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Abstract: In ancient villages, the spread of uninterrupted fires caused great damage to clustered
wooden houses. Thus, the spread of fire among wooden houses should be systematically studied
to explore its characteristics. Statistical analysis is a feasible way to study the characteristics and
underlying mechanisms of fire in full-scale wooden houses. In this study, 4 full-scale wooden
buildings were built in an ethnic village in Guizhou Province, and the fire spread test was conducted
by igniting a 0.63-MW power wood crib. To investigate the fire spread, the visual characteristics
were observed, and the temperatures and heat radiation at special locations were monitored with
thermocouples and radiation flowmeters, respectively. The effect of relative slope, heat radiation,
and wind direction on fire spread characteristics was established by mathematical statistics, and
the measured temperatures were used to verify the statistics’ regularity. The results showed that
in wooden houses, fire spread was mainly influenced by the slope, the distance between houses,
and wind direction. When the inner wall of a wooden house is protected by a fireproof coating,
the thermal radiation spread and fire spread are both slower. The slope and distance had the same
influence weight (0.41) on fire spread; however, since they affect the process in different ways, they
should be analyzed separately for fire risk evaluation. The findings of this study provide a theoretical
foundation for understanding the fire spread process in wooden buildings.

Keywords: fire spread; full-scale experiment; wooden houses; fire behavior; flame temperature

1. Introduction
1.1. Introduction to Fire Spread of Wooden Houses

Due to China’s long history and ethnic diversity, ancient wooden buildings with
regional characteristics are widespread throughout the country [1–3]. These buildings have
not only residential value but also are integrated into the local folklore, culture, history,
economy, and natural scenery and have both historical and touristic value [4–6].

Figure 1 depicts one type of stilt-style architecture, which is a common style of ancient
rural wooden buildings in southwest China. This type of house is often built near the
mountains and is supported by wooden columns. Since this type of building is composed
of stacked wood, they are at high risk of fire [7]. When uninterrupted fires occurred in
ancient villages, the fire spread caused great damage to clustered wooden houses [8].
Deteriorated wooden buildings might have a greater possibility of catching fire when they
contact open flame [9–11]. However, the current fire protection force in rural areas is still
relatively weak, mainly due to a lack of public firefighting facilities, a lack of firefighting
management, low firefighting awareness among villagers, and difficulties in external
firefighting rescue [12]. Unlike wildfire spread in grass and forests, wooden houses are
prone to igniting from the building’s interior [13]. The internal fire process consists of
ignition, flashover, full development, collapse, and extinguishment. This happens quickly,
causes great damage, and harms people’s safety and lives [14,15]. Traditional small-scale
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experiments cannot objectively and accurately reproduce the fire spread characteristics of
wooden building clusters [5,16]. Therefore, it is important to adopt a full-scale experimental
approach for fire spread research on wooden houses.
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Figure 1. Model of an ancient wooden building in southwest China.

1.2. Literature for Wooden Houses Research

Several studies have investigated the fire spread characteristics of wooden build-
ing clusters in China and other countries. Hasemi [17] discussed the fire spread char-
acteristics of three-story wood houses using a full-scale experimental approach, while
Matthew et al. [18] found that fires of intermediate size were negatively associated with rel-
ative humidity. Zhang et al. [19] studied the thermo-mechanism behavior of wooden joints
under fire exposure. Kristoffersen et al. [11] summarized improving the fire protection of
wooden buildings with limited additional costs. Bartlett et al. [11] presented the pyrolysis,
ignition, and combustion processes associated with wood products. Li et al. [20] conducted
an in-depth study on fire safety planning and strategies for rural ancient building groups
in Japan; moreover, Maraveas et al. [21] studied the factors influencing the fire resistance
of wood-based houses. Stubbs et al. [22] found that flame height and surface area increased
significantly with wood materials but also approached asymptotic values.

Until now, only a few full-scale studies have focused on the fire hazard of multiple
wooden houses in China. Notably, the smoke concentration and the temperature dis-
tribution during fire spread are closely related to a series of conditions [23,24], such as
the fire separation between adjacent buildings [25], the combustion structure [26], the
relative slope [27], the roof temperature [28], the external wind speed at the time of
fire [29], the moisture content of wood [30], and the atmospheric temperature [31,32].
Therefore, the main factors influencing fire spread need to be analyzed by actual fire
tests [33,34]. Traditionally, fire spread tests have been based on small-sized models of
wooden structures [35,36]. Although these studies have provided a basic theoretical un-
derstanding of the fire spread phenomenon, they focused less on wind speed and space
temperature; therefore, their results were not completely realistic [37,38].

