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The main objective of this research is to determine the HRR of fire in compartments
containing Malaysian wooden furniture. Thus, this work decided on an appropriate
fire model to simulate the designated fire scenario as well as necessary bench-
scale tests to evaluate the fire properties of selected wood species for use as input
data in the fire model. Since this work is the first of its kind, six species of untreated
Malaysian wood have been selected for this research; Shorea-laevis, Vatica-
rassak, Koompassia-malaccensis, Heritiera-albiflora, Shorea-parvifolia, and
Cratoxylum-arborescens. The cone calorimeter testing, the bomb calorimeter
testing, and the thermogravimetric analysis were bench-scale tests used to
guantify the fire properties of the wood. In addition, the Coats and Redfern method
was used to determine the pyrolysis kinetics of the wood. While the B-RISK fire
simulation software was used to simulate the designated fire scenario.

The result of the cone calorimeter test shows that the Vatica-rassak is recognised
to be the most resistant in the fire resistance assessment of ignition time, critical
heat flux, and ignition temperature from the perspective of relative performance. In
relation to the amount of energy released during the combustion of one mole of a
substance in the bomb calorimeter test, the range of energy released for the six
untreated wood is between 31.10 and 35.96 kJ/g. From the thermogravimetric
analysis, the wood encountered moisture dehydration up to ~ 170°C. Followed by
the second stage of decomposition, between 170 - 510°C, and the third stage of
decomposition occurred between 380 - 740°C. The maximum decomposition for
each wood was observed to occur at the peak temperature, and as the heating
rate increased, the maximum decomposition for all wood shifted to a higher
temperature. The wood's pyrolysis kinetics analysis showed that the second stage
of decompoasition requires more activation energy (Ea) than the third stage. The Ea
is the minimum amount of energy that molecules need to cause a reaction or begin
to break bonds. In the heavy hardwood category, Vatica-rassak was found to have
a higher Ea than Shorea-laevis, while in the medium hardwood category, Heritiera-



albiflora was found to have a higher Ea than Koompassia-malaccensis. In the light
hardwood category, Cratoxylum-arborescens requires more Ea than Shorea-
parvifolia. These bench-scale test results are then used as input data in B-RISK
version 2019.03, an open-source fire model software. Six fire scenarios were
designed and developed in the B-RISK fire model software, each with 1000
iterations, featuring an office with 14 common office furniture and electrical
appliances including a wooden table, two wooden cabinets, and a wooden drawer.
According to the fire simulation, the Vatica-rassak is the best choice for making
high-end office furniture since it contributes to the lowest total heat release.

The performance-based method applied in this study has successfully provided
the best option for fire assessment in a compartment equipped with wooden
furniture in a limited time and at a low cost.
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Tujuan utama kajian ini adalah untuk menilai kadar pembebasan haba kebakaran
di dalam ruang yang dilengkapi perabot diperbuat daripada kayu tempatan
Malaysia. Enam spesis kayu tempatan yang tidak dirawat telah dipilih bagi tujuan
kajian ini, termasuk Balau, Resak, Kempas, Mengkulang, Meranti  sarang punai
dan Geronggang. Pengujian kalorimeter kon, pengujian kalorimeter bom dan
analisis termogravimetrik adalah ujian berskala makmal yang dilaksanakan untuk
mengukur sifat kebakaran bagi kayu-kayu di atas. Bagi memperolehi keupayaan
kinetik yang disebabkan oleh pirolisis yang berlaku semasa analisis
termogravimetrik ke atas setiap spesis kayu, Kaedah Coats and Redfern telah
digunakan. Kesemua data yang diperolehi dari perujian di atas digunakan sebagai
input ke dalam perisian untuk membolehkan simulasi kebakaran dapat dilakukan.
Perisian model kebakaran yang dikenali sebagai B-RISK telah digunakan untuk
mensimulasikan senario kebakaran di dalam kajian ini.

