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Fire safety remains a major challenge for engineered timber buildings. Their combustible nature challenges the
design principles of compartmentation and structural integrity beyond burnout, which are inherent to the fire
resistance framework. Therefore, self-extinction is critical for the fire-safe design of timber buildings.

This paper is the first of a three-part series that seeks to establish the fundamental principles underpinning a
design framework for self-extinction of engineered timber. The paper comprises: a literature review introducing
the body of work developed at material and compartment scales; and the design of a large-scale testing meth-
odology which isolates the fundamental phenomena to enable the development and validation of the required
design framework.

Research at the material scale has consolidated engineering principles to quantify self-extinction using
external heat flux as a surrogate of the critical mass loss rate, and mass transfer or Damkohler numbers. At the
compartment scale, further interdependent, complex phenomena influencing self-extinction occurrence have
been demonstrated. Time-dependent phenomena include encapsulation failure, fall-off of charred lamellae and
the burning of the movable fuel load, while thermal feedback is time-independent. The design of the testing

methodology is described in reference to these fundamental phenomena.

1. Introduction

Timber structures are increasingly being incorporated into modern
medium and high-rise buildings due to their appealing aesthetics and
sustainability credentials [1]. Engineered timber products have resolved
many of the structural limitations and reduced the natural constraints
associated with solid sawn timber. As a result, engineered timber ele-
ments comprising cross-laminated timber (CLT) and glued-laminated
timber (Glulam) have emerged as a popular trend in modern construc-
tion. Mass timber structures have also been shown to provide value
related to ease of construction [2] and deconstruction in favour of a
Circular Economy [3]. When using CLT for slabs and walls, and Glulam
for beams and columns, construction can be achieved within shorter
periods on-site and with less noise and dust pollution.

Given the advantages of timber construction and the strong push
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towards reducing embodied carbon in construction that will be required
to achieve the 2015 UN Sustainable Development Goals (SDG) [4], there
is an expectation that the number of timber medium and high-rise
buildings will increase significantly. Timber construction can primar-
ily benefit aspects related to SDG Goals 9, 11, 12, and especially Goal 13
associated with combating climate change. However, fire safety remains
a primary, strong constraint for the use of engineered timber in tall
buildings.

Fire safety design principles for tall buildings rely on ‘fire resistance’
as a means of ensuring the integrity and stability of compartmentation
and the stability of the structure beyond the burnout of the movable fuel
load present within the compartment [5]. The movable fuel load tradi-
tionally refers to items such as furnishings. Compartmentation is
intended to constrain the vertical and horizontal spread of the fire
beyond the compartment of origin into multiple building spaces and
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floor levels. Structural stability is required to ensure that the building
will not collapse—an essential goal during the evacuation of building
occupants and fire brigade intervention and property protection. This is
particularly relevant to medium to high-rise buildings where the char-
acteristic times for evacuation and intervention can exceed the potential
characteristic times for structural collapse.

Among the many assumptions embedded in the ‘fire resistance’
approach is that the fire will burn out once the movable fuel load has
been fully consumed. An increase in the fuel load will challenge the
performance assessment approach used for compartmentation and
structural stability since the time required to achieve burnout will be
increased. The combustible nature of mass timber means that it may
continue to burn after the movable fuel load has burned out. This
therefore poses an additional and as yet unquantified risk to achieving
compartmentation and structural stability.

To overcome this, the most common design approach to date for
multiple mass timber medium and high-rise buildings has been based on
the use of encapsulation (e.g. the Brock Commons Tallwood House in
Vancouver, the Monterey Kangaroo Point in Brisbane, the Forté building
in Melbourne or the Mjgstarnet in Brumunddal). The intent behind this
approach is to be able to use the conventional ‘reaction-to-fire’ (e.g.
Ref. [6]) and ‘fire-resistance’ (e.g. Ref. [7]) frameworks established for
non-combustible structures. This approach has also made it into pre-
scriptive solutions in building codes; e.g. the Building Code of Australia
(BCA) [8], based on the work led by Forest and Wood Products Australia
[9] or the 2018 and 2021 International Building Code (IBC) [10,11] and
International Fire Code (IFC) [12] changes in the USA [13], which allow
the use of mass timber structures for buildings with limited height and
with an encapsulation system, such as fire-rated plasterboard. The
premise of this approach is that if the timber does not pyrolyse, the
hazards posed by exposed mass timber structures are mitigated. These
hazards include the contribution to the fire growth (heat release rate),
the continued reduction of strength caused by increased heating and loss
of cross-section, more severe external flaming and the continuous
burning of the structure [14,15]. Therefore, the approach relies on
compliance by delivering a method that can be deemed equivalent to the
solutions used for non-combustible materials. Other prescriptive ap-
proaches with a less conservative approach can be found, e.g. the 2020
Canadian National Building Code that allows partial exposure of CLT
based on a series of demonstrator tests [16,17].

Building height restrictions and fire protection specifications vary
substantially depending on the region, and regularly change as building
codes are updated based on ongoing research. In the US, timber build-
ings were limited to 85 ft (25.9 m) according to the 2015 IBC [18].
However, since the latest 2021 IBC [10,11], timber buildings are
permitted to be constructed up to 270 ft (82.3 m) in height if protected
with non-combustible protections. In contrast, in Australia, buildings
exceeding 25 m are required to be designed using a performance-based
approach to allow the use of mass timber. Timber buildings of less than
25 m can be designed using a prescriptive (Deemed-to-Satisfy) approach
if encapsulation and sprinklers are used [8,9]. In Europe, building height
restrictions for using timber as loading bearing elements or exposed
linings vary from country to country [19].

Whereas these changes in prescriptive requirements might be
deemed to provide a path forward for mass timber structures in the built
environment, encapsulating mass timber reduces some of the benefits of
timber construction, e.g. appealing aesthetics, environmental benefits,
or construction speed. In addition, this introduces uncertainties and
possible risks associated with craftmanship and complex system
behaviour.

There are also examples of buildings with exposed timber structures,
i.e. with no encapsulation (e.g. 25 King Street, Brisbane), developed in
recent years thanks to the application of holistic yet conservative design
approaches where the risks of mass timber construction are addressed
explicitly. Law and Hadden [20] emphasised that a key aspect to
consider when designing mass timber structures is to design for the
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cessation of burning (flaming self-extinction) of the timber structures
after the burnout of the movable fuel load. This condition is vital for a
fire safety strategy relying on compartmentation and structural stability.

When considering the cessation of burning of the mass timber
structure, emphasis is mainly drawn on flaming combustion rather than
smouldering combustion for multiple reasons. Continuous self-sustained
flaming of timber structures induces larger heat fluxes within the
compartment; hence the thermal degradation rates of the structure may
be orders of magnitude greater compared to smouldering combustion.
While smouldering extinction of flat surfaces of most wood species is
expected to occur under no external heating conditions [21], smoul-
dering is expected to occur in areas with limited heat losses, such as
within joints, natural gaps or insulated areas. This can lead to a struc-
tural collapse in significantly longer time scales (e.g. 29 h after the onset
of heating as shown in Ref. [22]). The larger time scales associated with
the smouldering hazard should therefore not be neglected in design.
However, they offer a wide margin period for adequate management
strategies by fire and rescue services.

