall of the Shanxi Changzhi Xianqing Temple, a typical traditional column and beam construction built between the Song and Jin periods. Firstly, the combustion characteristics of various timber structural component samples with different surface treatments (traditional “Yi-ma-wu-hui” and modern flame retardants) were analyzed using cone calorimeter. Secondly, the fire development process of the Xianqing Temple building model was analyzed by a fire dynamics simulator (FDS), and the effect mechanism of different surface treatments on the burning process was further studied. The results show that the fire resistance of timber structural components is significantly improved after modern and traditional surface treatments. The traditional method is more effective in delaying the peak heat release rate and reducing the surface temperature during combustion, while the modern surface treatment significantly prolongs the ignition time of the timber structural components. The FDS results confirm that modern and traditional surface treatments significantly improve the fire resistance of the building, delaying the flashover time by about 300 s, with no collapse occurring within 800 s. In addition, the fire resistance of buildings after traditional surface treatment is better compared to traditional methods. The above research results can provide direct data support for the selection and optimization of fireproof coatings and treatment methods for ancient buildings.
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1. Introduction


In ancient Chinese architecture, improving the fire resistance of buildings has always been an important consideration. Traditionally, applying mud plaster and using brick walls have been some of the fire prevention measures that have been commonly adopted. In particular, Yi-ma-wu-hui, a fireproof traditional coating that was formed by mixing raw hemp with lime plaster and other organic additives (such as tung oil, pig blood, and paper pulp), was often applied to the surface of timber structures to enhance the fire properties of the building. This traditional surface treatment was emphasized in the “Principles for the Conservation of Wooden Built Heritage” published by the 19th International Council on Monuments and Sites (ICOMOS) in 2017 [1]. In recent years, the application of modern flame-retardant coatings has gradually increased, providing more possibilities for fire prevention in ancient timber structural buildings [2,3]. New flame retardants include various inorganic or organic chemical agents that can significantly improve the flame retardancy of wood. Compared to traditional methods, these chemical flame retardants have the advantages of simple preparation and long-lasting effects, making them very suitable for the fire prevention treatment of timber structures in large-scale or difficult-to-disassemble ancient buildings [4,5]. For example, in key parts of timber structures such as mortise and tenon connections, timber column beam frames, the application of transparent flame retardants through full-surface brushing can strengthen the fire resistance capability of these timber structures, reduce the risk of fire, and have a minimal visual impact [6,7].



Previous studies have revealed the main components and content ratios of the “Yi-ma-wu-hui” used in Chinese timber structures of ancient buildings [8,9] and confirmed that this technique can significantly enhance the fire properties of timber components [10,11,12]. “Yi-ma-wu-hui” can increase the fire resistance limitation of timber components to a certain extent and reduce fire destructions. Also, the traditional material provides a protective layer at high temperatures, insulating oxygen and reducing heat transfer [8]. In addition, the favorable application effects of various modern flame retardants in the fire prevention properties of timber structures in ancient buildings have also been confirmed in previous studies. These modern flame retardants often contain intumescent components that form a foam layer at high temperatures, insulating and stopping the flame from spreading. Moreover, a good-quality fireproofing coating can significantly extend the ignition time and fire resistance of wood [13,14,15]. Compared to the original timber structure components, the heat release rate of components treated with flame retardants has been reduced by 53.1% [16,17]. The addition of flame retardants also reduces the concentration of smoke and carbon dioxide gas released, lowering the fire scene’s temperature [6]. However, although the above studies have confirmed that both the traditional “Yi-ma-wu-hui” prevention technique and flame retardants can achieve better fire prevention properties in ancient buildings, further comparative analyses on the fire prevention effects of these surface treatments and their effects on different timber structural components are still needed.