Hasil ujian kalorimeter kon menunjukkan bahawa spesis kayu Resak mempunyai
sifat rintangan api terbaik berbanding kayu lain kerana ia memerlukan masa yang
lebih lama, suhu dan fluks haba kritikal yang lebih tinggi untuk mula terbakar. Di
samping itu, ujian kalorimeter bom memperlihatkan bahawa julat tenaga yang
dibebaskan oleh enam spesis kayu yang telah diuji adalah di antara 31.10 dan
35.96 kJ/g. Manakala, daripada perujian termogravimetrik yang dilaksanakan,
kayu-kayu yang diuji mengalami proses dehidrasi sehingga suhu mencapai
~170°C. Ini diikuti dengan penguraian peringkat kedua, di antara suhu 170-510°C
dan penguraian peringkat ketiga di antara suhu 380 - 740°C. Berdasarkan analisis
tenaga kinetik dari proses pirolisis yang berlaku semasa perujian termogravimetrik,
peringkat kedua penguraian memerlukan lebih banyak tenaga pengaktifan (Ea)
daripada peringkat ketiga. Ea ialah jumlah minimum tenaga yang diperlukan oleh
molekul untuk berlakunya tindak balas atau pemecahan ikatan. Bagi kategori kayu
keras, Resak didapati memiliki Ea yang lebih tinggi berbanding Balau, sementara
dalam kategori kayu keras sederhana, Mengkulang mempunyai Ea yang lebih



tinggi daripada Kempas. Didapati juga bahawa spesis kayu Geronggang
memerlukan lebih banyak Ea daripada spesis kayu Meranti sarang punai bagi kayu
keras di bawah kategori ringan. Kesemua hasil ujian berskala makmal yang
diperolehi kemudiannya digunakan sebagai data input perisian B-RISK versi
2019.03 untuk mensimulasikan enam set kebakaran di dalam ruang pejabat yang
dilengkapi 14 peralatan pejabat merangkumi perabot dan peralatan elektrik.
Perabot yang dimaksudkan termasuk sebuah meja kayu, dua buah kabinet kayu
dan sebuah laci kayu. Hasil simulasi menunjukkan bahawa kadar pelepasan haba
adalah paling rendah dalam ruang pejabat yang dilengkapi perabot diperbuat
daripada kayu Resak. Berdasarkan kepada dapatan ini, spesis kayu Resak
adalah pilihan terbaik bagi penghasilan perabot pejabat berkualiti tinggi.

Kaedah berasaskan prestasi yang diaplikasikan menerusi kajian ini telah berjaya
memberikan pilihan terbaik untuk penilaian kebakaran dalam ruang pejabat
dilengkapi perabot kayu dengan mengambilkira masa dan kos yang terhad.
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CHAPTER 1

INTRODUCTION

In the archaeological record, wooden furniture first appeared in ancient
Mesopotamia and Egypt. The vicinity to European forests gave easier access to
timber in ancient Greece and later in ancient Rome. The expertise of finely
crafted wooden furniture was kind of lost after the fall of Rome. The beginning of
furniture making in the peninsula of Malaya can be dated as recently as the last
guarter of the 19t century, while the production was almost exclusively limited
to the immediate royal court circles of the seven Sultanates in which the
peninsula is segregated (Maudlin, 1999). Historically, native Malays did not use
furniture; instead, they sat cross-legged on the floor, while the royals sat on the
padded dais. With the relatively recent entrance of the British people into the
royal courts, the inclusion of furniture was unavoidable. This integration of
western culture is clearly shown in a trilogy of official court photographs on
display in the Royal Perak Museum (Maudlin, 1999). In the early picture of the
1890s, the Malay court members sat on the floor, the Sultan sat on a padded
dais in the centre of the court flanked by the British resident, and his staff sat on
chairs. By 1900 the court was still cross-legged on the floor, but the Sultan used
a chair, and by the 1920s the whole court had chairs. It was no doubt convenient
for artisans used to working on the scale of palaces to turn their joinery and
carving skills into furniture making. The palace was then furnished with furniture
made by the same men who built the palace. The furniture created for the royal
courts was a combination of European design and features enriched with
classical Malay carving patterns. They were made from Malaysian wood species
known as Chengal in the local community (Neobalanocarpus-heimii).