Multiple institutions have undertaken extensive research pro-
grammes, explicitly and implicitly, on the flaming self-extinction of CLT
in the last decade. Three different approaches can be identified: (1)
small-scale research aimed at investigating the fundamental aspects
influencing self-extinction; (2) large-scale research tests conducted to
reveal complex system behaviour only observable at a realistic scale;
and (3) large-scale test demonstrations to justify code amendments that
provide a prescriptive pathway for mass timber. All three approaches
can contribute to developing engineering tools for the design and real-
isation of mass timber buildings. The third approach has been shown to
provide a faster pathway to CLT implementation in buildings. However,
it is at the risk of lacking a holistic understanding of mass timber per-
formance under fire conditions and failing to adequately address the
uncertainties and risks associated with the system behaviour. The first
two approaches can incrementally contribute to an advanced scientific
understanding of the performance of CLT under fire conditions that
enables an optimisation of the fire safety strategy. However, research
using these approaches often included limitations such as the lack of
loading conditions for the structural timber or the use of compartment
dimensions not representative of actual compartment sizes built
throughout the world, which could influence the self-extinction behav-
iour of CLT in compartments. Despite the efforts by the fire safety en-
gineering community, the research to date has not produced a
consolidated design framework for CLT self-extinction. This is attributed
to the complexity of this phenomenon, with multiple factors influencing
its occurrence in compartment fires.

Given that the fire safety strategy relies on burnout, it is critical that
self-extinction must be considered in the design of mass timber build-
ings. The critical factors affecting self-extinction need to be identified,
and the state-of-the-art knowledge at the material scale needs to be
incorporated at the compartment scale to be able to achieve this. From
this, a consolidated framework based on fundamentals can be devel-
oped, which enables verifiably safe and confident usage of mass timber.

2. Aim

The aim of the study is to present fundamental principles under-
pinning the development of a framework aimed at delivering engineered
timber self-extinction by design. This paper presents a review of existing
literature on the subject and a methodology to enable the formulation
and validation of a self-extinction design framework. The objective of
the literature review is to identify the critical phenomena influencing
the self-extinction of CLT by focusing on seminal sources. The method-
ology consists of a large-scale experimental campaign using compart-
ment fire tests where these critical factors are then isolated from one
another.
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3. Review of flaming self-extinction research on solid wood and
mass timber structures

3.1. Material scale

Literature on the burning behaviour of wood is dense [23,24] and
findings regarding its ability to stop burning under specific critical
conditions date back to early studies by Bamford et al. [25]. In the
1970s, Tewarson and Pion [26] and Petrella [27] identified that the heat
generated by the flame of certain solid materials such as wood can be
lower than the surface heat losses. Therefore, the resulting energy bal-
ance is insufficient for flaming combustion to self-sustain without the
presence of an external heat source. Today, the ability of wood to stop
burning is generally denoted as self-extinction, which can be described
by the fire point theory postulated by Rasbash et al. [28]. The fire point
theory states that the burning process of a condensed fuel cannot be
sustained if a sufficient mass flux of pyrolysates is not provided to the
flame (gas-phase reaction zone). The mass flux of pyrolysates combined
with the air flow structure defines the flame temperature and thus the
viability of the combustion reactions to proceed. This concept is the
same as the critical Damkohler number for flame extinction, commonly
used in the combustion community [29]. This principle is used implicitly
in the fire science community, with the focus on the mass transfer of
pyrolysates because the flow field can generally be considered invari-
able [30]. For that reason, a non-dimensional mass transfer (B) number
is generally used to define the critical condition of extinction. Initially
proposed by Spalding [31] to describe the energy surface boundary
condition for the burning of liquid droplets and later further developed
for solids by Torero et al. [32] to properly quantify heat losses based on
the work by Emmons [33], the mass transfer number represents the ratio
between the energy available and that required to pyrolyse the fuel. In
the combustion of wood, the heat flux from the flame imposed on the
pyrolysis front is dampened by the growing char layer, leading to a
condition where B < 1 and flaming extinction by quenching occurs.
Consistent with the findings of Tewarson and Pion [26] and Petrella
[27], the self-sustained combustion of wood can occur through an
external heat source imposed onto the surface to raise the mass transfer
number such that B > 1 [34]. Since the rate of generation of pyrolysates
(nﬁ;) is dependent on the heat balance in the pyrolysis region (solid--
phase reaction zone), the problem has often been simplified to the study
of the condensed phase and the thermal boundary condition.

Recently, Bartlett et al. [35] and Emberley et al. [36] used
bench-scale experiments to verify the existence of a critical mass loss
rate for self-extinction (m;,) for Cross-Laminated Timber made of soft-
wood (Spruce and European spruce, Picea abies) as 3.5 = 0.3 g/m?s and
3.9 + 0.4 g/m?s, respectively without a forced external air flow.
Emberley et al. [37] further identified the critical mass loss rate for
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various timber species, including Radiata Pine (3.7 + 0.2 g/m?s), Red
Ironbark (7.2 g/mzs), Balsa (8.3 + 1.9 g/mzs), Kumaru (5.1 + 0.6
g/mzs) and Blackbutt (2.7 + 0.5 g/mzs). Using redwood timber,
Arnorsson et al. [38] further verified the critical mass loss rate increases
proportionally with the square of the flow velocity, consistent with a
critical Damkohler number analysis. This suggests that a quiescent
external flow condition provides a conservative quantity from an engi-
neering perspective, thus reinforcing the invariable flow structure
assumption.

The critical rate of mass loss, which depends on the wood species, is
associated with the surface mass flux of pyrolysates (m’) generated
within the pyrolysis region below the char, the surface mass flux of
water vapour generated within the unpyrolysed timber (i), and the
mass loss of char through oxidation at the surface (m;’ ). Once the char
region is formed, the mass flux of pyrolysates released at the surface
depends on the energy balance established in a hypothetically thin py-
rolysis region located in between the char layer and the dried timber
(refer to Fig. 1). Assuming that the pyrolysis region develops under
isothermal conditions as in Ref. [39] (i.e. the pyrolysis reaction is
dominated by heat transfer rather than kinetics), the energy balance at
the pyrolysis region can be defined as:

o ey =y
=cr  ped 1
"y AH, @
where q;;p is the heat flux at the interface between char and pyrolysis

regions (x = xp), ql’,gd is the heat flux at the interface between the py-
rolysis region and the dried timber, and AH,, is the heat of pyrolysis. The
heat flux entering the pyrolysis region is determined by the heat transfer
within the char region, which can be formulated as:
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where ¢, and ¢y, are the external heat flux and heat losses to the
environment at the surface of the char (x = 0), q}; is the radiative and
convective heat flux from the flame, k. and p.c. are the thermal con-
ductivity and volumetric heat capacity of the char, and qgﬂox is the heat

generated by the oxidation reaction, determined by the oxygen diffused
into the char layer. If the char layer is approximated as a thermally thin
element and the diffusion of oxygen into the char is neglected, the en-
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Fig. 1. Schematic showing the different regions of timber under quasi-steady-state burning conditions: charred timber, pyrolysing timber, dried timber, vaporisation

region and virgin (wet) timber. g/

virgin (wet) timber. T, is the initial temperature.
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ergy balance proposed by Emberley et al. [36] and Cuevas et al. [40]
holds as:

dq//
q’iL,p = qg + q;; - q;;sx + q;/,ox - Z (5)

1

< ox is the heat produced by the oxidation of the char (assumed to

where ¢
take place at the char surface where a maximum mass fraction of oxygen
is available), and ddit” is the temporal change of heat per unit area in the
char (transient energy term). As described by Emberley et al. [36], for
thick timber samples exposed to a constant external heat flux, a
quasi-steady state is reached in the burning rate after a transient period
of nearly 10 min. The thickness consideration is a key factor related to a
semi-infinite solid behaviour, thus the back boundary condition does not
affect the heat transfer [41]. Reaching a quasi-steady burning rate in-
dicates that a quasi-steady energy balance can be assumed in the control
volumes defined by the pyrolysis and char regions. Therefore, the
transient term, %, must approximate zero and, in fact, the heat transfer
in the char region cannot be defined using a lumped capacitance
approach (thermally thin) but as a steady conduction heat transfer
(thermally thick), where the volume (thickness) of the char is the cause
of the reduction in heat flux experienced at the interface char-pyrolysis
region. The quasi-steady condition implies that the pyrolysis and
oxidation fronts progress steadily at similar rates, allowing for an
approximately constant char thickness (d.). Therefore, the energy bal-
ance shall be described considering a steady gradient in the char layer:

Tx:O - T’(:Xp
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where and Tx—o and Ty, are the temperatures at the surface of the char
and the temperature at the pyrolysis front. Equations (1) and (6) show a
linear relationship between the pyrolysis rate and the external heat flux,

") can be associated with a critical

suggesting that a critical heat flux (g

pyrolysis rate (11, ).

