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Abstract

A full-scale compartment fire test was performed to assess gypsum plasterboards and wood
based panels as cladding materials for the fire protection of light and massive timber elements.
The test compartment was constructed using both the Timber Frame and the Cross Laminated
Timber techniques; a wood crib was used to achieve realistic fire conditions. Temperature
measurements and optical inspection evidence suggested that gypsum plasterboards offered
adequate fire protection since they did not fail and no charring was observed in the timber
elements. A free standing wall inside the test compartment, protected by wood-based panels,
partially collapsed. Measured values of characteristic failure times, such as time to failure of fire
protection cladding and time to onset of charring, were compared to relevant Eurocode
correlations, achieving good levels of agreement. The obtained set of measurements, describing
the time evolution of a large variety of physical parameters, such as gas and wall layer

temperatures, can be used for validation of relevant advanced fire simulation tools.

Keywords: Timber Frame, Cross Laminated Timber, CLT, Gypsum Plasterboard, Wood Based
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1. Introduction

Timber construction offers a range of advantages in terms of cost, time for construction,
energy efficiency and sustainability [1]; it is also capable of exhibiting high anti-seismic and fire-
safety performance, which is at least on par with "massive™ construction techniques (e.g.
reinforced concrete) [SP Report 2010]. Since raw wood is essentially a solid fuel, fire safety
regulations dictate the use of fire protection means for timber elements, aiming to reach the
required levels of fire resistance (e.g. load bearing function, integrity). Fire protection of timber
elements is commonly achieved either by the application of fire retarding agents (e.g.
intumescent coatings, impregnation) or by the installation of fire protecting claddings on the “fire
exposed” side of the elements. The most common materials used as fire protection claddings are
gypsum plasterboards (GP) and wood-based panels (WBP) [2].

Gypsum plasterboards are extensively used as a fire protection cladding for timber
construction [2,3]. A typical gypsum plasterboard consists essentially of a gypsum layer
sandwiched between two heavy paper sheets. The crystal lattice of raw gypsum (CaS042H20)
contains approximately 21% by weight chemically bound water. When exposed to an increasing
temperature environment, calcium sulphate di-hydrate (CaSO42H20) undergoes two endothermic

decomposition reactions during which the chemically bound water dissociates from the crystal



lattice and evaporates. This process, known as “gypsum dehydration” (or “calcination”), occurs
in the temperature region between 90°C and 250°C. Gypsum chemical decomposition
(dissociation of the chemically bound water) occurs in two stages [4]. In the first stage, calcium
sulphate di-hydrate (CaSO42H20) loses 75% of its water, thus forming calcium sulphate hemi-
hydrate (CaSO4%2H20). If gypsum is further heated, a second reaction occurs, where the calcium
sulphate hemi-hydrate loses the remaining water to form calcium sulphate anhydrite (CaSOa).
Both reactions are endothermic, requiring large amounts of energy to be completed. Therefore,
heat transfer through gypsum plasterboards is practically impeded until the dehydration process is
complete; the advanced fire resistance characteristics of gypsum plasterboards are mainly owed
to this effect.

In the current study, the fire protection potential of gypsum plasterboards and wood-based
panels for light and massive timber elements is comparatively assessed. A large-scale
compartment fire test is performed; temperatures at various depths of the multi-layered wall
assemblies are continuously monitored, aiming to thoroughly investigate the thermal behaviour of

timber elements and the respective fire protection claddings.

1.1 Light and Massive Timber Element Construction

Two contemporary timber construction techniques are employed in this study, namely the
Timber Frame (TF) and the Cross Laminated Timber (CLT) system. The timber frame system is
used worldwide (e.g. N. America, Japan, N. Europe) for the construction of load-bearing wall and
floor assemblies, especially in the case of low-rise buildings. The timber frame system is based
on light timber structural members of rectangular cross-section (studs, battens) that provide a
stable frame to which interior and exterior walls are attached. The timber frame is covered by a
variety of sheathing panels (e.g. plywood, oriented strand boards, medium density fibreboards,
particleboards, chipboards), whereas the air cavities formed between the TF members are usually
filled with thermal and acoustic insulation materials.

The CLT system, also known as Glued Laminated Timber, Glulam or XLam, is a relatively
new timber construction technique used for the construction of mid- and high-rise buildings,
which is becoming increasingly popular in certain regions (e.g. Austria, Italy, N. America). The
CLT system is based on prefabricated massive timber panels, consisting of 3 to 7 timber layers
stacked crosswise (typically at 90 degrees) and glued together; the thickness of each individual
timber layer ranges from 10 mm to 50 mm and its width may vary from 60 mm to 240 mm. The
CLT panels are used to construct load-bearing wall or floor assemblies. The CLT system offers a

range of advantages over the timber frame system, such as higher in-plane and out-of-plane



strength and stiffness, better air tightness and lower risk of fire spreading due to the absence of air
cavities. Due to the inherent nature of thick timber members to char slowly and at a predictable
rate, massive timber systems can maintain significant structural resistance for an extended period
of time when exposed to fire [5]. CLT panels have the potential to provide excellent fire
resistance characteristics, often comparable to typical massive assemblies of non-combustible
construction. However, the CLT panels may increase the total fire load; the addition of a fire

protection cladding at the exposed side increases the overall fire resistance rating of the system.

