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Abstract: Timber is the most widely used material for furniture in view of its characteristics of light
mass, high strength, easy processing, coloring, and decorative appearance. However, the flammability
of wood has been frequently associated with increased fire intensity and the rapid spread of fire in
buildings. In this paper, the combustion performance of six kinds of common furniture timber was
investigated based on thermogravimetric analysis at 25-500 °C, cone calorimetry with 50 kW /m?
thermal radiation intensity, and flame spread experiments with 3 kW/m? thermal radiation intensity.
The ignition, weight loss, thermogenesis, smoke, and flame spread characteristics of these timbers
were obtained. Subsequently, a comprehensive index system including thermal stability, heat release
ability, smoke production capacity, and flame spreading speed was constructed to evaluate the
combustion performance of the selected timbers. In addition, a grey correlation method relying on the
game theory to assign weight was proposed for the quantitative analysis of the relevant evaluation
indexes. As a result, the combustion performance of the six kinds of timber, which was defined as
a specific value from poor to good, was as follows: pine (0.8696) > Chinese fir (0.8568) > Oriented
Strandboard (OSB) (0.8425) > density board (0.8122) > plywood (0.8087) > elm (0.7909). Timber with
poor combustion performance contributes to the reduction in fire risk in buildings. Our suggestions
are of great significance for selecting furniture timber from the perspective of the prevention and
control of building fires.

Keywords: entropy weight method; CRITIC method; game theory; grey correlation method; timber;

combustion performance

1. Introduction

Building fires are the most common of all urban fire disasters. Undoubtedly, the
widespread use of flammable materials in buildings has played an important role in
increased fire intensity and the rapid spread of fire. Among other combustible types,
furniture has been proven to offer a critical influence due to its higher fire loads and
flammable characteristics. Solid wood and wood-based composite panels are the two main
sources of timber furniture [1], with a good texture, structural stability, large format, and
other features [2—4]. However, compared with other furniture materials, such as metal,
glass, and plastics, timber has better heat production capacity and flames tend to spread
faster [5-7]. Therefore, evaluating the combustion performance of timber can provide some
reference when making furniture selections, which is conducive to reduce the intensity of
burning and the speed of fire development.

Three aspects including heat, smoke, and toxicity can reflect the combustion perfor-
mance of materials [6-8]. Whether it is the EU standard [9] or the Chinese standard [10],
timbers are generally divided into various combustible material grades, including flooring,
decorative panels, and ceiling materials, in the fire classification system of construction
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products and building elements. However, for different types of timber, little attention
has been paid to their differences in combustion performance. For the specific combus-
tion properties, some scholars have further analyzed the combustion of timber and other
materials in terms of heat and smoke through traditional analytical techniques, such as
thermogravimetric analysis and the cone calorimeter (CONE) experiment [11-13]. Islam
et al. [14] introduced combustion efficiency for evaluation by determining the heat release
rate (HRR) and peak heat release rate (HRReax) by CONE. The combustion efficiency of
co-hydrothermal-carbonization-derived hydrochar (49.2-75.2%) was lower than that of raw
corn stover (77.2-89.9%) or control hydrochar (75.2-77.9%). Renner et al. [15] investigated
the flammability of different wood species with their bark. It was found that oak with
bark recorded a significantly lower mass loss rate and had the highest char residue based
on the thermogravimetric results. However, the beech, oak, and spruce without bark had
higher HRRpeax and heat release capacities compared with the samples with bark. Based
on the CONE experimental result, Hansen-Bruhn et al. [16] compared the HRR ek and
total heat release (THR) of three plywood samples and proposed a simple flammability
ranking based on the THR. The evaluation of the combustion performance of materials in
the above studies was generally based on a single indicator, such as combustion efficiency,
HRR, or THR. However, the comprehensive evaluation of combustion performance has not
been found to be effective due to the lack of correlation analysis and quantitative methods.