Past studies on the fire resistance of timber structural components in ancient Chinese buildings revealed that the cone calorimeter has been widely used for evaluating the fire properties of these components [18]. This analytical technique could simulate a real-time fire environment by exposing the timber structural components to stable heat radiation, allowing for the precise measurement and analysis of the material’s reaction to heat. Through testing and analysis with the cone calorimeter, important data on how wood and fire prevention treatment materials react under different heat radiation intensities can be obtained, which subsequently help to optimize fire treatment techniques and explore the fire resistance properties of various types and ratios of flame retardants [19,20]. Additionally, due to the high cost of actual fire tests and the limited data collected, the fire dynamics simulator (FDS) has gradually become an important tool in the study of fire properties in timber structures of ancient buildings [21,22]. FDS uses parallel computing to simulate the temporal and spatial distribution of parameters including smoke, temperature, and oxygen concentration, accurately depicting the fire development process. Researchers can design various complex geometric scenarios and fire source models according to the real environment, simulating fire scenarios under different ventilation conditions, burning materials, and layouts. In addition, previous studies have revealed that the fire resistance properties of timber structures in ancient buildings are closely related to parameters using FDS, such as the fire source position, the timber structure types, and the window area of buildings [23,24,25,26,27,28,29,30,31].



Based on the above analysis, this study focuses on the traditional column and beam construction of the Shanxi Changzhi Xianqing Temple main hall that was built between the Song and Jin dynasties, with the aim of exploring the fire performance of different woods and surface treatments. Elm, pine, and poplar wood, which are widely used for the roof rafter of the main hall of the Xianqing Temple, were taken as the objects of this study. Firstly, traditional “Yi-ma-wu-hui” and modern flame retardants are used for the surface treatment of different types of wood samples (elm, pine, and poplar). Next, the combustion characteristics of the wood samples under different surface treatment conditions are analyzed using the cone calorimeter, and the fire resistance properties of wood samples with different surface treatments are studied comparatively. Finally, based on the combustion characteristic data of different wood samples, a PyroSim model of the Xianqing Temple main hall is established using FDS for fire dynamic simulation analysis, revealing the effect of different surface treatments on the fire development process of the building.




2. Materials and Methods


2.1. Materials


Built between the Song and Jin dynasties, Xianqing Temple is located in Shangcun village, Changzhi City, Shanxi Province of China. The main timber structural components of the temple main hall are primarily constructed of poplar wood (Populus L.) (Figure 1). According to previous research, the upper part of the building and the areas near the fire source usually experienced the highest temperatures, and smoke that did not dissipate in time tended to accumulate around the roof rafter region, thus making the roof rafters the most vulnerable area within the timber frame [26]. Therefore, in this study, the rafter component of the Xianqing Temple was chosen as the study object. On-site investigations revealed that some timber structural components, particularly the rafters, were replaced with pine (Pinus sylvestris var. mongolica Litv.) and elm (Ulmus pumila L.) from previous restorations (Figure 2); hence, three wood species, namely elm, pine, and poplar wood, were selected for testing.



Based on the above findings, a total of 9 samples, consisting of 3 samples for each of the three wood species—elm, pine, and poplar—were prepared. Due to the size limitation of the cone calorimeter tray, the test samples were specifically designed to be 90 mm × 90 mm × 6 mm so that they could fit into the tray accurately. All samples were maintained at a moisture content of less than 18% and were then subjected to surface polishing prior to the application of surface treatments. Two surface treatments were applied to the three types of wood samples. Treatment 1 involved the application of modern flame retardant (Remmers Adolit BSS 1, boron-free water-based), where the flame retardant was applied thinly with a brush, air-dried, and repeated for the second time to ensure that two coatings were applied. Treatment 2 involved the application of the traditional “Yi-ma-wu-hui” technique (detailed processing can be found in our previous findings [32]), where the main ingredients included lime plaster, hemp, tung oil, pig blood, and paper pulp. In addition, a control group with no surface treatment was set up for comparison purposes. Detailed sample information can be found in Table 1 and Table 2, and the sample processing flowchart is shown in Figure 3.




