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Abstract

The construction industry has shown a significant interest in timber due to its sustainability,
leading to widespread use. However, choosing the ideal material can be challenging due to
the varying performance of different types of wood, especially considering its combustible
nature. Besides, the joints in the timber structure are considered the weakest part of the
structure. The physical separation in the wooden jointed sample due to the fire is termed
here as the failure of the sample in other words the stability of the sample. In the current
state of the art, the failure is influenced by the behaviour of the wood under fire, along with
cracking, and opening occurring due to the jointed glue line. Therefore, in this study, an
experimental investigation has been performed focusing on two major goals - to understand
the behaviour of the jointed wood in developing fire and to understand the stability of the
jointed sample under fully developed fire. To study this behaviour, in total 160 small-scale
tests were performed, where 100 cone calorimeter tests and 60 fire stability tests were
performed. Three different types of wood namely Pine, Spruce, and Beech, and 5 different
joints (no joint, butt joint, half-lap joint, 3-finger joint, and 6-finger joint) were analysed. Also,
two different thicknesses 24 mm and 42 mm of Spruce wood were evaluated. Besides, in the
cone calorimeter test, three different heat flux levels (35, 50, & 65 kW/m2) were tested as
part of the thesis work. From these tests, the changes in the fire behaviour were observed
for three different woods in the second peak heat release. Cracks and deformation during
the burning were noticeable influential factors. The method developed in this work is
suitable for observing the failure time. Nevertheless, there are some limitations to this
approach. The failure in the jointed timber has been observed mostly from the glue line. The
thermal penetration through the sample and charring rate are indications of this
phenomenon and are considered as important tools for understanding the failure of the
sample. Even so, none of the investigated features alone showed the same effect on the
heated depth as that observed in the experimental study. This highlights the need for further
research to understand the mechanisms causing the failure of the jointed wood.
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Abstract

The construction industry has shown a significant interest in timber due to its sustainability,
leading to widespread use. However, choosing the ideal material can be challenging due to the
varying performance of different types of wood, especially considering its combustible nature.
Besides, the joints in the timber structure are considered the weakest part of the structure. The
physical separation in the wooden jointed sample due to the fire is termed here as the failure
of the sample in other words the stability of the sample. In the current state of the art, the
failure is influenced by the behaviour of the wood under fire, along with cracking, and
opening occurring due to the jointed glue line. Therefore, in this study, an experimental
investigation has been performed focusing on two major goals - to understand the behaviour
of the jointed wood in developing fire and to understand the stability of the jointed sample

under fully developed fire.

To study this behaviour, in total 160 small-scale tests were performed, where 100 cone
calorimeter tests and 60 fire stability tests were performed. Three different types of wood
namely Pine, Spruce, and Beech, and 5 different joints (no joint, butt joint, half-lap joint, 3-
finger joint, and 6-finger joint) were analysed. Also, two different thicknesses 24 mm and 42
mm of Spruce wood were evaluated. Besides, in the cone calorimeter test, three different heat
flux levels (35, 50, & 65 kW/m2) were tested as part of the thesis work. From these tests, the
changes in the fire behaviour were observed for three different woods in the second peak heat

release. Cracks and deformation during the burning were noticeable influential factors.

The method developed in this work is suitable for observing the failure time. Nevertheless,
there are some limitations to this approach. The failure in the jointed timber has been
observed mostly from the glue line. The thermal penetration through the sample and charring
rate are indications of this phenomenon and are considered as important tools for
understanding the failure of the sample. Even so, none of the investigated features alone
showed the same effect on the heated depth as that observed in the experimental study. This
highlights the need for further research to understand the mechanisms causing the failure of

the jointed wood.
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Chapter 1 Introduction

Timber structures have recently regained renewed interest within the construction industry,
driven by a growing emphasis on sustainability and environmental awareness. Beyond its eco-
friendly characteristics, timber's appeal extends to its capacity for rapid on-site assembly and
its potential suitability for multi-story constructions [1]. However, in construction practices,
the utilization of engineered wood products like glued-laminated timber (GLT) and cross-
laminated timber (CLT) often necessitates the use of joints to connect various timber
components. Longitudinally joining timber pieces with adhesive has been acknowledged as a
reliable and cost-effective method for producing high-quality timber sections of the desired

length and for minimizing timber wastage [2].

Currently, a variety of joints are employed in timber construction, including nailed, bolted,
screwed, glued, glued-in-rod, and large-finger joints [3]. Furthermore, solid wood components
are interconnected using different joint types such as butt joints, half lap joints, or finger joints
[4]. Finger jointing allows for the elimination of undesirable timber sections, thereby
enhancing both the strength and aesthetics of the timber product. Consequently, finger
jointing stands out as an efficient method for enhancing the operational effectiveness of
sawmills by reducing timber wastage [5]. Despite the extensive research conducted on various
aspects of timber engineering, including wood properties, structural design, and construction

techniques, a significant gap remains in the comprehension of glued timber joints.

The behaviour of wood under fire is influenced by numerous factors, including its moisture
content, chemical composition, geometry, and density, as well as external conditions like heat
intensity and flame proximity [6]. These factors collectively determine how wood ignites and
burns. Wood, primarily composed of lignin and cellulose, undergoes a distinct process when
exposed to fire, marked by the formation of char. After pyrolysis, heat exposure ignites the
wood surface, causing the first peak in Heat Release Rate (HRR), which initiates pyrolysis in
the unburnt wood and thus releases the volatile gases. Continued combustion sustains
pyrolysis, leading to the generation of additional volatile gases. However, as the char layer
develops, it acts as insulation, slowing down the pyrolysis process and impeding heat and gas
transport through the material, resulting in a decrease in HRR. The second peak in HRR

occurs when the char layer reaches the rear part of the sample, allowing further volatile gases



to escape and contributing to the fire dynamics [7]. Understanding these mechanisms is

crucial for evaluating wood's fire behaviour and its response to different fire scenarios.

Timber joints, acting as crucial points of connection between wooden members, play a pivotal
role in determining the overall stability and longevity of wooden structures [2]. However, due
to timber's combustible nature, such structures are susceptible to fire. Merely focusing on a
fire design approach for timber members alone proves insufficient if the joints cannot
withstand the applied load during a fire incident. Hence, the design of connections, often the
weakest points in timber construction, is likely to dictate the structure's overall fire stability.
Despite recent endeavours to experimentally investigate and simulate the behaviour of timber
connections under elevated temperatures, their thermal response remains incompletely

understood. This complexity arises from the intricate nature of these connections.

Despite the widespread use of glued joints in modern timber construction, there remains a
relative scarcity of literature regarding their performance characteristics. Current studies
primarily concentrate on traditional mechanical fastening methods like nails and bolts, with
limited attention devoted to understanding the behaviour and efficacy of glued connections.
This gap is especially evident concerning fire stability and structural stability, where the
performance of glued joints may diverge significantly from that of conventional mechanical

connections.

This research seeks to address this significant gap by conducting a thorough examination of
the performance of glued timber joints, specifically focusing on three prominent wood
species: Beech, Spruce, and Pine. Through experimental testing, the study aims to shed light
on the fire behaviour, fire stability, and failure mechanisms in timber connections. By
employing advanced testing methodologies, such as cone calorimeter testing and stability
analysis, this research endeavours to offer valuable insights into the behaviour of glued joints

under various loading conditions and heat exposures.



1.1 Objectives

The following objectives define this thesis:

1. To investigate and analyse the fire behaviour of various timber joints compared to a
control sample.

2. To examine how fire exposure affects the fire behaviour of different wood species.

3. To compare the fire behaviour and stability (joint failure) of identified joint types
across different wood species, including beech (hardwood), pine, and spruce
(softwood).

4. To determine the impact of joints on char formation, char properties, and thermal
penetration depth in timber joints during burning, using bench-scale reaction to fire
tests.

5. To compare the fire performance and failure characteristics of identified joints,

considering variations in spruce wood thickness.
1.2 Scope

This thesis aims to understand the behaviour of joints across three different wood species. The
research contributes two parts: understanding the behaviour of the joints in developing fire
scenarios and understanding fire stability in fully developed fire scenarios. Experimental
setups, including cone calorimeter tests and bench-scale reaction to fire tests, are utilized to

comprehensively investigate the performance of glued timber joints under various conditions.

1.3 Limitations

Conducting full-scale experiments and standard fire tests is the ideal solution to understanding
the actual behaviour of the jointed wood samples [4] [8]. Though small-scale tests provide
valuable insights, they may not represent the behaviour in the jointed column and beam of any
structure. Scaling up these results to larger structures could yield different results due to
factors like increased heat accumulation and structural dynamics. However, due to the scope
limitations of the project, cone calorimeter test has been conducted as it is most widely used
bench-scale instruments to elucidate the reaction-to-fire properties [7]. Also, this study

performed a small-scale test to analyse the failure of the joints.



The scope of the project is restricted to three types of wood (Pine, Spruce, and Beech) and
five joint types due to the thesis duration. This limited scope may not capture the full range of
possible wood and joint configurations used in construction, potentially overlooking

important variations in fire behaviour.

The cone calorimeter tests used three different heat flux levels, but these may not fully mimic
the complex fire conditions encountered in real-world scenarios. Factors like airflow,
surrounding materials, and fire duration could influence fire behaviour differently than in
controlled laboratory settings. The study primarily focused on thermal properties such as heat
release and charring rate. While important, other factors like structural integrity, moisture
content, and material aging could also affect the fire stability of jointed timber structures. But
the selected properties are based on the scope of the work.

1.4 Methods

This section outlines the methodologies employed to investigate the fire behaviour and fire
stability of timber joints. The methods discussed include a literature review and an
experimental campaign. The literature review serves as the initial step to improve
understanding of the concepts planned for experimental exploration in subsequent chapters.
Additionally, previous studies on the fire stability of jointed wood and the implications of
bench scale tests are reviewed. Following this, laboratory experiments are conducted. Finally,

the data from the experiments are analysed to draw meaningful insights and conclusions.

1.4.1 Literature Review

A comprehensive literature search has been conducted to investigate the fire behaviour and
fire stability of timber joints. The search has been carried out using two scientific databases,
Scopus and Web of Science, as well as the search engine Google Scholar. Keywords such as
‘cone calorimeter’, ‘fire behaviour’, ‘fire resistance’, ‘wood behaviour’, ‘timber behaviour’,
‘heat exposure’, ‘joint behaviour’, and ‘glued joints’ have been employed to identify relevant

studies.

The primary aim of the literature review has been to gain a thorough understanding of existing

research and theories related to the fire behaviour of joints, with a particular focus on different



types of wood. Additionally, the review has sought to investigate the fire stability of jointed
wood and to examine previous bench-scale experiments concerning this behaviour. Key
concepts, theories, available data, and methodologies used in previous studies have been
identified during this process.

During the literature review, the focus has been placed on understanding fire behaviour.
Initially, the search process has encountered some confusion due to variations in terminology
and scope. To address this, the search has been systematically divided into categories focusing
on different wood properties, the burning behaviour of wood, and studies that have conducted
bench-scale tests. Some literature has also been provided by BAM, based on their previous
work on wood, which has included a shared library listing various relevant papers. This
structured approach has ensured comprehensive coverage of the relevant literature, providing
a solid foundation for understanding the fire behaviour and stability of timber joints.

1.4.2 Experiments

To meet the identified goals, two main laboratory tests have been conducted: the cone
calorimeter test and the stability test. The detailed methodology of these tests will be covered
in Chapter 3. To achieve Objectives 1, 2, and 5, the cone calorimeter test has been conducted
to evaluate the behaviour of jointed wood. To achieve Objectives 3, 4, and 5, the bench-scale
fire stability test has been conducted to assess the fire stability of the wood. Objective 5 has

been addressed in both tests, as it involves examining the impact of thickness variation.



Chapter 2 Literature Review

In this chapter, the literature on wood properties and its burning process is explored in section
2.1 and section 2.2, aiming to improve understanding of the concepts planned for
experimental exploration in subsequent chapters. Additionally, previous studies on the fire
stability of jointed wood and the implications of bench scale tests are discussed in section 2.3.
The relevant contributions of other authors are duly acknowledged for their relevance to the
aims and objectives of this thesis, thereby supporting the research presented in the following

chapters.

2.1 Wood Properties

Wood is a remarkable natural composite material, comprising a mixture of polymers such as
cellulose, hemicellulose, and lignin, which form long fibres [9] [10] . One can visualize
timber as a collection of flexible straws bound together. When subjected to external forces,
this assembly reacts differently based on several factors: the thickness of each straw (cell
thickness), the adhesive material (lignin) that binds them, and the direction of applied force,
which can be parallel or perpendicular to the grain of the wood. This property of wood,
termed orthotropy, denotes its mechanical and thermal characteristics varying with grain
direction. Typically, timber design considers two principal directions: parallel and

perpendicular to the fibres [11].

Being a natural material, wood exhibits significant variability in properties not only across
different species or geographical regions but even within the same tree. The inherent
heterogeneity and unpredictability of wood pose challenges for structural design, often
necessitating over-engineering to ensure safety. Furthermore, the distinct variations in the
longitudinal lamellae, radially and tangentially, contribute to considerable variability in bond
line performance [12]. In addition to its structural properties, the behaviour of wood in fire is
influenced by its chemical composition, species, density, and moisture content [1]. These

factors collectively shape its response to fire exposure.