In terms of the evaluation of combustion properties of timbers, Zhang et al. [17]
calculated the combustion performance indexes such as ignition index, flammability index
and combustibility index of the main components to evaluate the flame-retardant properties
of organic fireproof plugging material. Zhu et al. [18] studied the burning properties of the
pyrolysis residues of plastics with different particle sizes in terms of ignition index and
comprehensive combustion characteristic index. The index evaluation method provides a
single response to the composite combustibility of materials. Li et al. [19] used the ignition
index, burning intensity, burnout index, and activation energy as evaluation indexes.
The relative comparison method was proposed to give the weights of the evaluation
indexes, and the linear weighted synthesis method was used to evaluate the catalyst
activity. However, some deficiencies are inevitable, such as the difficulty of determining
the evaluation criteria, that the contribution of each index is not reasonably defined, and
that the evaluation results are easily affected by subjective factors. Jankovi¢ et al. [20]
studied the combustion characteristics (including reactivity evaluation, ignition index,
burnout index, combustion performance index, and combustion stability index) of plane
tree seeds and found that the plane tree seeds had stable high combustion activity. However,
it is difficult to achieve a comprehensive quantitative result for multi-index evaluation.
Therefore, we proposed the entropy weight and CRITIC methods to obtain weights. The
entropy weight method focuses on the discreteness of the indexes, while the CRITIC method
does the opposite and favors correlation. The combined weights could be determined by
the game theory, which combines a number of weighting methods. Transformation of
multiple indexes results into single-object projects through the grey correlation method is
performed to obtain the degree of association. These methods are used in many evaluations,
including mine cable fire hazards [21-23], the health of power transformers, and coal and
gas protrusion risk.

In this paper, the thermogravimetric analysis, cone calorimetry, and flame spread
experiments were constructed, firstly, for six kinds of common furniture timbers. Subse-
quently, an assessment index system for the combustion performance of timber, including
ignition, weight loss, thermogenesis, smoke and flame spread was established. To improve
the accuracy of the assessment, an entropy and CRITIC combined weighting method was
applied to obtain reasonable weights. Subsequently, comprehensive evaluation results
were finally available through the grey correlation method. Objectively, evaluating the
combustion properties of timber can provide guidance for selecting furniture and reduce
the destructiveness of building fires.
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2. Materials and Methods
2.1. Materials

Timber materials were selected from six species as follows: elm, pine, Chinese fir,
plywood, density board, and Oriented Strandboard (OSB). These species have been widely
used as a choice of furniture material in construction over the years. To determine the
moisture content of the samples, the six types of timber were dried. It should be noted
that the samples were dried at a temperature of 103 & 2 °C, and the mass was measured
every two hours until it was stable. The moisture content of the samples was determined
gravimetrically according to the drying method. In addition, the density of the samples
was determined by the volume method. The density and moisture content of timber are
listed in Table 1.

Table 1. Density and moisture content parameters for the six timber species.

Sample Density (g/cm?) Moisture Content (%)
Chinese fir 0.290 6.95
Pine 0.533 6.02
Elm 0.635 6.32
Plywood 0.545 6.35
Density board 0.658 6.90
OSB 0.566 5.98
2.2. Methods

2.2.1. Thermogravimetric Measurements

As shown in Figure 1, the thermogravimetric experiments were mainly carried out
using the S65 combustion chamber (565 combustion chamber with an independent cavity to
simulate the environment required for the combustion of materials, built-in weighing device,
and external sensors that can collect data on the mass and temperature changes, water chiller,
and so on). The experimental samples were sieved timber chips of the six kinds of timber after
drying. The initial mass was 4 g. The experimental atmosphere was nitrogen, the gas flow
rate was set to 1 L/min, the temperature increase rate was 20 °C/min, and the temperature
range was 25-500 °C. To minimize the experimental error and obtain the mass loss variations,
the experiment was repeated at least three times or more for each sample.

Real-time weighing (2

Collection of quality data Nifogea Atmosphetes
\\, . ..i‘ P
| Ty
Elm & —) ; -
a3 [‘ o 3
.| (2 / | \
Coohng Water Circulation
Density \ 3 =
board o8
e -., ‘

Figure 1. Thermogravimetric experimental system. (1. S65 combustion chamber; 2. data collection
system; 3. nitrogen cylinder; 4. water chiller; 5. insulating brick; 6. weighing instrument; and
7. crucible protrusion platform).