The quasi-steady thermal and burning behaviour experienced by
wood under steady external heating conditions has been generally
proven experimentally by presenting the mass loss rate per unit area (e.
g. Ref. [36]). Unfortunately, experimental demonstration of the
quasi-steady energy balance remains a crude analysis due to the lack of
high-density in-depth temperature measurements and thermocouple
conduction error.

Results extracted from the wood oxidative pyrolysis model devel-
oped by Lautenberger and Fernandez-Pello [42] can be used to supple-
ment the limitations of the experimental information. The model results
allow extracting a more detailed description of the evolution of iso-
therms representative of pyrolysis and water vaporisation, and thermal
gradients in different regions. Fig. 2 shows model results for a 100 mm
thick wood element using the model parameters from Ref. [42] exposed
to 40 kW/m?. The location and speed over time of isotherms 100 °C and
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300 °C (Fig. 2a), representing the vaporisation and pyrolysis processes,
clearly indicate a transient period in the first 5-10 min followed by a
quasi-steady behaviour, as observed experimentally by Emberley et al.
[36]. Additionally, the thermal gradients in the char and dried regions
show minor variability over time after 10 min (Fig. 2b), thus confirming
the quasi-steady thermal behaviour. The dampening of the heat flux into
the pyrolysis front (Eq. (4)), often attributed to the low conductivity of
char, is not strictly due to the different conductivity in dried wood and
char but the volume (thickness) of char, which results in a significant
thermal gradient.

Bartlett et al. [35] and Emberley et al. [37] experimentally validated
the concept of a critical heat flux for self-extinction using European
spruce. After a characteristic time, the external heat flux at the surface of
the char can be used as a surrogate variable to define a bound (critical
value) under which flaming extinction occurs. However, they identified
different values due to differences in the experimental methodology
(~31 kW/m? and 43.6 + 4.7 kW/mz, respectively). Cuevas et al. [40]
identified that self-extinction has a stochastic nature, influenced by the
testing conditions used. They further identified that self-extinction of
flaming combustion on the charred surface of Pinus radiata occurs within
a range of external heat flux, with the minimum value being 30 kW/m?
and the maximum value 40 kW/m? at a 21% oxygen concentration at-
mosphere. This surrogate offers a powerful simplification for fire engi-
neering practice, as it removes a significant level of complexity
associated with modelling wood pyrolysis.

3.2. Compartment scale

The dense body of work at the bench scale has provided an under-
standing of major fundamental mechanisms resulting in the flaming self-
extinction of wood. However, the fire dynamics of a compartment are
modified by the introduction of exposed engineered timber, which
means that consideration only on a material scale is not viable to resolve
self-extinction.

In the last decade, multiple research institutions, including the
University of Edinburgh, The University of Queensland, the National
Institute of Standards and Technology (NIST), the National Research
Council of Canada (NRC), the Research Institutes of Sweden (RISE),
CERIB and Carleton University, have led several fire tests of CLT com-
partments at different scales and geometrical configurations [16,
43-49]. Most of these tests relate to quasi-cubic ‘small compartments’
with limited ventilation, more representative of residential construction
than ‘open-plan compartments’ with extensive ventilation typically
found in commercial and office buildings. The focus on the former is
justified as the first step in complexity and a more conservative scenario
for self-extinction from a thermal feedback perspective due to the
restricted ventilation conditions. Even in non-combustible compart-
ments, there is still a poor understanding of open plan fire dynamics.
Open plan timber compartments represent an especially difficult and

0 min (b)
700 5 min
v 600 10 @n
¢ 15 min
g 500 ——20 min
® 400 ——25min
g ]
g 5 —30 mm_
£ | 300 °C isotherm
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; =
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Fig. 2. Outcomes from a Gpyro simulation on a wood sample burning under steady-state conditions [42]. (a) Evolution of the 100 °C and 300 °C isotherms
positions and their temporal derivative over time. (b) Thermal gradient for different time steps.
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complex scenario, with increasing efforts being developed to understand
these complexities [49].

The combined body of work on ‘small compartments’ with limited
ventilation has identified multiple layers of complexity in the in-
teractions between exposed engineered timber and the compartment
that can affect the occurrence of flaming self-extinction. These com-
plexities include thermal feedback between surfaces, increased burning
due to char fall-off and failure of encapsulation, and variation in the
nature and density of the fuel load. Compartment fire experiments
identifying parameters determining these complexities are discussed in
detail.

3.2.1. Thermal feedback

Using Pinus radiata CLT compartments of reduced scale (internal
dimensions 0.48 m x 0.48 m and 0.37 m), Gorska [50] demonstrated
that self-extinction can be achieved if the thermal feedback from the
compartment boundaries (external heat flux) after burnout drops below
the threshold defined for the same timber species by Emberley et al. (45
+1 kW/mZ) [46]. After burnout, the magnitude of the external heat flux
was shown to decay at a different rate depending on the ratio of exposed
timber (i.e. the more timber exposed, the slower the decay). For specific
compartment geometries, a critical ratio of exposure could be reached,
where a steady heat flux above the critical value is maintained, and
steady burning of the timber could eventually be achieved.

On a large scale, Bartlett et al., Emberley et al., Su et al. and Wiesner
et al. [16,17,22,44,46] have demonstrated that, under specific condi-
tions, self-extinction of exposed CLT can also occur in real-scale com-
partments. The studies by Bartlett et al. [44] and Emberley et al. [46]
hypothesised that, given a compartment geometry, a critical ratio of
exposed surface area of timber defines a criterion for self-extinction.
Consistent with the findings by Gorska [50], an increased ratio of
exposed timber to the surface area of the compartment boundaries
(AcLt/A7), representing energy generation, and reduced ratio of opening
area (A,/Ar), representing energy losses, can lead to sustained flaming
of the CLT due to the enhanced thermal feedback.

In addition, Gorska [50] identified that the problem is not only
dominated by the ratio of surfaces (i.e. simply a radiative exchange
between surfaces in an optically thin medium) but by the pyrolysis rate
from the CLT surfaces. Gorska demonstrated that for compartments with
exposed CLT, those with an exposed timber ceiling would achieve
similar decay and extinction conditions than those without. This reveals
the importance of further considering the combustion dynamics and
smoke accumulation in the compartment to assess the resulting incident
heat flux (irradiation) on the combustible surfaces.

3.2.2. Char fall-off

Besides the success in demonstrating the critical link between ther-
mal feedback and self-extinction at the compartment scales, the exper-
iments developed by Hadden et al. [51] further demonstrated that other
time-dependent factors, including the fall-off of charred lamellae and
encapsulation failure, can also influence and prevent CLT
self-extinction.