The surface pH and acidity levels of wood vary between deciduous and coniferous species, as
well as between hardwood and softwood. Even within a single species, different parts such as

the heartwood and sapwood may exhibit differing pH levels. Hardwood primarily consists of

6



vascular tubes, or pores, which facilitate water transportation within the wood. In terms of
composition, hardwood typically contains approximately 40-50 wt.% cellulose, 15-25 wt.%
lignin, and 15-35 wt.% hemicelluloses [13]. These pores contribute to the distinct grain

pattern observed in hardwood, enhancing its density and workability.

Hardwood finds extensive application in the production of premium furniture, decking,
flooring, and long-lasting constructions. Among hardwood varieties, beech wood stands out
for its characteristics such as heaviness, hardness, strength, and remarkable stability to shock,
making it a preferred choice for projects requiring durability [14]. Despite its favourable
properties, beech wood undergoes significant shrinkage, necessitating careful drying
processes to mitigate potential issues. Its smooth machinability, excellent turning capabilities,
and stability to wear further enhance its appeal. Additionally, beech wood readily accepts

preservative treatments, enhancing its longevity and versatility.

Softwood and hardwood share similar cellulose content, but softwood contains a higher
proportion of lignin, typically ranging from 25 wt.% to 35 wt.%, along with approximately 20
wt.% hemicellulose [6]. Generally, softwood exhibits lower density and moisture resistance
compared to hardwood, although there are exceptions. For instance, spruce, despite its
susceptibility to debonding [15], is extensively used in structural applications and thus
extensively tested, complicating direct comparisons. To explore this further, this study
examines two different thicknesses of spruce wood. Density, influenced by porosity and
species, tends to be lower in softwoods like spruce (400-500 kg/m?), leading to lower thermal
conductivity compared to hardwoods such as beech, ash, and oak (670-770 kg/m?®) [15]. Pine
wood, another common softwood, varies in characteristics depending on the species. Some
types of pine are moderately heavy, strong, hard, and stiff, with moderate shrinkage and high
shock resistance [14]. Hence, for this study, beech, spruce, and pine were selected as

representatives to investigate fire behaviour and stability.

2.2 Burning of Wood

Numerous studies have delved into the combustion processes of timber [1], [16], [17]. These
investigations show that when exposed to heat, wood, as a mixture of natural polymers,
breaks down mainly by releasing water, combustible, and non-combustible pyrolysis gases,

and by forming a solid char residue. The thermal degradation of wood is intricately tied to
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temperature variations, a subject scrutinized by multiple researchers [1], [16]. Given that
wood constitutes a composite material with diverse components, it boasts various layered cell
structures, all of which contribute to its mechanical properties [9]. The decomposition of these
components and cell structures occurs at distinct temperatures, further influencing the overall

combustion process.

As wood undergoes heating, its ability to bear loads gradually diminishes. Even moderate
temperatures, hovering around 65°C, can induce a lasting reduction in its mechanical
properties. However, the impact on strength reduction due to heating varies significantly
depending on experimental conditions. For instance, when subjected to different loading cases
such as tension and compression, timber exhibits distinct declines in strength and elastic
modulus, adding complexity to the structural analysis of heated timber components.

Heating timber above 100°C causes the evaporation of chemically unbound moisture trapped
within. As temperatures rise further, chemical decomposition, known as pyrolysis, involves
numerous interdependent reactions that can further degrade timber's load-bearing capacity [1].
It is typically assumed that combustible pyrolysis gases are produced, and a solid residue
(char) is formed around 300°C. At higher temperatures, the char keeps undergoing

smouldering and oxidation in the presence of enough oxygen [16].

The thermal disintegration of wood is commonly described as a series of distinct
decomposition phases. There is ongoing discussion about the exact temperature limits of these
phases, with certain researchers suggesting that timber loses all residual strength beyond a
threshold as low as 200°C, while others indicate the 360°C isotherm as the position of the
pyrolysis front [18]. This disparity may stem from the diverse components comprising timber,
each with varying decomposition temperatures. Moreover, since these decomposition phases
can overlap and lack clear delineation, defining the "onset of pyrolysis" may vary, introducing
further discrepancies. Interpretations may be influenced by factors such as the quantity or
concentration of measurable pyrolysis gases and the selected deviation from ambient

conditions to define the beginning of pyrolysis.

Moreover, listing single temperature values can lead to ambiguity, as it's unclear whether they
pertain to surface temperatures of timber samples (which are notoriously challenging to

measure accurately) or temperatures at specific depths. The density (p), specific heat capacity
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(cp), conductivity (k), and moisture content of timber have all been shown to influence
temperature distribution within the material. These factors display significant variation not

only among different timber species but also across environmental conditions.

Additionally, the method used to measure timber temperature can exert a significant
influence. Factors such as thermocouple diameter, placement, and position can greatly affect
the accuracy of temperature measurements at various depths. Together, these factors result in
significant discrepancies in the critical temperatures identified for the various decomposition
phases of heated timber.

Wood, being a dense charring substance, undergoes a complex process where char formation
is primarily driven by the contributions of lignin and cellulose [19]. As noted by Lowden et al.
[16], the initial peak in Heat Release Rate (HRR) corresponds to surface ignition. Subsequent
combustion generates heat that sustains material pyrolysis, leading to the release of more
volatile gases [20]. The decline in HRR is attributed to the development of a char layer, which
acts as insulation, slowing down the pyrolysis process and impeding the transfer of heat and
volatile gases within the material [21] [22]. The occurrence of a second or final peak is
believed to result from material burn-through and char cracking, facilitating the release of
additional volatile gases [23]. By a detailed understanding of why and when the second or
concluding peak in heat release rate (HRR) occurs, insights into the burning behaviour of

different wooden structures can be attained.

Tran et al. propose that the second or concluding peak arises due to an elevation in the bulk
temperature of the remaining material coinciding with the pyrolysis zone reaching the rear
side of the sample [24]. Research conducted by the Forest Products Laboratory [14] indicates
that this peak is attributed to the pyrolysis zone extending to the sample's rear side, resulting
in heightened temperature and HRR. The Forest Products Laboratory [14] investigated HRR
under various heat flux intensities. Overall, these studies prove the influence of the rear side

material of the wooden sample on the second peak behaviour.

In both academic studies and real-world scenarios, the progress of thermal decomposition in
timber is frequently measured by the "charring rate” (mm/min). As mentioned earlier, this rate

is closely linked to the location of the pyrolysis front within the timber, usually estimated by



the 300°C isotherm—a value chosen somewhat arbitrarily within the temperature range
favourable for timber's thermal breakdown.

The thermal decomposition and combustion processes in timber are complex and closely
linked to the deterioration of its mechanical characteristics [25]. Once temperatures within the
timber reach approximately 60°C, a gradual decline in its structural integrity begins,
persisting until the timber returns to ambient conditions. This process encompasses the entire
duration of a fire and subsequent structural cooling, illustrating the intricate relationship
between thermal changes and mechanical properties in timber. Beyond 200°C, thermal
decomposition results in the generation of both combustible and non-combustible pyrolysis
gases, alongside the formation of a char layer [1], [10], [26], [25]. As elucidated earlier, the
rate of char formation hinges on the pace of pyrolysis. Thus, any factors influencing timber
combustion directly impact char production.

Furthermore, certain studies have explored the impact of the char layer on the behaviour of
the second or concluding peak. Gan et al. [27] attribute the occurrence of the second peak to
the formation of cracks in the char layer, facilitating an easier pathway for combustible gases
within the wood. As these cracks expand, the peak heat release rate (PHRR) is achieved. The
authors note that densified wood exhibits a lower and delayed PHRR compared to normal
wood due to its char structure possessing thinner and shallower cracks. Das et al. [28], [29]
support Gan et al.'s findings, emphasizing the significance of the char structure on HRR
extent. They suggest that a dense and rigid char structure impedes mass and energy transport

more than a cracked char structure.

Bartlett et al. [1] also investigated the impact of wood density on the charring rate, finding
that higher density leads to a slower charring rate. They argue that higher density necessitates
more energy for pyrolysis, thus slowing down the char formation process. Variations in fire
behaviour have been noted among jointed wooden samples, attributed to differences in factors
such as the char layer, wood properties, presence of cracks or openings, and adhesives.
Therefore, this study aims to explore the variations in different wooden samples resulting

from jointing and exposure to heat.
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2.3 Fire Stability of Jointed Wood

Enhancing our understanding of how glue-laminated timber (GLT) behaves under fire
exposure is crucial for advancing fire safety design. Typically, glulam beams undergo bending
tests in standard fire resistance assessments [30]. However, it's widely acknowledged that
large-scale standard fire tests for glulam beams are challenging—they are time-intensive,
costly to set up, and may not fully capture the material's fire performance [31].

In the realm of timber joints, various tests have been conducted on common types such as
finger joints and half-lap joints. However, comparative analyses among these tests are often
elusive. For instance, Hirst et al. [32] delved into the structural behaviour of timber beams
spliced with half-lap joints, employing wooden dowels in four-point bending tests. Their
investigation, with the lapped surface oriented perpendicular to the applied load, revealed that
the predominant failure mode of the spliced beam was cleavage fracture of the timber
elements, rather than shear failure of the dowels. Song et al. [33] investigates the impact of
service damage on the fire resistance and structural integrity of traditional timber mortise-

tenon joints under static loading and fire exposure.

Similarly, studies focusing on the mechanical and structural performance of wood joints shed
light on different aspects. Arciszewska-Ke¢dzior et al. [34] scrutinized the mechanical
performance of timber beams spliced with half-lap joints, utilizing wooden dowels and
subjecting them to forces parallel to the lapped surface. Meanwhile, recognizing the inherent
uncertainties in wood mechanical properties, Kunecky et al. [35]‘s research approach
encompassed both experimental and numerical methods to explore the structural performance

of spliced beams.

Konig et al. [36] investigated GLT beams featuring finger joints on the tension side exposed
to fire. These finger joints were bonded using various structural adhesives, including
melamine-urea-formaldehyde  (MUF),  phenol-resorcinol-formaldehyde  (PRF), and
polyurethane (PUR), all meeting current approval criteria for load-bearing timber
components. At normal temperatures, the bending resistance among the beams showed no
notable differences. However, in fire conditions, beams with PUR and MUF adhesives in the
finger joints exhibited bending resistances only 70 to 80% of those with PRF-bonded finger
joints. Polyurethane (PUR) adhesives, especially those used structurally, are thermosetting
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materials that exhibit significant changes at high temperatures [37]. Initially, they undergo
thermal degradation with minor mass loss, followed by extensive thermal decomposition that
alters their chemical structure and reduces mechanical properties. As the temperature rises and
reaches the glass transition point, PUR transitions from rigid to flexible, impacting adhesion
performance. Unlike thermoplastics, thermosetting PUR does not melt but degrades,

maintaining structural integrity until substantial decomposition occurs [38].

Frangi et al. [39] conducted a series of tensile tests at elevated temperatures on finger joints
bonded with five different adhesives, including four types of one-component polyurethane
adhesives and one melamine-urea-formaldehyde adhesive. These tests demonstrated a
significant reduction in strength for the finger joints as temperature increased. Moreover,
distinct variations in strength reduction and failure were observed among the different
adhesives. The relative strength reduction, particularly at 100°C, ranged from 50 to 85% of
the strength observed at normal temperature (20°C). Notably, specimens bonded with three of
the adhesives displayed a strength reduction exceeding what would be anticipated for timber
in fire conditions. Thus, it is reasonable to anticipate that the adhesive's behaviour at elevated

temperatures could significantly impact the load-bearing capacity of finger joints.

Besides Regueira et al. [40] evaluates the fire performance and load-bearing capacity of
rounded dovetail timber connections, highlighting their inability to meet R30 fire resistance
standards and the need for improved simulation methods to account for internal heating
effects. In large-scale tests, the overall outcome is influenced by the dynamics of the structure,
whereas the small scale becomes effective in terms of understanding material behaviour [31].
Consequently, from the literature it has been found that investigations have been conducted
under bench-scale setups both for glued and mechanical joints. Despite variations in
investigating parameters, experimental setups, and test procedures, they shared limitations in
their work. The results were accompanied by visual observations. Overall, their work served
as motivation for the development of this experimental setup based on the scope of this thesis
study. Although previous studies have presented various small-scale tests on joints, none of
them have compared the behaviour of jointed and non-jointed timber. Therefore, this study
aims to focus on comparing fire stability among different wood types as well as five different

glued joints.
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Chapter 3 Materials and Methodology

An experimental methodology was developed to evaluate the fire behaviour and stability of
wood joints. Five different types of wooden joints—no joint, butt joint, half lap joint, 3-finger
joint, and 6-finger joint—were analysed and compared across three different wood types.
Each sample underwent testing under varying heat fluxes in the cone test, while the loading
and heat flux remained consistent for all samples in the fire stability test. Detailed temperature
measurements were conducted to track temperature changes within the timber's depth. This
data helped estimate the depth of heating and charring rates, providing insights into the failure

mechanisms of the jointed wood.

3.1 Materials and Sample Preparation

The timber samples utilized were made from Estonian Pine, Spruce, and Beech woods, each
measuring 24mm in thickness. Additionally, 42mm of Spruce wood samples, were utilized for
testing purposes. The experiment examined five types of joints: no joint, butt joint, half lap
joint, 3-finger joint, and 6-finger joint. Commercial adhesive “Ponal”, branded as
PUR(Polyurethane)-LEIM and manufactured by a German-based company Henkel AG, was
employed for joint preparation. This glue was tested according to DIN EN 14257 standards,
demonstrating heat resistance exceeding 8 N/mm?2 according to WATT 91. The timber samples

used in the experiment accurately represent those commonly found in construction products.