2.2. Methods


2.2.1. Cone Calorimeter


The model of the cone calorimeter experimental instrument is FTT0242 (Fire Testing Technology, East Grinstead, UK). Before conducting the combustion test on the samples, it is essential to ensure that there are no impurities inside the sample combustion chamber and to keep it clean and dry. This step is crucial because any residue left inside the chamber may cause the samples to melt and detach unevenly during the combustion process, which might later affect the authenticity of the data and lead to potential deviations in the experimental results. During the test, the samples were placed in the sample chamber and tightly wrapped with aluminum foil to prevent heat loss and external interference, ensuring that this went directly to the heater. Additionally, to ensure test accuracy, it is necessary to maintain a distance of 25 mm between the sample and the cone heater. In this study, a heat flux value of 25 kW/m2 was determined experimentally and used for testing. To prevent deformation such as curling of the wood samples during heating and combustion, an iron grid was added above the wood samples to secure the wood and ensure the stability of the experiment. During the experiments, standards (methanol combustion) were used to calibrate the thermofluid meter and ensure that the environmental conditions (temperature and relative humidity) were consistent for each experiment.




2.2.2. Fire Dynamics Simulation


In this experiment, fire dynamics simulation (FDS) software is used for modeling the ancient building and further simulating its fire process. Due to the software’s incompatibility with curved objects, cylindrical components such as columns and rafters in the building could not be built directly. Hence, the complex components in this model are stacked by rectangular objects. Based on the research object rafter size of 100 mm in this study, the model mesh size is set to 100 mm × 100 mm × 100 mm, which is shown to run normally in the software page. Considering the actual situation of the Xianqing Temple, the fire source was set near the altar during the modeling process. In the simulation process, the wind speed was set to 2 m/s (northwest direction), the ambient temperature was 293.15 K, the atmospheric pressure was 103 kPa, and the specific heat capacity of air was 1.0069 kJ/(kg·K). The combustible material type of the ancient building was stacked wood, so the value of α was set to 0.0469 kW/s2, the maximum heat release rate Q was 8.0 MW, and the simulation time was 800 s. For combustion property parameters that could not be measured in the experiment (such as conductivity), all specimens used existing data for pines from the material library, with a thermal conductivity of 0.1 W/(m·K), absorption coefficient of 5 × 104 m−1, radiation coefficient of 0.9, and ignition temperature of 300 °C (Table 3). The combustion properties of wood under different surface treatment conditions were determined through cone calorimeter experiments.



After setting the basic parameters required for the fire dynamics simulation, the FDS software (Version 6.8.0) can then be used to analyze the fire development in the building. In the simulation, three temperature monitoring points and three temperature monitoring profiles were set (Figure 4). The monitoring points were located in the air to ensure the validity of the data, with specific positions as follows: next to the fire source at coordinates (point 1: 6.5, 11.5, 1.8) and at the center of the ridge at coordinates (point 2: 6.0, 7.0, 8.3); on the roof directly above the fire source at coordinates (point 3: 6.0, 11.5, 5.9). The coordinates of the temperature monitoring profiles are Y = 4.0 m, Y = 7.0 m, and Y = 10.0 m.






3. Results


3.1. Cone Calorimeter Analysis


Time to ignition (TTI) measures the time required for a material to transition from the start of heating to sustain combustion under a certain intensity of incident heat flux. A longer TTI implies better fire resistance of the material. Experimental data (Table 4) show that the TTI for elm, pine, and poplar wood is 80 s, 61 s, and 52 s, respectively. Therefore, among these three types of wood samples, poplar is the most flammable, while elm wood exhibits the best fire resistance. In addition, wood samples treated with modern surface treatments demonstrate significant improvements in fire resistance, with TTI values for elm, pine, and polar increasing to 145 s, 128 s, and 103 s, representing percentage increases of 81.3%, 109.8%, and 98.2%, respectively. The results have been confirmed by previous studies on the fire performance of surface treatments on pine and beech wood [33]. Compared to modern surface treatments, traditional treatments (Yi-ma-wu-hui) are equally effective, resulting in TTI values for elm, pine, and polar increasing to 131 s, 127 s, and 102 s, with percentage increases of 63.8%, 108.2%, and 96.2%, respectively. Although slightly less effective than modern treatments, both surface treatments significantly enhance the fire resistance of timber structural components.