Char fall-off of CLT is defined herein as a bond failure between
charred lamella and the lamella beneath (charred or not). Char fall-off
may be caused by the degradation of the adhesive between lamellae at
elevated temperatures [52]. The fall-off of cracked, charred timber
pieces occurs gradually throughout the compartment from exposed CLT
surfaces and results in the exposure of uncharred (or mildly charred)
timber to the fire. This phenomenon has been shown to enhance the
burning rate of timber in several experiments [36,46,51,53], resulting in
the increase of heat release rate in the compartment. Char that has fallen
onto the floor can also behave as an additional fuel source, thus
contributing to continued burning and an increase in the total heat
released. Due to the laminated nature of CLT, the process of char fall-off
may repeat itself, thereby preventing self-extinction from happening
[41].
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Char fall-off is highly dependent on the thermal stability and ca-
pacity of the glue to ensure proper adhesion between lamellae, amongst
other factors. Polyurethane-based and melamine formaldehyde adhe-
sives are commonly used in CLT to enable rapid manufacturing [53].
These adhesives may experience a reduction in adhesion or cohesion
performance at temperatures below char formation. Polyurethane ad-
hesives cover a wide range of applications, and the performance under
heat may vary significantly [54]. Previous research has shown that char
fall-off can be affected by the loading conditions [55], and it may be
delayed with the use of more thermally stable adhesives [17,52,53].

Char fall-off is a thermo-mechanical process that involves the system
characteristics, the properties of its components (adhesive, timber,
char), and the loads the system is subjected to Ref. [56]. Differences in
the chemical formulation of the adhesive can lead to differences in the
underlying chemical decomposition, which is expected to result in a
different fall-off performance. Whether char fall-off can be prevented
entirely still requires a thorough understanding of the
thermo-mechanical conditions under which engineered timber is
exposed. Multiple studies have shown that the shear strength retention
at elevated temperatures varies significantly between different adhesive
types [57-59] and within different adhesive formulations of the same
type [60]. Multiple recent studies have shown that reduced adhesive
bonding at elevated temperatures will reduce the overall load-bearing
capacity of timber before visible char fall-off occurs [61-63]. Even if a
more robust solution can be found using high-performance CLT where
char fall-off could be entirely prevented, it is a priority to identify po-
tential performance criteria to allow design and optimisation of common
CLT using ordinary adhesives.

3.2.3. Encapsulation failure

Encapsulation failure refers to the integrity and insulation failure of
passive fire protection materials (fireproofing) attached to the surface of
the timber. As with timber frame construction, fire-rated plasterboard is
currently the most used encapsulation system for mass timber [64],
although other less common encapsulation systems, e.g. intumescent
coatings [65] and calcium silicate boards [66], are increasingly
receiving interest for use on mass timber. Integrity failure of the
encapsulation—understood as the mechanical detachment—leads to
further timber exposure in the compartment. Exposure to an increased
ratio of unprotected timber promotes continuous burning of the timber
surfaces, thus can lead to a critical thermal feedback condition under
which extinction may not be achieved.

On the basis of an approach to design that relies on encapsulation,
plasterboard fall-off (integrity failure) may be considered an indicator of
failure. However, an adequate performance criterion to identify the
failure of the encapsulation is likely related to the onset of pyrolysis of
the timber substrate (insulation failure). Once encapsulated timber
reaches a pyrolysis temperature, char will form. The formation of char
might promote mechanical failure and allow sufficient oxygen to
approach the char surface, making combustion possible. The criterion
based on a critical temperature has been proposed in performance-based
methodologies to use combustible insulation safely [67], and following
this approach, a similar temperature criterion has been proposed for
encapsulated timber delivering an alternative form of ‘fire resistance’
rating (k; rating [68]). Furthermore, this approach is present in pre-
scriptive codes, such as the Building Code of Australia, to ensure that
timber walls can be argued to perform equivalently to inert materials

[9].

3.2.4. Fuel load

The aforementioned subjects have been the primary focus of research
in recent years. In contrast, the impact of the nature and density of fuel
load on self-extinction has attracted little explicit attention. The fuel
load density, defined as the total thermal energy that can be released per
floor unit area (MJ/mz), is a basic design parameter used in structural
fire engineering that determines the fire duration [69]. Historically,
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wood cribs have been the most common source of fuel used in
compartment fire research. Examples are the work developed by
Thomas and Heselden [70] in the development of the Compartment Fire
Framework [71], where burnout is determined based on fuel load density
and burning rates of wooden cribs; or the work by Magnusson and
Thelandersson on the “Swedish fire curves” [72], or the parametric
time-temperature curves [73,74] implemented in the Eurocodes [75],
where temperature-time curves are determined as a function of the fuel
load density and the opening factor. The use of wood cribs as fuel load in
fire testing has been adopted throughout modern times as a condensed
fuel with a predictable burning behaviour. For instance, wood cribs were
also used to develop the experimental work for the Natural Fire Safety
Concept [76] that gave way to Eurocode methods for the analysis of
structural safety in case of fire [75,77] and by most of the more recent
research focused on open-plan compartments fire dynamics [78].

Several researchers have opted to use wood cribs to test mass timber
construction [17,22,44,46,51,79], whereas others have opted for fuel
loads consisting of furniture more representative of actual conditions
[16,80-82], or even controlled gas burners [47,83]. The work of Har-
mathy in the 1970s on small compartment fires [84,85] showed that
fuels of varying mass transfer (B) numbers have a strong influence on the
compartment fire dynamics. The distinct role of fuels of different nature
in compartment fires is not a novel insight. However, recent research in
the context of timber buildings [50,86] has demonstrated that the fuel
load can influence CLT self-extinction. This influence is manifested by
the burnout time, heat flux severity and the decay phase in a compart-
ment fire. Given that the burnout time and the fire’s decay phase can
heavily dictate the self-extinction of timber, the choice of fuel load na-
ture for testing mass timber structures needs to be revisited.

3.3. Summary of knowledge gaps towards a self-extinction design
framework

As previously introduced, an essential design principle for the fire
safety strategy of mass timber buildings relates to attaining burnout of
the movable fuel load followed by self-extinction, before compartmen-
tation and structural stability are compromised. To date, the most
comprehensive conceptual guide available to address self-extinction by
design is the discussion provided by Law and Hadden [20]. However,
despite the research efforts on particular parameters affecting the
self-extinction of CLT, there is not a well-defined framework available to
address design for self-extinction based on a systematic testing campaign
that identifies each failure mode in isolation.

Self-extinction has been studied at a material scale and identified
critical conditions, but the extent of applicability to compartments is not
yet fully understood. Systematic testing on the thermal feedback con-
ditions has been presented for reduced size compartment experiments
[50]. For full-size compartments, the mechanisms necessary to deter-
mine self-extinction are however limited by the scaling process in terms
of fire dynamics (i.e. flow fields and radiation determining the fire
boundary condition and burning behaviour of the fuel load) and
thermo-mechanical behaviour of the CLT and encapsulation (i.e. char
fall-off and encapsulation failure). Testing performed at these scales has
generally focused on defining specific design parameters and evaluating
the outcome of the mechanisms inhibiting self-extinction. This has not
been done parametrically, so the effect of each mechanism cannot be
isolated and evaluated. These mechanisms include time-dependent
phenomena such as:

- burning of the movable fuel: determined by the fuel nature,
quantity and configuration, and the ventilation conditions, and can
trigger the thermo-mechanical degradation of the engineered timber
and the encapsulation;

- char fall-off: determined by the engineered timber properties and
the fire exposure, and which leads to direct exposure of subsequent
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lamellae and an increased feedback of incident heat flux to the
timber surfaces due to the additional fuel source on the floor; and
encapsulation failure: determined by the encapsulation properties
and the fire exposure, and which leads to an increased feedback of
incident heat flux to the timber surfaces due to the additional
exposure of timber;

whereas the time-independent phenomenon refers to:

thermal feedback within the compartment after the movable
fuel burnout: determined by the geometric characteristics of the
compartment and ventilation, and the configuration of exposed and
encapsulated timber surfaces, which combined define the incident
heat flux onto the timber surfaces.