There are numerous reasons why wood is the greatest material for furniture, but
here are a few of the most important ways that any furniture concept can benefit
from incorporating a wooden element; strength, durability, sustainability, variety,
versatility, appearance, and feel. Moreover, wood is the only massive source that
contributes to the reduction of greenhouse gas emissions that is both naturally
renewable and abundant. When a tree is harvested ethically, the carbon, known
as biogenic carbon, is locked in the wood and stays there for the lifespan of the
items manufactured. Historically, wood has long been used for the production of
home and office furniture in the country, therefore it is familiar that Malaysian
prefer to use wood-based furniture over other materials (Malaysian Investment
Development Authority, 2020; T. M. Wong, 1982). In 2020, Malaysia is
recognised as the fourth greatest Asian exporting country for wooden furniture
after China, Vietham, and Indonesia (Pijar Sukma, 2020). The country holds a
significant position in the global furniture business, with large markets in the
United States, Japan, and Australia. This demonstrates the reputation of
Malaysia in supplying high-quality local wooden-based furniture, which is well
recognised by the majority of nations around the world. With an enormous
increase in exports to the United Kingdom, the United Arab Emirates, Saudi
Arabia, the Philippines, and Russia, Malaysia is nhow eyeing countries such as
Algeria, Greece, Puerto Rico, and Libya.
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Malaysia offers a diverse spectrum of wooden furniture production segments,
including general utility furniture, heavy-duty furniture, and decorative furniture.
The wood species chosen for each component varies according to the intended
usage of the furniture. Since the establishment of the National Committee on
Sustainable Forest Management, the reduction in authorised cutting rate has
had an influence on raw material availability as a result of the government's
commitment to sustainable forest management. Back in 1978, rubberwood rose
as an alternative supply for the wood industry and value-added products as a
result of the work of the Forest Research Institute Malaysia (FRIM). The
rubberwood was used to manufacture general utility furniture that was well
accepted internationally, where Malaysia is now a leading producer and exporter
of wood furniture to more than 160 countries worldwide. However, this study
focuses on the wood species used to build office furniture, including tables,
desks, cabinets, and drawers built entirely of wood. Since different people will
use the office furniture throughout time, it must be long lasting products.
Purchasing new office furniture regularly is impractical due to the high expense.
Hardwood is preferred for office furniture in Western countries due to its
durability, superior finishing, and workability; species used include Oak, Walnut,
Cherry, African hardwood, and Maple.

1.1 Malaysian wood certification

Malaysia produces a wide range of furniture that is sold in both the domestic and
foreign markets, including heavy-duty furniture, general utility furniture, and
decorative furniture, with a wide range of species available for each. Malaysia,
as a prominent producer and exporter of tropical wood products, has taken
significant steps to ensure that it can provide wood products sourced from
sustainably managed forests. The Malaysian Timber Certification Council
(MTCC) was established in October 1998 as an autonomous organisation to
create and run the Malaysian Timber Certification Scheme (MTCS) (MTC, 2014).
The MTCS is a voluntary program that provides independent assessment for
forest management and chain of custody certification to assure the
sustainable management of Malaysia's Permanent Reserved Forests (PRF). In
2009, the MTCS became the region's first tropical timber certification scheme to
be accredited by the Programme for Endorsement of Forest Certification
(PEFC), an accreditation organisation of the world's largest forest area. The
Malaysian Criteria and Indicators for Forest Management Certification (Natural
Forest) [MC&I (Natural Forest)] is the standard utilised under the MTCS for
natural forest management certification. The MC&I (Forest Plantations), on the
other hand, is used to evaluate forest plantations. The Certificate for Forest
Management is given to the Forest Management Unit (FMU) which has fulfilled
the criteria of the forest management standard. The Certificate for Chain of
Custody is issued to a wood product manufacturer or exporter who has met the
requirements of the PEFC international standard for the chain of custody. The
MTCS assures buyers that PEFC-certified wood products come from sustainably
managed FMUs.



The MTCS, as a PEFC-endorsed scheme, has been accepted under the national
wood procurement policies of Belgium, Denmark, Finland, France, Germany,
New Zealand, Switzerland, and the United Kingdom, and has been recognised
by green building systems in Abu Dhabi, Australia, Canada, lItaly, Japan,
Singapore, the Netherlands, the United Kingdom, the United States, and the
United Arab Emirates, as well as the Green Building Index (GBI) in Malaysia.
According to the above information, there is no doubt why Malaysian wood are
highly ranked in term of quality and reliability, and wooden-based products are
being chosen by foreign countries. Even while wood has been widely regarded
as the superior material for making furniture, whether entire or upholstered, there
are still concerns about its capacity to spread fire in the event of a building fire.