Fire 2024, 7, 218

4of 15

2.2.2. Cone Calorimeter Experiment

A conical calorimeter manufactured by FTT (Derby, UK) was used, following the
ISO 5660-1:2015 standard [24], with a thermal radiation intensity of 50 kW / m2. The
experimental samples of 100 mm x 100 mm x 12 mm were placed in a square experimental
tray with a side length of 100 mm x 100 mm. All the samples were wrapped in aluminum
foil to cover the sides and bottom of the samples, and the ambient temperature during the
experimental process was about 26 + 2 °C, while the relative humidity was 50 £ 5%. The
parameters extracted according to ISO 5660-1 were time to ignition (TTI), THR, HRReax,
smoke produce rate (SPR), and the concentration of CO and CO,.

2.2.3. Flame Spread Experiment

A small-sized flame spreading experimental platform was independently built. As
shown in Figure 2, the combustion rack, video acquisition system, and heat source control
system constitute the experimental platform. The combustion rack, with a base size of
100 cm x 50 cm and an overall height of 80 cm, was made of stainless steel. The electric
heating plate was mounted above the stand to provide 3 kW /m? of heat source radiation.
Surface flame spread was captured using a digital camera for image acquisition. The
sampling frame rate was 25 frames/s. The MATLAB program was used to process the
video to obtain the change relationship of the flame front distance over time, and then
the first derivative of the curve was solved to obtain the flame spread speed. If the flame
spread distance was below 5 cm, the flame spread could not be maintained. The six types
of timber with the dimensional size of 300 mm x 20 mm x 3 mm were fixed at one end
at a height of 15 cm from the heating plate and ignited using a linear ignition source. The
experiment was repeated at least three times or more for each sample to obtain a more
accurate speed of flame spread.

o

gzl

/71 l l 1

~ '\

g

4

Figure 2. Small-scale flame speed experimental platform. (1. Heat controller; 2. electric heating plate;
3. timber; 4. combustion rack; 5. computer; and 6. camera).

2.2.4. Comprehensive Evaluation Methods

The normalized data were processed to determine the index weights by the entropy
weight method and CRITIC method, respectively [25,26], and the combination weights
were determined using the game theory [27]. The specific calculation method to normalize
the data is shown below.

Normalization of Data Processing

The standardized processing formula of the entropy weight method is as follows:

Positive Indicators )
e xjj — min(x;j) )
U max(xi5) — min(x;;)

Negative Indicators
max(x;j) — x;j

(2)

i = max(x;;) — min(x;;)
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In the formula, u;; is the jth index of the ith sample object after normalization; min
(xj7) is the minimum value in the original data; and max (x;;) is the maximum value in the
original data.

Entropy Weight Method

In information theory, entropy is a measure of uncertainty. The entropy weight method
is an objective weighting method, which calculates the information entropy according to the
degree of variation of each index [28,29]. If the degree of variation is larger, the information
entropy is smaller, the weight is higher, and the indicator has a greater impact on the
evaluation results.

The normalized data are calculated by the following steps [30]:

(1) Calculate the contribution of the index, Pj;.

"
b= — 3)
Y Ujj
j=1

In the formula, u;; is the jth index of the ith sample object after normalization, and P;;
is the contribution of the ith object to the jth index.
(2) Calculate the entropy value E; of the index.

1 n
=—— | Y PiInP; (4)
5 ()
(3) Calculate the weight of each evaluation index.

1-E
W: = —7,] = 1,2,...,” (5)

] n
Y 1- E]-
j=1
CRITIC Method

The CRITIC method is a comprehensive weighting method for dealing with the
correlation between the indexes. Its weight is mainly determined by comparative strength
and conflict [31]. For the comprehensive evaluation of multiple indicators, the CRITIC
method eliminates the influence of some indicators with strong correlation and reduces the
duplication of information between the indicators, which is more conducive to obtaining
credible evaluation results.