Given the complexity and interdependency of these phenomena,
there is a need to consolidate and validate a self-extinction design
framework by performing large-scale tests in which each of these
mechanisms can be verified in isolation where possible. Such a testing
methodology must capture the relevant phenomena influencing the
occurrence of self-extinction to enable the validation process. Due to the
multiple parameters affecting these phenomena (i.e. characteristics of
the compartment and opening geometry, engineered timber, encapsu-
lation, and exposure of timber), conservative assumptions need to be
made when selecting test parameters, informed by a fundamental un-
derstanding of the problem.

4. Methodology
4.1. Rationale for the design of the testing programme

The methodology used to formulate and validate the self-extinction
framework is inspired by the quantitative analysis process that de-
signers would need to apply to assess the occurrence of self-extinction.
However, this methodology replaces the quantitative analysis with
well-controlled, parametric large-scale tests (demonstrators) to isolate
the occurrence of each failure mechanism. The use of large-scale tests
resolves scaling issues but restricts the number of tests that can effec-
tively be executed due to time and economic constraints. A dense level of
instrumentation is used to quantify and describe the outcomes in the
most explicit manner possible, resolving the spatial distribution of
multiple quantities key to describing fire dynamics and self-extinction
phenomena. The key parameters to be quantified in the study of CLT
self-extinction in compartment fires are:

i. Characteristic time for burnout of the movable fuel load (t,).
ii. Characteristic time for the occurrence of char fall-off (t;).
iii. Characteristic time for the occurrence of encapsulation failure
(t70).
iv. Characteristic thermal feedback within the compartment after
burnout (g, geeq,)-

Given the time-dependency of the encapsulation and char fall-off
failures, a key consideration for the design and development of these
tests is to be able to control the characteristic time for burnout of the
movable fuel load (t,,). A re-filling pool fire system is proposed to
control the burnout duration, similar to the one described in Ref. [87].
This approach is novel compared to previous systematic experimental
work on CLT compartments using condensed fuels in which the fuel load
is fixed based on characteristic design values. Using this approach, the
complexity associated with burnout of solids fuels can be removed, and
demonstration scenarios can be produced such that failure mechanisms
are either induced (t, > max(t;., t;.)) or prevented (t,, < min(ty, tf.))
under rapid-onset severe post-flashover conditions. In order to under-
stand the upper bound of the characteristic time to reach these failure
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modes, the selection of CLT is based on maximising the thickness of the
first lamella. The selection of encapsulation is based on the standard
practice requirements for fire-protected timber in the Building Code of
Australia [9].

The characteristic thermal feedback depends on the parameters A,/
Ar and A¢r/Ar. Similar to previous research undertaken by Hadden
et al. [51] and Gorska [50], the thermal feedback is then assessed by
varying the initial exposure of CLT and fixing the opening area (e.g.
exposing two or three surfaces of CLT). However, it is necessary first to
establish a scenario where time-dependent failure mechanisms can be
prevented where possible. This can be done by controlling the burnout
duration based on an understanding of the characteristic time for char
fall-off and plasterboard failures to occur.

Finally, to address the impact of fuel nature on self-extinction, a
charring fuel with a lower mass transfer (B) number is used to compare
with a self-extinction test in which a liquid fuel with a higher mass
transfer (B) number is used. The key consideration for this analysis is to
use the same fuel load (in equivalent MJ) in either case.

To complete such a validation study, a series of six large-scale tests
was developed. The following list provides a brief description of major
design considerations for the proposed test matrix. A visual represen-
tation of the test matrix is provided in Fig. 3. Specific details regarding
the experimental setup are provided in subsequent sub-sections.

- Encapsulation study: Test 1.1 and Test 1.2 correspond to com-
partments where the CLT is fully encapsulated, as shown in Fig. 7a.
The intent of these tests is to assess the time-scale condition for
encapsulation failure and the nature of that failure (i.e. whether it is
an insulation or an integrity failure). For that purpose, the burnout
duration is controlled such that Test 1.1 experiences failure (higher
fuel load scenario) and Test 1.2 does not experience encapsulation
failure (lower fuel load scenario).

Char fall-off study: Test 2.1 and Test 2.2 correspond to compart-
ments where a lateral wall (left wall looking from the door) and the
ceiling are exposed CLT, and the other surfaces are encapsulated, as
shown in Fig. 7b. This configuration has in the past demonstrated the
ability to achieve self-extinction if time-dependent failures are
avoided [46]. The intent of these tests is to assess the time-scale
condition for char fall-off to occur. For that purpose, the burnout
duration is controlled such that Test 2.1 experiences char fall-off

Fire Safety Journal 128 (2022) 103523

compartmentation) and Test 2.2 does not experience char fall-off
(lower fuel load that subsequently leads to self-extinction).
Thermal feedback study: Test 3.1 corresponds to a compartment
where the two lateral walls and the ceiling are exposed CLT, while
the other surfaces are encapsulated, as shown in Fig. 7c. Test 3.1 is
set up such that the movable fuel load consumed is equivalent to that
in Test 2.2. In combination with Test 2.2, the intent of these two tests
is to assess the thermal feedback condition for which self-extinction
does not occur.

Fuel load nature study: Test 4.1 corresponds to a compartment
where a lateral wall and the ceiling are exposed CLT, and the other
surfaces are encapsulated (like Test 2.2), as shown in Fig. 7d. The
movable fuel corresponds to a wood crib with a fuel load (in MJ)
equivalent to the fuel load consumed in Test 2.2. The intent of these
tests is to assess the impact of fuel load nature on self-extinction.

4.2. Cross-laminated timber

The cross-laminated timber panels used to construct the compart-
ments were manufactured by XLam. The CLT corresponded to CL3/125
[88], composed of three lamellae of 45-35-45 mm thick Pinus radiata
with a measured mean density of 485 kg m ™~ (nominal density of 500 kg
m~3 according to the manufacturer). The thickest possible outer lamella
was selected so that the response of the CLT to a long fire duration could
be analysed, thus reducing the potential for early char fall-off. The CLT
lamellae were glued using Purbond HBS polyurethane adhesive. The
mean moisture content of CLT throughout the testing programme was
10-14%.