Large-scale standard fire tests for glulam timber are known to be both time-consuming and
expensive to set up. In response, efforts have been made to introduce small-scale or bench-
scale tests, drawing from insights presented in the literature review in Chapter 2, to
investigate the performance of jointed wood. To achieve the specified objectives of
understanding fire behaviour during fire development and fire stability in fully developed

fires, timber specimens were prepared in two different dimensions.

For the Cone Calorimeter test, specimens were sized at 100 mm x 100 mm with two different
thicknesses 24mm and 42mm respectively. For the Fire Stability test, the tested samples
measured 160 mm x 100 mm, also with two different thicknesses. Figure 1 illustrates the
dimension of the samples used in the tests. The purchased jointed samples have been carefully

stored under standard temperature (23°C+2°C) and humidity conditions (50%+5%) in BAM

laboratory as shown in Figure 2.
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3.2 Test Setup

This research is structured around two main objectives. Firstly, it aims to investigate the
behaviour of five different types of jointed wood across various wood species during the
developing fire stage. Secondly, it focuses on understanding the stability of these jointed
wood structures under fully developed fire conditions. To achieve these goals, two distinct
tests were conducted: the cone calorimeter test and the Fire Stability test. By dividing the
research focus into these two parts, the study aims to comprehensively examine the

performance of jointed wood structures in different fire scenarios.

3.2.1 Cone Calorimeter Test

The cone calorimeter, renowned as one of the most widely utilized bench-scale instruments,
serves to elucidate the reaction-to-fire properties of materials [7]. For this study, cone
calorimeter by FTT Fire Testing Technology, UK experiments adhered to the standards
outlined in ISO 5660-1 [41], utilizing equipment from the fire testing laboratory at
Bundesanstalt fir Materialforschung und -prifung (BAM). The set-up of the cone calorimeter
was chosen for its capability to simulate various fire scenarios through the manipulation of
radiant heat flux impinging on the sample. Specifically, the radiant heat fluxes 35, 50, and 65
kW/m? was maintained averaging the temperature. The 35 and 50 kW/m? were proposed for
this experiment as these were mentioned in 1SO 5660-1, and 65 kW/m? was chosen to have a

systematic row.

Figure 3 : Cone Calorimeter test set up.
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To achieve the desired heat fluxes, the coil temperature was carefully adjusted, while
maintaining an exhaust duct flow rate of 24 I/s. Throughout each experiment, samples were
positioned in a horizontal orientation, precisely 35 mm below the conical heater to provide
enough space to the wooden sample to deform or react. A computer linked to the cone
calorimeter was configured to record Heat Release Rate (HRR) data at 5-second intervals.
This HRR data was derived from oxygen consumption measurements collected during the

experiments. The time of ignition and failure time was measured manually.

3.2.2 Fire Stability Test

The fire stability was measured in a small-scale test which was developed to determine the
resistance of the timber joints against a flame simulating a fully developed fire. This test was
proposed to avoid the need for time-consuming and expensive large-scale tests typically used
to measure fire stability [42]. The goal of this test was to determine the failure time of the
jointed wooden sample. Therefore, the wooden samples were designed according to the

specifications discussed in section 3.1, and the test setup for this test can be seen in Figure 4.

The test frame was constructed using two vertical stands as shown in Figure 6 (a) red arrows
and a horizontal steel rod to hold the sample. The sample was clamped onto a stand and
positioned to face a controlled burner flame. A metal cover shielded the top part of the sample
from direct heat as shown in Figure 4 (a). Since the fire was aimed at heating the jointed part
of the wood, before starting the test, the heat flux and flame temperature were adjusted for a
specific distance between the burner and the sample surface, which remained consistent
throughout. A total heat flux of 108+8 kW/m? was maintained at the sample surface. The
distance between the burner and the sample was fixed at 14 cm, and the gas flow rate of the

propane burner was kept constant at 3 L/min throughout the test.

Additionally, four K-type thermocouples were positioned just below the joints to measure the
thermal penetration of the sample. Also, a 5 kg weight was attached to the lower half of the
substrate as shown in Figure 4 (b). This 5kg weight was chosen based on experimental trials.
The time taken for the jointed timber samples to fail when exposed to the burner flame was
recorded to analyse the behaviour of different joints under heat exposure. In this research, the
time of failure was considered to be when a large part of the wooden sample fell to the ground

under its own weight.
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(b)
Figure 4: Fire Stability Test Set up.

3.3 Instrumentation

The cone calorimeter test was conducted in accordance with standardized procedures of 1SO
5660-1 [41]. During the test, flammability parameters including ignition time and sustained
flaming were recorded. Additionally, critical parameters such as Heat Release Rate (HRR),
Total Heat Release (THR), and Mass Loss Rate (MLR) were characterized. These parameters
serve as fundamental metrics for quantifying the fire performance of wood species and are
essential for comprehending and potentially modifying wood behaviour in fire scenarios. The
sample holder utilized for the test was an aluminium foil tray and ceramic wool was use
below the Aluminium foil, and the test was conducted without a frame, as depicted in Figure
5.

Figure 5 : Sample Preparation for Cone Calorimeter Test
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To prepare the sample for the fire stability test, specific modifications were made. Firstly, a 10
mm diameter hole was drilled horizontally in the width direction of the sample, as illustrated
in Figure 6(a), to facilitate its secure placement in the test setup. Additionally, a 3.5 mm
diameter hole was drilled in the middle of the surface at the bottom of the sample, as shown in
Figure 6(b). This hole served the purpose of accommodating eye hooks, which were used to
securely hold the weight during the test.

K-type thermocouples, each with a diameter of 1.5 mm, were inserted into the timber samples
through pre-drilled holes, as detailed in section 3.2. The diameter of each hole matched that of
the thermocouple end to ensure optimal contact and minimize air gaps. Figure 6(c) depicts the
position of the drilled hole from the back side, while a schematic illustrating the precise
positioning of the thermocouples can be found in the appendix I. Four thermocouples were
positioned at various depths in same height within the wooden sample to track how heat
spreads through it, as shown in Figure 7.

(a) (b) (c)
Figure 6 : Drilled hole for Fire Stability Test
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Figure 7 . Depth of the thermocouples 18



3.4 Testing Procedure

The thesis focused on two scenarios: fire behaviour during fire development and fire stability
in fully developed fires. The experimental matrix for both tests is outlined in Table 1. The
study utilized two types of wood: softwood (pine, spruce) and hardwood (beech), along with
two different thicknesses (24 mm and 42 mm) of spruce wood. The testing procedures for
both scenarios were distinct and will be elaborated upon in the following sections. In this
research, a log book was used to track the test records, including the sample name and date.
The weight of each sample was recorded before each test. During the test, visual changes in
the sample were also documented.

Table 1: Experimental Matrix

Scenario Type of Type of Heat Flux No. Of Total No. of
Wood — Joints* (kW/mZ) Samples Samples
Thickness

Fire Behavior in Pine -24mm 5 35, 50, 65 2 30
Developing Fire | Spruce-24mm 5 35, 50, 65 2 30
Beech-24mm 5 35, 50, 65 2 30

Spruce-42mm 5 50 2 10

Fire Stability in Pine -24mm 5 108 3 15
fully Developed | Spruce-24mm 5 108 3 15
Fire Beech-24mm 5 108 3 15
Spruce-42mm 5 108 3 15

Total 160

*No joint. Butt joint, Half-lap Joint, 3 Finger Joint, & 6 Finger Joint

3.4.1 Cone Calorimeter Test

Following the 1SO 5660 standard, specimens were prepared according to specified
dimensions and surface finish requirements. They were mounted on a sample holder to ensure
consistent positioning during the test, with aluminium foil trays used to collect residue

afterwards. An open metal frame was employed for the test setup.

Before conducting the test, the cone calorimeter and associated equipment such as gas flow
meters, heat flux sensors, and temperature measurement devices were calibrated to ensure
accurate readings. Three different heat flux levels (35, 50, & 65 kW/m?) were tested as part of
the thesis work. The prepared specimen was securely positioned in the cone calorimeter test

chamber, ensuring centred alignment for uniform exposure to the heat source.
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Initially, measurements were taken for 60 seconds without placing the sample. The test began
with the placement of the samples. Considering the wood material's slower reaction to heat,
the time to ignition was manually recorded. The test was stopped 5 minutes after flameout
time. After each test, any residual combustion was extinguished with a water spray. One test
and one repetition were carried out for each testing condition. The data collected during the
test was analysed to evaluate the fire behaviour of the specimen, as discussed in Section 4 of
the thesis.

3.4.2 Fire Stability Test

For this bench-scale test, the setup was arranged according to the scope outlined in section
3.2.2 of the thesis. Following this, calibration was performed as depicted in Figure 8. From
this calibration, the heat flux and sample position were fixed. Two heat flux meters (One of
the sensors was SBG-01, a combination of Gardon and Schmidt-Boelter and the Other sensor
was Vatell TG1000, which is a Gardon-type sensor) were utilized for measuring heat fluxes,
and an average value of 108+8 kWm2 was established for the test.

A vertically oriented sample was positioned in the setup, with a propane burner used to
directly heat the sample from the front. The test began with the ignition of the burner. It took
approximately 30 seconds from ignition to stabilize the propane flow and achieve the desired
heat flux. After this period, the burner position was adjusted to focus heat directly on the

jointed part of the wooden sample.

Throughout the test, video recordings and pictures were captured from the sides. Observations
included char falling off, buckling behaviour, and cracks and joint behaviour of the sample.
The test continued until the wooden sample failed and broke into two pieces. Upon failure, the
test was stopped, and the residual sample was extinguished with water. Broken parts of the

wooden sample and residues were collected to observe their burning behaviour.
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Figure 8 : Calibration for Fire Stability Test
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Chapter 4 Result and Discussions

The following parts will cover both qualitative and quantitative observations regarding the
fire behaviour of different types of jointed wood species. The result section has been divided
into two main parts. The first section is dedicated to describing the fire behaviour in
developing fire, while the second section focuses on fire stability in fully developed fire. Each

main section is further subdivided into different parts.

The behaviour of the wooden sample in developing fire will be subjected to quantification
through heat release rate analysis, along with the discussion of other parameters such as time
of ignition, time of flameout, mass loss rate, total heat release, etc. Additionally, qualitative
observations will be emphasized by comparing the burning process of the samples and the
residues of the wooden sample. To assess the fire stability in fully developed fire, the failure
time and the temperature profile of the wooden sample will be discussed. The charring rate
and temperature during the failure of different wooden samples with and without joints will
be compared. Qualitatively, visually observed failure behaviour, along with cracks and

residues of the post-test samples, will be assessed.

4.1 Fire Behaviour in Developing Fire

To meet our predefined objectives 1, 2, and 5 from Chapter 1.1, this part is subdivided into
three different sections. In the first section, the influence of different wood types on the
behaviour of fire will be examined. Then, the performance of different joints on each type of
wood will be compared, with consideration given to the variation in thickness for Spruce
wood. Finally, in the last part, the variation in heat flux exposure will be compared for three
different heat flux levels. In each part, the experimental results will be highlighted, with
attention drawn to possible phenomena behind the reported observations. Moreover, after

describing the results for every sample, the discussion of the results will be addressed.
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4.1.1 Wood Species Influence

The first part of understanding the behaviour of the wooden sample involved examining the
behaviour of two different types of wood (Hardwood and Softwood). Figure 9 depicts the heat
release rate of various wood species under 50 kW/m?, with Pine and Spruce representing
softwood and Beech representing hardwood. The analysis of the heat release rate of the
wooden sample was conducted using the cone calorimeter test, with the test procedure for
these samples discussed in section 3.4.1. Wood is a thick charring material, with char
formation primarily contributed by lignin and cellulose [1]. Figure 9 reveals that all wooden
samples exhibit a two-peak behaviour in the heat release rate. While there are similarities in
the behaviour observed in terms of both qualitative and quantitative data, differences have

also been noted.

350

300

N

o

o
1

N

(=3

o
1

HRR (kW/m?)
=
o

100 -+

50 4

T L] T
0 500 1000 1500
Time (s)

Figure 9 : The heat release rate (HRR) of different wood species under 50 kW/m?

Figure 10 depicts the details of the Beechwood burning process at a heat flux of 50 kW/m?. In
Figure 10 (a), the beginning of the test reveals that Beechwood exhibits a longer ignition time,
with the surface of the specimen nearly burning homogenously after 42 seconds. During this
time, as observed in Figure 9, the heat release rate is lower than the first peak. Subsequently,
in Figure 10 (b), flame spread occurs from the surface and lateral sides to the inner part. The
first layer appears fully charred, providing surface protection and serving as an insulating
effect, thereby slowing down pyrolysis. This leads to a gradual decrease in heat release rate
around 495 seconds. At 1060 seconds in Figure 10 (c), the Beech sample starts wrapping,
allowing the escape of additional volatile gases, resulting in an increase in heat release rate as
seen in Figure 9. After that, in Figure 10 (d) around 1106 seconds, when the Beechwood is

completely wrapped, it reaches the second peak in heat release. Towards the end of flaming
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combustion, the heat release rate begins to decrease, with the test continuing for 5 minutes

Figure 10 : Burning of Beech Wood (a) Beginning of the test 42 sec, (b) 495 sec
where the char layer formed in the upper layer, (¢)1060 sec where the specimen
started warping, (d) 1106 sec where specimen completely warped.

after flameout.