The normalized data are calculated by the following steps [32]:

(1) Calculate the standard deviation of the jth index.

1¢ .
Uuj = 72 ij,]:1,2,...,m (7)

1’1

d; is the standard deviation of the jth evaluation index., and ; is the average of the jth
evaluation index.
(2) Calculate the conflict coefficient within the jth index, R;

Z(l—ru Jd#]j=1,2,.. 8)

j=1
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1 is the correlation coefficient between the ith index and the jth index, and the specific
calculation formula is as follows:

u; and u; are the mean values of the ith and jth index in 1 objects.
(3) Calculate the quantity of information contained in the jth index, C;.

Ci=0Rj,i#jj=12...,m (10)

(4) Calculate the weight of each jth index, W;.

W, =—__ (11)

Game Theory Method

The game theory method is used to determine the weight of the index, which can
balance multiple weighting methods [33]. It is feasible to obtain more reasonable indicator
weights through game theory. The combined weighting method of game theory was used
to combine the weights of indicators which were obtained by the entropy weight method
and CRITIC method. Considering the mutual influence and restriction between the indexes,
we chose the M weighting methods, as we could then construct M weight vectors uy= [uy1,
Uk, - Ugml, k=1,2, ..., M, where m was the number of indicators. According to our
methods and indexes, M took 2, while m took 10 in this process.

(1) Any linear combination of different vectors is as follows [34]:

L
u= ag - u,{, a;>0 (12)
k=1

u is the comprehensive weight vector; and 4y is a linear combination coefficient.
(2) To coordinate the preference between different weighting methods and obtain a
reasonable weight, gy is optimized, and the deviation between u and u; is minimized.

T T T T
Up - Uy Uy -uy, ... Up-up 0 Uy - uq
T T T T
Up - Uy Up- Uy ... Up-Up a, Up - U,
= (13)
a
ML-MI uL-uzT uL~u{ L uL-u{

(3) The obtained (a1, 45...) is normalized to obtain the weight preference as follows:

ag

ap = (14)

(4) The comprehensive weight vector obtained by using game theory is as follows:

L
u* = Z a,’;-u,z (15)
k=1
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Grey Correlation Method

The grey correlation method is a multivariable analysis method that can be used to
solve the multi-index decision problem [35]. It can indicate the degree of similarity or
difference between factors by the degree of correlation between the factors. The specific
calculation steps are as follows [36]:

(1) Determine the reference sequence and comparison sequence.

Xo(k) = {x(l),x%,...,xgl,},k =1,2,...m (16)

Xik) = {xt o, bk =12, (17)

Xo(k) is the reference sequence, which is a set of data characterizing poor combustion
performance derived from the second-level index layer. Xi(k) is the comparison sequence
of C1-C10 for each type of timber in the comprehensive evaluation index system, while m
and n are the sequence dimensions, respectively.

(2) Calculate the grey correlation coefficient.

After the dimensionless processing of the experimental data, the correlation coefficient

is calculated.
minmin;A(j) + pmax;max;Ni(j)

Gi(i) = (18)

Ai(j) + pmax;max;Ai(f)

A(j) is the absolute difference between each comparison sample to be evaluated and the
reference sample, where min;min;A(j) refers to the minimum deviation value, max;max;Ai(j)
refers to the maximum deviation value, p is the resolution coefficient, and p< is [0,1].

(3) Calculate the correlation degree.