Fire spread in full-size buildings have been studied mainly considering the mate-
rial [39], geometry [39], ventilation [40], boundary properties [26,41,42], and wood struc-
tures [43,44]. Their studies have systematically analyzed how these factors affected the
spread of fire in full-scale buildings. However, these factors were analyzed by a simple
variable method, and only a few studies have investigated the main factors influencing the
fire spread process by statistical theory, which could further study the inter-correlations
among these factors. Additionally, the tendencies of fire spread when these factors are
simultaneously varied are not yet known. Thus, the aim of this study was to (i) investigate
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the fire spread in wooden houses when multiple factors simultaneously varied; (ii) analyze
the main factors influencing fire spread by statistical theory; (iii) provide fire protection
suggestions for wooden houses in the ethnic villages of China.

1.3. Brief Description of This Experiment

In this study, we studied the actual fire spread process in 4 full-scale wooden houses
by igniting a 0.63-MW power wood crib. Four full-size wooden houses were built on a
vacant lot in an ethnic village in Guizhou Province. The fire spread, temperature, and
heat radiation were monitored, and the factors, i.e., relative distance, height, relative
slope, and wind direction, influencing fire spread were investigated. Subsequently, the
statistical software Statistical Product Service Solutions (SPSS) was used on the measured
temperature and radiation; analysis of cluster and dimension reduction were used as the
main methods. Finally, the analysis result by SPSS was verified by the detection results.
The findings of this study will provide a theoretical foundation for understanding fire
spread in wooden houses.

2. Materials and Methods
2.1. Construction and Test Environment of the Wooden Houses

The test site was located on a vacant lot characterized by yellow mud in a village in
Southeastern Miao and Dong Autonomous Prefecture (Guizhou Province, China). A 6.0 m
high platform, backed by a wooded area, was positioned north of the site (Figure 2a).

Buildings 2022, 12, x FOR PEER REVIEW 3 of 24 
 

simultaneously varied are not yet known. Thus, the aim of this study was to (i) investigate 

the fire spread in wooden houses when multiple factors simultaneously varied; (ii) ana-

lyze the main factors influencing fire spread by statistical theory; (iii) provide fire protec-

tion suggestions for wooden houses in the ethnic villages of China. 

1.3. Brief Description of This Experiment 

In this study, we studied the actual fire spread process in 4 full-scale wooden houses 

by igniting a 0.63-MW power wood crib. Four full-size wooden houses were built on a 

vacant lot in an ethnic village in Guizhou Province. The fire spread, temperature, and heat 

radiation were monitored, and the factors, i.e., relative distance, height, relative slope, and 

wind direction, influencing fire spread were investigated. Subsequently, the statistical 

software Statistical Product Service Solutions (SPSS) was used on the measured tempera-

ture and radiation; analysis of cluster and dimension reduction were used as the main 

methods. Finally, the analysis result by SPSS was verified by the detection results. The 

findings of this study will provide a theoretical foundation for understanding fire spread 

in wooden houses. 

2. Materials and Methods 

2.1. Construction and Test Environment of the Wooden Houses 

The test site was located on a vacant lot characterized by yellow mud in a village in 

Southeastern Miao and Dong Autonomous Prefecture (Guizhou Province, China). A 6.0 

m high platform, backed by a wooded area, was positioned north of the site (Figure 2a). 

 
Figure 2. Cont.



Buildings 2022, 12, 575 4 of 21
Buildings 2022, 12, x FOR PEER REVIEW 4 of 24 
 

 

Figure 2. Construction process of the wooden houses and construction profile of the buildings. (a) 

Situation of test platform, (b) Prepared test wood, (c) Construction of buildings, (d) Completion of 

buildings, (e) Cross-section of the buildings’ structure. 

In order to improve the accuracy of the experiment, after field investigation, four 

representative adjacent wooden houses were selected as models for the experimental 

wooden houses. The building size, separation distance between houses, and architectural 

structure were based on the models. The wood used for the test construction was taken 

from a wooden building that had been inhabited for more than 10 years (Figure 2b). A 

total of 4 wooden buildings (1–4) were erected for the test. Their structural frames, roof 

covers, floor slabs, beams, and other structural elements were composed mainly of wood 

(Figure 2c,d). Figure 2d shows the side structure of one of the buildings. The space be-

tween the floor and the ceiling of the living space was 2.3 m, and the space between the 

ceiling and the roof (i.e., the loft) was 2.7 m. Notably, the loft was partially open (i.e., the 

building created a non-completely confined space); moreover, the rooms and the loft of 

all the buildings had the same height (Figure 2d). The four buildings were exactly made 

of the same materials. The walls were composed of two parts, outer and inner wood panel 

walls. In addition, Houses 1 and 4 had 2 floors (floor areas of 75.52 m2 and 42.24 m2, re-

spectively), while Houses 2 and 3 had only 1 floor (floor areas of 20.67 m2 and 42.24 m2, 

respectively). 

