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This paper seeks to provide key fundamental knowledge underpinning the use of self-extinction principles as part
of a design framework for buildings with engineered mass timber structures. The results from six compartment
fire experiments in a cross-laminated timber (CLT) enclosure with different ratios of exposed timber are pre-
sented and analyzed to establish the effects of timber exposure on the dynamics of a fire and on the potential of
the fire to self-extinguish. The results show the relevance of four key parameters that need to be considered
concurrently when assessing self-extinction in mass timber compartments: (a) the characteristic time for burnout
of the movable fuel load, (b) the characteristic time for the occurrence of char fall-off, (c) the characteristic time
for the occurrence of encapsulation failure, and (d) the heat exchange within the compartment after consumption
of the moveable fuel. Self-extinction was attained only when the characteristic time for the occurrence of char
fall-off was longer than the characteristic time for burn-out and the heat exchange after burn-out resulted in a
heat flux below a well-defined threshold. The position of the exposed timber surfaces affected the magnitude of
the threshold heat flux. If the characteristic time for burn-out was greater than the characteristic time for
encapsulation failure, self-extinction was not observed to occur.

1. Introduction

Engineered timber is increasingly being used as the main structural
material for larger or more innovative building types. This is mostly
driven by sustainability [1] and expedited construction schedules [2].
Wood is combustible and fire safety thus has been a key design aspect for
engineered timber buildings. If the structural timber is allowed to ignite,
the requirement to achieve self-extinction is critical to fire safety [3]. If
the structural timber does not self-extinguish then the structure cannot
fulfill the necessary requirement to be able to withstand burn-out, and
the total loss of the building can be envisioned. This is generally an
unacceptable outcome for any complex, and particularly tall, buildings.

This paper aims to establish the fundamental principles underpin-
ning a design framework for self-extinction of engineered mass timber.

* Corresponding author.
** Corresponding author.

This work follows a literature review (Part 1) [4] of the existing body of
work, the conceptual background for self-extinction, and a detailed
description of the methodology for a series of six large-scale compart-
ment fire experiments that were designed to isolate the key phenomena
of importance. The fundamentals of self-extinction have been defined
[5-8]. If the timber surface energy balance falls below a critical value,
flaming self-extinction will occur. This must ensue before materializa-
tion of effects that increase heat flux to the wood, like loss of encapsu-
lation or char fall-off.

Char oxidation can continue in the absence of a flame, this condition
corresponds to smouldering, but needs to be clearly differentiated from
the self-extinction process described above, which corresponds to the
extinction of a gas phase flame. While ongoing heat release from
smouldering is a real and possible fire safety hazard to timber
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compartments [9-12], the analysis and discussion herein is limited to
flaming combustion and its cessation. Therefore, herein, self-extinction
is defined as cessation of flaming from combustible surfaces that form
part of the structure and burnout is defined as the flameout of the
moveable fuel load in the compartment. Burnout will occur in all com-
partments, while self-extinction can only occur in compartments with
exposed timber elements.

At any given time, the heat balance at the char surface is dominated
by the compartment fire dynamics. Thus, it is essential to understand the
relationship between ignition and burning of the mass timber, the
burning history of the movable fuel load, the transient decay of the fire
as the movable fuel load is consumed and the compartment geometry
and characteristics that define heat exchange towards the compartment
surfaces.

In this context, the state of the art review [4], identified four key
considerations necessary to evaluate the potential for self-extinction as:
(1) the thermal feedback between burning timber surfaces; (2) the
occurrence of char fall-off, which has the potential to expose unburnt
timber, thereby contributing to increase the heat released and thermal
feedback; (3) encapsulation failure, which also exposes additional tim-
ber to participate in the compartment fire, thus increasing the fuel load
and overall heat release rate; and (4) the burning duration of the
movable fuel load. Six compartment fire experiments that were designed
to explicitly tie these considerations to extinction conditions are pre-
sented here.

2. Methodology

An overview of the experiments and their relation to the self-
extinction criteria described in the previous section is shown in Fig. 1.
The timber exposure, expressed as a ratio of the exposed area (Ae) to the
total area of compartment surfaces (Ar), excluding the opening, was
varied from O (no surfaces exposed) to 0.35 (one wall and the ceiling
exposed) and 0.52 (two walls and the ceiling exposed). Fig. 2 illustrates
different exposure conditions. The influence of different timber expo-
sure on the gas phase compartment fire dynamics has been extracted
from earlier work [13,14]. The duration of the test was defined by either
the time at which burnout and/or self-extinction was deemed to have
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occurred or the time at which manual extinguishing was performed.

The burning duration of the moveable fuel load (4) is the key
defining condition for self-extinction as it drives the thermal penetration
depths into the plasterboard and timber and is key to establishing the
temporal evolution of the thermal field. Thus, a key aim of these tests
was to carefully control moveable fuel load (Fig. 1). Two different fuel
types were used to assess their respective influence on self-extinction
mechanisms: a kerosene pool fire or a wood crib. This was necessary
because the fuel has a controlling effect on the overall compartment fire
dynamics, and therefore, the temporal evolution of the thermal
boundary condition of the plasterboard and timber [15-18].

Detailed descriptions of the experimental methodology were pro-
vided in Ref. [4]. Herein, only key details are reiterated. The compart-
ments were built from radiata pine cross-laminated timber (CLT) with a
thickness of 125 mm, comprising a lamination set-up of 45-35-45 mm,
and a measured mean bulk density of 485 kg/m®. The mean moisture
content of CLT throughout the testing programme varied between 10
and 14 %, as measured with a handheld moisture meter and validated
from sacrificial samples with oven drying. The adhesive used was Loctite
HB S, a one component polyurethane adhesive. The internal dimensions
of the compartment were 3.15 m x 3.15 m x 2.7 m, with a single
opening measuring 0.85 m x 2.1 m. These compartment dimensions
were not intended to replicate real compartments, but to create a space
that allowed experiments to elucidate key conditions that were defined
in Ref. [4]. The available ventilation was deliberately kept low and
consistent to guarantee maximum temperatures and homogeneity of the
interior temperature fields.

Key instrumentation comprised: a custom-built buoyancy calorim-
eter measuring the total heat release rate based on the burned effluent
gases [19]; thermocouples (TCs) measuring gas and solid-phase
(in-depth) temperatures; thin-skin calorimeters (TSCs) to measure
total incident heat flux on both the inert and timber walls [20];
bi-directional velocity probes (BDPs) measuring local gas flow velocities
within the compartment and at the opening; gas analysers measuring
oxygen, carbon dioxide and carbon monoxide concentrations [19]; and
platform scales to measure the mass loss rate of the fuel. Internal loca-
tions of TCs, TSCs and BDPs are shown in Appendix A.