The combined weight is brought into the following formula, and the final calculation
of the grey correlation degree R; is as follows:

R =) Wi&i(i) (19)
=1

]

3. Results and Discussion
3.1. Combustion Performance Analysis
3.1.1. Analysis of Thermolysis

The thermal degradation behavior of the timber samples from the thermogravimetric
test results is shown in Figure 3. It can be observed that there were three stages in the
pyrolysis process, including the following: (1) Light pyrolysis: the initial mass loss occurred
due to water evaporation, and then a small amount of polymer (lignin, etc.) began to
degrade [37-39] and thus the mass of timber was slightly reduced. (2) Fast pyrolysis: the
mass loss of timber was accelerated and the Chinese fir, pine, elm, plywood, density board,
and OSB samples reached the maximum rate of mass loss at 195 °C, 282 °C, 270 °C, 211 °C,
222 °C, 278 °C, respectively. (3) High-temperature combustion: the final residue of the
timber was slowly decomposed, while some carbon was generated with the temperature
increase. In addition, the thermal stability of timber can be reflected by the total mass loss.
From Figure 3a, the total mass loss of the Chinese fir, pine, elm, plywood, density board,
OSB were 92.25%, 91%, 76.03%, 81.7%, 80.36%, and 80.58%, respectively.

The activation energy can be related to the thermal stability of a material, which
represents how much energy is required for a reaction. The higher the activation energy,
the better the stability when heated. The thermal decomposition process of timber was
analyzed by the Coats—Redfern method [40-42], and the activation energy results of the
Chinese fir, pine, elm, plywood, density board, and OSB were 18.83 kJ-mol~1, 23 kJ-mol 1,
29.42 kJ-mol~1,23.10 kJ-mol~1, 23.91 kJ-mol~!, and 23.13 kJ-mol !, respectively. It could
be observed that the Chinese fir was poor in thermal stability with the lowest activation
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energy. Furthermore, the activation energy of the elm was higher than the other timbers

and is thus appropriate for furniture.

0.1
Light pyrolysis High-temperature Fast pyrolysis
100 — - combustion
0.0 4
_Ol —~
80 ]
- = 024
S £ ]
2 &
& 60+ ~ 0.3 1
2 g
<
s g -0.4 o
40 - —=— Chinese fir § T —=— Chinese fir
—e— Pine = 054 —e— Pine
—4— Elm 1 —4—Elm
—v— Plywood -0.6 —v— Plywood
20 —a— Density board J —a— Density board
=+=058 -07-4 |[=*—OSB p .
195°%€C 282°C
0 1 1 1 1 1 1 08 1 1 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500

Temperature (°C)

(a)

Temperature (°C)

(b)

Figure 3. (a) Mass loss curves of timber samples in N; with heating rate of 20 °C/min; (b) Mass loss

rate curves of timber samples in N, with heating rate of 20 °C/min.

3.1.2. Analysis of Heat Characteristic

The HRR with 50 kW /m? thermal radiation intensity was plotted against their corre-
sponding time for the timbers in Figure 4.

uy T T T
180
120

60 3

240 T T 1
180 3
120 3
60 3
03

— Density board

L 1 n I 1

I ' I
— Plyboard

HRR (kW/m?)

Chinese fir

1 Bt S i

Time(s)

800 1000

1200

Figure 4. Heat release rate curves of timbers with 50 kW /m? thermal radiation intensity.

It can be noted that there are two peaks in all the curves of Figure 4. The six selected
timbers reached the first peak at about 45 s and, among them, the heat release rate of
the density board was the highest, which was 197 kW/m?, while the lowest one was the
Chinese fir, with a value of 135 kW /m?2. As a carbon layer formed, the transfer of heat from
the outside to the inside was impeded and the rate of heat release was reduced. However,
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the carbon layer further oxidized and cracked, allowing heat to enter the interior of the
timber thus leading to the second peak [43]. The second peak of the elm and plywood
was close at about 248 kW /m?2. The second peak of the pine, OSB, and density board were
142 kW/m?,175 kW /m?, and 210 kW /m?, respectively, and appeared at around 400-500 s.
Based on these results, the indices representing the heat release capacity of the different
timbers have been calculated and are summarized in Table 2.

Table 2. Experimental results of thermal characteristic parameters.