2.2. Arrangement of the Test Points 

A layout of the experimental site and the arrangement of test points are shown in 

Figure 3. House 1 (i.e., the ignition building) had 2 floors, with 4 rooms on the first floor; 

notably, the rooms on the second floor were intercommunicating. For free burning condi-

tions, these cribs would have had a maximum surface-controlled mass loss rate (MLR) of 

0.39 kg/s combined, according to [19]. 
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(a) Situation of test platform, (b) Prepared test wood, (c) Construction of buildings, (d) Completion
of buildings, (e) Cross-section of the buildings’ structure.

In order to improve the accuracy of the experiment, after field investigation, four
representative adjacent wooden houses were selected as models for the experimental
wooden houses. The building size, separation distance between houses, and architectural
structure were based on the models. The wood used for the test construction was taken from
a wooden building that had been inhabited for more than 10 years (Figure 2b). A total of
4 wooden buildings (1–4) were erected for the test. Their structural frames, roof covers, floor
slabs, beams, and other structural elements were composed mainly of wood (Figure 2c,d).
Figure 2d shows the side structure of one of the buildings. The space between the floor and
the ceiling of the living space was 2.3 m, and the space between the ceiling and the roof
(i.e., the loft) was 2.7 m. Notably, the loft was partially open (i.e., the building created a
non-completely confined space); moreover, the rooms and the loft of all the buildings had
the same height (Figure 2d). The four buildings were exactly made of the same materials.
The walls were composed of two parts, outer and inner wood panel walls. In addition,
Houses 1 and 4 had 2 floors (floor areas of 75.52 m2 and 42.24 m2, respectively), while
Houses 2 and 3 had only 1 floor (floor areas of 20.67 m2 and 42.24 m2, respectively).

2.2. Arrangement of the Test Points

A layout of the experimental site and the arrangement of test points are shown in
Figure 3. House 1 (i.e., the ignition building) had 2 floors, with 4 rooms on the first
floor; notably, the rooms on the second floor were intercommunicating. For free burning
conditions, these cribs would have had a maximum surface-controlled mass loss rate (MLR)
of 0.39 kg/s combined, according to [19].

A total of 80 wood cribs (about 25.0 Kg) with the dimension of 250 mm × 25 mm × 25 mm
(length × weight × height) were set as the fire source according to [15]. The heat of
combustion of wood cribs used was 17 MJ/kg as measured by a bomb calorimeter, thus
giving a maximum surface-controlled heat release rate of 0.63 MW.

The location of rooms 1, 2, 3, and 4 is shown in Figure 3. The center of room 1 was set
as the ignition point. Temperature measuring thermocouples (type K, Omega, New York,
NY, USA) were installed on the east, south, west, and north walls of room 1, with corre-
spondent measuring points named D, N, X, and B, respectively. Additional temperature
measuring thermocouples were installed at heights of 0.5, 1.0, 1.5, and 2.0 m from the floor
and on the floor of room 1: the corresponding points were 1-1-1, 1-1-2, 1-1-3, 1-1-4, and
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L2, respectively. In room 1, at the height of 1.0 m, we positioned another temperature
measuring thermocouple (E-1). The lobby, rooms 2, 3, and 4 were equipped with temper-
ature measuring thermocouples 1.0 m above the floor, named points T, 1-2, 1-3, and 1-4,
respectively. Additional temperature measuring thermocouples, named points E-2 and
E-3, were located 1.0 m above the ground on the second floor directly above the hall and
1-3. Another temperature measuring thermocouple, located in the middle of the staircase
against the wall, was identified as point L. At the height of 1.0 m, water-cooled radiant heat
flowmeters (radiant heat flow dual-use type, Shanghai Tuxin Company, Shanghai, China)
were set at the front door, at a horizontal distance of 3.0 m and 6.0 m, respectively, from
the front door, named points G1, G2, and G3. The total number of thermocouples and heat
flowmeter were 31 and 5, respectively, as listed in Table A1.
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The distance between Houses 1 and 2 was 0.5 m (based on the position of the respective
inner walls). In particular, House 2 was located to the east of House 1. In House 2,
temperature measuring thermocouples were set at the height of 1.0 m from the base of the
first floor, in correspondence to the inner and outer walls (points Q1 and Q2, respectively),
as well as 1.0 m below the eaves (point R1). There was also a water-cooled radiant heat
flow meter at the same location on the exterior wall Q1, named point G4. Notably, the
interior wall of House 2 was sprayed with a halogen-free, efficient, and environmental
fireproof paint (commercial products from Cuizhixin New Technology Development Co.,
Ltd., Suzhou, China), which has been independently fire-tested to a standard and applied
to materials made of wood, paper, and plastic. Detailed information about the fireproof
paint is listed in Appendix A. The dose of brushing the paint on the wall was 350 g/m2,
while the exterior wall was not sprayed.