Heat release rate (HRR) is a measure of the amount of heat released per unit area during the combustion process of a material under a certain heat flux, used to assess fire intensity. The peak heat release rate (pkHRR) reflects the maximum heat release of the material during combustion and is an important indicator of a fire hazard. As shown in Figure 5, the HRR curves of pine and elm wood exhibit two peaks, with the second peak higher than the first peak. In contrast, the HRR curve of poplar wood initially shows a more gradual increase without a distinct first peak. This difference may be related to the moisture content of the different types of wood. During the initial stages of combustion, moisture in the wood evaporates and produces hydrogen gas (H2) as a combustible material that participates in the combustion process, leading to differences in the initial peaks of heat release.



Different surface treatment methods have a significant impact on the pkHRR of wood, effectively reducing the peak heat release rate and decreasing the potential danger of flame spread. Modern surface treatment methods have led to a decrease in the pkHRR of elm, pine, poplar, and wood by 31.4%, 19.9%, and 26.4%, respectively (Table 5). The effects of traditional surface treatment methods for elm, pine, and poplar are even more significant, with reductions of 35.3%, 18.1%, and 29.0%, respectively. Additionally, both surface treatment methods suppress heat release in the initial stages of combustion, delaying the occurrence of peaks and prolonging the duration of wood components in a fire, with the traditional method showing a more pronounced delay effect. This indicates that both traditional and modern surface treatment techniques can effectively enhance the safety properties of wood in fire scenarios, especially in terms of delaying flame development and reducing peak heat release, which helps increase response time at the fire scene.



Mass loss rate (MLR) refers to the rate of change in sample mass over time during the combustion process, reflecting the extent of volatilization and combustion of the material under a certain fire intensity. The MLR of the three types of wood samples is shown in Figure 6, where it can be observed that the mass of the specimens changes slowly within the first 100 s of combustion, sharply decreases between 100 and 250 s, and then stabilizes after 250 s. In contrast, the mass loss of the samples applied with surface treatments is not as pronounced after 200 s, and the change in mass loss is similar for both modern and traditional surface treatment methods. This result was confirmed in previous investigations of the fire performance of different types of cedar after surface treatment [34]. To provide a clearer representation of the rate of mass loss and understand the variation in mass loss during the combustion process, this study also recorded the mass loss rate curves for the wood samples at different time points and plotted their fitting curves (Figure 7). Due to the nonlinear variation in the mass loss rate with time curve, a polynomial curve fitting was performed to combine the actual variation in the curve and the fitting effect. In addition, since the mass change curves of the three types of wood are similar, the analysis will focus on the fitting curve of the mass loss rate over time for elm wood. The results generally show an initial trend of decrease, followed by an increasing trend, and returning back to a decreasing trend. This indicates that wood samples undergo rapid mass loss in the early stages of combustion, with the mass loss rate gradually increasing, reaching a peak before decreasing again. In addition, it is evident that the peak time for the rate of mass loss in wood samples is significantly delayed after using modern and traditional surface treatments, with the effect being more pronounced in the traditional surface treatments.



Surface treatment alters the rate of the charring of wood, resulting in lower mass loss for untreated wood compared to wood that has undergone surface treatment within the same burning time. Although there is no consistent pattern in the total mass loss of wood samples after complete combustion, wood that has been surface-treated tends to have a longer burning time, with the peak mass loss rate occurring significantly later than in untreated wood samples (Table 6). The results confirm that surface treatments can effectively delay the rate of wood combustion, thereby increasing its durability in a fire, and that traditional surface treatments are more effective.



Smoke production rate (SPR) is an indicator of the speed at which smoke is generated in a fire, typically expressed as the ratio of the mass of smoke produced per unit of time to the mass of the burning material. The curves show the variation in the smoke production rate for wood samples with different surface treatments (Figure 8). It can be observed that after undergoing modern and traditional surface treatments, the time span for smoke generation significantly increases for elm, pine, and poplar wood, with wood samples treated using traditional methods showing a longer duration of smoke production.