Ignition of the pool fires was with a rag at the end of a metal pole,

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
el v 2 exposed CLT walls (ceiling and one side wall), kerosene
study Test 2.1 . . %
pool fire, long fire duration
2 exposed CLT walls (ceiling and one side wall), kerosene
Thermal Test 2.2 —— ! ] (
faedback study pool fire, short fire duration
Test 3.1 || 3 exposed CLT walls (ceiling and two side walls), kerosene
8302 pool fire, short fire duration, same fuel load as Test 2.2
Fuel load nature
study
Test 4.1 | | 2exposed CLT walls (ceiling and one side wall), wood crib
i fire, short fire duration, same fuel load as Test 2.2

Fig. 1. Overview of the experimental conditions tested that highlights how changes in set-up target outcome parameters [4]. Tests 1.1 and 1.2 serve as a benchmark
representing a non-combustible compartment and enabling to establish failure characteristics of the encapsulation. Tests 2.1 and 2.2 explore the duration of the
movable fuel load and its impact on char fall-off and thermal feedback, Test 3.1 adds the effect of more exposed surface and finally Test 4.1. alters the thermal

exposure by including the fire decay of a timber crib.
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Fig. 2. Images showing interior of timber compartments with kerosene pool before fire. Subfigure a) shows the Ceiling 'E’ and Side wall ‘D’ exposed while Back wall
’C’ and Side wall 'B’ are covered by gypsum board. Subfigure b) shows the Ceiling "E’, Side wall "B’, and Side wall "D’ exposed while Back wall "C’ is covered by

gypsum board.

soaked with kerosene, that was ignited with a blowtorch outside the
compartment and then temporarily placed on the surface of the kerosene
nearest the door. For the wood crib, ignition was via four metal trays of
0.94 m length, each filled with 0.42 L kerosene, that were placed within
the second, fourth, seventh and ninth gaps out of the ten gaps at the base
of the wood crib. These trays were ignited with a blowtorch sequentially.

The burning duration of the kerosene pool fire was controlled by an
external fuel supply system, similar to the system previously used by
Tondini and Franssen [21] and adopted for compartment fires by Gorska
et al. [22]. The projected floor area of the wood crib was identical to the
pool fire (1 m x 1 m), with the fuel load density of the crib adjusted by
controlling the total number of layers of sticks. The fuel load density was
selected to match the total heat released by the kerosene pool fire where
no char fall-off occurred and self-extinction was achieved. The burning
rate of kerosene is higher than that of timber and therefore the fire
duration will be shorter in the case of the kerosene pool.

The flame heights for the kerosene pool fires were approximately
half the compartment height just after ignition, however, due to the fast
formation of a deep smoke layer the flame height was soon reduced to a
narrow area of 10-20 cm above the fuel surface. For the wood crib the
flame heights of the wood crib were higher, with limited impingement
on the ceiling and the exposed timber wall.

No significant leakages other than the intended ventilation opening
were observed, except for Test 2.1, late in the test, when the compart-
ment was breached. Localised smouldering remained after flaming
suppression for all tests with the exception of Test 1.1 (A¢/Ar = 0, short
duration pool fire). Post-flaming extinction smouldering phenomena
was not the subject of this study so these pockets of smouldering were
actively extinguished at the end of the tests.

The occurrence of self-extinction is discussed on the basis of three
characteristic times, the characteristic times for burnout of the fuel load
(tpo), of char fall-off occurrence (t.) and of encapsulation failure (tfe).
Herein, char fall-off is defined as the physical separation of pieces of char
and their movement to the compartment floor under the influence of
gravity. The temporal evolution of the thermal feedback within the
compartment after the movable fuel burnout was also monitored.

Before flashover, the rates of heat transfer to the timber structure and
the encapsulation were considered negligible compared to the rates
during the post-flashover stage. Therefore, all plots in the following
section are aligned to start at flashover. This is done to allow comparison
between tests that exhibited different times to flashover (defined as the
uppermost gas-phase thermocouples reaching a mean temperature of
600 °C).

To compare the charring rates in each experiment, the charring rate
was calculated 15 min after flashover based on the interpolated position
of the 300 °C isotherm at each TC cluster. After tests 2.2, 3.1, and 4.1,

the exposed CLT panels were cut up to allow visual measurement of the
final char depths in the vicinity of the thermocouple clusters — five on
each panel - as defined in Ref. [4]. This was not done for Test 2.1, since
the almost total charring of all exposed CLT layers, including complete
burn-through in some areas, meant that measurement of a char layer
profile would not have been meaningful.

3. Results and analysis

The main characteristics and outcomes of the tests in each of the
parameter studies are summarised in Table 1.

3.1. General observations and self-extinction

3.1.1. Burning duration of the movable fuel load

Failure to self-extinguish occurs when modes such as encapsulation
failure (tre) or char fall-off (tf.) occur, which are processes that are
dependent on the time-history of the thermal boundary condition on the
encapsulation layer or timber. Therefore, the characteristic time for the
burnout of the movable fuel load (t,) is a key parameter in the assess-
ment of self-extinction occurrence. The burnout time is governed by the
total fuel load (expressed in kg or MJ) and the fuel burning rate
(expressed in kg/s or MJ/s, respectively). The moveable fuel load is a
controllable parameter (generally dependent on the building occu-
pancy), while the fuel burning rate in a compartment fire is controlled
by contextual variables (e.g. air vitiation), thermal feedback from the
compartment, and the fuel mass transfer number of all combustible
materials [16].

The baseline tests 1.1 and 1.2 are used to establish a relationship
between the burnout duration and the fuel load per unit floor area for
this specific compartment and type of fuel (kerosene pool fire). Tests 1.1
and 1.2 were both fully encapsulated, i.e., had no initially exposed
timber, and differed only in how long the continuous fuel supply was
provided to the pool fire. Fig. 3 shows the amount of fuel consumed as a
function of fire duration and per unit area of the floor.