House 3 was constructed to the west of House 1, and the distance between them (mea-
sured from the respective inner walls) was 1.0 m. The interior and exterior walls of House
3 were not treated with fireproof paint. Here, 1 temperature measuring thermocouple was
set at the height of 1.0 m from the floor (point 3-1), while the other was 1.0 m below the
eaves (point R2), respectively.
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House 1 was attached to a 6.0 m platform on the north side. This platform had a
slope inclination of about 80◦ and a slope length of 6.1 m. Six temperature measuring
thermocouples were uniformly distributed along the straight slope to measure the fire
spread temperature along its length. From bottom to top, the locations of the instruments
were marked as S1, S2, S3, S4, S5, and S6. House 4, whose interior and exterior walls
were not fireproof, was built on the platform. This house had two floors, each containing
intercommunicating rooms. Temperature measuring thermocouples were set at the height
of 1.0 m from the floor and 1.0 m below the eaves on the first and second floors, named
4-1, E-4, and R3 points, respectively. The exterior wall was equipped with a water-cooled
radiant heat flow meter located at the height of 1.0 m from the floor (point G5).

2.3. Test Procedure

The test took place on 23 August 2020, between 11:00 and 13:00, the temperature
ranged from 21 to 28 ◦C, and the humidity was 91%. The weather on that day was sunny,
with an east-southeast wind at the speed of 2.4–5.4 m/s. At 11:30 a.m., all the windows and
doors of House 1 were opened, and a fire was lit in the center of room 1 (Figure 3). A video
camera was used to film the spread of the fire in all four houses; meanwhile, the tempera-
ture measuring thermocouples monitored the temperature at different points. To ensure the
accuracy of the measurements, two measuring thermocouples were installed horizontally at
each measurement point, and their results were averaged. Additionally, radiation flowme-
ters were installed at special locations, shown in Figure 4, to monitor the heat radiation
power. In the middle and late stages of the test (20 min after ignition), a professional team
was asked to extinguish the fire in Houses 2 and 4 to prevent the test-fire from getting out
of control.
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2.4. Statistical Analysis

As shown in Figure 4, the temperature and thermal radiation results obtained from
the test were verified using the software IBM SPSS 25.0 (with the Python 2.2.17 extension
package); statistical analysis was conducted on the detection results using the actual
measured temperature and radiation during the whole experimental process. Following the
previous method [45], cluster analysis and dimension reduction analysis was applied
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to analyze the correlation among measured temperatures, while the algorithm of the
bootstrapping method was used to obtain the confidence intervals. The cluster analysis
was based on the algorithm of K-means, while the dimension reduction analysis was based
on the algorithm of principal component analysis.

3. Test Results and Discussion
3.1. Analysis of the Fire Spread Patterns in the Igniting House
3.1.1. Analysis of the Visual Characteristics

Figure 5 shows a series of photos taken from outside House 1 during the test. Fire ignition
occurred at 0 min in room 1-1. At 3.1 min, smoke began to overflow from room 1-1.
At 6.6 min, the floor of the room floor was lit, and the fire burned on the room’s inner
walls. At 8.9 min, a small amount of open fire spilled out of the window. At 10.2 min, a
large number of open flames came out of the window and gradually went through the
window to the second floor. At 10.8 min, the ceiling of room 1-1 collapsed, the fire quickly
reached the second floor, and the beams were burned. At 12.3 min, the roof of House 1
was completely burned, and a large amount of smoke was produced. At 12.7 min, the
foundation of the house (near room 1-1) was burned. At 16 min, only the main frame of
House 1 was left. At 23 min, the house completely collapsed, and the walls and floors were
completely consumed by the fire.
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3.1.2. Temperature Changing Rule

Figure 6 shows the temperature of each test point in room 1. Figure 6a shows how,
before 10.00 min, the detection height and the room temperature were significantly cor-
related, and the highest temperature was registered at point 1-1-4. Between 10–12.5 min,
the temperature increased rapidly at all 4 detection points in room 1. At 12.5 min, the
temperature at points 1-1-2, 1-1-3, and 1-1-4 was similar and slightly higher than that at
point 1-1-1; the correlation between height and room temperature decreased (in accordance
with the observations reported by Huang et al. [46]). Figure 6b shows how, before 10 min,
the temperature at the measurement points on all 4 walls of room 1 showed gentle change.
At 10 to 11 min, the temperature of all points increased significantly, showing the room had
reached flashover. This phenomenon may be due to the amount of oxygen provided by the
vacancy structure of lofts in ancient wooden buildings; a similar phenomenon could be
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found in a previous study [15]. The temperature began to rise at 12.5 min at point B and
at 14 min at points N and D. After 15 min, all 4 points reached a stable temperature; the
highest values were measured at point X (west wall), followed by point B (north wall) and
points N and D (south and east walls, respectively). Compared with the other three walls,
the west wall showed the earliest temperature rise and the highest final temperature; in
comparison, the north wall showed a slightly later temperature rise and a slightly lower
final temperature. This difference was related to the non-completely confined nature of the
experimental wood-frame building space. The outdoor east-southeast wind will, in fact,
enter the interior of a non-completely confined building, affecting the fire spread direction.
In our test, after 10 min from fire ignition, the ventilation direction significantly affected the
fire spread direction.
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Figure 7 shows the temperatures registered at the height of 1.0 m from the floor in each
room of House 1 during the fire spread. The increase in temperatures followed the order of
1-1-2 (room 1) > T (hall) = L (stairs) = L2 (floor) = 1-2 (room 2) > 1-4 > 1-3. Specifically, the
point 1-1-2 increased rapidly at 9.5 min, and T, L, L2, and 1-2 increased at 11.5 min, while 1-4
and 1-3 increased at 12 min and 12.5 min. The staircase was at a certain distance from room
1, and it heated up at the same time as the hall, possibly because the staircase was connected
to the second floor and had sufficient air (not a completely airtight loft). After 11 min, the
fire spread phenomenon was influenced by the direction of the wind coming from outside.
In addition, Room 3 was located northwest of the burning room and intercepted the wind;
here, the fire spread and heated up rapidly. Finally, in Room 4 (to the west of the burning
room), the fire spread and heated up slowly. It showed that the order of room heating was
similar to the ventilation direction. However, the order of increased temperature could not
verify this assumption; thus, the measured temperatures were analyzed using SPSS.