According to Table 7, it could be found that the total oxygen consumption, total smoke production, total smoke release, total CO release, and total CO2 release are correlated during wood combustion. The production of CO2 was higher when the wood was sufficiently combusted, while the production of CO and smoke was lower. CO2 was positively correlated with oxygen consumption, while CO was negatively correlated with oxygen consumption. In addition, the smoke release is also negatively correlated with CO2, implying that incomplete combustion results in a relative decrease in CO2 production. Furthermore, it is evident that the total smoke released during the combustion process significantly increases for various types of wood after modern and traditional surface treatments, with the traditional surface treatment showing the most significant increase. The smoke release totals for elm, pine, and poplar wood increased by 49.3%, 62.2%, and 14.4%, respectively. Furthermore, the completeness of combustion can be assessed by calculating the ratio of carbon monoxide (CO) to carbon dioxide (CO2) emissions. It can be observed that compared to poplar and elm wood, pine wood releases more CO after application of modern or traditional surface treatments, indicating incomplete combustion and higher fire resistance, with the effect being more pronounced after traditional surface treatment.



Overall, among the three types of wood samples without surface treatment, the fire resistance properties from highest to lowest are elm wood, pine wood, and poplar wood. After surface treatment, the fire resistance properties of these three types of wood remain consistent. In the experiment, poplar wood is more prone to combustion compared to the other two types of wood and releases more smoke during the combustion process. Although poplar wood’s average heat release rate falls between pine and elm wood, it releases more total heat due to its shorter burning time.



Both modern and traditional surface treatment methods can effectively improve the fire resistance properties of wood samples, as shown in Table 8, where a positive value (“+”) indicates a positive effect on the fire resistance properties and a negative value (“−”) indicates a negative effect. The combustion property parameters are reflected in the prolonged ignition time, reduced heat release rate, and slowed mass loss rate, which help mitigate the loss of the mechanical properties of wood and the effects of temperature fields during a fire. However, especially with the traditional treatment method, although it delays the peak time of the heat release rate, it also leads to the generation of a large amount of smoke and incomplete combustion of the wood. In contrast, the modern treatment method produces less smoke and demonstrates a more significant advantage in increasing ignition time.




3.2. Fire Dynamics Simulation Analysis


To further explore the fire resistance properties of buildings under different surface treatment methods, the fire development process of the Xianqing Temple building was simulated using FDS, and the changes in temperature at three monitoring points were recorded, as shown in Figure 9. During the simulation, the temperature at these monitoring points gradually increased, with monitoring point 3 (at 8.3 m) reaching the highest temperature, followed by monitoring point 2 (at 5.9 m), and monitoring point 1 showing the lowest temperature (at 1.8 m). This temperature distribution reflects the behavioral characteristics of smoke and flames in the early stages of a fire in ancient buildings, where temperatures at higher positions inside the building rise earlier and faster compared to lower positions. This is mainly because flames spread along the surface of the combustible material, and due to the upward trend of hot air and thermal currents, flames are more likely to expand upwards. Additionally, the flames heat the surrounding air, creating thermal currents. As the thermal currents rise, cold air is replenished from below, creating a cyclic convection process. Natural convection further promotes the upward diffusion of flames and thermal currents.



Furthermore, the highest temperatures at the three monitoring points reached 760 °C, 653 °C, and 680 °C, respectively. The temperature on the roof rafter quickly reaches 200 °C and stabilizes at around 330 °C, which is the typical charring temperature of wood. When the fire temperature reaches 335 s, the internal temperature of the building rapidly increases, indicating a flashover phenomenon occurring at that time.



Flashover is the most unfavorable scenario in a fire, indicating a sudden full-scale combustion inside the building. In firefighting, it is generally recognized that the period before flashover occurs in a building is the prime time to extinguish the fire to preserve the overall structure of the building. To clearly determine the timing of flashover in a building, the trend of temperature differentials at each moment compared to the previous moment was further plotted to observe the rate of temperature change over time (Figure 10). The moment when the temperature change rate rapidly accelerates can be identified as the time when the building experiences flashover in a fire.



As shown in Figure 10a, the flashover time of the Xianqing Temple roof rafter is approximately 370 s. After 500 s, the temperature differentials at each monitoring point change from positive to negative, indicating the highest temperatures in the building and rapid cooling in the later stages. Based on this phenomenon, it can be inferred that the building collapses at this time, with heat dissipating outward, and the temperatures at each measurement point gradually decrease to 100 °C. Combining the above analysis results, it is confirmed that when a fire breaks out at the Xianqing Temple due to the careless use of fire for sacrificial purposes, the fire should be quickly extinguished within 300 s to preserve the overall building structure.