Sample TTI(s) HRRpeax (kW/m?) HRI
Chinese fir 9 135.13 1.90
Pine 17 180.10 1.99

Elm 21 251.71 1.94
plywood 35 247.18 1.92
Density board 19 210.68 1.95
OSB 17 186.79 2.02

The heat release index (HRI) determined the ability of timber to release heat in a fire,
which was the logarithmic value of the sum of the heat released during the first 6 min of the
test. According to Table 2, although the Chinese fir had the highest moisture content, the
plywood displayed higher TTI than the other timbers, indicating that plywood was more
thermally stable. However, it was observed that the peak heat release rate of elm and the
HRI of pine were the highest in all the timbers, which was also reflected violent combustion
reactions in fires. Therefore, it is difficult to accurately judge the burning performance of
timber by a single index.

3.1.3. Analysis of Smoke Production Characteristic

The SPR curves of timbers with 50 kW /m? heat radiation intensity are depicted in
Figure 5.

0.03 J
0.02 3 0SB
0.01 3
0.00 2 . i i L . L

0.03 )

0.02 4 oy Density board

0014 ,. A

0,00 14y L . et : L

003 ]

8.82 1. , {)M'} ~— Plyboard
014 /, LAY

0.00 1L 1 e . |

003
0.02 M —— EIm
0.01 4

0.00 -] A ] ] . ] ,

003
8.82 = — Pine

01 4 4 W
0.00 14 \M"Wm ! i W 1

SPR (m/s?)

0.03 ]
0.02 — Chinese fir

0.01 4 M L
0.00 - : 1 : 1

0 200 400 600 800

Time(s)

Figure 5. Smoke production rate of timbers under 50 kW/ m? thermal radiation intensity.

Two significant peaks were found in the combustion process. The first peak of the
density board, plyboard, elm, pine, and Chinese fir was mainly concentrated at 30 s, while
the value of OSB appeared later. Moreover, it was found that the second peak was higher
than the first peak, except for the Chinese fir. The second peak of the elm, plywood, density
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board, and pine were concentrated at about 0.028 m/s?. Generally, the first peak of the SPR
was caused by the release of volatile matter. More gases were released as the pore structure
of char became larger, making the second peak higher. The flammability of the timbers was
characterized by the highest peak of the SPR when the timbers were subjected to fire.

The detailed data of the smoke characteristics of timber are shown in Table 3.

Table 3. Experimental results of smoke characteristic parameters.

Peak Peak
Sample SPRpeak (m?/s) Concentration Concentration SF (kW/m?)
of CO (%) of CO; (%)

Chinese fir 0.023700 0.012 0.277 24.95
Pine 0.013200 0.008 0.350 49.17
Elm 0.028300 0.017 0.586 80.12
Plywood 0.027200 0.009 0.521 67.99
Density board 0.028400 0.021 0.474 64.12
0SB 0.028084 0.009 0.394 104.34

Smoke factor (SF) was characterized as the tendency of timber to produce smoke when
combustion occurred. It was the multiplication of the peak heat release rate of the timber
and the total amount of smoke produced. The obtained data indicate that the highest peak
concentration of CO was in the density board at 0.021%, and the lowest was in the pine at
0.008%. Moreover, the peak concentration of CO was the same in the plywood and OSB. In
contrast, the density board showed more damage to people in the fire. Overall, the average
peak concentration of CO, in the wood-based composite panels is higher than in solid
wood, which may be caused by the complex composition of the wood-based composite
panels. It was noted that the SF of the OSB was highest with 104.34. If the value of the SF
was larger, the visibility was worse.

3.1.4. Analysis of Flame Spread

In order to obtain the accurate speed of flame spread, the flame front distance was
processed. The results are shown in Figure 6.

24
Plywood
Density board
20 ~ / y P 0SB
- Y y —— Chinese fir
/E\ o /y Pine
E 16 4 ;A — L
5 w N
g w
2 b
T 12 4 N
k= w ¥
£ A
o yv v
£ 84 v '/ Sample y=a+b*x
o o ¥ Plywood y=0.05623+0.04908x
= /v Density board y=0.12452+0.03973x
. 2 OSB y=0.71194+0.05061x
4 Chinese fir y=0.61910+0.09660x
Pine y=0.84010+0.07385x
Elm y=0.70832+0.07548x
0 . . 1 . 1 . ] A ] A 1 . 1 .
0 100 200 300 400 500 600 700 800
Time(s)