The quantification and control of the fuel load was undertaken, (1) to
highlight the capability of the pool fire system to establish a fuel load
with different characteristics, and (2) to quantify the total fuel load so as
to benchmark the fuel load against possible fuel loads that could arise in
other experimental studies or as part of engineering calculations. For
instance, the average load for offices and dwellings according to Euro-
code 1 [23] are shown as horizontal lines (420 and 780 MJ/mZ,
respectively). It is shown that the expected office fuel load was exceeded
after approximately 25 min, while the test duration was not sufficient to
match the expected dwelling fuel load. Applying linear extrapolation of
the data, and thus ignoring the acceleration from plasterboard
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Table 1
Summary of main test parameters and outcomes.
Study Test Exposure ratio ~ Moveable fuelload ~ Duration until End of test Charring rates” & final Outcome
D (Ae/AT) (MJ, MJ/m?) end of test (min) char depthsh (mm/min,
mm)
Encapsulation 1.1 0 6439, 38 Manually N/A, Failure of encapsulation
649 extinguished N/A
1.2 0 1310, 14 Burnout N/A, No encapsulation failure
132 N/A
Char fall-off 2.1 0.35 7855, 60 Manually 1.06-1.76, Char fall-off & compartmentation
792 extinguished N/AS breach
2.2 0.35 3156, 31 Flaming self- 0.84-1.49, Flaming self-extinction
318 extinction 21 - 36 (50)°
Thermal 31 0.52 3004, 41 Manually 1.11-2.39, Char fall-off & encapsulation failure
feedback 303 extinguished 48-83
Fuel type (wood 4.1 0.35 3106, 52 Manually 1.11-2.53, Char fall-off, encapsulation failure,
crib) 313 extinguished 47-91 & compartmentation breach

@ Estimated from thermocouple measurements and interpolation of the 300 °C isotherm at 15 min after flashover.

b Representative range from visual measurements after the test in five locations on each exposed CLT panel.

¢ Representative final char profiles could not be established for Test 2.1. In some places, the entire CLT panel had burned through.
4 Maximum values in brackets observed in an isolated location, e.g., near cracks or gaps between wood pieces.

800 i

I
|
600 | |
|
I
b

400

200
|

| Test
/| end

L= 1 1 1

Fuel consumption
per unit floor area [MJ/mz]

welling Mean Fuel Load

EN 1991 Office Mean Fuel Load
I
|
I
J

Test 1.1 - long burn
— Test 1.2 - short burn
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20 25 30 35 40
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Fig. 3. Cumulative fuel consumption per unit area from kerosene pool fire against time from ignition for tests 1.1 and 1.2. Fuel consumption was calculated from
HRR measurements which were calculated from the range of possible measurements from the velocity measurements and gas concentrations within the doorway. By
estimating the possible magnitude of the errors associated to the HRR a range of possible values was calculated and is presented as shaded area.

heating/failure, it can be approximated that the dwelling fuel load
would have been attained after approximately 48 min of burning. After
the fuel flow to the pool was closes (‘fuel off’) the pool fires did not
immediately extinguish as remaining kerosene continued to burn.

Slight differences in the slope, and thus the kerosene HRR, for the
two tests can potentially be attributed to a fault with the water-cooling
system for the pan in Test 1.2 (short), which may have caused small
quantities of water to leak into the kerosene; this was rectified for all
subsequent tests.

3.1.2. Heat release rates

The total heat release rates, as measured from the buoyancy calo-
rimeter, for all six experiments are shown in Fig. 4. After flashover, the
HRR increased rapidly followed by a fully developed stage where the
HRR changes slowly. Finally, a rapid decay stage follows the onset of
self-extinction/fire suppression.

During the fully-developed stage, the contribution of exposed timber
is shown to have approximately doubled the HRR from the kerosene
pool fire, compared to tests where all timber was encapsulated (1.1 and
1.2). With a peak HRR of 6.5 MW, the highest HRR was measured for
Test 3.1, which had three exposed timber surfaces (Walls B, D and the
Ceiling E), compared to tests 2.1, 2.2, and 4.1, which all had their
Ceiling E and Wall D exposed. The median total HRR during the fully

Test 1.1
Test 1.2

|'1atl

Ml!‘y TN
T\l i

i

Test 2.1
Test 2.2

Test 3.1
Test 4.1

ﬂ Y
’b A

HRR [MW]

1.2 2.2 3.1

0 L L L L L L L L L L

0 5 10 15 20 25 30 35 40 45 50 55 60
Time from flashover [min]

4.1

Fig. 4. Total heat release rate measured from the point of flashover for all tests
reported herein.
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developed stage of the burning was found to be 2.8, 2.1, 4.8, 4.8, 4.9,
and 5.2 MW for tests 1.1, 1.2, 2.1, 2.2, 3.1 and 4.1, respectively.

Complete flaming self-extinction of the burning timber in the
compartment was achieved for only Test 2.2 (A¢/Ar = 0.35, short
duration kerosene pool fire). The other tests involving exposed timber
required manual intervention with water jets to force extinction. A brief
summary description of the failure modes inhibiting flaming self-
extinction are as follows:

e Test 1.1 (Ae/Ar = 0, long duration pool fire), failure induced by
encapsulation failure: This test was designed to identify the encap-
sulation failure for a completely encapsulated compartment. While
no timber was originally exposed, the gradually increasing encap-
sulation failure led to exposure of timber surfaces from a large
fraction of the compartment.

Test 2.1 (A./Ar = 0.35, long duration pool fire), failure primarily
induced by char fall-off: This test was designed to induce failure so
the conditions for failure could be quantified, enabling a selection of
permissible fuel loads for subsequent tests. Test 2.1 exhibited char
fall-off, as has been described in prior papers [3,24]. The char fall-off
exposed virgin timber, thereby increasing the effective fuel load and
simultaneously the timber burning rate. The additional char on the
floor effectively increased the thermal radiation received by all the
burning timber surfaces in the compartment.

Test 3.1 (Ae/AT = 0.52, short duration pool fire), failure induced by
excessive thermal feedback: This test had three exposed timber sur-
faces (ceiling, and the two side walls), which provided sufficient
thermal feedback to each other for continuous burning after the
kerosene fuel had burnt out. This feedback was a combination of
radiative feedback between the burning surfaces, and the high heat
release provided by the exposed timber that continued to burn. This
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was sufficient to sustain a deep layer of hot combusting gases in the
upper half of the compartment. The high thermal feedback was then
subsequently increased by char fall-off, for the same reasons as in
Test 2.1.

Test 4.1 (Ae/Ar = 0.35, wood crib), failures primarily induced by
prolonged burning duration: The wood crib, which had an equivalent
fuel load to the kerosene pool in Test 2.2 and Test 3.1, was used as
the moveable fuel load in this test. This resulted in a longer burning
duration (including the effect of prolonged radiant heat flux from the
collapsed smouldering wood crib) and as a result self-extinction did
not occur before char fall-off, which caused a gradual increase in
HRR and ultimately the test had to be stopped.

3.1.3. Surface heat fluxes

The measured spatial median heat flux measurements on different
surfaces in the compartment are shown for tests 1.2, 2.2, 3.1 and 4.1 in
Fig. 5. For all tests shown, an increase in measured heat flux could be
observed following flashover. The panel with the door opening (Surface
A), recorded the lowest total heat flux exposures, which can be
explained by the effect of cold air entrainment through the door.