To visually illustrate the temperature distribution of the Xianqing Temple roof rafter more intuitively, temperature distribution maps at three profiles over time were plotted (Figure 11, Figure 12 and Figure 13). In order to facilitate the demonstration of the analyses and findings, during the initial stages of the fire when the temperature was slowly increasing, recordings were taken at intervals of 100 s. However, due to the rapid temperature changes in the later stages when the building experienced flashover, recordings were taken every 20 s.



From Figure 11, Figure 12 and Figure 13, it can be observed that smoke initially accumulates at the top of the roof rafter inside the building and then gradually spreads to the sides and downward, eventually enveloping the entire building in a high-temperature field. This result further confirms that during a fire at the Xianqing Temple, the roof collapsed first due to the flashover.



After understanding the combustion and temperature changes in the Xianqing Temple, based on the ignition time, heat release rate, mass loss rate, and smoke production of pine, poplar, and elm wood with different surface treatments, the combustion properties of poplar wood with the worst fire resistance were selected as simulation conditions to further study the fire properties of buildings with different surface treatments. The temperature changes at different monitoring points in buildings with different surface treatments are shown in Figure 14.



It can be observed that the Xianqing Temple main hall model without surface treatment collapsed at 492 s. However, modern and traditional surface treatment methods kept the temperature around 330 °C, with the modern treatment maintaining the collapsed temperature until 500 s after the fire started, while the traditional treatment stabilized at 330 °C until 640 s (monitoring points 3 and 2). At the same time, the temperature change at monitoring point 1, located at a lower position, remained below 200 °C. This result confirms that both modern and traditional surface treatment methods effectively prolong the time before the building ignites. Furthermore, no flashover or collapse occurred within the simulated 800 s, indicating that both modern and traditional treatment methods extended the optimal rescue time for the building by approximately 300 s.



Table 9 records the time taken for monitoring point 3 to reach the wood combustion charring temperature (300 °C). Under the no-treatment scenario, 300 °C charring temperature is reached at 91 s after the fire started, while the traditional and modern surface treatment delayed reaching the charring temperature by 37 s and 43 s, respectively. In summary, both modern and traditional surface treatment methods not only provide good fire resistance properties but also help to delay the destruction of the building and provide a longer rescue time for evacuation and firefighting in case of a fire.





4. Conclusions


This study analyzed the fire properties of different surface-treated woods such as elm, poplar, and pine using a cone calorimeter. Taking the Xianqing Temple as a case study, the fire development process was simulated using FDS to explore the impact of different surface treatments on the fire resistance properties of traditional timber buildings. The cone calorimeter test results showed that compared to pine and elm wood, poplar wood had the poorest fire properties with the shortest ignition time. When subjected to modern and traditional surface treatments, significant changes were observed in fire property parameters such as peak heat release rate, total heat release, and mass loss rate, significantly improving the fire properties of the timber structural components. The traditional surface treatments were more effective in delaying the peak heat release rate and reducing the surface temperature during combustion, while the modern treatments significantly extended the ignition time of the wood.