Figure 6. Flame spread speed under the thermal radiation intensity of 3 kW /m?.
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It was observed that the flame spread speed of solid wood was faster than the wood-
based composite panel. Chinese fir had the fastest flame spread speed with 0.09660 cm/s
in the three kinds of solid wood, and this could be ascribed to the differences in the density.
Timber with higher density contains more lignocellulose and a small amount of pores and
thus the thermal conductivity increases with the increase in density [44,45]. Simultaneously,
the density of the elm was close to that of pine, with the values of 0.635 g/cm3 and
0.533 g/cm?, therefore the flame spread speeds were also similar. However, the physical
properties and structure of the wood-based composite panels may be changed by adhesives
or chemicals, and the flame spread speed may be affected.

3.2. Evaluation of Combustion Performance of Timber
3.2.1. Comprehensive Evaluation Index System
Based on the results of thermogravimetric analysis, cone calorimetry, and flame spread

experiments, a comprehensive evaluation index system was constructed and is presented
in Figure 7.

first-level index .
target layer second-level index layer
layer
» Time to ignition
Ignition | C1
characteristics —
N Activation energy
Weight loss N Total mass loss
» characteristic g C3
Comprehe
nsive
evaluation i»|  Peak heat release rate
C4
G . Thermal -
combustio *» L
n characteristics R Heat release index
performa | C5
nce of
el Peak smoke produce rate
i
C6
Smoke factor
| Smoke g (o4
" production [ | -
dharcatistics Peak concentration of CO
i
C8
Peak concentration of CO2
— " 9
.| Flame Spread | Flame spread speed
"| Characteristic g C10

Figure 7. Comprehensive evaluation index system for combustion performance of timber.

To make the evaluation results more comprehensive, we constructed three evaluated
gradations, namely the target layer, first-level index layer, and second-level index layer,
respectively. It was apparent that the first-level index layer represented almost all the
combustion-related characteristics. The specific index, which represented the thermal
stability, heat release ability, smoke production capacity, and flame spreading of the selected
timbers, could be seen in the second-level index layer. In short, the difference in combustion
performance of the timbers could be investigated from the measured parameters of C1-C10.



Fire 2024, 7, 218

12 of 15

3.2.2. Weights of Indexes

By focusing on the discreteness in the indexes [46,47] using entropy weight method,
the weight calculation of each index could be realized. According to Equations (1)—(5), the
information entropy and weight of each combustion characteristic index of the samples
were calculated and are shown in Table 4.

Table 4. Calculation results of entropy weight method.

Index Factors E; 1-E; Weight
C1 0.8451 0.1549 0.0836
c2 0.8646 0.1354 0.0730
C3 0.8238 0.1762 0.0951
C4 0.7864 0.2136 0.1152
C5 0.8653 0.1365 0.0737
C6 0.5151 0.4849 0.2616
Cc7 0.8655 0.1345 0.0726
C8 0.8716 0.1284 0.0693
C9 0.8432 0.1568 0.0846

C10 0.8679 0.1321 0.0713

According to Equations (6)—(11), the results of the CRITIC method for each index factor
of the samples are shown in Table 5.

Table 5. CRITIC method calculation results.

Index Factors 0;/u; R; G Weight
C1 0.329 9.191 3.022 0.0852
C2 0.320 10.791 3.457 0.0975
C3 0.400 11.038 4411 0.1244
C4 0.379 9.187 3.484 0.0983
C5 0.371 9.492 3.526 0.0995
Ce6 0.392 8.948 3.509 0.0990
Cc7 0.340 9.147 3.109 0.0877
C8 0.403 8.677 3.498 0.0987
9 0.371 9.588 3.554 0.1002

C10 0.376 10.327 3.879 0.1094

From the results of Table 4, the E; was higher and the information from the indexes
was lower, therefore the impact on evaluation was lower. In addition, the (5j/LT]~ and C]- were
higher index and the greater weight assigned to the index in Table 5. As the correlation
between indexes increased, then the Rj was smaller. Moreover, the combined weight was
close to the weight of the entropy weight method and CRITIC method, indicating that the
two methods were ideal in weight calculation. The entropy weight method focuses on
discreteness, while the CRITIC method does the opposite and favors correlation. Therefore,
understanding how to combine the advantages of above methods and thus obtain more
comprehensive and actual results was very critical.

