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Abstract: In accordance with regulations set forth by the Ministry of Land, Infrastructure, and
Transport in Korea regarding the "Flame Retardant Performance of Building Finishing Materials
and Fire Spread Prevention Structure,” it is mandated that semi-noncombustible materials have a
total heat emission less than 8 MJ/m>2. Consequently, our study aimed to determine the ideal
quantity of flame-retardant treatment required to meet the fire safety standards for Korean larch
and Japanese cedar, commonly used exterior materials in Korean construction. To this end, we
investigated using a cone calorimeter to observe changes in the THR (Total Heat Released) based
on the AFI (Amount of Flame-retardant Impregnation) in Korean larch and Japanese cedar. Our
findings indicated that the AFI needed to satisfy the prescribed flame-retardant standard of 8 MJ/m?
was THR 299 MJ/m? for Korean larch and THR 526 M]J/m? for Japanese cedar. As a result, we
established optimal impregnation levels of flame retardant for both species.
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Introduction

The impact of human activities on the Earth's climate has been widely recognized as a significant
threat [1]. In light of this, reduction of energy use and greenhouse gas emissions, particularly carbon
dioxide, has become a major global concern [2]. In particular, the construction sector faces significant
challenges in preserving natural resources and reducing its carbon footprint [3]. Globally, this
industry is accountable for 40-50% of total CO2 emissions [4].

Wood has been used in the construction industry for thousands of years as a fundamental
building material and primary furnishings source [5-7]. Wood offers environmental benefits such as
renewability, sustainability, and minimization of energy loss through production and disposal.
Therefore, increasing the use of wood in construction could be one strategy to reduce the carbon
footprint [8,9]. To align with carbon footprint reduction goals, the French government mandated that
more than 50% of new public buildings be constructed using wood by 2022 [10,11]. This initiative
reflects a commitment to promoting the use of renewable and environmentally friendly materials in
construction [10].

However, wood has some disadvantages compared to materials like steel and concrete. One of
the challenges with wood is its hydrophilic nature, which readily absorbs and releases moisture [12].
Changes in dimensional stability due to moisture levels in wood materials may cause wooden
structures to warp, twist, or crack [12].
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Additionally, wood is more susceptible to microbiological decay. Fungi, insects, and other
organisms can thrive in wood materials, potentially leading to wood rot and degradation over time
if proper precautions are not taken [13,14]. This necessitates preservation treatment and maintenance
to protect wood from decay-causing agents [13-15]. However, the biggest disadvantage of wood as a
building material is that it is flammable, a matter related to human safety and life. Therefore, various
methods have been proposed to protect wood from fire [16,17].

There are two methods for applying flame retardant treatment to wood: coating the wood with
flame-retardant material and impregnating the wood pores with vacuum pressure [18,19]. Compared
to coating, impregnation is a more beneficial method for introducing a flame-retardant effect of wood
[20].

The vacuum pressure impregnation process can be optimized by adjusting the flow
characteristics of the chemical, chamber temperature, and impregnation pressure and time. Jang and
Kang [21] reported that, among various variables in the vacuum pressure impregnation process,
pressure was a significant variable in improving the impregnation of wood.

In addition, it has been reported by various researchers that impregnation ability can be
improved by inducing pore structure changes through chemical pretreatment of wood or through
physical pretreatments such as drilling, laser incising, and grooving [22-24]. Flame retardant
impregnation of wood is meaningful only when accompanied by improvement of flame-retardant
properties. Therefore, it is essential to investigate the flame-retardant properties of wood after flame
retardant treatment.

Park et al. [25] investigated the effective heat of combustion of 12 species mainly used as
domestic building materials using a cone calorimeter. From their results, Merbau showed the lowest
value with 5.85 MJ/kg and Kempas showed the highest value with 13.31 MJ/kg.

Jin and Chung [26] treated Hinoki wood with metal oxides and metal silicates and investigated
the fire hazard characteristics using a cone calorimeter. The smoke performance index indicated an
increase in smoke risk in the following sequence: SnO < mica < CO304 < ZrSiOs < Hinoki. Meanwhile,
the smoke growth index showed a decrease of 93% to 98% compared to untreated wood. The smoke
risk attributed to the smoke growth index increased in the order of SnO < mica < ZrSiO4= Co304 <
Hinoki.

Li et al. [27] investigated the flame-retardant properties of wood treated with chitosan-SiO.
Chitosan promotes the deposition of silicon dioxide (SiO2) in the cell walls and intercellular space of
wood forming a chitosan-SiO: film. The highest peak in the cone calorimeter reflected a significant
decrease in the heat release rate of mineralized wood, and similar results were obtained in
microcalorimeter experiments.

According to the administrative rules announced by the Ministry of Land, Infrastructure, and
Transport in Korea, "Flame Retardant Performance of Building Finishing Materials and Fire Spread
Prevention Structure,” the total heat emission of semi-noncombustible materials is stipulated to be
less than 8 M]J/m? [28-30]. Therefore, even if flame-retardant material is not entirely impregnated into
the wood, it can be used as a building exterior if this standard is met. Insufficient flame-retardant
impregnation leads to lower fire safety. On the other hand, excessive flame-retardant impregnation
can lead to longer processing time and unnecessary flame-retardant abuse, which may cause an
increase in the cost of flame-retardant wood.