(d)

Figure 11 and Figure 12 describe the burning process of Pine wood and Spruce wood,
respectively. In comparison with Figure 9, it is observed that in both cases, the ignition of the
wood occurred at around the same time, indicating that both samples require the same
pyrolysis time to burn. Subsequently, the first peak in HRR is typically a response to the
ignition of the surface. Following the formation of the char layer, a slow decrease in HRR is
observed. Finally, at the end of the test, the second peak is observed in both cases following

the flameout of the wooden sample.
J

(c) (d)

Figure 11 : Burning of Pine Wood (a) Beginning of the test 35 sec, (b) 500 sec
where the char layer formed in the upper layer, (¢)700 sec where the specimen
shrunken from the sides, (d) 1000 sec where specimen completely burned.
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By comparing the qualitative observations of Figures 11 and 12, it has been observed that
Spruce wood required a longer time to burn, and the formation of cracks and deformation of
the sample differed between the two cases. Although in both cases in (a) of the figures, the
beginning of the test appeared quite similar and the char layer formed on the upper layer, in
Figure 11 (c) after 700 seconds, the Pine wood started shrinking from the sides, and by 1000
seconds in Figure 11 (d), it had completely burned. Additionally, horizontal cracks were
observed over the sample, and the sample shrank on all four sides. In Figure 12 (c), after 660
seconds, the Spruce wood started shrinking in the middle, but at the end of the test around
1200 seconds, there was still a good amount of residue present in the aluminium tray, and the

Spruce wood did not shrink from the sides.

\

(d)

Figure 12 ; Burning of Spruce Wood (a) Beginning of the test 40 sec, (b) 300 sec

where the char layer formed in the upper layer, (c) 660 sec where the specimen

shrunken in the middle, (d) 1200 sec where specimen swelled in different parts.
Under 50 kW/m? heat flux, the burning behaviour of wooden samples exhibits similar
patterns, including ignition, the first peak in heat release rate (HRR), a subsequent slow
decrease in HRR, a second peak in HRR, and flameout. Though, there are differences
observed both qualitatively and guantitatively among them. One of them is the effective heat

of combustion (EHC) of different wooden jointed samples.

Figure 13 displays the comparison of effective heat of combustion (EHC) among different
wood species, where the first and second peak heat release rates are compared for all the
samples. The area of the first peak and second peak is determined based on the time of
ignition and the time of flameout. The start and end times of each area under the first and
second peaks are indicated in a separate table attached in appendix Il. The effective heat of
combustion (EHC) is determined by dividing the total heat released (THR) by the mass loss
incurred during the test.
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From Figure 13, it is evident that the EHC of the first peak area and the second peak area

differs. The Effective Heat of Combustion represents the amount of heat released per mass

unit during the combustion of the specified amount of fuel. Wood decomposes in subsequent

step releasing different volatiles. The lower EHC observed during the first peak which

dominated by the first decomposition steps, whereas the higher EHC during the second peak

is attributed by the decomposition of the intermediate char.
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Table 2 summarizes the fire properties of different wood species, namely Beech, Pine, and

Spruce. A comparison reveals that the time of ignition and time to reach the first peak is

earlier in Pine and Spruce wood compared to Beech. This suggests that softwoods (Pine and

Spruce) are easier to ignite than hardwood (Beech) under the same heat flux due to the density

difference [42]. Furthermore, Figure 14 demonstrates that the ignition time has a proportional

relationship with density, where Beech has the highest density, and Pine and Spruce have the

lowest density.
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Table 2: The fire properties of different Wood.

Beech Pine Spruce

Ignition Time (S) 32+2 22+1 231
Flameout Time (s) 1192+ 25 1140 + 14 1387 + 32
Flaming time (s) 1160 + 27 1118 £ 15 1364 + 32

Time to 1 Peak (s) 701 42+ 4 40+ 1
First Peak HRR (KW/m?) 292 + 56 199 +7 192 +13
Time to 2" Peak (s) 1118 + 39 1015 + 35 1273 + 18

Second Peak HRR (kW/m?) 328 +43 137 +5 106 + 2

Average MLR (g/s) 0.130 £ 0.003 0.089 + 0.003 0.071 £ 0.002
Initial Density (kg/m®) 803+ 6 511+6 510 +3
Total HR (MJ/m?) 174 +18 118 +2 108 + 2

The flameout time for the wooden samples was difficult to choose by observation. So, by
using carbon monoxide production graph the flameout time has set for all the sample using
the same hypothesis. As it is evident that after flameout, the production of carbon monoxide
increases rapidly due to the thermo-oxidation of char. Therefore, by comparing the curves of
HRR and CO production, the flameout time for the samples is determined. Based on the

ignition and flameout time, the Sustained flaming time of the sample is determined.

From the tabular data, it has been observed that the flaming time for Spruce wood is longer
than for Beech and Pinewood. This is attributed to the consumption of the sample. As the
flaming time has a reciprocal relationship with the consumption of HRR [6]. A significant
difference has been found for time to first peak between hardwood and softwood. However,
the time to reach the second peak is lower for both Pine and Beech than for Spruce.
Additionally, for hardwood, it has been observed that the second peak heat release is higher
than the first peak. Conversely, for softwood, the second peak is always found lower than the
first peak. The average mass loss rate and total heat release are higher for hardwood than for
softwood. A higher MLR indicates a higher pyrolysis rate with more heat released from their

oxidation. The Average MLR for each species is shown in Table 1.

Overall, by comparing the HRR for all three types of wooden samples in Figure 9, it is
observed that the first peak in HRR corresponds to the ignition of the surface, where the
generated heat from combustion sustains pyrolysis, releasing more volatile gases. The

decrease in HRR is attributed to the formation of a char layer, which acts as insulation,
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slowing down pyrolysis and impeding heat and volatile gas transport. The second/end peak is
the result of material burn-through and char cracking, facilitating the escape of additional
volatile gases. The final decrease in HRR occurs when no more volatiles are released,
finishing flaming combustion and resulting in a steady baseline.

By analysing the burning process and observing the residue of Pine, Spruce, and Beech
woods, it is found that the formation of cracks, char production, and the behaviour of wood
samples differ under fire. When Beech wood started wrapping from the back, Spruce wood
shrank only in the middle, and Pine wood shrank from all four sides. Figure 15 displays the
residue of the three wooden samples from three different views: top view, side view, and rear
side view. It has been observed that the residues are more fragile for Beech wood compared to
Pine and Spruce wood. This residue also provides an indication of the burning of the sample.
For Spruce wood, in the residue deeper cracks are observed, still a good amount of char layer
initially protected the inner part. As the residue of the spruce is stronger than the Pine and
Beech. This results a slow burning of the Spruce wood. Overall, different char deformation
and cracking control the second peak HRR and thus resulting in relevant differences.

L A e
3 Ty, e "

Slaad o Ll gt
7 e

wwﬁcﬁmﬂu‘bw@n»?.
AR

Side View
i B ,‘2:3:«,;«'~ 7

Rear Side View
(a) Beech (b) Pine (c) Spruce
Figure 15 : Top, Side and Rear Side view of the Residues of different wood
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4.1.2 Joint Type Effects

In this part the different joints namely Butt joint, Half Lap Joint, 3 Finger Joint, and 6 finger
joint is compared with no joint sample for Beech, Pine, and Spruce wood under 50 kW/m?2,
For spruce wood 24 mm thickness and 42 mm thickness both will be analysed in this section.

Beech Wood

Figure 16 depicts the Heat Release Rate of different Jointed Beech wood under 50 kW/m?
heat flux. From the graph, it is observed that all the samples started igniting at the same time
and began to increase the HRR rapidly. Subsequently, as the surface of the sample burned, a
char layer formed, and a slow decrease was observed. Following this, during the time for the
second peak, material burn-through and char cracking facilitated the escape of additional

volatile gases. Though, some differences were observed for different jointed wood.

It is noted from the Figure 16 that the second peak of the beech wood without joints is higher
than other jointed beech wood, and the time to reach the second peak is lower than for the
other jointed wood. This difference is attributed to the presence of the joint. Joints are
connected with glue, and they hold the parts of the wooden sample. After a certain
temperature, the glue line evaporates, and the wood sample starts to deform due to its burning
behaviour. Thus, this combined effect of joint opening, cracks, and deformation of the sample

enables changes in the second peak of the samples.
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Figure 16 : The heat release rate (HRR) of different
joints of Beech wood under 50 kW/m?
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Table 3 presents comparative data on different parameters of fire properties of Beechwood. It
is observed that ignition time and time to reach the first peak are similar for all the samples,
indicating similar initial burning behaviour due to the same surface area and wood type.
Therefore, it is expected that the behaviour of the first peak will be the same for all samples.
Regarding flameout time and total sustained flaming time, there are some differences, but
considering the uncertainty, these differences are not significant. However, minor differences
may be attributed due to the glue line. As the rear side of the wood participates in producing
the HRR during the second peak area, and due to the combined effect of glue line opening and

the deformation of jointed beech sample release of heat observed different.

Table 3: The fire properties of Beech Wood Joints

Beech
No Joint Butt Joint Half Lap 3 Finger 6 Finger
Joint Joint Joint
Ignition Time 33+2 31+4 35+2 34+4 33+2
(s)
Flameout 1193 + 25 1168 + 18 1220+ 7 1228 + 25 1245+ 7
Time (s)
Flaming time 1160 + 27 1137 + 22 1186 +9 1194 + 21 1213 £5
(s)
Time to 1% 70x1 63+4 65+ 1 68 +4 657
Peak (s)
First Peak 292 + 56 287 +41 290 + 28 288 + 53 291 + 28
HRR (KW/m?)
Time to 2" 1118 + 39 1110+ 7 1158 + 32 1143 + 4 1190 + 35
Peak (s)
Second Peak 328 £43 298 + 55 328 £54 271+ 11 2809
HRR (KW/m?)
Average MLR | 0.130 £ 0.003 0.128 + 0.127 £0.004 | 0.127 % 0.123 £
(a/s) 0.002 0.004 0.003
Initial Density 8036 7701 798 + 25 798 + 17 798 £ 24
(kg/m?3)
Total HR 174 + 18 171+ 14 184 + 27 179+ 20 177+ 17
(MJ/m?)

Typically, for Beechwood, a complete deformation occurs during burning. In fact, in butt joint
samples, the glue line decomposes after passing half of the time, causing both parts to behave
as identical samples, and resulting in observed deformation for both parts of the sample. This
phenomenon leads to faster flameout of the butt joint compared to others. Conversely, for
other joints, the glue lines connect the parts of the wood, but as the line is not as straight as

the butt joint, it takes some minor additional time to deform the samples. Overall, differences
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in the flaming time of the sample are noted. Yet there is no difference has been found in the
ignition time, first peak HRR, average MLR, total HR, but in terms of the time to reach
second peak HRR and the second peak HRR is found different due to the joint effects. As, this
joint opens up the cracks in the char layer differently, which creating an easy pathway for
combustible gases inside the sample [27]. Overall, joints allowing the cracks grow differently
which results different second peak HRR, and time to reach second peak.

Pine Wood

Figure 17 depicts the heat release rate of Pinewood joints under 50 kW/m?. The behaviour of
Pinewood with different joints showed similar patterns in terms of the HRR graph. Although
the ignition time and first peak behaviour are the same for all the samples, similar to

Beechwood, differences are observed in the second peak.

As mentioned previously, the second HRR is similar for all samples as it is mostly dominated
by the materials, but there are differences in the time to reach the second peak heat release.
Samples with butt joints and no joints took a lower time than the other three joints. The reason
is similar to Beechwood joints, as both Pine and Beech samples were observed to shrink and
deform. Thus, the glue joints somehow connect the parts of the wood, leading to some minor
additional time required for deformation. This characteristic of the wood joints significantly

influences the values.
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Figure 17 : The heat release rate (HRR) of different
joints of Pine Wood under 50 kW/m?
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Although some similarities are found between Pine and Beech wood, in terms of second peak
heat release, there are differences. In Beech wood without joints, the second peak heat release
was higher, but in Pine wood, all the wooden samples with and without joints show similar
second peak HRR. The second/end peak is an effect of the pyrolysis zone reaching the
samples rear side, which increases both temperature and HRR [14]. When the pyrolysis zone
reached the rear side of the sample, both pine and beech wood react differently in increasing

temperature. Thus, results this difference in both wooden behaviours.

However, table 4 presents the fire properties of Pine wood joints to compare the differences
and similarities quantitatively. From this tabular data, it is evident that there is no significant
difference in terms of ignition time, time to first peak, first peak HRR, and average mass loss
rate. However, there are some differences observed in flameout time, time to reach the second
peak, and second peak HRR. After considering the repeatability, although these differences
become minor, it is still interesting to note that joints have an impact on the behaviour of the

second peak heat release rate.

Table 4: The fire properties of Pine Wood of different Joints.