1.2 Wood fire hazard

For many reasons, the choice of wood for furniture making will be linked to the
ability to burn, whether as the first item to be ignited by the fuel source or the role
of propagating the spread of fire (DeHaan, 2021; Ellis, 1981). According to UK fire
statistics, 77% of fire fatalities occurred in dwellings between 2009 and 2014
(George, 2017). Although only 12.6% of fires take place in bedrooms, living rooms,
and dining rooms, they account for 71.2% of fire fatalities during that period. Since
most of the household furniture is in those rooms, this emphasizes its connotation
in fire fatalities. In Malaysia, fire in residences is responsible for 67% of fire
fatalities according to fire statistics from 2016 to 2018 (Fire and Rescue
Department of Malaysia, 2018). However, there is no record of the precise location
of the original ignition.

Generally, wood is considered to be a combustible material, since it is believed
that the surfaces may, in particular, add to the fire loading of the compartment,
promote the spread of flames, accelerate the outbreak of flashovers, and produce
smoke, toxic gases, and heat that can harm the living. Scientifically, as a porous
material, wood gets burned when exposed to high heat fluxes and goes through
pyrolysis. When wood is heated to 300 °F (150 °C), the cellulose, hemicellulose,
and lignin are decomposed to unstable gases, tar (levoglucosan), and
carbonaceous char (Lowden & Hull, 2013). The smoke released from wood
contains harmful gases, and the compositions are influenced by combustion
conditions, the pattern of decomposition, ventilation, temperature, heat exposures,
oxygen, moisture, species of wood, treatments or finishes that may have been
applied, and fuel chemical nature (Ali et al., 2019; Neviaser & Gann, 2004,
Quintiere, 1982; Rasbash & Drysdale, 1982; Tewarson, 1980). Figure 1.1 shows
a standard fire growth curve in a compartment and describes the phases and
characteristics thereof.
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Figure 1.1 : Standard compartment fire development curve
(Studhalter, 2012)

Compartment fires begin mainly by ignition and a small fire (Drysdale, 1986;
Quintiere, 1986), which further begin to progress by generating more smoke and
heat. In the incipient and growth stages, a burning item in the compartment can
ignite wooden furniture if it discharges enough energy and both are close enough
to one another. In many cases, the fire will not be affected by the enclosure factor
in the process at this early stage, since it is fuel-driven. Depending on the type of
fuel and the ventilation conditions, the fire then grows at a slow or quick pace. A
smouldering fire may have a lengthy period of development and may be
extinguished without a fully developed condition. The average temperature and
heat released during smouldering are lower than those generated during flaming
combustion, roughly 600°C versus up to 1500°C. If a smouldering fire is given
enough fuel, heat, and oxygen, it will erupt into flame combustion. In the event of
a residential or office fire, the furniture is the major fuel source, resulting in the
development of additional heat, smoke, and toxic fumes, producing untenable
conditions for occupants and the commencement of flashover. Flashover is the
shift between the point of growth and the fully developed fire which involves a
transition from fuel-controlled to ventilation-controlled fire.

Flashover, which occurs at approximately 593 °C, can develop well under five
minutes (Poh, 2011). The upper layer temperature can achieve up to 500 - 600
°C, while the compartment ground-level radiation can reach up to 15 - 20 kW/m?.
According to the International Standards Organization, the British Standards
Institute, and the European Standardization Committee (BS EN 1SO13943, 2010),
flashover is the transition to a state of complete surface involvement in an
enclosure fire by combustible materials. This is a critical stage in the development
of fire because once it is achieved, conditions in the fire section are incompatible
with life (Lattimer et al., 1998; Martinka et al., 2016a; Xu et al., 2008). Another
explanation for this phase's decisive influence is that fire extinguishing may save
a fire section until a flashover occurs, but once that occurs, the operation is
primarily focused on saving adjacent fire sections. If a space isn't safe for firemen
to enter, trapped victims aren't likely to make it out alive. The state of the flashover
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signifies major changes in the development of the fire, including; (1) the growth
process of the fire has ended and now includes a fully formed fire; (2) search and
relief operation has come to an end; (3) start of the possibility of structural failure;
and (4) death of anyone trapped in the burning room, including a civilian or
firefighter. According to Drysdale (1986), those who did not leave the fire
compartment before the flashover are unlikely to survive because post-flashover
fires pose a greater risk of fire spreading to other parts of the building or other
buildings, as well as to people in or evacuating from rooms within the same
building, than pre-flashover fires. Thus, flashover is a critical fire safety criterion
that describes the implications of the heat release rate (HRR) on fire hazards in a
comprehensive perspective in order to achieve the goals of life safety and property
protection. On the other hand, upon experiencing a flashover, a blazing fire will
normally progress to a fully developed fire. Several studies have been conducted
to better understand the phenomenon, including one by Shields et al. (1999), who
studied the flashover by measuring the ignition of the reference item at the floor
level, and another by Lai et al. (2010), who designed the flashover scenario as the
fire burst out through a window or other opening. The flashover phenomenon
caused by a specific material can be predicted using Equation 1.1 as follows
(Ostman & Tsantaridis, 1994):