The highest heat fluxes were measured for Test 3.1 after the movable
fuel load burnout, as in this test three timber surfaces were exposed
resulting in the highest heat release within the compartment. Test 4.1
(wood crib burn) shows a noticeably greater demarcation of heat fluxes
compared to the other pool fire tests. The heat fluxes received on
encapsulated surfaces A, B, and C (see Fig. 2 were relatively uniform
compared to the kerosene pool fires, suggesting that the resulting gas
phase thermal conditions were more spatially homogenous. For tests,
3.1, and 4.1, which both exhibited char fall-off, the heat fluxes increased
after char fall-off occurred. For each test, heat fluxes measured on
exposed timber surfaces prior to char fall-off attained similar values

250
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Fig. 5. Heat flux measurements from thin skin calorimeters in different tests, for different compartment surfaces. The plotted values are spatial medians across

each surface.
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until the end of the tests; at this point exposed walls recorded larger heat
fluxes than the exposed ceiling.

3.2. Failure of encapsulation

Encapsulation failure (t;.) has been described as the insulation and
integrity failure of passive fire protection, which is commonly used to
prevent the onset of pyrolysis of the timber surface. This failure time is
dependent on the evolution of the incident heat flux, the fire protection
material, its thickness and arrangement (i.e. number of boards and
mechanical fastener system and spacing). The use of plasterboard is a
common feature in fire safety strategies, not only for mass engineered
timber but also for stick frame construction, utilising either wood or
steel studs. Within the fire resistance framework, the performance of
different encapsulation systems has been extensively tested globally and
formalised into codified guidance. Research into encapsulation perfor-
mance on different substrates in natural fires [25] is also available. In
this section, we do not aim to assess the performance of an encapsulation
system. Instead, we analyse the characteristic time for the occurrence of
encapsulation failure in the context of the time to burn-out, to empha-
size the role of failure of encapsulation as a function of the burning of the
movable fuel load and in relationship to the failure of the fire to
self-extinguish.

For all other tests herein, two layers of plasterboard, were used, with
the exception of Test 2.1 (A/Ar = 0.35, long duration pool fire). For
Test 2.1 an additional layer of Rockwool was placed between the two
plasterboard layers, to attempt preventing encapsulation failure and
thus to ensure a focus on the char fall-off study.

Failure of the encapsulation was studied by initially running a long
burn time (Test 1.1), and identifying through post-processing of the data
the encapsulation failure time, tr.. Test 1.2 had a deliberately short
burning duration so that the encapsulation will not fail and the fire
ended without any intervention after the external kerosene supply was
removed and the fuel had burnt out.

The total and internal HRR are shown in Fig. 6 a) and b), respec-
tively. The total HRR was determined from flow through the buoyancy
calorimeter while internal HRR was determined from flow and gas
concentrations measured at the compartment opening. The measured
HRR for Test 1.2 plateaued at approximately 2-2.5 MW and started to
decrease 7 min after flashover when the kerosene supply to the pool was
closed.

The solid-phase temperatures at the interface of plasterboard and
encapsulated timber for the three instrumented walls and the ceiling are
shown in Fig. 7 a) and b) for the short and long fully-encapsulated tests,
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respectively. A clear distinction in median panel temperatures can be
identified both for the short and long test. In both cases, the back wall
(Wall C) shows the fastest median temperature increase. Under complete
encapsulation, comparatively larger inflow velocities were measured
resulting in a pronounced plume tilting effect [14], resulting in direct
flame impingement onto the back wall. The momentum-driven flows
effectively enhance the total heat transfer to the back wall (Wall C). This
results in both higher and spatially uniform gas temperatures and total
heat fluxes. The fluid mechanics and resulting heat transfer processes are
extensively reported on by Pope et al. [14].

For the longer test (Test 1.1), the plasterboard began to fail (insu-
lation failure) at around 25 min. Parts of the outer encapsulation layer
were visually observed to crack and fall after 16-18 min, while portions
of the inner layer started to fall off after 27 min. The first observation of
complete plasterboard dehydration at the timber interface in Test 1.1
was measured after 23.2 min. This exposes parts of the virgin timber to
the fire, causing an increase in the total heat release rate due to the
pyrolysis of the exposed timber. The temperatures at the interface also
started to increase rapidly — coinciding with the observations of fall-off
from the inner plasterboard layer.

Chemically endothermic dehydration reactions inside the porous
plasterboard result in loss of mechanical properties and therefore define
the onset of failure of the plasterboard [26]. Therefore, the effectiveness
of the plasterboard can be gauged from the overall proportion of ther-
mocouples at the CLT-plasterboard interface that remain below a
selected critical temperature threshold. The temperature distributions
shown in Fig. 7 indicate a strong plateau around 100 °C which corre-
sponds to the endothermic dehydration process. The failure of plaster-
board is characterized by the sudden increase of temperature beyond the
endothermic plateau.

Fig. 8, shows the proportion of all 100 solid-phase TCs in Test 1.1
that exceed either 95, 105, or 300 °C. The first two were chosen as & 5 %
of the boiling point of water at 1 atm and represent the plateau observed
in Fig. 7. The third threshold of 300 °C is chosen as the commonly uti-
lised temperature to indicate the onset of significant pyrolysis from
wood to char [27,28]. Fig. 8 shows that the time for the first significant
increase in exceedance of the 95 °C lower bound was approximately 12
min after flashover. The time for attainment of the 105 °C threshold was
approximately 24 min after flashover and charring of the timber at the
timber/plasterboard interface occurred approximately 26 min after
flashover and coincided with the observation of first plasterboard
fall-off.

Given that the increase in number of thermocouples at the
plasterboard-timber interface exceeding 105 °C correlates well with the

5 . . r . v r
a) Total HRR b) Internal HRR :
}
4 3 L 1 -
|
I
S 3 - i
2, .
o 1
% 2 h L \ o
Forced !
: . }
| extinction
d Test 1.1 ! ]
Test 1.2 |
0 L 1 " " X " " " " " 1 " 2l
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40

Time from flashover [min]

Fig. 6. Heat release rate measurements for fully encapsulated tests 1.1 and 1.2 showing a) total HRR as measured from external buoyancy calorimeter and b) internal
HRR of kerosene fuel pan as determined from calorimetry gas species and flow at the compartment opening.
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Fig. 8. Proportion of exceedance of selected temperature thresholds for all
thermocouples at the CLT-plasterboard interface during Test 1.2.

increase in the total HRR from the compartment fire the temperature
exceedance criterion of 105 °C was deemed appropriate to define plas-
terboard failure and the participation of previously unexposed timber in
the compartment fire. This threshold is applicable only for this instal-
lation and should not be used as a threshold that universally defines
plasterboard encapsulation.