4.3. Compartment characteristics

The external dimensions of the compartment were 3.4 m x 3.4 m x
3.125 m, which was defined by transportation restrictions for panels
without joints. All adjacent CLT panels were connected using Rotho-
blaas® HBS 8 x 220 wood screws at a spacing of 300 mm. The centre-
lines of the screws were located 62.5 mm from the edge of the top CLT
panel through the centre of the middle lamella of the overlaid perpen-
dicular CLT panel. The compartment had a single opening of external
dimensions 0.85 m x 2.40 m. Internally, a false floor was constructed so
that instrumentation and the fuel pipes of the burner system or the load

(higher fuel load that wultimately leads to loss of  cells would not be affected by the heat from the fire. The distance from
the top surface of the false floor to the ground was 0.3 m. The internal
Test name I | Experimental setup
Test 1.1 — All CLT encapsulated, kerosene pool fire, long fire duration
Encapsulation
study
Test 1.2 [— All CLT encapsulated, kerosene pool fire, short fire duration
Ghar fall-of 2 exposed CLT walls (ceiling and one side wall), kerosene
study Test 2.1 , 4 ;
pool fire, long fire duration
2 exposed CLT walls (ceiling and one side wall), kerosene
Thermal Iestas pool fire, short fire duration
feedback study
Test 3.1 3 exposed CLT walls (ceiling and two side walls), kerosene
EStis. pool fire, short fire duration, same fuel load as Test 2.2
Fuel load nature
study
\ Test 4.1 2 exposed CLT walls (ceiling and one side wall), wood crib
: fire, short fire duration, same fuel load as Test 2.2

Fig. 3. Diagram showing the test series and the related studies of the factors influencing self-extinction.
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dimensions of the compartment were 3.15m x 3.15m x 2.70 m, and the
dimensions of the opening were 0.85 m x 2.10 m due to the height of the
false floor. Depending on the configuration used, the resulting inverse
opening factor (Ar/Ao/H,) was in the range 17.2-17.6 m/? (encap-
sulation thickness considered), defined as the ratio of the area of the
internal compartment surface area excluding the floor (Ar) to the
ventilation factor. The ventilation factor is the product of the opening
area (Ap) and the square-root of the opening height (H,), resulting in
AovH, =2.38 m°/2. An overview of the compartment is shown in Fig. 4.

The false floor consisted of a timber frame system made of, from top
to bottom, 2 x 50 mm Rockwool® RockTech S 400 (Tests 1.1 and 1.2) or
4 x 25 mm Rockwool® Conlit (remainder of tests), 13 mm thick Knauf
FireShield plasterboard, 10 mm chipboard or medium-density fibre-
board, and 70 x 35 mm timber joists. The false floor system was similar
in design to those used in previous studies [51,89]. Besides the protec-
tion offered to the instrumentation underneath, the stone wool insu-
lation provided a conservative thermal boundary condition (nearly
adiabatic).

4.4. Fire source

4.4.1. Pool fire system

For the studies focused on the time-scale and thermal feedback
conditions (Tests 1.1, 1.2, 2.1, 2.2 and 3.1), the objective of the meth-
odology was to control the time to burnout. Therefore, a solid fuel was
not considered because the supply of fuel had to be controlled. Instead,
kerosene (with a net heat of combustion of 44.1 MJ/kg) was selected as
the fuel source for the fire—a high combustibility ratio (large B number)
and non-charring fuel. The selection of this fuel was also based on the
outcomes from earlier studies [50,86] that demonstrated a relatively fast
time to reach flashover and a fast decay phase compared to charring
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fuels. These features allowed for easy identification of the exact fuel
burnout time and reduced uncertainty in CLT self-extinction due to the
omission of smouldering char on the floor. A gas burner system was
discarded due to the low soot yield and the absence of thermal feedback
controlling the fuel load burning rate. The fuel supply to the compart-
ment was controlled using a bespoke re-filling tray system, similar in
concept to the one described in Ref. [87].

The pool fire system consisted of a connected vessel arrangement in
which the surface of the pool fire was allowed to remain at an approx-
imately constant level for the duration of the fire. The internal compo-
nent was a 1.0 m x 1.0 m x 0.1 m stainless steel tray placed within the
compartment, whereas the external vessel was a tub that received fuel
from an IBC tank using a float (buoy) valve. During the fire, the kerosene
being burned inside the compartment was replaced with kerosene from
the external tub. Under steady conditions, kerosene flowed from the
main IBC tank into the external tub using the float system, thus
replenishing the burned kerosene from the tray in the compartment. A
flow meter was used to measure the flow from the IBC tank to the
external tub. When it was decided to induce burnout, a valve between
the external tub and the internal tray was shut off, leading to burnout
approximately 12 min later when the remaining fuel in the tray was
consumed. The schematics of the system are shown in Fig. 5.

In order to ensure that the tray of the pool fire did not buckle
excessively due to thermal expansion, and that the heat losses from the
pool fire could be quantified for future energy balance analyses, the tray
was also equipped with a cooling system. The tray was manufactured as
a hollow double-skin tray, with a 6 mm internal void acting as a cooling
water jacket, through which a flow of water of approximately 50 L/min
at ambient temperature was forced. The temperature of the water flow
before entering and after leaving the tray were monitored.

The dimensions of the tray system (1 m x 1 m) were chosen to

(b)

(c.2)

Fig. 4. (a) Schematic 3D drawing of the compartment. (b) External image of the front of the compartment showing the door instrumentation. (c.1-2) External image

of the back of the compartment showing CLT instrumentation.
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Fig. 5. (a) Diagram showing the pool fire system. (b) 3D schematics of the compartment, pool fire system and the buoyancy calorimeter.

provide a heat release rate sufficient to produce flashover conditions and
reach under-ventilated conditions within the compartment. Several
calibrations ‘free burns’ were carried out throughout the testing
campaign, in which the fuel was burned directly beneath the hood of the
buoyancy calorimeter (described in Section 4.6.1), outside of the
compartment. Two series of free burns were conducted with the tray
placed on top of a load cell and filled with a different mass of kerosene.
Series 1 (lower fuel load, 2 tests) consisted of 16.2-17.2 kg
(714.4-758.5 MJ) of fuel, while series 2 (higher fuel load, 3 tests)
consisted of 35.9-42.4 kg (1583.2-1869.8 MJ). The mass loss and heat
release rate of these free burns are presented in Fig. 6a.

4.4.2. Wood crib

The objective of the methodology for the study of the fuel load nature
(Tests 2.2 and 4.1) was to compare the influence on self-extinction of
using condensed fuels with dissimilar B numbers and decomposition
behaviours. For that purpose, a wood crib was built for Test 4.1, using
softwood (untreated pine MGP10) sticks with approximate dimensions
1000 mm x 45 mm x 45 mm, a mean density of 569 kg/m> and 10%
mean moisture content, which was sampled and measured on the same
day of the tests using an oven-dry method [90]. Each layer consisted of
11 sticks separated by a gap of approximately 45 mm. A total of 14 layers
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was used, resulting in a fuel load of 177.5 kg (17.89 kg/m? per unit area
of compartment floor). The gross heat of combustion of the wood was
measured using a bomb calorimeter [91], providing a value of 18.65
MJ/kg. Assuming a net heat of combustion of 17.5 MJ/kg [75], the fuel
load of the crib was 3106 MJ (313 MJ/m?). The mass loss of the wood
crib during the test was measured using a load cell placed underneath
the false floor platform supporting the crib.

Similar to the calibration tests for the kerosene tray, a free burn of a
similar wood crib was undertaken directly beneath the hood of the
buoyancy calorimeter. The wood crib with an initial mass of 181.3 kg
(3172.8 MJ) and was placed on top of a load cell. The mass loss rate and
heat release rate are presented in Fig. 6b.