Based on the game theory, the combined weights of each index were as follows: C1
(0.0836), C2 (0.0737), C3 (0.0960), C4 (0.1147), C5 (0.0745), C6 (0.2568), C7 (0.0730), C8
(0.0702), C9 (0.0851), C10 (0.0724). It was found that C6 had the highest contribution
among the ten indexes during the burning period, while C8 had the least effect on fire.
Therefore, we can indicate that the smoke production rate is the most important factor for
the combustion performance of timber, followed by the heat release rate.

3.2.3. Evaluation of Combustion Characteristics of the Grey Correlation Method

The evaluation results of the six kinds of timber calculated according to the grey
correlation method are shown in Table 6.
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Table 6. Evaluation results of grey correlation method.

Sample R; Sample R;
Chinese fir 0.8568 Plywood 0.8087
Pine 0.8696 Density board 0.8122
Elm 0.7909 OSB 0.8425

The difference in combustion performance between the timbers were compared by
a weighted relevance degree (R;), which expressed the relationship between the burning
properties of the timber and the reference sequence. The larger R; meant that the better
the thermal stability of the timber, the worse the combustion performance. The R; of all
the timber in Table 6 was close to 0.8, which indicated that the influence of each index
on combustion performance was relatively balanced. Moreover, the R; showed that elm
exhibited high combustion performance, which indicated that the proportion of elm in the
selection of furniture materials should be reduced. Meanwhile, it was necessary to improve
the usage rate of pine or Chinese fir in furniture to ensure safety.

4. Conclusions

Flammability experiments of six furniture timbers were conducted to establish a
comprehensive evaluation system for fire hazards, which was composed of thermal stability,
heat release ability, smoke production capacity, and flame spreading speed.

The highest mass loss rate, 92.25%, was obtained for the Chinese fir during the thermal
decomposition process, while the elm had the lowest mass loss rate of 76.03% from 25 °C to
500 °C. A similar conclusion about the activation energy for six timbers was found, which
revealed that the thermal stability of the elm was considered greater than the other timbers.
From the CONE experiments, the elm showed a significantly higher peak of HRR among
the timbers at about 251.71 kW /m?2, while the OSB was the highest value in HRI. However,
the smoke production characteristics of timber were more complicated due to their different
compositions. The density board was the highest in the peak concentration of CO at about
0.021%, while the elm was the highest in the peak concentration of CO, at about 0.586%,
and their values of SF was not significant among all the timbers. Furthermore, the flame
spread rate of the density board was the slowest with 0.03973 cm/s, probably due to its
multiple compositions. Utilizing the experimental data, an index system, which comprises
5 primary indices and 10 secondary indices, was established. The weight calculation results
of the secondary indices from the entropy weight method and CRITIC method exhibited
an obvious difference that the discreteness of entropy weight method was far better than
that of CRITIC method, while the correlation of the CRITIC method for each index was
superior to that of the entropy weight method. Consequently, a modified evaluation
method combining the entropy weight method and the CRITIC method was proposed,
which effectively associated the discreteness and the correlation of indexes and thus showed
that the smoke production rate was the most critical factor for the fire hazards. Eventually,
based on the grey correlation method, the combustion performance of timber was evaluated
comprehensively, from poor to good, as follows: pine (0.8696) > Chinese fir (0.8568) > OSB
(0.8425) > density board (0.8122) > plywood (0.8087) > elm (0.7909). Compared to the
burnout index, the combustion performance index, and other evaluation methods, it is
obvious that our results are more comprehensive in the consideration of combustion
performance. Therefore, it is suggested that in the selection of building materials, reference
should be made to the ranking of combustion performance determined in this study.
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