3.3. Char fall-off study

Char fall-off has been identified as a key failure mode for self-
extinction in laminated timber compartments [3,29-31]. In this study,
tests 2.1 and 2.2 replicate identical conditions, apart from the fuel load
(burnout time), which was increased in Test 2.1 to extend burning and
observe char fall-off and measure the critical thermal conditions before
and during its occurrence. The measured total HRR for these tests are
shown in Fig. 9.

For Test 2.2, the kerosene fuel supply was closed 9 min after flash-
over, leading to burnout of the remaining kerosene in the pan until all
‘moveable fuel’ was consumed. No char fall-off was observed, and both
the measured total HRR and the temperatures in the compartment
dropped, with flaming self-extinction observed to progress from the
bottom of the exposed wall (Wall D) upwards until all major flaming
stopped without external intervention. This observation is consistent

r 1 1
! Fall-off onset ! Test 2.2
6r : | Test2.1
S [ 1
|~y 1
= | |
=4 | |
I 1
% 3K 1 1
I 1 1
) I 1
I Fuel off I Fuel off
I 1
1 , Test22 Self-extinction ; Test2.1
1 1
0 1 L1 1 1 1 1 1 1l 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60

Time from flashover [min]

Fig. 9. Total heat release rate measurements for a compartment with two
exposed timber surfaces and either a short (Test 2.2) or long kerosene pool
burning duration (Test 2.1).

with the measured heat fluxes, which were greater in the upper-regions
of the compartment after the moveable fuel was consumed [13]. After
flaming self-extinction inside the compartment was attained, smoul-
dering combustion was observed to continue in localised “hotspots”.

For Test 2.1 the fuel supply was maintained for 46 min after flash-
over. Char fall-off was observed from approximately 20 min after
flashover, resulting in an increasing fire size, HRR and a longer external
flame through the opening. After 60 min, flames had breached the entire
section of CLT in localised regions in the exposed wall and ceiling of the
compartment, resulting in external flaming that necessitated immediate
suppression.

A key consideration for char fall-off and its relevance to fire safety
design is the solid-phase temperatures near the glue lines. As the thermal
conditions throughout the compartment are not homogeneous [13,14],
the thermal penetration also varies correspondingly with the spatial
distribution of energy. To consolidate this data, two temperature
thresholds of the solid phase at the glue lines are considered as time of
exceedance: (1) 300 °C due to its association with significant pyrolysis.
This temperature is also sometimes used as a criterion for char fall-off to
occur [5]. However, weakening of the adhesive capacity has been re-
ported at lower temperatures [32-36], therefore, (2) herein a lower
bound threshold temperature of 100 °C is also considered, based on its
association with moisture movement and drying processes.

The increase of temperatures at the first glue line, which is the first
location where significant char fall occurs, is shown for the exposed
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timber surfaces for Test 2.1 and Test 2.2 in Fig. 10 a) and b), respec-
tively. These allow a comparison of the effects of heating duration on the
temperature at the glue line contextualized by the observation of char
fall-off.

For Test 2.2 with shorter imposed burning duration, the glue line
temperatures continued to increase after fuel shut off. However, the
median temperatures increased only slightly and for approximately 20
min before plateauing at 100 °C followed by slow cooling. Compara-
tively, in Test 2.1 (long burn), the temperature-rise accelerated rapidly.
While there was a plateau at 100 °C, it was comparatively short.

The visual observation of the onset of char fall-off closely aligned
with rapid increases in the hottest temperatures at the glue line. The
sudden rise is expected as the char fall-off enabled the increase of heat
transfer (or even direct flame exposure) to the thermocouple. The me-
dian plateau for 100 °C lasted for less than 2 min. The subsequent me-
dian increase from 100 °C to 300 °C took less than 5 min (4.8 min). This
indicates that times to critical temperature for prevention of fall-off lie
within relatively narrow ranges.

3.3.1. Exceedance

Similar to the assessment for plasterboard failure, the probability of
exceedance of selected temperature thresholds at the first glue line of the
CLT is shown in Fig. 11. These temperatures correspond to exposed
timber in Test 2.1. The first observations of char fall-off coincided with
the first exceedance of glue line temperatures of 95 °C. The time delay
between the attainment of overall glue line temperature exceedance of
95 °C and 105 °C is almost non-existent for ceiling and wall and only
delayed by a few minutes for the temperature exceedance of 300 °C,
particularly when comparing the delays to those of the encapsulation
study tests (Test 1.1 and Test 1.2) in Fig. 7.

Observations confirm that the onset of char fall-off was a very
localized process, thus these systemic approaches based on critical
conditions, such as a critical temperature, do not provide sufficient
insight to characterize char fall-off. The large bounds of maximum and
minimum glue-line temperatures in Fig. 10 (b) are evidence that the
onset of char fall-off is highly localised. Characteristic in-depth heating
times are very long, therefore, temporal variations in the gas phase
cannot be responsible for the observed variability. Nevertheless, the
spatial variation of in-depth heating is beyond the scope of this paper.

3.4. Thermal feedback study

Thermal feedback refers to the heat transfer between the burning
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Fig. 11. Exceedance of selected temperature thresholds for all thermocouples
at the first CLT glue line during Test 2.1 for exposed surfaces.

exposed timber surfaces and the smoke layer caused by the burning
timber. If the net heat flux at the char-pyrolysis interface remains above
a critical value, pyrolysis of the timber will continue to sustain com-
bustion and therefore the timber will continue to burn at a rate pro-
portional to the net heat flux [4,37]. Re-radiation from the burning
timber surfaces, the flames established over the timber surface, and the
smoke layer are critical factors controlling the incident heat flux over
each exposed surface. Therefore, both A./Ar and the geometric place-
ment of the timber surfaces are key to the quantification of thermal
feedback and the potential attainment of flaming self-extinction. This
experimental series studied the role of thermal feedback at a large-scale
by varying Ae/Ar through Test 2.2 (Ae/A = 0.35) and Test 3.1 (Ae/AT =
0.52). Both tests were run with short duration pool fires, with the total
fuel consumption in each of these tests kept as consistent as possible and
quantified by combining the mass loss measured by the scale beneath
the pool fire tray and the flow meter connected to the fuel tank. The two
pool fires in Test 2.2 and Test 3.1 released heat of 3156 MJ and 3004 MJ,
respectively, equivalent to 73 kg and 70 kg of kerosene.