4.5. Configuration of CLT exposure

For the fully-encapsulated tests (Test 1.1 and Test 1.2), the CLT was
protected with two layers of 13 mm thick, paper-faced Knauf Fireshield
(10.5 kg/m?) attached to the CLT with screw fixings. The first layer
(inner layer) of plasterboard uses 32 mm long fixings every 400 mm in
field (300 mm on the edges). The second layer (exposed) of plasterboard
uses 45 mm long fixings every 300 mm in field (200 mm on edges). The
fixings were covered with MastaBase, a plaster-based cement for
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20
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Fig. 6. Mass loss and heat release rate from free burns for (a) Series 1 (714.4-758.5 MJ) and 2 (1583.2-1869.8 MJ) of the kerosene tray and (b) the wood crib
(3172.8 MJ). Note: recovery of mass at the end of each kerosene burn is an artefact measurement caused by the cooling of the tray system. The curves show the
average of data from each group, with the shaded area shows the variation among different tests within each group.
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Fig. 7. Internal images of the compartments showing: (a) Test 1.1 (encapsulation study); (b) Test 2.2, (char fall-off study); (c) Test 3.1 (thermal feedback study); (d)
Test 4.1 (fuel load nature study). Compartments shown in (a-c) used an internal 1 m x 1 m pool fire as the fire source, whereas (d) used a1 m x 1 m wood crib.

bedding tape and plasterboard joints. Test 1.2 included heat flux sensors
replacing a portion of the encapsulation, whereas Test 1.1 did not so that
it would not influence the mechanism of failure.

Tests with two exposed CLT surfaces (ceiling and lateral wall)
included Tests 2.1, 2.2 and 4.1. Test 3.1 included three exposed CLT
surfaces (ceiling and two lateral walls). For the tests with lower fuel load
(Test 2.2, 3.1 and 4.1), the encapsulation and fixings were the same as

the fully-encapsulated compartments.

For the test that used a higher fuel load (Test 2.1), the encapsulation
was altered to try to provide a more robust encapsulation system similar
to that developed by Hadden et al. [51]. The system consisted of a
sandwich system with a 13 mm thick layer of Knauf Fireshield, a 25 mm
thick layer of Rockpipe® 650 (128 kg/m®), and another 13 mm thick
layer of Knauf Fireshield. The inner plasterboard layer (directly against

Fig. 8. (a) Buoyancy calorimeter during the experiment. (b) Internal view of the fire obtained with a water-cooled GoPro camera.
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the CLT) used 32 mm long fixings every 400 mm in field (300 mm on the
edges). The Rockpipe stone wool layer (on the top of the inner layer
plasterboard) used 50 mm length timber screws with 16 mm external
diameter washers every 300 mm in field The outer plasterboard layer
was fixed with 65 mm long screws every 300 mm in field (200 mm on
edges). The fixings were covered with MastaBase, and plasterboard
joints were covered with MastaBase and plasterboard jointing tape,
which made sure that the fixings were protected from direct fire expo-
sure and maximise the integrity of the plasterboard layers.

Fig. 7 shows internal views of the exposure configuration for the four
studies.
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4.6. Instrumentation

4.6.1. Calorimeter

A distinguishing feature of these tests was the 14 m tall buoyancy-
driven calorimeter shown in Figs. 5b and 8a—a modified version of
the buoyancy-driven calorimeter developed by the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) [92]. The
design of this equipment was inspired by the buoyancy-driven calo-
rimeters developed by the Fire Research Station (FRS) to quantify the
heat release rate of vehicle fires in a tunnel [93]. The buoyancy-driven
calorimeter works using the same principle to quantify heat release as
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the Cone Calorimeter [94]; however, using buoyancy to channel the
exhaust gases rather than a mechanical fan. This feature avoids the need
for a heat resistant fan with a large extraction capacity.

This apparatus was located next to the compartment’s opening so
that the external plume was directed into the buoyancy calorimeter
duct. The buoyancy calorimeter was equipped with: two gas analysis
sampling points using gas analysers detailed in section 4.6.6, three bi-
directional velocity probes and three 1.5 mm K-type thermocouples.
These devices were all located 1 m below the top edge of the calorimeter
chimney to enable the quantification of the total heat release rate
through a species-evolution calorimetry approach (oxygen consumption
or carbon dioxide generation) [95]. The calibration of the calorimeter
constant was performed using free burns of kerosene pool fires and wood
cribs directly underneath the calorimeter, where the mass loss was
monitored (refer to section 4.4). Further details of the calorimeter are
presented in Ref. [92].

In order to further quantify the internal heat release rate, the opening
of the compartment included eight bi-directional velocity probes and
corresponding thermocouples at different heights, and sampling points
for gas analysis, as shown in Fig. 12a. Details concerning these in-
struments are described below.

4.6.2. Gas-phase temperature measurements

Internally, the compartment was equipped with thermocouple trees
at multiple locations to measure gas-phase temperatures (refer to
Fig. 9a). Each tree carried seven thermocouples (TCs) spaced evenly at
approximately 338 mm height intervals between the floor and the
ceiling. These probes enabled evaluating the gas-phase temperature
distributions and the severity of the fire. An additional eight thermo-
couples (tree TZ Fig. 9a) were paired with the velocity probes in the
opening (described in Section 4.6.4) to measure the temperature of gases
flowing in and out of the compartment, and to indicate the height of the
neutral plane. For Tests 1.1, 1.2, 2.1 and 2.2, all of the gas-phase ther-
mocouples were type K mineral-insulated metal-sheathed (MIMS)
thermocouples, with diameters of 1.5 mm. In Tests 3.1 and 4.1, a larger
diameter of 3.0 mm was used for greater robustness, as many of the
thinner thermocouples were destroyed at high temperatures of more
than 1100 °C produced in the earlier tests. In the latter two tests, a type
N thermocouple was added to each tree to corroborate the measure-
ments of the type K thermocouples at such high temperatures.

4.6.3. Heat flux sensors
Thin skin calorimeters (TSCs) were installed in walls and ceilings to
measure incident radiant heat flux onto the internal surfaces of the
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compartment boundaries. The intent of these measurements was to
quantify the severity of the fire and identify the heating conditions onto
the compartment boundaries in the decay phase of the fire after burnout.
The TSCs were designed and calibrated according to the methodology
presented in Ref. [96]. The TSCs used in this series of tests consisted of
50 mm diameter and 40 mm thick vermiculite cylinders, and a 1 mm
thick and 10 mm diameter Inconel disc. Fig. 10 shows the TSCs
embedded within the compartment boundaries and the calibration of
the C factor for quantification of the incident heat flux. Thin skin calo-
rimeters were not installed in Test 1.1 to prevent any possible damage to
the encapsulation system.

A series of three TSC towers were used in each test to measure the
heat flux coming from the opening of the compartment. The TSCs were
located on the towers as depicted in Fig. 11.a, and the TSC towers were
located away from the opening as shown in Fig. 11b. In each tower,
three TSCs were installed at heights of 0.4, 0.9 and 1.4 m from the false
floor level (FFL). The TSCs were contained inside vermiculite square
plates, which were fixed in their positions on a small steel column, while
the rest of the steel column was thermally insulated using stone wool.
The central tower (T2) was directly in front of the compartment at a
distance of 3.6 m. The two side towers were placed on a 2.3 m and 2.4 m
radius (T1 and T3, respectively) and at a 45-degree angle on both sides
of the centre tower, with the compartment opening centre line as the
radius centre.