3.1.3. Principal Component Analysis and Validation

Figure 8 and Table 1 show the correlation of the temperatures during the whole experi-
mental process at each detection point in the building where the fire started. The confidence
intervals of measured temperatures are listed in Table A2. In particular, Figure 8a shows
that the detection points on the first floor of the ignition building can be classified into
two clusters; inside the ignition building, fire spread was mainly influenced by two factors.
These two factors were further analyzed (Figure 8b and Table 1). Component 1 (Factor 1)
and Component 2 (Factor 2) likely represented the wind direction (influence weight = 0.47)
and the relative height (influence weight = 0.43), respectively. Combining this information
with that in Figures 6–8, it was speculated that the relative height and the wind direction
significantly influenced both the fire spread phenomenon and the temperature change in
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the burning building. Similar studies have investigated fire spread in forests and found
that 76% of fire behavior is linked to wind direction, wind speed, altitude (height), and
other factors [46]. Specifically, before the fire started (at 12 min), the correlation between
fire spread and the relative height was greater than that between the wind direction and the
spread direction, and relative height and spread rate increased together; however, after the
fire started (11 min), the correlation between the wind direction and the spread direction
was greater than that between fire spread and the relative height.
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Table 1. Dimension reduction analysis of temperature at the test points in House 1 during the whole
experiment process.

Point Number Principal Component 1 Principal Component 2

1-3 0.966
1-1-1 0.957
1-4 0.956
1-2 0.873 0.475

1-1-4 0.864 0.497
1-1-2 0.825 0.478

T 0.709 0.669
X 0.955
N 0.930
D 0.921
B 0.914
L 0.408 0.821

L2 0.648 0.719
1-1-3 0.657 0.718

Note: The principal component matrix converged after three iterations by rotation.

Figure 9 shows the temperature results obtained at the measurement points on the
second floor of House 1. The point points E-1 (directly above room 1) and E-2 (directly
above the hall) almost simultaneously rose. Compared with E1, E2 was far away from the
fire source, which was supposed to warm up early. The simultaneous warming indicated
that both the wind direction and height strongly influenced the fire spread.
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The above results show that fireproofing measures need to be taken on the ceilings of
wooden buildings to reduce the influence of relative height. In addition, placing windows
in the area of the perennial prevailing wind direction should be limited.

3.2. Analysis of Fire Spread Rule in Wooden Houses
3.2.1. Analysis of the Visual Characteristics

Figure 10 contains photos taken from outside the buildings during the fire spread.
Between 10 and 12 min, House 1 was burning in its entirety (large amounts of fire and
smoke were visible from the outside), while Houses 2–4 showed no signs of ignition.
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Figure 10. Fire spread among the Houses 1-4 (a,b), of which (a1,b1,c1,d1) were during the time of
10–12 min, (a2,b2,c2,d2) were at the time of 16 min, (a3,b3,c3,d3) were at the time of 19 min, and
(a4,b4,c4,d4) were during the time of 23–33 min.

At 16 min, only the foundation structure of House 1 was left; moreover, the west
eaves of House 2 and the south eaves of House 4 had ignited. At 19 min, the foundation of
House 1 was burning, the west eaves of House 2 were burning, the east eaves of House 3
had ignited, and the south exterior wall and eaves of House 4 were burning. At 20 min,
firefighting operations were carried out on Houses 2 and 4. In the final part of the test
(between 23 and 33 min), Houses 1 and 3 completely collapsed, the exterior walls and eaves
of House 2 were completely burned (with no obvious changes in the interior), and the
south exterior wall and eaves of House 4 were completely burned.