Pine
No Joint Butt Joint Half Lap 3 Finger 6 Finger
Joint Joint Joint
Ignition Time 22+1 19+1 20+1 20+1 201
(s)
Flameout 1140 £ 14 1163 £ 11 1260 + 7 1265+ 7 1300 + 28
Time (s)
Flaming time 1118 + 15 1144412 1241+6 124648 1280+27
(s)
Time to 1% 43 +4 350 38+4 38+4 38+4
Peak (s)
First Peak 199+ 7 209+13 20412 187+6 205+12
HRR (KW/m?)
Time to 2" 1015 + 35 1068+4 1128+11 1160442 1208+4
Peak (s)
Second Peak 137 +5 13647 12542 140+1 12745
HRR (KW/m?)
Average MLR | 0.089 £0.003 | 0.084+0.002 | 0.087+0.001 | 0.085+0.002 | 0.082+0.000
(9/s)
Initial Density 511+6 49714 557+16 555+3 552+15
(kg/m?3)
Total HR 118+ 2 11744 13145 126+1 128+3
(MJ/m?)
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Overall, it was interesting to note that, despite Pine and Beech being two different types of
wood, there are still some similarities in terms of the behaviour of wood joints. In both cases,
the no joint and butt joint take a shorter time to reach the second peak heat release, whereas
the other joints take longer. However, differences have also been observed in terms of the
quantitative data. In this sense, both types of wood have different values, considering the
differences in density, weight of the sample, as well as the presence of cracks and the release

of volatile gases.

Spruce Wood

Figure 18 illustrates the HRR of different joints of Spruce Wood under 50 kW/m?. It is
surprising to note that the HRR of Spruce wood with and without joints showed similar HRR
for both the first and second peak HRR. Char structure is important for HRR, a dense and
rigid char hinders the mass and energy transport [27]. Due to the dense and rigid char of the
spruce wood the joints do not create any difference in the char formation or creating pathway
for combustible gases. Overall, due to this char behaviour no difference has been observed in

among Spruce wood joints.
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Figure 18: The heat release rate (HRR) of different
joints of Spruce Wood under 50 kW/m?

In the previous part, similarities and differences were observed for Beech and Pine wood, but
in terms of Spruce wood, there are no differences. This again proves that joints influence the
behaviour of fire when the joints are participating in changing the surface of the sample by
opening cracks or holding the parts of the wooden piece. Previously, for Pine and Beech

wood, shrinking or deformation in the second peak was observed, but for Spruce wood, there
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are no significant differences observed due to the joints. Some cracks were visible on the
surfaces, which is a similar case for all of them, so there are not such differences due to the

joints in the Spruce wood because of the dense char of the spruce wood.

Table 5 displays the fire properties data of Spruce wood for comparative analysis. From the
data, it has been observed that all the parameters for Spruce wood, including the ignition time,
flame out time, time to reach the first and second peak, the first and second peak heat release
rate, as well as the MLR and THR, show similar results in the case of Spruce wood,
considering the uncertainty. Since the density and weight of the Spruce wood were similar,
there is no significant difference in the first peak. Additionally, the joint does not have a

dominant effect on the second peak behaviour of Spruce wood.

Table 5: The fire properties of Spruce Wood Joints

Spruce 24 mm
No Joint Butt Joint Half Lap 3 Finger 6 Finger
Joint Joint Joint
Ignition Time 23+1 18+0 17+3 18+2 17+3
(s)
Flameout 1388 + 32 1378+18 1353+11 1368+18 1353146
Time (s)
Flaming time 1365 + 32 1360+18 1336£13 1350£16 1336+43
(s)
Time to 1% 401 33+4 334 334 30+4
Peak (s)
First Peak 192 + 13 220+2 20711 219+11 22246
HRR
(KW/m?)
Time to 2" 1273 £18 1265114 1230£35 1215414 1193+11
Peak (s)
Second Peak 106 + 2 11145 96+15 108+9 103+2
HRR
(KW/m?)
Average MLR | 0.071£0.002 | 0.066+0.000 | 0.065+0.003 | 0.064+0.001 | 0.065+0.002
(9/s)
Initial Density 510+ 3 469+2 449+13 44419 450£2
(kg/m?3)
Total HR 108 + 2 108+1 100+4 1085 106+2
(MJ/m?)

The fire behaviour under 50 kW/m? has been analysed for 5 different types of jointed Beech,

Pine, and Spruce wood. Now, another thickness variation of Spruce wood, 42 mm, will be
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discussed. Figure 19 displays the HRR of different joints of Spruce 42 mm Wood under 50
kW/m?, and Table 6 presents the quantitative data for this variable difference.

In Figure 19 Spruce 42 mm wood with different joints showed similar behaviour in terms of
the HRR graph except for the but joint. It is observed that in the butt joint, the flaming time is
shorter than the other joints. The probable reason for this is the weight of the sample,
coincidently the weight for both test samples of the but joint had less weight than the other
types of joints. In weight of the unburned sample was 169+13 g, whereas the no-joint sample
weight was 210+1 g. But overall, for all the jointed wood the fire behaviour is similar just like
the 24 mm sample. So, it is observed that this fire behaviour is identical for spruce wood, and
the joint does not impact the fire behaviour of Spruce wood except from the total time of

burning.
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Figure 19 : The heat release rate (HRR) of different
joints of Spruce 42 mm Wood under 50 kW/m?

Table 6 presents information regarding the fire properties of 42 mm Spruce wood. Though
there are no significant differences among the joints except for the butt joint. Moreover,
differences are observed due to the thickness difference in the qualitative data. Specifically,
the total burning time is longer in the 42 mm thickness compared to the 24 mm thickness. The
initial peak heat release and time to reach the first peak are the same for both cases, as this
phenomenon is dominated by the surface of the sample. However, differences are observed in
the second peak heat release rate. The second peak of the 42 mm thickness is lower than the
24mm, which means with the increase of thickness, the release of volatile gases becomes less.
Besides this, other parameters average MLR, Total Heat Release showed differences.
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Table 6: The fire properties of Spruce 42 mm Wood Joints.

Spruce 42 mm
No Joint Butt Joint Half Lap 3 Finger 6 Finger
Joint Joint Joint
Ignition Time 23+2 1442 18+3 18+4 19+4
(s)
Flameout 3145120 2713488 3030+7 3050£120 3093+18
Time (s)
Flaming time 3123+118 2699+91 3012+10 30321124 307414
(s)
Time to 1% 38+4 28+4 33+4 33+4 35+0
Peak (s)
First Peak 198+8 206+10 204+17 206+14 210+20
HRR (KW/m?)
Time to 2™ 2920499 2508+39 2858+32 2825+7 2868+32
Peak (s)
Second Peak 87+8 86+16 94+14 87+8 94+0
HRR (KW/m?)
Average MLR 0.057+0.002 0.051+0.001 | 0.057+0.000 | 0.053+0.004 | 0.052+0.002
(9/s)
Initial Density 51743 40330 504+3 476x19 466x21
(kg/m®)
Total HR 195+11 162+14 1965 192+13 1957
(MJ/m?)

Overall, for the wood with joints, the main difference is observed in the second peak. Though
the second peak heat release is somehow similar, the time to reach the second peak is
significantly different. This difference is found in Pine and Beechwood, whereas for Spruce
wood, it was similar time for all the samples. For Beech and Pinewood, the joint introduced
different char cracking and attempted to hold the sample together, which creates a difference
from their actual behaviour. The residue of the burned wooden sample shows the cracks and
the surface of the samples after burning. All the residue sample pictures have been shared in

Appendix I11.

For Spruce wood, by comparing different thicknesses, it is found that the burning of the 42
mm sample took longer time than the other, which is somewhat obvious as the greater
thickness will take longer time. However, the behaviour of the HRR is similar for both
thicknesses. But it would also be interesting to observe this phenomenon for the other two

types of wood as well.
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4.1.3 Heat Exposure Variation

In this section, heat exposure variation for different wooden samples and the behaviour of
joints for 3 different heat fluxes have been observed. The heat fluxes 35, 50, and 65 kW/m?
are compared for different jointed wood. In the following, only the behaviour of the 24 mm

wooden samples is presented.

Pine Wood

Figure 20 depicts the heat release rate of different joints of Pinewood under 3 different heat
fluxes, where (a) No joints, (b) Butt joint, (c) half lap joint, (d) 3 finger joint, and (e) 6 finger
joint. For all the jointed wood under 3 different heat fluxes, the heat release rate exhibits two
peaks. At first glance, it is evident that the heat flux of 65 kW/m? results in faster burning,
while 35 kW/m? requires more time to burn. The burning behaviour of the wooden sample for
different joints under 50 kW/m? was discussed in the previous section. The fire behaviour of
the other two heat fluxes is compared here with 50 kW/m?2.

The similarity in the pattern of heat release rates (HRR) across different joints has been
observed, albeit with notable differences in quantitation data. Table 7 presents the fire
properties of Pinewood at 35 and 65 kW/m?, while previous discussion in Table 4 focused on
properties under 50 kW/m?. A comparison of parameters across various heat fluxes reveals
that at 65 kW/m?, the initial peak heat release rate is substantially higher compared to the
other two fluxes, although no significant difference is noted in the second peak heat release
rate. It can also be said that the increase in heat flux contributes to the initial peak heat
release, while over time, the formation of a char layer occurs, which occurs an insulating
effect that slows down pyrolysis. Consequently, near the second peak, there is no significant
difference observed in the second peak heat release rate but in terms of time to reach second
peak the differences are noticeable. As, the total heat release is same but the heat exposure
differences affecting the ignition time, and the total burning time as observed in Table 7.
Overall, the heat release is observed higher for high heat flxes. Also, the crack formation over
the residue of the burning wood is same under different heat exposure, Figure 21 (a) shows
the residue of Pine wood under 35 kW/m? and in Annex IlI the residue of the Pine wood
under 50 kW/m? have shown. So, this provides an indication that, due to the heat exposure

variation the joints opening, and cracks formation doesn’t vary for jointed pine wood samples.
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Figure 20 : HRR of Pine wood exposed to different heat fluxes (a) No Joint, (b) Butt Joint, (c)

Half Lap Joint, (d) 3 Finger Joint, and (e) 6 Finger Joint
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Table 7: Fire behaviour properties of Pine Wood in different heat fluxes.

Pine
No Joint Butt Joint Half Lap Joint 3 Finger Joint 6 Finger Joint
35 65 35 65 35 65 35 65 35 65
Ignition Time (s) 4812 13+1 40+3 1242 45+3 11+1 49+7 11+1 4614 13£1
Flameout Time (5) 1345+7 1043+18 1328146 998+4 145311 1123+39 1443+39 1143+32 143549 1140+90
Flaming time (s) 1298+5 1030+18 1288+49 9866 1408+13 | 1112440 1394146 1132+31 1390146 1128+98
Time to 1st Peak(s) 65+1 30+1 58+4 284 63+4 284 68+11 30+1 6314 30+1
First Peak HRR 181+18 23711 17315 251+10 1831 23316 185+12 240+21 17117 243+22
(kW/m?)
Time to 2nd Peak 118542 940+14 1220+7 928+11 1350435 | 1013+39 1328+32 1028+11 1373488 988+95
(s)
Second Peak HRR 120+10 126+3 130+3 141+1 136+14 147+8 131+10 158+25 129+6 131+1
(kW/m?)
Average MLR (g/s) 0.073x 0.093+ 0.074x 0.102+ 0.078+ 0.102+ 0.076+ 0.095+ 0.076x 0.051+
0.001 0.001 0.002 0.008 0.004 0.010 0.006 0.004 0.001 0.058
Initial Density 49315 496+8 494+1 50117 569+13 55116 558129 553+13 562+15 55816
(kg/m?)
Total HR (MJ/m?) 11144 113+2 11344 116+1 127+6 127+11 13044 135+2 12944 120+7

39




Spruce Wood

Figure 22 depicts the varied heat exposure effects on jointed spruce wood. It is observed from
the figure that higher heat fluxes lead to faster ignition times. Overall, the fire behaviour
remains similar across all samples, with each exhibiting two peak heat releases. However, in
butt joint Figure 22 (b), the second peak heat release behaves differently at 65 and 35 kW/m?;
in both cases, the second peak persists for a longer duration. This phenomenon occurs
because, upon separation from the glue line, one half of the sample begins burning, followed
by the other half after some time, resulting in a shorter peak heat release but prolonged peak
duration. Though this is not a common case for all the tested sample.

Additionally, the samples demonstrate quantitative performance variations under different
heat fluxes. Table 8 presents the fire behaviour properties of Spruce Wood at 35 and 65
kW/m?, while Table 5 previously outlined the properties of wood under 50 kW/m?. By
comparing the data for 3 different heat fluxes, it has been seen that, in terms of the parameter
like time of ignition, following that time to reach first peak, flameout time there is differences
due to the different heat exposure. In pine wood, in the first peak HRR was higher in 65
kW/m?2, but in spruce considering the uncertainty it is evident that, there is no significant
difference found both for first and second peak heat release rate. But in the time to reach
second heat release rate the difference is significant. Also, the crack formation over the
residue of the burning wood is same under different heat exposure, for instance the Figure 21

(b) shows the residue of Spruce wood under 35 kW/m?,

(a) Pine (b) Spruce

Figure 21 : Residues of the burned soft wood under 35 kW/m? (a)
Pine, (b) Spruce
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Table 8: Fire behaviour properties of Spruce Wood in different heat fluxes.