The FDS simulation results indicated that after the traditional timber frame building was ignited, smoke first accumulated at the roof rafter of the building, resulting in the highest temperature at the top. The smoke then gradually spread to the sides and downward, eventually enveloping the entire building in a high-temperature field. Furthermore, both modern and traditional surface treatments delayed the flashover time of the Xianqing Temple main hall by approximately 300 s, and no signs of building collapse occurred within 800 s, further demonstrating the significant improvement in the fire properties of the building with these treatments. The results of this study can be directly applied to the restoration and protection of ancient buildings, optimizing fire prevention measures. It also provides guidance for the development of new fire-resistant materials and technologies. Considering the limitations of this study, further investigations will be conducted on other types of wood and surface coatings and different timber structural combinations to analyze their fire performance. The FDS will also be used to simulate the fire transmission paths in complex building structures and thus evaluate the overall fire resistance.
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Figure 1. Exterior and interior images of the Xianqing Temple. 
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Figure 2. Timber species statistics of roof rafter in the main hall of Xianqing Temple. 
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Figure 3. Timber sample processing flowchart. 
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Figure 4. Schematic of FDS building model, temperature monitoring points, and profile locations. 
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Figure 5. Variation in heat release rate of wood samples: (a) elm samples; (b) pine samples; (c) poplar samples. 
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Figure 6. Mass change curves with time of wood samples: (a) elm mass change curve; (b) pine mass change curve; (c) poplar mass change curve. 
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Figure 7. Curves of sample mass rate versus time: (a) untreated (R2 = 0.73897); (b) modern treatment (R2 = 0.77118); (c) traditional treatment (R2 = 0.67378). 
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Figure 8. Smoke generation rate curves for wood samples with different surface treatments: (a) elm samples; (b) pine samples; (c) poplar samples. 
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Figure 9. Temperature changes in the main hall of Xianqing Temple (timber structural components without various surface treatments). 
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Figure 10. Temperature change rate curves for the main hall of Xianqing Temple (timber structural components without various surface treatments): (a) monitoring point 1; (b) monitoring point 2; (c) monitoring point 3. 
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Figure 11. Temperature distribution maps at Y = 10 m profiles of the main hall of Xianqing Temple (timber structural components without various surface treatments). 
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Figure 12. Temperature distribution maps at Y = 7 m profiles of the main hall of Xianqing Temple (timber structural components without various surface treatments). 
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Figure 13. Temperature distribution maps at Y = 4 m profiles of the main hall of Xianqing Temple (timber structural components without various surface treatments). 
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Figure 14. Temperature changes in the main hall of Xianqing Temple with different surface treatments: (a) monitoring point 1; (b) monitoring point 2; (c) monitoring point 3. 
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Table 1. Detailed sample information.
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Timber Species

	
Density (g/cm3)

	
Surface Treatment

	
Specimen Number






	
Elm

	
0.680

	
No treatment (control)

	
E-N




	
Modern

	
E-R




	
Traditional

	
E-T




	
Pine

	
0.423

	
No treatment (control)

	
Pi-N




	
Modern

	
Pi-R




	
Traditional

	
Pi-T




	
Poplar

	
0.386

	
No treatment (control)

	
Po-N




	
Modern

	
Po-R




	
Traditional

	
Po-T








Note: E—elm; Pi—pine; Po—poplar; N—no treatment; T—traditional treatment; R—retardant.













 





Table 2. Average moisture content of timber samples.
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Timber Species

	
Average Moisture Content before Treatment (%)

	
Specimen Number

	
Average Moisture Content after Treatment (%)

	
Moisture Content Variation (%)






	
Elm

	
10.2

	
E-N

	
16.9

	
+6.7




	
E-R

	
8.7

	
−1.5




	
E-T

	
8.7

	
−1.5




	
Pine

	
7.6

	
Pi-N

	
14.4

	
+6.8




	
Pi-R

	
6.9

	
−0.7




	
Pi-T

	
7.4

	
−0.2




	
Poplar

	
8.6

	
Po-N

	
10.7

	
+2.1




	
Po-R

	
8

	
−0.6




	
Po-T

	
8.2

	
−0.4











 





Table 3. Combustion property parameters of fire dynamics simulation.
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	Properties
	Data





	Density
	0.1 W/(m·K)



	Absorption coefficient
	5 × 104 m−1



	Emissivity
	0.9



	Ignition
	300 °C










 





Table 4. Time to ignition of wood samples with different surface treatments.
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	Sample Number
	Ignition Time
	Combustion Time





	E-N
	80 s
	175 s



	E-R
	145 s
	345 s



	E-T
	131 s
	345 s



	Pi-N
	61 s
	185 s



	Pi-R
	128 s
	300 s



	Pi-T
	127 s
	415 s



	Po-N
	52 s
	180 s



	Po-R
	103 s
	395 s



	Po-T
	102 s
	310 s










 