t9'25p1'72
tro= alrngﬂ +b (1.1)
Where t;, is time to flashover in-room fire test (s); t;, is the time to ignition in
cone calorimeter test at 50 kW/m? (s); THR;,, is the total heat released at 300 s
after ignition in cone calorimeter test at 50 kW/m? (J/m?2); p is the mean density
(kg/m?3); a and b are constant values of 0.0716 (J/m?)1-30 (kg/m?)-1-72s0.75 and 57.4
s respectively. The ty, is commonly used to categorise material under two
essential groups: (1) flashover (FO) category (Hansen & Hovde, 2002); and (2)
European Reaction to Fire Classification System (Euroclasses) (Hansen &
Hovde, 2002; Martinka et al., 2013; Xu et al., 2013). In ISO 9705-1:2016, the FO
category is used to categorise materials based on the time required to flashover.
The application of the following set of rules in Tables 1.1 and 1.2 determines
membership in one of these categories.

Table 1.1 : The category of flashover for grouping material

Group of Time to flashover
material
FO category 1 | Products did not reach flashover during 1,200 seconds of
testing time.

FO category 2 | 600 seconds < t;, < 1,200 seconds

FO category 3 | 120 seconds < t;, <600 seconds

FO category 4 | . < 120 seconds




Table 1.2 : Euroclasses fire rating according to the time to flashover

Euroclasses Definition Flashover in Examples of products
Room Corner
Test
(Reference test
— 20 minutes)
Al Non- No Product of natural stone,
combustible concrete, bricks, ceramic,
glass, steel, and most metallic
products
A2 Limited- No Product similar to Al
combustibility including small amounts of
organics compound
B Combustible No Gypsum board with different
(thin) surface lining
Fire retardant timber products
C Combustible Flashover after | Phenolic foams, gypsum
10 minutes board with different surface
lining (thicker than in Class B)
D Combustible Flashover Timber products with a
between 2 to 10 | thickness of = about 10 mm
minutes and density = 400kg/m3
E Combustible Flashover Low-density fiberboard,
before 2 minutes | plastic-based insulation
products
F Combustible No performance | Products not tested

requirement

A fully developed fire (post-flashover) is the stage in which the HRR in a fire
enclosure peaks and the fire size is controlled by the amount of oxygen which is
known as a ventilation-controlled fire. During this stage, unburnt gases are
generated and accumulated at the ceiling level at which the temperature reaches
700 to 1200 °C. As these unburnt gases escape through the openings, they burn
and create flames outside the openings of the enclosure. The yields of toxic
products are typically much greater at this stage than under fuel-controlled fire
conditions and most of the fire load in the compartment is used. The HRR
subsequently decreases as the fuel is consumed, cooling down the upper layer
temperature and entering the fire decay stage. In this stage, the fire normally
turns from a ventilation-controlled into a fuel-controlled fire.




1.3 Problem statement

There is a global trend toward introducing more fire-safe furniture, with the
emphasis on fire-safe furniture serving as a fire countermeasure while meeting
the requirements of performance-based building codes. In the European region,
the furniture industry has moved to educate customers about decision-making in
the purchasing of furniture by promoting the quality of their products for
consumers including the general information, leather information, flammability
information, design safety information, and environmental stability information.
Malaysia needs to set the standard for industry best practises and establish its
own identity when it comes to furniture quality. The traditional method of
promoting furniture based on its strength, durability, or other physical
characteristics is no longer applicable in this period. The hidden value in the
visible information, such as fire properties, fire resistance, fire sensitivity, or even
demonstrating fire simulation, must be exposed. This is critical since clients are
increasingly interested in value-added information when deciding whether or not
to purchase wood-based furniture. The most common concerns that will be
examined by one in making a decision are safety in terms of design and safety
in the event of a fire. Environmental concerns, such as the long-term
sustainability of the product base, will also play a role in the decision-making
process. As a result, gathering additional information about the wood used to
build furniture, particularly high-end office furniture, is critical. For the time being,
the physical properties of the local wood are available, while the fire properties
and reaction to fire in terms of the probability of heat emitted in the event of a fire
breaking out are lacking. Since there is still a lot of opportunity for improvement
in terms of giving better information about local wooden furniture, this study will
focus on the fire properties of the wood species used to produce high-end office
furniture. Knowing that the wood used to manufacture furniture is fire safe is a
huge relief for furniture buyers. Except for certification of conformance in furniture
design safety by the Forest Research Institute Malaysia (FRIM), Malaysia
currently lacks specific regulations and standards on wooden furniture to be fire
resistant to any degree.