3.2.2. Effect of Fireproof Materials

The correlations between temperatures at points 1-1 (room 1), 1-2 (room 2), T (hall)
(House 1), Q1 (exterior wall), and Q2 (interior wall) (1 m above the floor in House 2) are
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shown in Figure 11. In the case of House 1, the p-value between the temperatures of room 1
and room 2 (or the hall) was >0.05. Notably, there was a low significant relationship between
the temperatures of the 2 tested points and the external wall of House 2 (0.01 < p < 0.05).
The p-value between the temperature of room 1 (or the internal wall of House 2) and the
internal wall of House 2 was instead <0.01. The above results proved that the fireproof
paint sprayed on the inner wall of House 2 had a good fireproof effect, effectively slowing
down the heating rate and the spread of fire.
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3.2.3. Effect of Slope

The temperatures measured at points S1–S6 (along the slope between House 1 and
House 4) are shown in Figure 12. At points 1–4, the temperature did not significantly
change between 0 and 14 min; however, it started to rise from 14 min onwards. At points
5–6, the temperature gradually increased between 0 and 14 min, but it was higher at point
6; then, from 14 min onwards, it rose faster. The calculation followed Equations (1) and
(2) and showed that F and R were 1.79 and 0.23 km/h, respectively. Thus, the rate of
forward spread of fire on level to undulating ground was 0.233 km/h. The above results
indicate that the slope had the greatest effect on fire spread. Before the fire spreads, a large
amount of fire and smoke spread upward along the slope due to thermal pressure and the
wall-hugging effect. This explains why the highest points (5 and 6) warmed up first.

F = 2.0× e(−23.6+5.01×ln (C)+0.0281×T−0.226
√

H+0.633
√

V) (1)

R = 0.13× F (2)

where F was the fire danger index; C was the degree of curing (percent), 89%; T was the air
temperature (◦C), 24.5 ◦C; H was the relative humidity (percent), 91%; V was the average
wind velocity in the open at the height of 10 m (km/h), 14.04 km/h; R was the rate of
forward spread of fire on level to undulating ground.
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3.2.4. Effect of Distance

The thermal radiation results obtained from points G1–G5 are shown in Figure 13.
At point G1, thermal radiation started to increase at 8 min; then, from 10 min, it increased
exponentially. Boom combustion occurred due to the non-completely confined configura-
tion of the space fueling the combustion. Meanwhile, thermal radiation began to rise also at
G2 and G3; however, the amount of thermal radiation at G2 was twice as high as that at G3.
These results are consistent with those of Nishino et al. [47]; thermal radiation decreased as
the distance between the monitoring point and the heat center increased. At G4 and G5,
thermal radiation started to increase at 12 min and reached its maximum (9.53 kW m−2 and
15.29 kW m−2, respectively) at 14 min. The low thermal radiation of House 2 was related to
the relative height and slope compared to House 4.

3.2.5. Principal Component Analysis Results and Validation

Figure 14 and Table 2 show the temperatures registered in Houses 1, 2, 3, and 4 and
elaborated using the SPSS software, and the confidence intervals of measured temperatures
are listed in Table A3. Figure 15a shows that the test points could be classified into three
clusters, indicating that the fire spread phenomenon in the wooden houses was mainly
influenced by three factors.

These three factors were further analyzed (Figure 15b and Table 1). Component 1
(Factor 1, identified as the slope) had an influence weight of 0.41, Component 2 (Factor
2, identified as the distance) had an influence weight of 0.41, and Component 3 (Factor
3, identified as the wind direction) had an influence weight of 0.08. Thus, distance and
slope had the same influence weights on fire spread in the wooden houses, but thermal
radiation was lower at G5 (where the slope was high) than at G3 (where the slope was low)
(Figure 13). This indicates that, despite the high correlation between slope and distance,
these two parameters influenced fire spread in different ways. In the fire risk assessment of
wooden houses, safety analyses and calibrations of both distance and slope are required.
Fireproofing materials achieve fire protection by slowing down heat radiation (Figure 11).
Compared to slope and distance, wind direction had a lower influence weight in the test.
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This may have been due to the absence of adjacent buildings to the northwest (downwind
side) of the burning building.
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Table 2. Dimension reduction analysis results for temperature and thermal radiation at the test points.

Point Number Principal
Component 1

Principal
Component 2

Principal
Component 3

G2 0.952
G4 0.947
G1 0.945 0.315
G3 0.920 0.320
Q2 0.806 0.567
Q1 0.739 0.653
1-2 0.723 0.606
G5 0.456
S5 0.932
S3 0.893 0.324
S4 0.333 0.871
1-1 0.496 0.852
S6 0.321 0.834
S2 0.506 0.769
T 0.540 0.741
S1 0.944

Note: The principal component matrix converged after five iterations by rotation.
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Since floors 2, 3, and 4 were first lit in correspondence with the eaves, we monitored
the temperature at these locations (Figure 15). The temperatures of both R2 (eaves of
House 2) and R4 (eaves of House 4) started to increase rapidly from 7.5 min; then, between
13 and 20 min, they remained relatively stable (averages of 650 and 550 ◦C, respectively).
Finally, they started to decrease after 20 min due to fire extinguishing.