Therefore, it is necessary to investigate the optimal flame-retardant impregnation amount for
each species that meets Ministry of Land, Infrastructure, and Transport standards. However, research
in this area is limited. Therefore, we selected Korean larch and Japanese cedar, the most widely used
exterior building materials in Korea, and investigated whether they met the Ministry of Land,
Infrastructure, and Transport standard in Korea according to the degree of impregnation of flame
retardants.
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Materials and Methods

Timber preparation

This study utilized air-dried Japanese cedar (Cryptomeria japonica D. Don.) and Korean larch
(Larix kaempferi (Lamb.) Carriere) timbers obtained from the domestic wood market. The dimensions
of prepared wood samples were 100 (length) x 100 (width) x 21 mm (thickness). Ten samples were
prepared for each species. The average moisture content of the wood samples was analyzed by a
contact moisture meter as 13% (Korean larch) and 8.2% (Japanese cedar).

Water-soluble flame retardant

The study utilized a water-soluble flame retardant supplied by a domestic supplier based in
Jeonju, Korea. The flame-retardant formulation also contained a resin content of approximately 30%.
The flame retardant contained various components: dibasic ammonium phosphate comprising 12%
of the formulation, ammonium polyphosphate comprising 8%, anhydrous sodium borate comprising
7%, the remaining 3% consisting of other ingredients and 70% water. The formulation density (25°C)
and pH were 1.18 + 0.02 g/cm? and 7.10 + 0.5, respectively.

Vacuum-pressure impregnation

This study used a wood vacuum pressure impregnation machine from Jeonbuk National
University (Jeonju, Korea). The wood samples to which each grooving model was applied were
placed in a chamber and subjected to a decompression process at -0.1 Mpa for approximately 5
minutes using a vacuum pump. Subsequently, the flame retardant was added to the chamber and
was injected into the wood samples at a pressure of 20 kgf/cm? using a pressurized pump. The
impregnation performance was monitored by weighing the samples at hourly intervals. In addition,
the AFI (Amount of Flame-retardant Impregnation) was calculated as shown in Equation 1.
2—My

= (1)

where mu is the sample weight before flame-retardant impregnation (kg), mz is the sample weight

AFI =

after flame-retardant impregnation (kg), and Vis the sample volume (m?).

Cone calorimeter test

To assess the flame-retardant effectiveness of domestic larch and Japanese cedar impregnated
with flame retardants, cone calorimeter (Figure 1) tests were conducted in accordance with the KS F
ISO 5660-1 standard [31]. During tests, a cone-shaped heater and an electric ignition source
generating a heat flux of 50 kW/m? were used to heat the sample for 10 minutes. The sample
underwent combustion, and the gases produced were ignited. During the combustion process, the
consumption of oxygen was measured, and the data were used to calculate the THR (Total Heat
Released), representing the amount of heat released during the sample's combustion, which is
determined by converting the oxygen consumption into a calorific value of 13.1 x 103 K] per 1 kg of
oxygen.
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Figure 1. Schematic diagram of the cone calorimeter [32].
Results and Discussion

Visual inspection

Figure 2 shows photographs of samples after cone calorimeter testing. Upon visual observation,
it could be seen that the carbonization proceeded intensely on the surface in the untreated specimens.
On the other hand, it was confirmed that high AFI made the carbonization of the surface proceed
much less compared to the untreated case. Also, they had less cracking and greater density of the
surface carbonized layer. This carbonized layer is believed to play a role in resisting heat transfer.

Figure 2. Visual inspection after cone calorimeter testing (Number is AFI value kg/m?3).

Comparison of AFI and THR

Figure 3 shows the AFG and THR of Korean larch and Japanese cedar. As shown in Figure 3-a,
Sample 1 is a specimen not subjected to flame retardant treatment, and the higher is the sample
number, the higher is the AFIL The fire-retardant performance of building finishing materials
prescribed by the Ministry of Land, Infrastructure, and Transport is less than 8 MJ/m2 Samples 7 to
10 met this regulation, and the optimal AFI was 299 kg/m?. As shown in Figure 3-b, the THR of the
untreated specimen (Sample 1) of Japanese cedar was 24.02 MJ/m?, about 1.16 times lower than that
of Korean larch, which indicates Korean larch as the more favorable species for fire safety than
Japanese cedar. Samples 6 to 10 met the Ministry of Land, Infrastructure, and Transport standards,
and the optimal AFI was 526 MJ/m2 Compared to Japanese cedar, Korean larch achieved fire safety
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standards with a smaller amount of injected flame retardant. From these results, the optimal flame-
retardant impregnation amounts of Korean larch and Japanese cedar were obtained.
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Figure 3. THR and AFI of Korean larch and Japanese cedar.

Figure 4 shows the results of a simple linear regression analysis of Korean larch and Japanese
cedar with THR as the dependent variable and AFI as the independent variable. Regression equations
were obtained for each species, giving R? of 0.91 for Japanese cedar and 0.93 for Korean larch. These
coefficients of determination reflect that the independent variable explains the dependent variable
well. The difference between the slopes of the two equations is about twice as high for Japanese cedar
as for Korean larch. This indicates that Korean larch has greater flame-retardant efficiency than
Japanese cedar.
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Figure 4. Simple regression analysis result.

From this study, we quantified the optimal impregnation amount of flame retardant that
satisfies the fire safety regulations for Korean larch and Japanese cedar and the difference in flame
retardant performance between the two species. In the future, we plan to augment these data using
more wood species and various flame retardants. We expect these studies to contribute to the
efficiency of wood flame retardant treatment.

Conclusions

We investigated changes in THR according to AFI in Korean larch and Japanese cedar. As AFI
increased, THR tended to decrease. The AFI that satisfies 8 MJ/m?2, Flame Retardant Performance of
Building Finishing Materials and Fire Spread Prevention Structure, notified by the Ministry of Land,
Infrastructure and Transport, was THR 299 MJ/m? for Korean larch and THR 526 M]/m? for Japanese
cedar. From the acquired data, we obtained the optimal impregnated amount of flame retardant for
both species. In addition, Korean larch required less flame retardant to meet the Korean standard
compared to Japanese cedar.
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