Spruce
No Joint Butt Joint Half Lap Joint 3 Finger Joint 6 Finger Joint
35 65 35 65 35 65 35 65 35 65
Ignition Time (S) 51+1 13+1 50£10 12+1 43+1 11+2 4245 11+1 4315 10£1
Flameout Time (s) | 1560+57 1243+11 15107 1218+4 1445421 | 1143+18 1460+49 1153+18 1508+18 1165+21
Flaming time (s) 1510457 1230+3 1460+17 1206+2 1402+23 1132+1 1419+45 1142+3 1465+23 1156+7
Time to 1% 65+1 2844 6517 2814 58+4 25+1 5547 25+1 58+4 25+1
Peak(s)
First Peak HRR 16416 21044 199+21 244+7 193+3 249121 213+25 2435 2135 243+1
(kw/m?)
Time to 2" Peak | 1440+28 1170+7 1408+60 1135+21 | 1368+11 | 1043+53 1395+42 1058+11 1395+49 1070+28
(s)
Second Peak HRR | 101+11 115+6 100+6 112+5 104+1 1160 101+7 119+7 105+2 11545
(kw/m?)
Average MLR 0.062+0.0 | 0.083+0.00 | 0.060+0.001 | 0.079+0.0 | 0.059+0.0 | 0.081+0.0 | 0.058+0.00 | 0.080+0.00 | 0.058+0.00 | 0.074+0.001
(9/s) 02 8 07 00 05 3 3 1
Initial Density 503+4 501+10 480+2 47314 44614 453+1 4400 452+8 460+6 451+16
(kg/m?)
Total HR (MJ/m?) 1030 11143 10645 11442 103+1 107+1 103+2 109+3 106+0 109+7
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Beech Wood

In Figure 23, the residue of the burned sample under 35 kW/m? heat flux is displayed.
Regarding crack formation or deformation of the wooden sample, no significant differences
are observed in the residue compared to other heat exposure. Thus, the burning behaviour
described in section 4.1.2 is applicable to all samples irrespective of heat exposure. Figure 24
presents the heat exposure effects on Beech wood under various heat fluxes. However, upon
comparing tabular data and Figure 24, a significant difference is noted in the second peak heat
release rate. The second peak HRR does not follow a consistent pattern as observed

previously; in Beech wood, different joints exhibit varying Peak Heat Release Rates.

The graph reveals significant differences in ignition time, as well as the time to reach the first
and second peaks. Moreover, there are notable disparities in average MLR and total HR, as
evidenced by comparing the quantitative data from Table 9 and Table 3, which illustrate the
different fire property parameters of Jointed Beech wood under 35, 50, and 65 kW/m?2.

Figure 23 : Residues of the burned hard wood under 35 kW/m? (Beech)

Furthermore, upon observing the fire behaviour of various joint wood species, it can be
concluded that different heat exposures changed the curve patterns systematically. Though, in
terms of quantitative data, the differences are observed in ignition time, total flaming time and
the peak heat release rate. The changes in peak HRR also vary for wooden species based on
the nature of the wood. Additionally, similar crack patterns are observed in residue under

different heat exposure variations.
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Table 9: Fire behaviour properties of Beech Wood in different heat fluxes.

Beech
No Joint Butt Joint Half Lap Joint 3 Finger Joint 6 Finger Joint
35 65 35 65 35 65 35 65 35 65
Ignition Time (s) 63111 2143 6618 20£1 80+7 20+1 74+1 2142 8016 2010
Flameout Time (s) | 140318 1050+14 134542 1133174 | 140332 | 1090+42 1418+46 1095+21 1443+18 1168+4
Flaming time (s) 1340+8 1029+17 1280+2 1113473 13233 1071442 134442 1075+23 1363+3 1148+4
Time to 1% 98+11 48+4 103+4 451 10314 35114 98+4 48+4 98+4 43+4
Peak(s)
First Peak HRR 228+8 299+1 223123 31415 227+24 285157 225+11 329+11 2669 297+28
(kw/m?)
Time to 2" Peak | 1310+28 10107 1295+42 1048+67 | 1333+53 1028+4 1345+28 1008+11 1375+28 1118+11
(s)
Second Peak HRR | 271+28 27119 286+11 239+1 297+8 296+8 264+4 242+4 226+15 253+13
(kw/m?)
Average MLR 0.108+0.0 | 0.145+0.00 | 0.113+0.004 | 0.138+0.0 | 0.114+0.0 | 0.147+0.0 | 0.108+0.00 | 0.142+0.00 | 0.107+0.00 | 0.140+0.011
(9/s) 04 3 05 04 02 4 5 4
Initial Density 763+10 782+13 777+2 7807 814+19 824+19 7840 794+20 796+33 806+6
(kg/m?)
Total HR (MJ/m?) 15948 166+3 164+2 168+4 169+3 1756 168+2 172+0 158+3 172+5
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4.2 Fire Stability in Fully Developed Fire

Another important predefined goal was to analysis the fire stability of the wooden sample in
the fully developed fire. This section is subdivided into three different sub section. In the first
section, the influence of different wood types will be examined. Then, the performance of
different joints on each type of wood will be compared. Finally, in the last part, the effect of
thickness difference will be analysed.

4.2.1 Wood Species Influence

The following section will investigate and compare the influence of wood species in bench-
scale fire stability tests. Table 18 presents an overview of the fire stability analysis of different
wood types, namely Beech, Pine, and Spruce wood. The parameters presented in the table are
the failure time of the wooden sample, the temperature during failure, and the charring rate of
the wooden sample without joints. In this research, the charring rate was determined from
temperature profiles within the timber. When the timber was exposed to fire, the temperature
profile through the cross-section was used to estimate the depth at which charring occurred.
Subsequently, the charring depth was divided by the time taken for that depth to become

charred, thus calculating the charring rate.

Table 10: Overview of Fire Stability Analysis of different wood

Species Failure Failure Temperature Charring Rate
Time (mm/min)
(min) T1- T2- T3- T4- 5mm 10 mm
5mm 10 mm 15 mm 20 mm
Beech | 26.3+1.7 | 716468 | 564+46 | 534+33 440+69 0.57£0.05 | 0.64 £ 0.01
Pine 244 +0.7 | 640124 | 535162 | 47879 437140 0.47£0.09 | 0.63 £0.01
Spruce | 36.9+3.7 | 527+20 | 407+88 | 344%111 300£229 0.34+0.01 | 0.37+£0.07

The failure time of the sample is measured through visual observation and with the assistance
of a stopwatch. It has been observed that the failure time of Pine and Beech is lower than that
of Spruce wood. Additionally, the charring rate of Pine and Beech is higher compared to
Spruce wood. Despite Beech having a higher density than Pine and Spruce, the results for
Beech and Pine wood are similar due to the thermal conductivity of the wooden sample.
According to the literature, the thermal conductivity of Beechwood is 0.18 WmKY,

Pinewood ranges from 0.12 to 0.17 Wm™K, and Spruce wood ranges from 0.11 to 0.12 Wm-
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1K1 [14]. Since Beech and Pine wood can have similar thermal conductivity values, while
Spruce has comparatively lower thermal conductivity, the heat transfer through Beechwood
and Pine wood occurs faster than through Spruce wood.

Another reason of this failure time is the burning behaviour of the wood, as the spruce has
longer flaming time because of the cracks formed in the spruce is different than the other two
types of wood. By nature, Pine, and Beech has introduced smaller cracks in the surface which
allowed the heat to transfer through sample as shown in Figure 25 (a) and (b), but Spruce
wood introduced bigger and deeper cracks as shown in Figure 25 (c) in the surface of the
specimen in this set up which changed the direction of the fire and the does not pass through
uniformly through the sample. Also, in previous section 4.1.1 it has been seen that, the residue
of the Spruce wood was stronger than the Pine and Beech. So, combining all the minor effects

overall in this setup Beech and Pine failed faster than the spruce.

Figure 25 : The Burning of the Sample after 23 min (a) Beech, (b) Pine,
and (c) Spruce

Figure 26 illustrates the temperature profile measured by in-depth thermocouples for the four
different depths studied. Additionally, the temperature during the failure time of the different
wooden samples has been provided in Table 10 above. It is observed from the temperature
profile that Beech and Pinewood exhibit higher temperatures in the first 5 mm depth (T1)
compared to Spruce wood. As the fire reaches the 10 mm depth (T2), Beech and Pine show
similar temperatures, while Spruce shows lower temperatures. This behaviour is attributed to
the thermal conductivity of the samples, as Beech and Pinewood have higher thermal

conductivity than Spruce.
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Also, the formation of char in the upper part of Pine and Beechwood is not dense enough to
protect the inner layer. Consequently, by the 10 mm depth, they are exposed to fire directly,
whereas, for Spruce, the upper char layer provides better insulation, resulting in lower
temperatures. This is evident in the previous section 4.1 that the decrease in HRR was lower
for Spruce wood after the formation of the char layer. This result is further supported by
comparing the charring rate of the samples, where the charring rate of Beech and Pinewood is

similar, whereas Spruce exhibits a lower charring rate.
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Figure 26 : Temperature Profile of Different Wood

Moreover, it concluded that the fire stability in the fully developed fire is not predominantly
dependent on the density or the types of wood (Hardwood or Softwood). Instead, the main
difference is observed due to the thermal conductivity of the wooden sample, as well as the
char density of the wood. In addition to quantitative data, qualitative analysis also reveals
effects in terms of the residue type of the wooden sample and the insulation provided by char

layers for different types of wood.
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4.2.2 Joint Type Effects

In this section, the effects of different joints in the fire stability have presented for the Beech,
Pine, and Spruce wood respectively. The failure time (min), failure temperature (°C) and the

charring rate of the different jointed wooden samples will be compared.

Beech Wood

The overview of the fire stability test of Beechwood joints is depicted in Table 11, indicating
that the failure time of Beechwood with and without joints ranges between 19-26 minutes.
Similarly, the charring rate for these samples falls within the range of 0.52-0.66 mm/min. It
concluded in section 4.2.1 that the variation in failure time and charring rate among different
wooden samples is influenced by factors such as thermal conductivity, cracks, or openings on

the surface of the sample.

As all jointed samples shown here are Beech woods, the thermal conductivity and char layer
formation remain consistent across them. However, despite this uniformity, significant
differences in failure are observed due to the presence of joints. Typically, joints are regarded
as the weakest part of the sample. In the case of Beechwood, it is noted that all jointed
samples fail at the glue line, whereas in the absence of joints, failure occurs near the upper

part of the samples.

Table 11: Overview of Fire Stability Analysis of Beech Wood Joints

Beech Wood Failure Failure temperature (°C) Charring Rate
Joint Type Time (mm/min)
(min) T1- T2- T3- T4- 5mm 10 mm
5mm 10mm | 15 mm | 20 mm

No Joint 26.3+ 1.7 | 71668 | 564+46 | 534+33 | 440469 | 0.57+0.05 | 0.64+0.01

Butt Joint 22.6£2.8 | 578484 | 361+62 | 257446 | 157+32 | 0.45+0.02 | 0.52+0.10
Half Lap Joint 21.9+2.5 | 3961167 | 344+22 | 236+£34 | 160+43 | 0.37+£0.11 | 0.52+0.05
3 Finger Joint 19.0+0.8 | 627455 | 408+22 | 24763 | 167456 | 0.51+0.04 | 0.66+0.01
6 Finger Joint 22.4+0.9 | 613451 | 411+46 | 304+10 | 194+41 | 0.46+0.04 | 0.56+0.06

The Figure 27 shows the temperature profile of the samples in four different depths. Also,

from this figure, the char depths of the specimens based on the positions of the thermocouples
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in relation to the time can be examined. This figure indicates that the charring rates were not
constant, despite the indication that timber is completely turned into char when the
temperature reaches 300°C. That means, when the thermocouple 1 reaches 300°C, this 5 mm
of the wood considered as char and same goes for the other thermocouples as well. The
difference in charring rates is evident in the first 5 mm depth (TC1) and 10 mm depth (TC2),
as illustrated in Table 11, where the charring rates for both depths are presented. The

difference in charring rates is noted between these two different depths.
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Figure 27 : Temperature Profile of Beech Wood Joints

Furthermore, the temperature profile reveals that in the jointed wooden sample, only 10 mm
of char is produced during failure, whereas in samples without joints, failure occurs after the
complete char of the wooden sample. The temperature during failure was similar for all the
sample considering the uncertainty. There is no significance pattern due to different joint type.
Additionally, it is noted that due to the presence of joints, there is not a significant difference
in failure time in Beech wood. Yet, fluctuations in failure time are observed. Moreover,

jointed woods exhibit variations in char production and fluctuations in heat transfer.
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Pine Wood

Table 12 provides an overview of the fire stability test conducted on Pinewood. The failure

time of Pinewood ranges between 22 and 25 minutes, while the charring rate varies between

0.53 and 0.64 mm/min. It is worth noting that this charring rate is determined based on the

temperature of the wooden sample, as discussed previously.

Table 12: Overview of Fire Stability Analysis of Pine Wood Joints

Pine Wood Failure Failure temperature Charring Rate
Joint Type Time (mm/min)
(min) T1- T2- T3- T4- 5mm 10 mm
5mm 10mm | 15mm | 20 mm
No Joint 24.240.7 | 640+24 | 535+62 | 478+79 | 437+40 | 0.47+0.09 | 0.63+0.01
Butt Joint 22.740.9 | 484+137 | 370472 | 279+23 | 152+27 | 0.44+0.17 | 0.64+0.02
Half Lap Joint | 24.2+2.8 | 516+182 | 391454 | 266454 | 131+27 | 0.40£0.13 | 0.55+0.02
3 Finger Joint | 24.9+1.0 | 632+136 | 426+31 | 288+39 | 151429 | 0.45+0.11 | 0.53+0.04
6 Finger Joint | 24.3+0.4 | 670£37 | 479+£116 | 285+28 | 151+27 | 0.48+0.02 | 0.61+0.05
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Figure 28 : Temperature Profile of Pine Wood Joints
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In Figure 28, the temperature profile of the jointed Pine wood is depicted. Like Beechwood,
Pinewood also forms char throughout the entire 24 mm thickness in samples without joints,
whereas in jointed wood, failure occurs with only 10 mm of char present. This highlights that
joints are indeed considered weaker points in any sample. In jointed wood fire followed the
path of the joints, but without joint case fire has followed the grain and went to upper part.
Thus allowed the wood to burn from the back as well. Overall, the 24 mm of the upper part of
the sample became char.