Table 5. Heat release rate and total heat release of wood samples.
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	Specimen Number
	Heat Release Rate Peak (kW/m2)
	Time to Peak (s)
	Total Heat Release (MJ/m2)
	Average Heat Release Rate (kW/m2)





	E-N
	363.8
	150
	17.3
	182.2



	E-R
	250.0
	160
	16.2
	76.7



	E-T
	235.5
	290
	23
	110.2



	Pi-N
	169.7
	70
	14.4
	115.1



	Pi-R
	136.0
	155
	11.8
	39.4



	Pi-T
	136.0
	230
	18.8
	58.5



	Po-N
	224.9
	135
	17.8
	157.8



	Po-R
	197.0
	160
	13.5
	116.1



	Po-T
	189.4
	210
	23.1
	112.1










 





Table 6. Mass loss rate of wood samples with different surface treatments.
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	Specimen Number
	Loss of Specimen Mass under Conical Calorimeter (g)
	Loss of Specimen Mass under One-Sided Fire Combustion (g)
	MLR (g/s)
	Time to Peak Mass Loss Rate (s)





	E-N
	13.4
	7.6
	0.27
	141



	E-R
	15.5
	5.7
	0.21
	151



	E-T
	18.1
	---
	0.24
	238



	Pi-N
	9.9
	19.7
	0.15
	93



	Pi-R
	17.6
	5.9
	0.13
	153



	Pi-T
	12.7
	5.7
	0.15
	117



	Po-N
	12.5
	25.3
	0.16
	96



	Po-R
	10.4
	10.1
	0.20
	113



	Po-T
	15.0
	11.6
	0.12
	172










 





Table 7. Smoke release information for wood samples with different surface treatments.
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	Sample Number
	Total Oxygen Consumption (TOD) (g)
	Total Smoke Production (m2)
	Total Smoke Release (m2/m2)
	Total CO Release (kg/kg)
	Total CO2 Release (kg/kg)
	CO-Release-to-CO2-Release Ratio





	E-N
	11.6
	0.75
	85.0
	0.50
	19.1
	0.026



	E-R
	10.8
	0.92
	104.9
	0.74
	25.7
	0.028



	E-T
	15.5
	1.12
	127.0
	1.02
	50.1
	0.021



	Pi-N
	9.5
	0.45
	50.7
	0.41
	29.7
	0.014



	Pi-R
	7.8
	0.71
	80.7
	5.39
	40.1
	0.134



	Pi-T
	12.4
	0.73
	82.8
	5.57
	12.4
	0.449



	Po-N
	9.0
	0.76
	86.1
	0.52
	28.0
	0.019



	Po-R
	11.3
	0.97
	110.4
	0.75
	28.0
	0.026



	Po-T
	15.3
	1.11
	125.1
	0.93
	49.4
	0.018










 





Table 8. Enhancement effect of different surface treatments on fire parameters of wood samples.
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Fire Resistance Parameters

	
Timber Species

	
Modern

	
Traditional






	
Ignition time

	
Elm

	
+81.3%

	
+63.8%




	
Pine

	
+109.8%

	
+108.2%




	
Poplar

	
+98.2%

	
+96.2%




	
Peak heat release rate

	
Elm

	
+31.4%

	
+35.3%




	
Pine

	
+19.9%

	
+18.1%




	
Poplar

	
+26.4%

	
+29%




	
Delay time to peak mass loss rate

	
Elm

	
+7.1%

	
+68.8%




	
Pine

	
+64.5%

	
+25.8%




	
Poplar

	
+7.3%

	
+79.2%




	
Smoke release rate

	
Elm

	
−22.4%

	
−49.2%




	
Pine

	
−59.2%

	
−63.3%




	
Poplar

	
−14.6%

	
−47.1%











 





Table 9. Time to reach 300 °C of monitoring point 3 in the main hall of Xianqing Temple with different surface treatments.






Table 9. Time to reach 300 °C of monitoring point 3 in the main hall of Xianqing Temple with different surface treatments.





	Surface Treatment
	Time for the Roof (Monitoring Point 3) to Reach 300 °C





	No treatment (N)
	91 s



	Modern (R)
	134 s



	Traditional (T)
	128 s
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