1.2 Large-Scale Compartment Fire Tests of Protected Timber Structures

Standard fire resistance tests of wall assemblies are conducted under rigorously controlled
furnace conditions, using gaseous fuel burners to reproduce the ISO 834 temperature-time curve
[6]. The increasing interest in CLT construction has stimulated a number of studies focusing on
the behaviour of CLT elements when exposed to a standard fire resistance test [7-11]. However,
results obtained in fire resistance furnaces may not be representative of realistic fire scenarios,
where wall assemblies are not actually heated in a uniform or continuous manner [12]. On the
other hand, natural fire tests, where “solid fuel packages” (e.g. wood cribs or real furniture items)
are used, create more realistic fire conditions. Despite the increasing number of experimental
studies on natural fire tests in large scale compartments [13-16], there are few relevant literature
reports focused on the fire behaviour of load-bearing CLT elements.

A series of fire experiments in a full-scale compartment has been performed by VTT [17],
using both light and massive timber construction techniques. It was demonstrated that when
gypsum plasterboards are used as a fire protection cladding, heat flux to the timber structure is
dramatically (90%-97%) reduced and the onset of charring is considerably delayed (by 20-40
min). In addition, the use of gypsum plasterboards cladding was found to result in higher
compartment gas temperatures and lower probability of external flaming; the Eurocode
correlation [18] was found to significantly over-predict the measured indoor air temperatures by
300-500°C. A large-scale natural fire test has been performed by the CNR-IVALSA group on a
three-storey CLT building [19]. The 10 m high building was exposed to a typical residential fire
scenario; gypsum plasterboard protection was found to limit the observed charring depth in the
CLT panels. A very systematic study, comprising 5 full-scale compartment fire tests using
protected and unprotected CLT panels, has been recently performed in Carleton University [20].
It was observed that protected CLT panels exhibited no noticeable contribution to the fire load,
while unprotected CLT panels delaminated and had a significant contribution to the total fire load

of the compartment.



The main scope of the current study is to evaluate the effectiveness of gypsum plasterboards
and wood-based panels as fire protection claddings for timber construction, using either light or
massive timber elements; towards this end, a natural fire test is performed in a full-scale
compartment where both timber frame and CLT construction systems are simultaneously used. In
addition, the extensive set of measurements obtained during the test is intended to serve as a

detailed validation suite for relevant fire simulation tools.

2. Experimental Methodology

2.1 General Layout of the Test Compartment

The internal dimensions of the test compartment are 2220 mm x 2220 mm x 2110 mm. An
open window, measuring 430 mm x 980 mm, provides the required ventilation (Fig. 1). The
window is located on the S side; the distance of the window sill from the compartment’s floor is
940 mm. A fire-protected door is installed at the E wall to facilitate access to the fire
compartment; the door is closed during the test. Aiming to simultaneously investigate the fire
behaviour of two timber construction systems, a symmetrical layout is selected; timber frame is
used in two vertical walls (E, S) and the ceiling, whereas CLT is used in the remaining vertical
walls (W, N) and the floor. The installation of the fire protection claddings (e.g. spacing of
fasteners) is performed in accordance with the Eurocode 5 [2] design guidelines.

2.2 Detailed Construction of the Wall Assemblies

Rectangular (85 mm x 40 mm) cross-section timber studs and battens are used to construct the
basic frame of the timber frame wall assemblies, with 10 mm thick plywood panels serving as the
sheathing layer; the closed cavities created by the timber frame are filled with an 85 mm layer of
rock wool (Fig. 2, left). The CLT wall assemblies are formed using pre-fabricated 5-layer CLT
panels, 95 mm thick; rectangular (40 mm x 85 mm) wood studs on the indoor side provide the
frame for installing a 40 mm rock wool layer (Fig. 2, middle). In both timber frame and CLT wall
assemblies, a final fire protection cladding layer, consisting of two 12.5 mm fire-resistant (type
DF) gypsum plasterboard panels, is installed on the indoor side. A double layer of 12.5 mm fire-
resistant gypsum plasterboard panels is also used for the internal lining of the floor and the
ceiling; in this case, an additional fire-resistant chipboard panel, 16 mm thick, is installed beneath

the gypsum plasterboard layers to reinforce their mechanical strength.