Typically, in a wooden sample exposed to fire, continuous burning leads to the formation of
char, and the sample fails through char degradation. When two parts are bonded together with
glue, the glue line is deemed the weakest point. Consequently, sample failure occurs through
the glue line, even if less than 50% of the char has formed.

Spruce Wood

Table 13 presents an overview of the fire stability test conducted on spruce wood joints. The
failure time ranges between 27 and 40 minutes, while the charring rate varies from 0.37 to
0.47 mm/min. The failure temperature of the jointed wood is also included in the table.
Considering the uncertainty, it is observed that joints do not follow a consistent pattern within
a specific type of wood. Nevertheless, differences in failure time and heat transfer are

noticeable due to the presence of joints.

Table 13: Overview of Fire Stability Analysis of Spruce Wood Joints

Spruce Wood Failure Failure temperature Charring Rate
Joint Type | Time (min) (mm/min)
T1- T2- T3- T4- 5mm 10 mm
5mm 10 mm 15 mm 20 mm
No Joint 36.9+3.7 527420 | 407488 | 344+111 | 300+229 | 0.34+0.01 | 0.37+0.07
Butt Joint 29.0+£1.5 522442 | 362146 262+35 154+32 | 0.40+0.02 | 0.41+0.07
Half Lap Joint 33.243.3 | 516+43 | 345156 267+10 157+18 | 0.33+0.04 | 0.47+0.10
3 Finger Joint 29.8+2.2 633+49 | 446+34 291+16 170+12 | 0.43+0.03 | 0.47+0.10
6 Finger Joint 34.3+1.9 583+13 | 411+35 3261448 | 264+151 | 0.42+0.05 | 0.47+0.03
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Figure 29 illustrates the temperature profile of Spruce wood, exhibiting a similar phenomenon
as observed in Pine and Beechwood, as discussed earlier. Additionally, in all jointed Spruce

samples, failure occurs at the glue line, whereas in samples without joints, failure is attributed
to char degradation.
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Figure 29 : Temperature Profile of Spruce Wood Joints

Overall, by observing the 5 different joints of Beech, Pine and Spruce it concluded that
Spruce took longer time to fail than Pine and Beech. The joint behaviour of each type of wood
is dominated by the individual wood type behaviour. Figure 30 depicts the failure time with
uncertainty, and it is seen that the failure time is not significantly different for the jointed

wood. But fluctuation in failure time has been observed due to the joints.

Also, the failure temperatures of the wood with joints show similar temperature values for
each of the wood. However, there are some similarities observed for Pine and Beechwood as
they had similar thermal conductivity and spruce took a longer time to fail due to thermal
conductivity and density. But for the joints, the temperature profile doesn’t show any
differences. Another reason for this failure time and temperature profile difference is the char
or crack formation of the jointed wooden sample. The burning process of different wooden
samples in the fire stability test is shown in Appendix IV. By qualitative observation, it is also
evident that different wood behaves differently in terms of forming the cracks. Which results

in the transfer of heat through the sample, even sometimes changing the direction of the fire.
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The significant parameter in this fire stability test was the charring rate. Figure 31 displays the
charring rate of Spruce, Pine, and Beech wood based on their density. Without joints, the
charring rate for the first 10 mm depth is 0.37+ 0.07, 0.63+0.01, and 0.64+0.01 respectively
for Spruce, Pine, and Beech wood. These charring rates are compared with the relationship
between charring rate and density found in the literature [43] . The comparison reveals that
the charring rates for Pine and Beech wood fall within the range suggested by the literature,

whereas for Spruce wood, the charring rate is comparatively lower.

Furthermore, upon comparing with jointed wood, it becomes evident that the fluctuation in
the charring rate is increased in jointed wood. Typically, the charring rate is expected to
decrease with increasing timber density [43]. In this setup, the charring rate fluctuates with
the fluctuation of heat transfer through the sample, which dominated by the cracks and joints

in the wooden sample along with variations in wood conductivity.
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4.2.3 Thickness Impact

In this section, the impact of thickness on fire stability is being examined. Table 14 analyses
the parameters of the fire stability test for spruce wood joints with a thickness of 42mm. It is
observed from the data that the failure time without joints exceeds that of jointed wood.
Despite considering uncertainties, the failure temperature appears consistent across all
wooden samples. The charring rate fluctuates between 0.37 to 0.47 mm/min in the 42 mm
spruce wood.

Table 14: Overview of Fire Stability Analysis of Spruce 42mm wood joints

Spruce 42 Failure Failure temperature Charring Rate
mm Wood Time (mm/min)
Joint Type (min) T1- T2- T3- T4- 5mm 15 mm
5mm 10 mm 15 mm 20 mm
No Joint | 84.0+14.5 | 807+17 | 585+57 | 398482 231+52 | 0.34+0.06 | 0.37+0.03
Butt Joint | 61.245.3 | 842457 | 556166 | 346128 183+32 | 0.41+0.07 | 0.45+0.06
Half Lap 62.6+1.0
) 0.38+£0.10 | 0.38+0.04
Joint 690+110 | 475+34 | 299+18 142+21
3 Finger 63.946.5
) 0.41+0.07 | 0.47+0.05
Joint 847166 | 714+163 | 522+158 | 269+120
6 Finger 68.1+2.6
] 0.37£0.06 | 0.42+0.05
Joint 825494 | 57764 | 372125 171+1

The sample without joint usually burnt from the upper part and due to the break in char, which
took longer time to burn the wooden sample compared to the jointed wood. In jointed wood, it
is found that the joints failed faster through glue line the as the glued jointed part are the
weakest point. But for 42 mm the half lap joint doesn’t fail from the glue line though the other
joints failed from the glue line. Because during the burning of the half lap joint a big crack is
observed in the upper jointed part which led to change the direction of the fire thus occurs
failure in the half lap joint above the glue line. Figure 32 shows the residue picture of the 42

mm half lap sample which showed the big crack in the sample.

Overall, by observing the different thickness of spruce wood, it summarised that, the 24 mm
thickness wood failure faster than 42 mm because of the thickness difference. This is also
evident from Figure 33 where the comparison of the failure time of two different thickness is

presented.
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Figure 32: Burning process and the residue of the 42mm
Spruce wood (Half Lap Joint).

The charring rate comparison has been found in Figure 34. Considering the uncertainty and
overlapping of the charring rate of spruce wood is between 0.3 - 0.6 mm/min. Though in

literature for softwood, the charring rate lies between 0.5-0.8 mm/min [43].
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Chapter 5 Conclusions

An experimental study was conducted in which 3 different species of wood and 5 different
types of joints were used as a primary variable. The goal of this research was to investigate
the fire behaviour under developing fire and the stability of these samples in fully developed
fire. Besides the primary variable, another thickness of Spruce wood was examined.
Moreover, to understand the differences in behaviour different heat exposures were compared
in the fire tests.

This study focused on the bench scale test to understand the fire behaviour of the jointed
wood samples. Though the different wood species' performances were found in previous
studies, the novelty of this research work is the assessment of different glued-jointed timber
samples. To understand the jointed wood, it was important to understand the behaviour of the
different wood species. The most important findings that address the objectives will be

explained in the following:

e The investigation determined the differences between hardwood and softwood in the
fire behaviour. Softwood ignites faster than hardwood due to the density difference.
But Pine and Beech have shown shorter flaming time than Spruce. However, the
formation of cracks, char production, and the behaviour of wood are significantly
different in these 3 species of wood.

e For the wood with joints, the main difference is observed in the second peak HRR.
Though the second peak heat release graph pattern is similar, the time to reach the
second peak is significantly different for different jointed wood. The difference in time
to reach the second peak is observed in Pine and Beechwood, whereas for Spruce
wood, no difference is observed in time to reach the second peak due to the joints. For
Beech and Pinewood, the joints have been seen to hold the sample together during the
deformation of the sample, which creates a difference in the second peak behaviour of
the jointed samples. Overall, the combined effect of second peak heat release and the
performance of the wood act as a dominant factor in reaction to fire for jointed wood.

e Due to the different heat exposure, the curve patterns are observed to change
systematically. However, in terms of quantitative data the differences are observed in

ignition time, total flaming time and the peak heat release rate.
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The fire stability in the fully developed fire is not predominantly depending on the
density or the types of wood (Hardwood or Softwood). Instead, the main difference is
observed due to the thermal conductivity of the wooden sample, as well as char
density of the wood. The qualitative analysis also reveals effects in terms of the
residue type of the wooden sample and the insulation provided by char layers for
different types of wood.

All the jointed wood failed from the glue line for the sample with 24 mm thickness.
Failure time of Beech and Pine is shorter than Spruce. However, the failure time is not
significantly different for each type of jointed samples. But fluctuation has been
observed due to the joints. Spruce took longer time reach failure compared to the Pine
and beech wooden due to thermal conductivity and density.

The residues are more fragile for Beech wood compared to Pine and Spruce wood.
Also, during burning deformation and shrunken behaviour is observed in Beech and
Pine wood respectively.

In fire stability, the charring rates for Pine and Beech wood without joints are within
the standard charring rates whereas for Spruce wood charring rate is comparatively
lower, which indicates slower thermal penetration through spruce.

In the jointed wood, 10 mm char depth have found during failure where in without
joint in the time of failure the 24 mm char depth have found.

The HRR graph pattern is similar in both thicknesses, but in terms of total heat release,
burning time differences are observed. For the fire stability test, it is found that in
24mm thickness wood failure is faster than 42mm. Failure for both thicknesses was

observed from the glue line except for the half-lap joint of 42 mm Spruce wood.

There is a high demand for understanding the behaviour of the wood, and new knowledge has

been provided by the current investigation. By achieving a deeper understanding, it may be

possible to improve the prediction of the burning behaviour of wooden structures. To increase

the understanding of the jointed wood behaviour in fire conditions, further research could be

directed to address the following:

Conduct experiments that simulate realistic fire scenarios This would help validate
findings from small-scale tests and provide insights into how jointed timber structures

perform in practical fire situations.
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Further investigate the underlying mechanisms responsible for jointed timber failure,
with a focus on factors such as glue line performance, heat transfer mechanism.
Advanced analytical techniques, such as microscopy and thermal imaging, could be
employed to gain deeper insights into these processes.

Assess the effectiveness of retrofitting techniques aimed at improving the fire
resistance of existing jointed timber structures. This could include adding fire-resistant
materials or reinforcing joints to enhance overall structural integrity and safety.

59



References

[1] A. I Bartlett, R. M. Hadden, and L. A. Bisby, ‘A Review of Factors Affecting the Burning
Behaviour of Wood for Application to Tall Timber Construction’, Fire Technol., vol. 55,
no. 1, pp. 1-49, Jan. 2019, doi: 10.1007/s10694-018-0787-y.

[2] C. Maraveas, K. Miamis, and Ch. E. Matthaiou, ‘Performance of Timber Connections
Exposed to Fire: A Review’, Fire Technol., vol. 51, no. 6, pp. 1401-1432, Nov. 2015, doi:
10.1007/s10694-013-0369-y.

[3] K. Sawata, ‘Strength of bolted timber joints subjected to lateral force’, J. Wood Sci., vol.
61, no. 3, pp. 221-229, Jun. 2015, doi: 10.1007/s10086-015-1469-8.

[4] M. Klippel, A. Frangi, and E. Hugi, ‘Experimental Analysis of the Fire Behavior of
Finger-Jointed Timber Members’, J. Struct. Eng., vol. 140, no. 3, p. 04013063, Mar. 2014,
doi: 10.1061/(ASCE)ST.1943-541X.0000851.

[5] University of Ruhuna, S. De Silva, and V. Liyanage, ‘Suitability of finger jointed
structural timber for construction’, J. Struct. Eng. Appl. Mech., vol. 2, no. 3, pp. 131-142,
Sep. 2019, doi: 10.31462/jseam.2019.03131142.

[6] H. Hao, C. L. Chow, and D. Lau, ‘Effect of heat flux on combustion of different wood
species’, Fuel, vol. 278, p. 118325, Oct. 2020, doi: 10.1016/j.fuel.2020.118325.

[7] E. Sanned, R. A. Mensah, M. Forsth, and O. Das, ‘The curious case of the second/end
peak in the heat release rate of wood: A cone calorimeter investigation’, Fire Mater., vol.
47, no. 4, pp. 498-513, Jun. 2023, doi: 10.1002/fam.3122.

[8] ‘S.T. Craft, R. Desjardins, L.R. Richardson, Development of small-scale evaluation
methods for wood adhesives at elevated temperatures, in: 10th World Conference on
Timber Engineering 2008, 2, pp. 583-590.”,

[9] M. H. Ramage et al., ‘The wood from the trees: The use of timber in construction’,
Renew. Sustain. Energy Rev,, vol. 68, pp. 333-359, Feb. 2017, doi:
10.1016/j.rser.2016.09.107.

[10] D. Drysdale, An Introduction to Fire Dynamics, 1st ed. Wiley, 2011. doi:
10.1002/9781119975465.

[11] R. Stiirzenbecher, K. Hofstetter, and J. Eberhardsteiner, ‘Structural design of Cross
Laminated Timber (CLT) by advanced plate theories’, Compos. Sci. Technol., vol. 70, no.
9, pp. 1368-1379, Sep. 2010, doi: 10.1016/j.compscitech.2010.04.016.