The temperature at R3 (eaves of House 3) started to rise at 15 min, reaching an average
value of 800 ◦C at 21.5 min. Notably, R2 was ignited earlier due to its closer proximity to
the fire source and the higher heat radiation compared to R4. Additionally, R4 was ignited
earlier than R3 due to the higher slope of Houses 2 and 4. R2 and R4 were ignited almost
simultaneously, indicating that distance and slope had a similar influence weight on fire
spread. The temperatures shown in Figure 14 confirmed that distance and slope were
the main factors influencing fire spread in the wooden houses, which was consistent with
previous studies [48].

Therefore, while fire safety and cost should be simultaneously considered in a project,
the fire damper and fireproof coating were preferentially chosen since the main factors are
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distance and slope. Additionally, further expansion of fire prevention space needs to be
considered in rural planning due to the coupling effect of multi-factors.

4. Conclusions

The following conclusions were inferred from our experimental study.
(1) Fire spread was significantly correlated with relative height and wind direction.

Before the fire started at 12 min, the correlation between height and fire spread was
great (influence weight of 0.42); the higher the relative height, the greater the spread rate.
At 11 min after the fire started, the correlation between wind direction and fire spread was
great (influence weight of 0.47); the wind direction influenced the spread direction.

(2) The fire spread between adjacent buildings was mainly influenced by the distance,
wind direction, and slope; specifically, the rate of forward spread of fire increased to
0.06 m/s when at the slope of 80◦.

(3) When fire risk assessments are conducted, the relative slope and the distance
between buildings need to be calibrated and analyzed separately.

(4) In this study, the findings provide a theoretical foundation for understanding the
fire spread characteristics of wooden buildings. Further experiments should set varied
wind velocities and directions to compare the influence weights of slope, distance, and
wind properties.
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Appendix A

Appendix A.1 Previous Fire Spread Tests for Fireproof Paint

Appendix A.1.1 In the Treatment of Chinese Fir Board (Nominal Density of 500 kg/m3,
Nominal Density of 15 mm)

The dose of brushing the paint was 70 kg/m3 or 350 g/m2. After brushing, the
pressure of 1 bar on board lasted for 10 min, followed by 12–14 bar for 150 min. After fire
spread test, the woods with the paint brushing had a better property of fireproof than that
without brushing. In addition, the board after painting had the corrosion protein.

Appendix A.1.2 In the Treatment of Other Materials

The dose of brushing the paint when the materials:

Bafta: 0.15 g paint per gram
Wool fabric: 0.12 g paint per gram
Polyamide: 0.12 g paint per gram
Polyester: 0.27 g paint per gram
Paper: 0.06 g paint per gram
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Table A1. Description of site of measured thermocouple.

Location Number of Thermocouples Sum

Inside the House 1 Room 1 D, N, X, B, 1-1-1, 1-1-2, 1-1-3, 1-1-4 8
Room 2 1-2 1
Room 3 1-3 1
Room 4 1-4 1

Hall T 1
Staircase L 1

Second floor L2, E1, E2, E3 4
Outside the House 1 and House 4 S-1, S-2, S-3, S-4, S-5, S-6 6

Inside the House 2 Q2, 2-1, R1 3
On the wall of House 2 Q1 1

Inside the House 3 3-1, R2 2
Inside the House 4 4-1, R3 2

Total numbers 31

Appendix A.2 Principal Component Analysis and Validation

Table A2. Sample description a.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

R112

Average 356.63 0.56 75.71 212.80 507.03

Standard deviation 371.01 −11.06 53.512 240.99 457.53

Case number 23 0 0 23 23

R12

Average value 132.05 0.98 46.17 47.68 232.26

Standard deviation 225.76 −10.89 54.87 61.47 299.22

Case number 23 0 0 23 23

T

Average value 219.85 1.40 71.73 86.43 375.76

Standard deviation 355.68 −11.51 61.94 195.57 434.16

Case number 23 0 0 23 23

1

Average value 44.79 0.07 4.69 36.65 54.88

Standard deviation 22.84 −1.14 5.49 9.75 31.69

Case number 23 0 0 23 23

Q2

Average value 30.06 0.01 0.29 29.55 30.72

Standard deviation 1.43 −0.08 0.39 0.44 2.01

Case number 23 0 0 23 23

G4

Average value 0.29 0.01 0.14 0.10 0.61

Standard deviation 0.67 <−0.10 0.31 0.03 1.06

Case number 23 0 0 23 23

G5

Average value 0.12 0.01 0.01 0.11 0.13

Standard deviation 0.02 <−0.01 0.01 0 0.04

Case number 23 0 0 23 23

G1

Average value 5.24 0.05 3.03 0.56 12.21

Standard deviation 14.74 −1.52 5.75 1.08 22.58

Case number 23 0 0 23 23
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Table A2. Cont.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