The time-evolution of the HRR for both tests is shown in Fig. 12,
including indicators for critical events. The graphs show that, as already
established, Test 2.2 achieved flaming self-extinction before any char
fall-off. At flashover, Test 3.1 was measured to have a slightly higher
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Fig. 10. Temperatures at the first CLT glue line for exposed ceiling E, and exposed side wall D in (a) Test 2.2 and (b) Test 2.1. The black dotted lines indicate the
maximum and minimum temperature reached in these panels. The shaded areas show interquartile ranges of temperature measurements for each individual panel.
The slightly faster onset of maximum temperatures in Test 2.1 compared to Test 2.2 are attributed to individual thermocouples, rather than systematically different
behaviour; this is evidenced by the similar onset of temperature increase for the spatial median across wall/ceiling in both tests.
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Fig. 12. Heat release rate measurements for tests with quasi equal fuel load and
either two (Test 2.2) or three (Test 3.1) exposed timber surfaces.

total HRR than Test 2.2 due to the heat release contribution from the
additional timber surface that had already ignited. A peak HRR of 6.6
MW was measured in Test 3.1, which is approximately 1.1 MW (20 %)
larger than the one measured for Test 2.2 with two exposed surfaces. For
a wall area of 8.37 m? exposed timber this translates to a peak heat
release rate per unit area (HRRPUA) of 131.4 kW/m? from the addi-
tional exposed wall. This value is within the expected contribution range
for cellulosic fuels [38].

The influence of the increased heat feedback is also evident in the
slower decay of the HRR after the kerosene burned out. After approxi-
mately 21 min, just before self-extinction was observed for Test 2.2, the
HRR for Test 3.1 reached an inflection point (at about 2 MW) which
coincided with the observation of onset of char fall-off and the subse-
quent increase in the HRR. After the char fall-off exposed fresh timber, a
continued increase in HRR was measured with char fall-off progressing
up to a point where the floor was completely covered with fallen char
pieces after around 34 min. This continued until the HRR was measured
as approximately 3.8 MW. At this point self-extinction was deemed to
not be achievable and the fire was extinguished through application of a
water jet. The process of self-extinction for Test 2.2 is contrasted against
the ongoing burning of the three surfaces in Test 3.1 in Fig. 13 a) and b),
respectively. In both cases the kerosene pool fire has burnt out, resulting
in enhanced visibility from the cleaner burning timber.

In comparison to Hadden et al. [3], who had reported a test, denoted
‘Gamma’, with three-sided exposure in a similarly sized compartment,
we measured a peak HRR of 3.8 MW after burnout of kerosene, which is
very similar to the steady state HRR reported by Hadden et al. of approx.
3.5 MW. However, a decay down to 2 MW was observed here after the
kerosene fuel had burnt out, while Hadden et al. never reported a
reduction in HRR below 3.5 MW. This can be attributed to the different
thicknesses of lamellae. Hadden et al. used CLT with an outer layer
thickness of 20 mm, compared to 45 mm herein. A thicker layer delays
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the time for the glue line to heat up and thus, for Hadden et al., the onset
of fall-off coincided with the burnout of the fuel load, while here a
thicker char layer was established as the kerosene fuel burnt out
allowing for a greater decay in the burning rate before fall-off occurred.

The surface incident heat flux conditions for flaming self-extinction
are examined in detail in Fig. 14 a), and b), which show the TSC
derived heat flux values for the time period where self-extinction
occurred in Test 2.2, for exposed Wall D and Ceiling E, respectively.
The shown heat flux values are from individual TSCs on each exposed
surface and thus show higher variance than the spatial medians shown
in Fig. 5. A critical value of 40 kW/m? is superimposed alongside the
visually observed time period over which self-extinction was recorded;
the value of 40 kW/m? was chosen based on bench-scale findings of self-
extinction by Cuevas et al. [39], who recorded this value as an upper
limit for upwards facing CLT in a Fire Propagation Apparatus. The time
period over which self-extinction occurred is longer for Wall D, for
which self-extinction was observed to start at floor level and to transit
along the wall. For the ceiling self-extinction began near the unexposed
Wall B and moved towards the shared exposed edge with Wall D, which
was the location where self-extinction occurred last.

For Wall D, the onset of self-extinction coincides closely with the self-
extinction threshold of 40 kW/m?, which also aligns with recent findings
by Hopkin et al. [40], however, for the ceiling, self-extinction begins at
heat fluxes markedly above 40 kW/m?, at approximately 70 kW/m? —
this may be due to limited availability of oxygen near the ceiling,
compared to the wall.

The energy balance for self-extinction (and lack thereof) may also be
considered at the pyrolysis region, as was defined in Ref. [4]. Herein this
is considered from the temperature gradient at the char-timber interface
and is calculated at multiple positions of high in-depth temperature
thermocouple clusters. The thermocouple readings from known depths
were used to calculate the position of the char-timber interface for each
time-step using a smoothing spline [41] and a 300 °C [27] temperature
threshold. The temperature gradient was then calculated from a differ-
entiation of a 3rd degree polynomial fit at the previously located 300 °C
isotherm, i.e. the timber-char interface. The resulting heat flux from the
char to the pyrolyzing timber was then calculated as shown in Equation
(1) as the product of the temperature gradient (at the char side of the
pyrolysis front (x;)) and the thermal conductivity of the char (k.), which

was assumed as 0.097 W/mK at 300 °C [42].
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The second term corresponding to in-depth heat losses was found by
Emberley et al. [7] not to rapidly attain a constant value, so for the
purposes of this analysis it will not be considered and q;;p will be
established only in terms of the gradient in the char. The heat flux values

(—kZ

Cox

i ocq'gﬁp) for the exposed ceiling are shown in Fig. 15 a) and b)

Fig. 13. Images showing interior of timber compartments after burn-out of kerosene. Subfigure a) shows only a limited area of flaming combustion near the top of
the exposed side wall. Subfigure b) shows continued flaming combustion throughout the compartment.
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Fig. 15. In-depth temperature derived heat flux at the interface between char and pyrolysis regions for the ceiling in Test 2.2 and Test 3.1.

for tests 2.2 (two exposed surfaces) and 3.1 (three exposed surfaces),
respectively. The heat flux values increased after ignition, reaching a
peak around the time the fuel flow for the kerosene was closed, followed
by continuous decay. Overall, the heat flux values in Test 3.1 appear to
have been higher than those for Test 2.2, however, individual clusters in
Test 2.2 showed the highest peak values. This aligns with the compari-
son of gas-phase temperatures and surface heat fluxes in each test, as
these were generally higher for Test 3.1, but maximum values in certain
locations were higher for Test 2.2 [14].