The best method to quantify the fire is by managing a real full-scale fire
experiment which can typically examine the fire spread and the HRR by fuel item
in fire scenarios such as the ISO 9705 room-corner test. Since there is more than
one probability of fire behaviour in any fire scenario, a real full-scale fire
experiment is a time-consuming attempt that refuses fast results when quick
decisions are needed. The best approach to overcome the aforementioned issue
is by implementing a performance-based fire design. Since the 1990s, along with
developments in computer and information technology, the fire-safety
professionals in most developed countries have adopted the performance-based
approach to accurately measure the fire risks in achieving an acceptable level of
safety to reduce the consequences of unintended fire by not only fulfilling the
criteria of prescriptive codes but also achieving fire design objective (Meacham,
1996). Currently, there is very little knowledge on the success stories of
implementing a performance-based approach among those working in the fire
safety field in Malaysia except in certain mega construction projects involving
international firms.



The core of performance-based fire design is the combustion and fire
development models that describe the origin, spread, and growth of a fire in a
compartment or building through the application of the material’s fire properties.
In addition to providing data on the heat release rate of fire in space, the
numerical method provides various outputs that are crucial as inputs for other
sub-models such as the barrier failure model, the economic model, the smoke
spread model, and the evacuation model for further analysis of building damage
and life risk. When modelling a fire, some significant aspects to consider include
the space where the fire is predicted to start, the geometry of the space, the
content of the space, the ventilation of the space, and the tenancy. Typically,
upholstered and wooden furniture are used extensively in modern homes, hotel
rooms, hospitals, and offices, and they serve as a fuel load in the event of a fire.
The output of the fire models, however, is heavily dependent on the input
information of the fuel items such as physical properties, fire properties, and
chemical properties. Particularly for the determination of a material’s fire
properties, bench-scale tests have historically been used, but there is no single
bench-scale test method available to quantify each fire property. As a result,
various techniques and instrumentation are required, such as cone calorimeter
and bomb-calorimeter to measure the combustion parameters,
thermogravimetric to measure the thermal degradations and pyrolysis kinetics
parameters, different scanning calorimetry to define the specific heat capacity
and effective heat of reaction, and hot disk thermal constant analyser to measure
thermal conductivity and many others to name. If Malaysian fire safety engineers
adopt a performance-based approach in the management of residential or
building fire safety, they may find information on the physical and chemical
properties of commonly used materials in utilising fire models, but there will be
some difficulties in finding the fire properties when it involves local wood-based
products due to a lack of available data. On the other hand, there are also
barriers to the implementation of performance-based design in fire safety in the
country, such as a lack of knowledge and expertise in using fire model software
and a lack of fire safety awareness among building caretakers.

Even though there are many works executed on the reaction-to-fire of wood, the
archival material related to the fire properties of Malaysian wood is found to be
very limited in scope and incomplete (Wong, 1995). For instance, there is a
compilation of data on the strength and physical properties of local wood (MTIB,
1986; Tahir et al., 1996) but none available on fire properties. To date, some
studies conducted to rectify issues and challenges of using local wood in
Malaysia (Marsono & Balasbaneh, 2015; Mohamed & Abdullah, 2014;
Ratnasingam et al., 2016), but none conducted on the fire properties. Although
some tropical species such as Merbau, Red-Meranti, Mempening, Malas, Garo-
garo, Dillenia, Albizia, and Gmelina (Seo et al., 2016; Xu et al., 2015; Chuang et
al., 2008; and Subyakto, 2003), have readily available fire properties data, this
is insufficient because many other species are used to make furniture. Therefore,
there is an urge for knowledge of the combustion properties of Malaysian wood
species and the HRR of fire in compartments containing Malaysian wooden
furniture.