G2

Average value 0.84 <0.01 0.24 0.47 1.40

Standard deviation 1.18 −0.12 0.45 0.10 1.80

Case number 23 0 0 23 23

G3

Average value 0.52 <0.01 0.09 0.39 0.73

Standard deviation 0.44 −0.05 0.17 0.07 0.68

Case number 23 0 0 23 23

S1

Average value 31.72 −0.01 0.15 31.41 32.00

Standard deviation 0.72 −0.02 0.10 0.50 0.88

Case number 23 0 0 23 23

S2

Average value 29.79 <0.01 0.20 29.43 30.21

Standard deviation 0.99 −0.03 0.14 0.64 1.22

Case number 23 0 0 23 23

S3

Average value 30.08 <−0.01 0.14 29.80 30.37

Standard deviation 0.70 −0.02 0.07 0.52 0.80

Case number 23 0 0 23 23

S4

Average value 30.25 <0.01 0.12 30.02 30.50

Standard deviation 0.57 −0.01 0.06 0.42 0.66

Case number 23 0 0 23 23

S5

Average value 43.40 <0.01 1.81 39.82 47.07

Standard deviation 8.93 −0.22 0.82 7.06 10.28

Case number 23 0 0 23 23

S6

Average value 55.53 <0.01 3.42 48.83 62.24

Standard deviation 16.97 −0.45 1.80 12.80 19.92

Case number 23 0 0 23 23

R1

Average value 74.48 0.15 17.02 44.37 111.60

Standard deviation 83.25 −4.99 22.00 28.67 115.98

Case number 23 0 0 23 23

R2

Average value 28.62 <0.01 0.04 28.53 28.70

Standard deviation 0.21 −0.01 0.05 0.12 0.28

Case number 23 0 0 23 23

R3

Average value 60.51 0.13 12.11 39.22 87.05

Standard deviation 59.00 −3.59 16.16 20.77 84.62

Case number 23 0 0 23 23
a. Unless otherwise noted, Self-help sampling results were based on 1000 samples, and the confident interval
was 95%.
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Appendix A.3 Principal Component Analysis and Validation

Table A3. Sample description a.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

D

Average 262.31 −2.65 53.74 165.11 368.37

Standard deviation 335.60 −10.61 50.20 220.97 408.14

Case number 39 0 0 39 39

N

Average value 250.54 −2.28 44.26 166.79 339.38

Standard deviation 279.74 −7.99 33.04 201.12 330.23

Case number 39 0 0 39 39

X

Average value 314.05 −2.77 54.76 210.00 427.83

Standard deviation 344.22 −11.10 47.37 235.27 415.66

Case number 39 0 0 39 39

B

Average value 324.40 −2.03 47.03 230.22 418.31

Standard deviation 297.74 −7.38 27.38 230.42 339.12

Case number 39 0 0 39 39

R111

Average value 86.48 −0.34 14.33 59.12 114.66

Standard deviation 90.44 −2.20 12.46 60.02 109.63

Case number 39 0 0 39 39

R112

Average value 117.78 −1.00 22.48 75.21 162.56

Standard deviation 139.10 −3.23 14.52 101.41 158.28

Case number 39 0 0 39 39

R113

Average value 310.65 −2.75 59.01 196.78 429.91

Standard deviation 375.38 −6.98 23.74 311.73 404.59

Case number 39 0 0 39 39

R114

Average value 187.86 −1.61 38.05 114.45 259.38

Standard deviation 239.63 −4.34 19.48 189.59 264.50

Case number 39 0 0 39 39

R12

Average value 266.33 −2.04 54.68 163.47 370.59

Standard deviation 344.25 −6.09 30.72 267.89 387.57

Case number 39 0 0 39 39

R14

Average value 145.88 −0.97 29.93 89.22 203.47

Standard deviation 188.68 −4.27 22.72 132.36 221.88

Case number 39 0 0 39 39

R13

Average value 184.71 −0.78 51.86 90.33 294.16

Standard deviation 323.33 −9.97 57.55 184.45 413.93

Case number 39 0 0 39 39

L

Average value 243.00 −2.88 55.53 134.22 358.23

Standard deviation 360.46 −9.12 46.43 249.06 426.73

Case number 39 0 0 39 39

T

Average value 318.63 −3.34 64.80 194.88 446.98

Standard deviation 415.31 −7.93 32.63 335.43 461.11

Case number 39 0 0 39 39
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Table A3. Cont.

Points Statistics Deviation Standard Error Inferior Limit Upper Limit

L2

Average value 264.16 −3.05 55.37 157.41 377.83

Standard deviation 350.73 −7.89 33.36 268.41 396.39

Case number 39 0 0 39 39
a. Unless otherwise noted, Self-help sampling results were based on 1000 self-help samples, and the confident
interval was 95%.
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