In Test 2.2, decay of the heat transfer continued alongside the decay
of HRR (see Fig. 12) and incident heat flux (see Fig. 5) until self-
extinction occurred at around 1.5 kW/m?% in agreement with similar
values previously reported by Emberley et al. [7]. For three exposed
surfaces, the burnout of the kerosene fuel also led to a gradual drop in
heat transfer from char to pyrolysis region, however, ultimately this
reduction is arrested and a steady state heat transfer of approximately

10

1.75 kW/m? was established for about 10 min, before a renewed in-
crease of conductive heat flux, which was linked to increased incident
heat flux at the surface and loss of insulating char.

3.5. Fuel type study

The fuels studied here represent two distinct limits in mass transfer
numbers [15,16] thus will have very different burning rates for equal
heat feedback to the fuel surface. In reality, fuels likely consist of com-
plex mixtures of plastic and cellulosic polymers with non-standard ge-
ometries and configurations. Some materials, for example timber, will
form a carbon rich char, which will oxidize and smoulder at elevated
temperatures, while some plastics will melt, pyrolyze and burn directly
without leaving char residue.

In the context of compartment fires, long chain hydrocarbon fuels
such as plastics, or in this case kerosene pools, possess larger mass
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transfer (B-numbers) than wood cribs, meaning that the energy available
to continually produce gaseous fuel is greater than the energy re-
quirements to generate the gaseous fuel [14]. Wood cribs are distinct, as
their porous physical structure shields most of the burning sticks from
the external effects of the compartment, resulting in a reduced mass
transfer number compared to pool fuels [16]; this resulted in a relatively
longer burning duration for a wood crib compared to a pool fire with
equivalent fuel load. Furthermore, the leftover smouldering char residue
from the large quantity of burning wood created an additional radiation
source that increases the thermal exposure onto the burning timber
surfaces.

Considering these factors, Test 4.1 featured a compartment with two
exposed surfaces (A/Ar = 0.35), with a wood crib fuel load that was
adjusted to be identical to the Test 2.2 kerosene pool fire. Thus, a
comparison of Test 2.2 and Test 4.1 enables a comparison of the effect of
fuel type on the attainment of flaming self-extinction in the mass timber
compartment.

The total HRR in tests 4.1 and 2.2, as measured from the buoyancy
calorimeter are shown in Fig. 16 a). Fig. 16 b) shows the HRR of both the
wood crib and pool fire. For the former, this was calculated from the
measured mass loss of the crib with an assumed effective heat of com-
bustion of 17.5 MJ/kg, and for the latter from the flow rate of kerosene
with an assumed effective heat of combustion of 43.1 MJ/kg. The wood
crib burned slower and therefore, despite its equal fuel load, extended
the burning duration for Test 4.1 to a point where time-dependent
mechanisms such as char fall-off occurred; despite this char fall-off
occurring later than observed in Test 2.2 and Test 3.1. The smoul-
dering wood crib residue and char fall-off are shown in Fig. 17.

After the occurrence of char fall-off, the total measured HRR in Test
4.1 increased from approximately 3.1 MW, 33 min after flashover, to
approximately 4.4 MW, at 46 min after flashover (0.1 MW per minute).
This rate of HRR increase was similar to that measured for Test 3.1, from
2to 3.8 MW in 15 min (0.12 MW per minute). Despite the lower burning
rate and HRR of the wood crib itself, the total HRRs during the fully-
developed phase and onset of the decay phases were quite similar
(within 500 kW, ~10 % of Test 2.2 steady HRR). There are two possi-
bilities to explain the difference in moveable HRR: (1) the magnitude of
heat fluxes and consequently burning rates of exposed timber is greater,
and (2) more uniform heating in the compartment (both vertically and
horizontally) resulting in a greater total mass of pyrolysates released.
The first possibility can be considered from Fig. 5 which shows similar
peak heat flux exposure to the exposed surfaces, however, for the
encapsulated backwall the heat flux exposure was greater in Test 2.2.
Preliminary analysis of the gas-phase temperature measurements from
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Fig. 17. Image showing collapsed wood crib in compartment. No flaming is
visible from the charred remains of the wood crib but it is glowing visibly.
Exposed timber side wall and ceiling are burning (flaming combustion). A piece
of flaming timber/char can be seen falling from the ceiling and is labelled as
*Char fall-off".

thermocouples during the fully-developed phase showed more uniform
burning conditions and thermal exposures with the wood crib; this was
described in a separate publication by Pope et al. [13]. This was asso-
ciated with the aerodynamic stalling of the inflow air by the crib
structure, resulting in a completely buoyancy-driven fire plume. As the
crib was slowly consumed and collapsed, a large quantity of smoul-
dering char from the crib residue formed, providing an additional heat
source into the compartment [13].

4. Discussion

This section focuses on identifying relevant design considerations for
the development of the self-extinction framework and associated tools
for the adequate quantification of the mechanisms controlling the
occurrence of self-extinction. These design considerations are related to
the characteristic times.

In the case of encapsulated surfaces, the tools available for designers
to prevent encapsulation failure must quantify its characteristic time for
failure, t; .. The failure of plasterboard is complex and dependent on its
composition and thickness itself, but also the mechanical fixings used to

7 T
: a) Total HRR Test 2.2 b) 'Moveable'
6 : 10 Test 4.1 fuel 1
5t Fall-off onset  {} :Fuel l
g | off
E 4 1 1r 1 E
o
£ ) -
2 L o 1 o
1
1
1 Self-extinction - ' ]
1
0 M 1 M A /\'A\MA‘
0 20 40 0 20 40 60

Time from flashover [min]

Fig. 16. Measurements of a) the total HRR and b) internal moveable fuel load HRR, for short pool fire fuelled Test 2.2 and wood crib fuelled Test 4.1, both with two

surfaces exposed.
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attach it to the timber surface. Proprietary fire ratings are available for
most plasterboards; however, these are usually derived from stand-
ardised fire tests and thus do not reflect real time conditions in a
compartment fire but exposure duration in a furnace following a
standardised temperature time curve.

A surrogate for t;, can be a critical failure temperature, nevertheless,
this temperature needs to be treated with caution. For the conditions of
these specific experiments, the onset of plasterboard failure was closely
associated with the exceedance of 105 °C, herein considered as the
completion of the drying process. Thus, the dehydration of the plaster-
board can be considered a potential design target.