4.6.4. Velocity probes

Stainless steel bi-directional velocity probes (BDP) were manufac-
tured according to Ref. [97] and installed at the centreline of the
opening and within the compartment on the walls (refer to Fig. 12b).
The probes were attached to OMEGA PX277-0.1D5V (+10 Pa) and
GEMS 5266 (+50 Pa) differential pressure transducers. The
probe-transducer assembly was subject to significant errors at low flow
velocities consistent with compartment openings, and therefore
required calibration [98]. Both transducer models were calibrated
following [78]. The locations of 8 velocity probes positioned at the
compartment opening are shown in Fig. 12a, the lateral view of probes
inside compartment is shown in Fig. 12b, however, ceiling velocity
probes were only included in Test 1.2. The number of velocity probes
inside compartment varied between different tests. Nine velocity probes
were installed internally in Test 1.2 with three probes mounted 300 mm
normal to the wall on the ceiling, the back wall and one of the lateral
walls. Velocity probes were not installed in Test 1.1 to prevent damage
to the encapsulation system. Six velocity probes were installed internally
in Test 2.1, 2.2, 3.1 and 4.1, with 3 probes on the back wall and 3 on one

(c)
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Fig. 10. View of the TSC embedded on (a) encapsulated and (b) exposed CLT. (c) C-factor for the TSCs calibrated using a radiant panel system at The University

of Queensland.
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lateral wall. The locations of the velocity probes inside the compartment

are shown in Fig. 12.

4.6.5. In-depth temperature measurements
Thermocouples were placed in-depth at 100 locations spread around
the side and rear compartment walls and the ceiling (represented by the
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blue circles in Fig. 9b1 and b3). At each of these 25 locations per surface,
at least one thermocouple was positioned to measure the temperature
either at the plasterboard-CLT interface (for encapsulated surfaces) or at
the glue line between the first and second lamellae (for exposed sur-
faces). On each surface, five of the locations (represented by the larger
blue circles) had a number of additional thermocouples, depending on
whether they were encapsulated or exposed timber surfaces. On
encapsulated surfaces, one additional thermocouple was placed between
the plasterboard layers at each of the five locations, while an additional
seven thermocouples were placed at various depths through the CLT in
each of the corresponding locations on exposed surfaces. The different
configurations of in-depth thermocouple placements, including their
depth from the fire-exposed surface, are shown in Fig. 13. Where mul-
tiple thermocouples were clustered in one location, they were arranged
in a circle such that there was a minimum spacing of 30 mm between
each—following the recommendation of Reszka [99] to avoid nearby
thermocouples disturbing each other. Each thermocouple was placed in
a hole drilled by a CNC machine with a stepped drill-bit, such that the
final 5 mm at the internal end of each hole was 1.5 mm diameter, while
the remainder of the hole was 2 mm diameter. All of the in-depth
thermocouples were 1.5 mm diameter MIMS type K thermocouples
with insulated junctions, chosen for durability and to ensure a tight fit
and precise placement of the tip at the end of each hole.

These measurements allowed the identification of regions experi-
encing failure, as well as heat transfer, pyrolysis or charring rate ana-
lyses at the solid compartment boundaries. The variation of
thermocouple setup resulted in a different number of in-depth thermo-
couples used between tests. With no CLT exposed, two CLT walls
exposed and three CLT walls exposed, the number of in-depth thermo-
couples were 120, 180 and 210, respectively.

Most of the in-depth readings developed in these tests were obtained
by drilling from the back of the panels—perpendicular to the heated
surface. This technique induces significant errors in temperature
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measurements [100,101] and in charring rates derived from these
[102]. However, inserting thermocouples parallel to the heated surface
was not feasible at such a large scale due to the distance of the measuring
points from the sides of the panels. Nevertheless, even with some error in
the absolute measurement values, temperatures measured in this
manner can still be used to identify failure times and phenomena asso-
ciated with inflexions in temperature evolutions. Proposed correction
methods [100-102] also offer the potential for more accurate estimates
of in-depth temperatures and charring rates.

4.6.6. Gas species concentrations

A series of four gas sampling lines were installed in the compartment
and attached to bespoke gas analysers. The intent of these devices was to
analyse the ventilation condition during the development of the fire, and
the role of different fuels in the emissions. The bespoke gas analysers
consisted of an electrochemical oxygen cell AO2 from Citicel® to mea-
sure oxygen concentration and a Non-Dispersive Infrared Spectrometer
(NDIR) model 7911 from Crestline Instruments, Inc to measure carbon
dioxide, carbon monoxide and unburned hydrocarbons. Using a KNF
pump from JAVAC, a flow of 1.5 L/min was sent through a filter system
made with glass fibre and a drying system consisting of a bottle with
Drierite™ (calcium sulfate).

The sampling lines consisted of stainless steel tubing attached to PVC
tubing using a pressure fitting. The suction points of the gas sampling
lines were placed 300 mm away from the walls in the locations shown in
Fig. 12 (c & d). The suction points were set up near bi-directional ve-
locity probes and at least one gas-phase thermocouple.

4.6.7. Video imaging

External video cameras and a water-cooled GoPro [103] were used to
obtain visual observations of the conditions within and external to the
compartment. Two video cameras were set up outside the compartment.
One was set up directly in front of the compartment opening, which was
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Fig. 13. Placements of in-depth thermocouple measuring points for encapsulated and exposed walls/ceiling.
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approximately aligned with the compartment opening centreline. The
other one was set up at the side of the compartment, which was
approximately aligned with the outer surface of the compartment front
wall to capture the behaviour of the externally venting plume from the
side.

The water-cooled GoPro was set up inside a Pyrex® beaker, which
has higher heat resistance than regular glass. A water inlet was used to
provide cold water into the beaker to maintain the camera and the
beaker at a relatively low temperature during the test, while the
warmed-up water flows naturally from the edge of the beaker. A metal
piece was glued to the front edge (around ' of the parimeter) of the
beaker to prevent water from flowing from the front of the beaker in
order to provide a clear vision for the GoPro. A plasterboard encasing
and extra aluminium tape and foil were used for protecting the setup
from radiative heat.

4.7. Testing facilities

The compartments were built and tested at the Live Fire Campus at
the Whyte Island facilities of the Queensland Fire and Emergency Ser-
vices in Brisbane (Australia).

5. Summary

Research to date has consolidated the fundamental principles of
flaming self-extinction of wood at the material scale. In engineering
terms, self-extinction can be quantified based on an external heat flux
threshold, leading to self-extinction after a transient period in the
thermal and burning behaviour. External heat flux acts as an engineer-
ing surrogate for the critical mass loss rate or the non-dimensional mass
transfer (B) and Damkohler (Da) numbers.

Multiple authors have developed a number of fire experiments at the
compartment scale with different compartment parameters, but pri-
marily ‘small compartments’. This body of work has shown interde-
pendent, complex phenomena that can influence the occurrence of self-
extinction of engineered timber structures. Time-dependent phenomena
include encapsulation failure and char fall-off that lead to increased
burning resulting in enhanced thermal feedback (incident heat flux) to
the timber structure; and the nature and density of the movable fuel
load, which determines the fire severity and burnout duration. The time-
independent phenomenon refers to thermal feedback as a function of the
configuration of timber exposure and ventilation.

Despite the research efforts on particular parameters affecting the
self-extinction of CLT, a framework to address design for self-extinction
based on a systematic testing campaign is not available. This paper has
introduced a methodology based on a series of six large-scale tests
(demonstrators) to develop and validate a self-extinction framework
based on a study of time-scale conditions (encapsulation failure and char
fall-off), the thermal feedback condition, and the fuel load nature
(charring and non-charring). The test series were heavily instrumented
to characterise each of these phenomena and were designed to isolate
individual phenomena. Studies focused on the plasterboard failure and
char fall-off were developed by controlling the characteristic time for
burnout using a pool fire system such that these failure mechanisms
were induced or prevented in pairs of configurations. Instead, the study
focused on the thermal feedback used a fixed fuel load density (burnout
duration of movable fuel load) in two tests with a different configuration
of CLT exposure (two vs three exposed surfaces). Finally, the study
focused on the fuel load nature by using fuels with a different B number
and the same fuel load density (a kerosene pool and a wood crib).
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