1.4 Significance of the research

There has always been a need to learn more about fires to make improvements
to fire safety protocols, regulations, and education. Because of the unpredictable
and devastating nature of fires, the threats they pose to societies are continually
evolving as populations, cities, and communities expand and develop. As a
consequence, the fire research community strives to keep up with the changes,
necessitating the need to broaden knowledge of fires, especially in modern
residential settings. One of the most critical parameters in fire safety is the HRR.
It is a critical metric of fire energy derived from the overall process of fire growth,
spread, and development and used in fire safety design for material, space, or
building (Babraukas & Peacock, 1992; Quintiere et al., 1998). The HRR is fed
into many analytical and numerical models that are used to execute fire hazard
and fire risk assessments, which influence fire safety judgments including
evacuation. Due to the significance of the HRR, it must be ensured that the
magnitude of the heat released is measured with confidence and that specific
characteristics of the fuel source and environmental conditions are taken into
account. For instance, there are no written records on local wood fire properties
in Malaysia and it should be noted that many countries have already compiled
the HRR records of commonly used materials in their countries including the
wood (Hasegawa, 2013). The characterization of wood fire properties is a useful
reference for the furniture industry, as it aids in the selection of wood for furniture
production based on its fire resistance. Thus, the fire properties obtained in this
study can serve as the initial input for the local wood fire properties database,
which might become available in the near future.

1.5 Objectives of the research

The main objective of this research is to determine the HRR of fire in a
compartment furnished with Malaysian wooden furniture. Therefore, the
specific objectives of the research are as follows:

1. To evaluate the combustion parameters of selected Malaysian wood
species using the cone calorimeter test and the bomb-calorimeter test.

2. To determine the thermal degradations and to determine pyrolysis
kinetics parameters of selected Malaysian wood species using the
thermogravimetric test.

3. To assess the fire performance of selected Malaysian wood species
using the B-RISK fire simulation software with heat release rate and heat
of combustion data as input.



1.6 Scope and limitation of the research

For the study, six Malaysian wood species were chosen from three categories:
heavy hardwood, medium hardwood, and light hardwood. The wood that has
been selected was kiln-dried and untreated. Three different experiments were
carried out to determine the fire properties of the selected wood species: cone
calorimeter test, bomb-calorimeter test, and thermogravimetric test. The data
obtained are analysed to provide input into a selected fire model. The B-RISK
zone fire model is used to run fire simulations for six separate design fires in a
small confined compartment with a closed door and window which contain office
furniture and electrical appliances. To determine the probability of HRR in the
design fire, the configuration of objects in the academic office is auto-populated,
and the first item to be ignited is selected at random by the fire model software.

Malaysian furniture is made from a diverse range of wood species. However,
based on the availability of solid wood, only six species were considered for this
research. There are a variety of single bench-scale test methods available to
quantify the fire properties of materials; however, only cone calorimeter tests,
bomb-calorimeter tests, and thermogravimetric analyses are performed in this
study because these experiments could provide the fire properties required to
achieve the objectives of this research. The B-RISK zone fire model was chosen
for fire simulation since its governing equations and assumptions are appropriate
for the task at hand. Since complex geometry is typically incapable of being
accurately simulated in a fire model, the fire simulation was designed in a
confined space.

1.7 Thesis Outline

The works in this thesis were organized as follows:

Chapter 1 presents the introduction, the problem statements, the significance of
the research, the research objectives, the scopes, the limitations, and the
organization of the thesis.

Chapter 2 provides an overview of current research, including the fundamentals
of wood burning, the performance-based design approach to fire safety, the
foundations of fire modelling with an emphasis on the B-RISK fire design tool,
and the tools used to conduct experiments in this work, which include the cone
calorimeter, bomb calorimeter, and thermogravimetric analyser. The previous
work on the characterization of wood fire properties is also discussed in-depth in
this chapter.

In Chapter 3, the experimental techniques used to characterise the fire properties
of wood are described in detail, including the cone calorimeter test, bomb
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calorimeter test, and thermogravimetric analysis. This chapter also includes the
design of the B-RISK fire simulation for simulating fire in a compartment.

In Chapter 4, the results of the cone calorimeter test were verified and analysed
to determine the wood fire properties, and the calorific value of each species was
calculated and discussed based on the bomb calorimeter test results. The
thermal degradation and pyrolysis kinetics derived from the thermogravimetric
analysis have been studied, and the findings are explained in this chapter. The
results of the B-RISK fire simulation are also detailed here.

In Chapter 5, the conclusions of this study and the recommendations for future
studies are presented.
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