A second characteristic time scale is the time to char fall-off () and,
under the presented experimental conditions, it was dominated by the
thermal conditions at the first glue line interface. Once again, a surro-
gate temperature can be used. Nevertheless, the relationship between
char fall-off and temperature was not as clear. In Test 2.1., when tem-
peratures exceeded 100 °C at the first glue-line, what followed was a
rapid temperature increase associated with char fall-off. However, in
Test 2.2, thermocouples were observed to exceed 100 °C without char
fall-off. In this case, no sudden temperature increase was observed,
indicating that the 100°C threshold corresponded to the progression of
the drying front. The results also show that, where fall-off did occur, the
exceedance of 95 and 105 °C occurred in a relatively narrow time frame,
compared to the failure of plasterboard. Therefore, the exceedance of
100 °C is not a suitable char fall-off indicator on its own but must be
considered with additional information. The evidence provided here
shows that 300 °C is not a suitable threshold since a rapid increase in
temperature at the exceedance of 100 °C indicated char fall-off. Ulti-
mately, char fall-off remains a complex phenomenon that depends not
only on heat exposure but also on the type of adhesive, applied load and
thermo-mechanical behaviour [29,35,43-45], thus simple temperature
thresholds are unlikely to properly characterize t; .

The characteristics of the fuel load will significantly affect both t;,
and t; .. The experimental data showed that the heat flux to all surfaces
for the wood crib test was delayed, compared to the kerosene fire,
despite achieving a similar peak total HRR. The kerosene resulted in a
sootier fire, causing higher initial radiative heat flux values from the gas
phase, compared to the wood crib. Nevertheless, the reduced burning
rate of the fuel for the crib, paired with the radiation from the smoul-
dering crib char residue also meant that the time to self-extinction was
prolonged. Thus, the nature of the fuel has a significant influence on the
relationship between the time to burn-out and the time for char fall-off.
The fuel load used here was relatively low and below usual office or
residential expected fuel loads. For real furniture the fuel will likely
consists of a mix of fuel types, somewhere between the extreme condi-
tions presented here of either pure cellulosic or pure hydrocarbon fuels.

Design must also account for the thermal feedback to the exposed
timber surfaces from the other surfaces of the compartment. A critical
thermal feedback condition can be achieved when more than a critical
surface area of timber is exposed. When the exposed surface area is
greater that this critical value the exposed timber walls and ceiling will
continue to burn. Herein the influence of the ratio of exposed timber
area to the total internal compartment area was qualified in observa-
tions of self-extinction and quantified in form of three parameters: the
heat release rate, the incident heat fluxes on the surfaces of the exposed
timber, and the net heat fluxes at the interface of char and timber.

The effect of exposure ratio is initially manifested during the decay of
heat release and net heat flux after the burnout of the movable fuel load.
Consistently with observations by Gorska [17], the rate of decay is
inversely proportional to A¢/Ar and therefore, during decay, the
attainment of equivalent thermal conditions is expected to be delayed
with a higher exposure ratio.

As surfaces start to extinguish, the thermal decay within the
compartment continues, ultimately resulting in flaming self-extinction
of all exposed timber surfaces. In contrast, tests above the critical
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exposure condition showed that the decay of heat release and net heat
flux in reached a steady state, thus suggesting that a thermal equilibrium
point was attained in the compartment causing the continuous burning
of timber. It cannot be clearly deduced if self-extinction can occur if char
falls off, as in all cases studied, the onset of char fall-off occurred during
periods when HRR was already decaying. However, the heat flux
exposure values to all surfaces, and especially to the exposed surfaces
indicate that this would have been unlikely as the median heat flux
exposure did not fall below 170 kW/m?2.

After complete burnout of the movable fuel load, the incident heat
measured at the surface of the exposed timber surfaces is the result of
local incident heat flux from the flame attached to the timber surface
and the radiative heat exchange within the compartment, which in-
cludes the burning timber surfaces, the encapsulated surfaces, the smoke
layer and the opening. While during the thermal decay the smoke layer
is shown to reduce in height, the role of the smoke layer appears to
remain important. Therefore, a thermal feedback analysis solely based
on a radiative feedback analysis between surfaces in an optically thin
medium may not be sufficient, and the contribution from the smoke
layer must be considered. The nature of the fuel residue is relevant since
charring fuels can result in a large amount of oxidising charcoal on the
floor after flameout of the movable fuel, which cannot be neglected from
a radiative heat feedback point of view.

This series of experiments has unfortunately not been able to explore
the effect of the ventilation factor on the occurrence of flaming self-
extinction. Since the opening plays a major role controlling the heat
losses in the compartment, the ratio of exposure to sustain critical
conditions cannot be generalised to a specific area of exposed timber
versus total compartment internal surface area.

5. Conclusions

This work describes outcomes from a series of compartment fire tests
for full-scale timber compartments with a fixed opening and varying fuel
types, fuel loads, and areas of timber exposure. Measurements are pre-
sented for the heat release rate, the temperatures at critical in-depth
locations, namely the interface between timber and fire-rated plaster-
board, and the first glue line, as well as heat flux measurements on all
surfaces of the tested compartments and temperature gradient derived
net heat flux measurements at the char-timber interface.

The experimental set-up allowed for careful control of the fuel load
and, therefore, a clear distinction between burnout, defined as the
cessation of flaming of the moveable fuel load, and self-extinction,
defined as the cessation of flaming of combustible structural elements,
i.e. timber. With the proliferation of tall buildings with exposed mass
timber, a clear distinction between burnout and self-extinction should
be considered critical for the fire safety strategy.

Flaming self-extinction was successfully achieved in a targeted test
with a limited fuel duration that led to fuel burnout and self-extinction
of two exposed timber surfaces (ceiling and wall) before char fall-off
occurred. In a comparative test with a longer fuel duration, char fall-
off occurred after approximately 22 min. This provided valuable refer-
ence data on the time to fall-off, which should be considered as a key
design criterion for holistic fire safety engineering of engineered timber
structures.

Self-extinction for an exposed wall aligned closely with a bench-scale
heat flux threshold of 40 kW/m? for the specific timber used, however,
self-extinction of the exposed ceiling occurred at higher measured heat
flux values, around 70 kW/m?.

Measured incident heat fluxes in the compartment were highest on
exposed timber surfaces, and this effect was especially prominent after
the original fuel load had burned out, causing a shift in fire dynamics
from the centrally positioned moveable fuel load to the burning exposed
timber surfaces.

Failure to achieve self-extinction was caused either through exces-
sively high thermal feedback caused by too many exposed timber
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surfaces, or by the occurrence of char fall-off when the burning duration
was extended. The former was demonstrated for three exposed timber
surfaces, which resulted in a steady state heat transfer from the char to
the pyrolyzing timber greater than an extinction threshold. Char fall-off
occurred in all tests that did not self-extinguish; it was especially
prominent for a wood crib test, which was designed with the same fuel
load and exposed timber as the pool fire test that did extinguish. As the
wood crib burned out slower and its char provided additional heat flux,
it prolonged critical heat flux values above self-extinction to the point of
char fall-off. This highlighted the importance of the fuel type and should
open conversations on the difference between charring and non-
charring fuels and their effect on the overall heat balance in a mass
timber compartment.
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