60



[12] F. Stoeckel, J. Konnerth, and W. GindIl-Altmutter, ‘Mechanical properties of adhesives
for bonding wood—A review’, Int. J. Adhes. Adhes., vol. 45, pp. 32-41, Sep. 2013, doi:
10.1016/j.ijjadhadh.2013.03.013.

[13] C.-M. Popescu, G. Singurel, M.-C. Popescu, C. Vasile, D. S. Argyropoulos, and S.
Willfor, ‘Vibrational spectroscopy and X-ray diffraction methods to establish the
differences between hardwood and softwood’, Carbohydr. Polym., vol. 77, no. 4, pp. 851—
857, Jul. 2009, doi: 10.1016/j.carbpol.2009.03.011.

[14] R. J. Ross and F. P. Laboratory. Usda Forest Service., “Wood handbook : wood as an
engineering material’, U.S. Department of Agriculture, Forest Service, Forest Products
Laboratory, Madison, WI, FPL-GTR-190, 2010. doi: 10.2737/FPL-GTR-190.

[15] J. Konnerth, M. Kluge, G. Schweizer, M. Miljkovi¢, and W. Gindl-Altmutter, ‘Survey
of selected adhesive bonding properties of nine European softwood and hardwood
species’, Eur. J. Wood Wood Prod., vol. 74, no. 6, pp. 809-819, Nov. 2016, doi:
10.1007/s00107-016-1087-1.

[16] L. Lowden and T. Hull, ‘Flammability behaviour of wood and a review of the methods
for its reduction’, Fire Sci. Rev,, vol. 2, no. 1, p. 4, 2013, doi: 10.1186/2193-0414-2-4.
[17] V. Babrauskas, ‘Ignition of Wood: A Review of the State of the Art’, J. Fire Prot. Eng.,

vol. 12, no. 3, pp. 163-189, Aug. 2002, doi: 10.1177/10423910260620482.

[18] E. Mikkola, ‘Charring Of Wood Based Materials’, Fire Saf. Sci., vol. 3, pp. 547-556,
1991, doi: 10.3801/1AFSS.FSS.3-547.

[19] O. Das and A. K. Sarmah, ‘Mechanism of waste biomass pyrolysis: Effect of physical
and chemical pre-treatments’, Sci. Total Environ., vol. 537, pp. 323-334, Dec. 2015, doi:
10.1016/j.scitotenv.2015.07.076.

[20] T.-H. Yang, S.-Y. Wang, M.-J. Tsai, and C.-Y. Lin, ‘The charring depth and charring
rate of glued laminated timber after a standard fire exposure test’, Build. Environ., vol. 44,
no. 2, pp. 231-236, Feb. 2009, doi: 10.1016/j.buildenv.2008.02.010.

[21] R. A. Mensah, L. Jiang, J. S. Renner, and Q. Xu, ‘Characterisation of the fire
behaviour of wood: From pyrolysis to fire retardant mechanisms’, J. Therm. Anal.
Calorim., vol. 148, no. 4, pp. 1407-1422, Feb. 2023, doi: 10.1007/s10973-022-11442-0.

[22] E. Hugi, M. Wuersch, W. Risi, and K. G. Wakili, ‘Correlation between charring rate
and oxygen permeability for 12 different wood species’, J. Wood Sci., vol. 53, no. 1, pp.
71-75, Feb. 2007, doi: 10.1007/s10086-006-0816-1.

61



[23] V. Babrauskas, ‘Development of the cone calorimeter—A bench-scale heat release rate
apparatus based on oxygen consumption’, Fire Mater., vol. 8, no. 2, pp. 81-95, Jun. 1984,
doi: 10.1002/fam.810080206.

[24] H. C. Tran and R. H. White, ‘Burning rate of solid wood measured in a heat release
rate calorimeter’, Fire Mater, vol. 16, no. 4, pp. 197-206, Oct. 1992, doi:
10.1002/fam.810160406.

[25] R. H. White and M. A. Dietenberger, “Wood Products: Thermal Degradation and
Fire,” in Encyclopedia of Materials: Science and Technology, 2001.

[26] A. Frangi, M. Fontana, M. Knobloch, and G. Bochicchio, ‘Fire behaviour of cross-
laminated solid timber panels’, Fire Saf. Sci., vol. 9, pp. 1279-1290, 2008, doi:
10.3801/1AFSS.FSS.9-1279.

[27] W. Gan et al.,, ‘Dense, Self-Formed Char Layer Enables a Fire-Retardant Wood
Structural Material’, Adv. Funct. Mater., vol. 29, no. 14, p. 1807444, Apr. 2019, doi:
10.1002/adfm.201807444.

[28] O. Das, D. Bhattacharyya, D. Hui, and K.-T. Lau, ‘Mechanical and flammability
characterisations of biochar/polypropylene biocomposites’, Compos. Part B Eng., vol.
106, pp. 120-128, Dec. 2016, doi: 10.1016/j.compositesb.2016.09.020.

[29] O. Das et al.,, ‘Naturally-occurring bromophenol to develop fire retardant gluten
biopolymers’, J. Clean. Prod., vol. 243, p. 118552, Jan. 2020, doi:
10.1016/j.jclepro.2019.118552.

[30] Fire resistance tests for loadbearing elements. Part 3, Beams. London: British
Standards Institution, 2000.

[31] M. Klippel, S. ClauB}, and A. Frangi, ‘Experimental analysis on small-scale finger-
jointed specimens at elevated temperatures’, Eur. J. Wood Wood Prod., vol. 72, no. 4, pp.
535-545, Jul. 2014, doi: 10.1007/s00107-014-0810-z.

[32] E. Hirst, A. Brett, A. Thomson, ‘The structural performance of traditional Oak tension
& scarf joints’, in: Proceedings of World Conference on Timber Engineering 2008
(WCTE 2008), 2008.

[33] X. Song, Y. Zhang, Y. Lu, Y. Peng, and H. Zhou, ‘Experimental study on fire
resistance of traditional timber mortise-tenon joints with damages’, Fire Saf. J., vol. 138,
p. 103780, Jul. 2023, doi: 10.1016/j.firesaf.2023.103780.

[34] A. Arciszewska-Kedzior, J. Kunecky, H. Hasnikova, and V. Sebera, ‘Lapped scarf
joint with inclined faces and wooden dowels: Experimental and numerical analysis’, Eng.

Struct., vol. 94, pp. 1-8, Jul. 2015, doi: 10.1016/j.engstruct.2015.03.036.

62



[35] J. Kunecky, V. Sebera, H. Hasnikova, A. Arciszewska-Kedzior, J. Tippner, and M.
Kloiber, ‘Experimental assessment of a full-scale lap scarf timber joint accompanied by a
finite element analysis and digital image correlation’, Constr. Build. Mater., vol. 76, pp.
24-33, Feb. 2015, doi: 10.1016/j.conbuildmat.2014.11.034.

[36] J. Konig, J. Norén, M. Sterley, ‘Effect of adhesives on finger joint performance in
fire’. Proc., Meeting 41 of the Working Commission W18-Timber Structures,
International Council for Research and Innovation (CIB), Rotterdam, Netherlands, 2008.

[37] S. ClauB3, M. Joscak, and P. Niemz, ‘Thermal stability of glued wood joints measured
by shear tests’, Eur. J. Wood Wood Prod., vol. 69, no. 1, pp. 101-111, Feb. 2011, doi:
10.1007/s00107-010-0411-4.

[38] A. Witkowski, A.A. Stec, T.R. Hull, ‘SFPE Handbook of Fire Protection Engineering
5th Edition: Thermal Decomposition of Polymeric Materials’, 5th ed., Springer, 2016.
[39] A. Frangi, M. Bertocchi, S. ClauB3, and P. Niemz, ‘Mechanical behaviour of finger
joints at elevated temperatures’, Wood Sci. Technol., vol. 46, no. 5, pp. 793-812, Sep.

2012, doi: 10.1007/s00226-011-0444-9.

[40] R. Regueira, J. E. Martinez-Martinez, M. Alonso-Martinez, F. P. Alvarez Rabanal, M.
Guaita, and J. J. Del Coz Diaz, ‘Experimental and numerical analyses of rounded dovetail
timber connections (RDC) under fire conditions’, Eng. Struct., vol. 228, p. 111535, Feb.
2021, doi: 10.1016/j.engstruct.2020.111535.

[41] Reaction-to-fire tests. Heat release, smoke production and mass loss rate. Part 1, Heat
release rate (cone calorimeter method) and smoke production rate (dynamic
measurement). London: British Standards Institution, 2021.

[42] M. Klippel, A. Frangi, and E. Hugi, ‘Experimental Analysis of the Fire Behavior of
Finger-Jointed Timber Members’, J. Struct. Eng., vol. 140, no. 3, p. 04013063, Mar. 2014,
doi: 10.1061/(ASCE)ST.1943-541X.0000851.

[43] J. Liuand E. C. Fischer, ‘Review of the charring rates of different timber species’, Fire
Mater., vol. 48, no. 1, pp. 3-15, Jan. 2024, doi: 10.1002/fam.3173.

63



Appendix | Thermocouple positions
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(A)View With Dimensions

Drill Depth for 4 thermocouples: a) 19 mm b) 14 mm ¢) 9 mm, and d) 4 mm.

(B) Isometric View of the 24 mm Drilled Sample

64



e 42 mm _
Side View Front View

@10.00 —

abocd
55.00
T i
f___‘_'_‘_‘_'_‘fﬁ:f&”ff:::: “?

Bottom View

(A)View With Dimensions

Drill Depth for 4 thermocouples: a) 37 mm b) 27 mm ¢) 17 mm, and d) 7 mm.

(B) Isometric View of the 42 mm Drilled Sample
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Appendix Il Effective Heat of Combustion (EHC) Comparison

250
200 /‘/\
sc: 4
= 150~
©
z ]
T 100
50 1
0 T T T
0 500 1000 1500
Time (s)
Test1 Test 2
Sample First Peak Second Peak First Peak Second Peak
Description
Start | End Start End Start End Start End
1 Pine 25 | s5 | 80 | 1130 | 25 65 1040 1150
2 | Pine-Buttdoint | 20 | 55 | 970 | 1170 | 20 50 1065 1155
3 | PnesHalfbap | o0 | 60 | 1005 | 1265 | 20 50 1120 1255
g | Pime-3TNOET | 5o | so | w10 | 1270 | 20 60 1130 1260
5 P'”ej'o?nft'“ger 20 60 | 1090 | 1320 20 50 1210 1280
6 Spruce 25 | 60 | 1155 | 1365 | 20 60 1285 1410
7 | SPruce-BUT |0 | 55 | 1160 | 130 | 20 40 1255 1365
g | Spuce-Half 5 | 45 | 1150 | 1360 | 20 50 1205 1345
Lap Joint
g |Spruce-STNGEr| 45 | 45 | 1055 | 1355 | 20 50 1225 1380
10 Sprucj?c;igtf'“ger 15 | 45 | 1050 | 1320 | 20 40 1200 1385
11 Beech 30 | 120 | o0 | 1200 | 35 | 105 1145 1175
12 | Beech-BU 30 | o5 | 1030 | 1180 | 35 95 1115 1155
13 | Beech-Half o0 1 95 | 1145 | 1215 | 35 | 100 1135 1225
Lap Joint
14 | Beech -SANGEr |30 | 300 | 1080 | 1210 | 35 | 105 1140 1245
15 Beecr}(‘)iﬁtﬁ”ger 30 | 110 | 100 | 1240 | 35 85 1215 1250
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Appendix 111 Residue of different jointed wood under 50 kW/m?

@ ©)
Figure: Residues of different Joints of Beech wood (a) No Joint, (b) Butt Joint, (c) Half Lap
Joint, (d) 3 Finger Joint, and (e) 6 Finger Joint

(b) | ()

@ ©
Figure: Residues of different Joints of Pine wood (a) No Joint, (b) Butt Joint, (c) Half Lap
Joint, (d) 3 Finger Joint, and (e) 6 Finger Joint
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)
Figure: Residues of different Joints of Spruce 24mm wood (a) No Joint, (b) Butt Joint, (c)
Half Lap Joint, (d) 3 Finger Joint, and (e) 6 Finger Joint

(d) )
Figure: Residues of different Joints of Spruce 42mm wood (a) No Joint, (b) Butt Joint, (c)
Half Lap Joint, (d) 3 Finger Joint, and (e) 6 Finger Joint
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Appendix IV Residue of different jointed wood under 65 kW/m?

Figure: Residues of different Joints of Pine wood
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Figure: Residues of different Joints of Spruce 24mm wood
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AppendixVV  Burning process in fire stability test

« No Joint

(a) Beech (b) Pine () Spruce

Figure: No Joint After 23 min of the Test (a) Beech, (b) Pine, (c) Spruce

o Butt Joint

(a) Beech (b) Pine (c) Spruce

Figure: Butt Joint After 23 min of the Test (a) Beech, (b) Pine, (c) Spruce

« Half Lap Joint

R

(a) Beech (b) Pine (c) Spruce

Figure: Half Lap Joint After 23 min of the Test (a) Beech, (b) Pine, (c) Spruce
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« 3 Finger Joint

(a) Beech (b) Pine (cruce

Figure: 3 Finger Joint After 18 min of the Test (a) Beech, (b) Pine, (c) Spruce

« 6 Finger Joint

(a) Beech (b) Pine (c) Spruce

Figure: 6 Finger Joint After 18 min of the Test (a) Beech, (b) Pine, (c) Spruce
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