In addition, a free standing wood-based panels wall, measuring 800 mm x 2000 mm is
constructed inside the test compartment, using the timber frame technique (Fig. 1). Multiple
layers of fire-resistant engineered timber panels are used in the TF-WBP wall assembly; it
consists, from the N to the S side, of two layers of 16 mm fire resistant (Euroclass B - s2, d0)
chipboard, one layer of 10 mm plywood, the 85 mm x 40 mm timber studs combined with 85 mm
rock wool, one layer of 10 mm plywood and two layers of 16 mm fire resistant (Euroclass C - s3,
d0) MDF (Fig. 2, right). The chipboard panels, due to their higher reaction to fire rating
compared to the MDF panels, are installed at the northern side of the free standing wall, which

lies closer to the fire load.

2.3 Fire Load

In natural fire large-scale compartment fire tests, the fire load is commonly simulated using
wood cribs [17, 19, 21, 22]. Wood cribs exhibit a range of advantages over real furniture, such as
enabling sufficient air entrainment in the fire load and intensifying the levels of heat transfer and
turbulent mixing [23]. Consequently, a wood crib is selected for the current study.

The design fire load density is estimated following the methodology described in Eurocode 1
[18], assuming a typical office room (420 MJ/m?). The fire load is simulated using 105 kg of fir
wood; its lower heating value (19.87 MJ/kg) was measured, according to the 1SO 1716 standard
[24], using a Parr 6200 isoperibolic oxygen bomb calorimeter. The wood crib assembly,
measuring 900 mm x 1200 mm x 660 mm, is placed at the NE corner of the room, in such a way
as to provide uniform thermal exposure conditions to the adjacent timber frame (E) and CLT (N)
walls (Fig. 1).

The fire ventilation conditions in the test compartment are estimated using a correlation for the
calculation of the global equivalence ratio, GER = (m's ro/ m'a Yoz,air) [25]. The constant fuel mass
loss rate, m's(kg/s), is calculated by assuming complete combustion of the entire fire load at the
end of the test (45 min). For the oxygen to fuel stoichiometric mass ratio, the value of ro=1.52,
suggested in a relevant experimental study on wood crib compartment fires [26], is used. The
mass flow rate of the entrained air, m'a (kg/s), is estimated using an empirical correlation, m'a=
0.52AHY2, where A (m?) is the total area of the opening and H (m) the opening height [27]. The
calculated value of the global equivalence ratio, GER = 1.17, suggests that slightly under-

ventilated fire conditions are developed in the test compartment.



2.4 Instrumentation

An extensive set of measuring devices is installed in the test compartment, aiming to
continuously monitor a broad range of physical parameters (Fig. 1). The obtained measurements
allow a detailed description of the thermal behaviour of the multi-layered wall assemblies and of
the main characteristics of the multi-component flow-field developing inside the test
compartment.

Gas temperatures inside the test compartment are monitored using 14 chromel type K bare
bead thermocouples, 1 mm in diameter, located in two thermocouple trees (Fig. 1), arranged at 7
different heights (50, 500, 1000, 1250, 1500, 1750 and 1900 mm above the floor). The first
thermocouple tree (TCT-NW) is installed near the NW corner of the test compartment, where,
due to the presence of the TF-WBP free standing wall, combustion products are expected to
accumulate. The second thermocouple tree (TCT-SE) is installed near the SE corner of the test
compartment, close to the open window (Fig. 1). The used thermocouples exhibited a standard
calibration uncertainty of £2.5°C between -40°C and 333°C and of 0.75% for the temperature
range 333°C to 1200°C. Bare bead thermocouples installed at the interior of fire compartments
are known to exhibit systematic errors owed to radiative heat transfer [13, 23, 28]. The recorded
thermocouple data are corrected for radiation using a “post-processing”” methodology [13, 23].
Details on the employed gas temperature measurement correction method are given in the
Appendix.

Wall surface temperatures and temperatures at the interfaces between the various wall
assembly layers are monitored using 15 type K thermocouples, installed at 3 representative
timber frame, CLT and wood-based panel protected timber frame wall assemblies (Fig. 2). All
thermocouples are installed at a height of 1490 mm from the floor; they are placed at the main
interfaces between the various material layers. The coding used for naming the wall assembly
temperature measurements comprises 3 parts; the first corresponds to the wall assembly type (TF,
CLT, WBP), the second to whether the measured temperature refers to either the gaseous
environment (G) or the wall (W) and the third part indicates the distance (in mm) of the
thermocouple from the exposed surface of the wall assembly (Fig. 2). Aiming to describe in
sufficient detail the dynamic behaviour of the developing thermal-field in the test compartment, a
5 s sampling rate is used for the gas and wall surface temperature measurements.

An infra-red camera, aimed through the window at the northern CLT wall, is used to monitor
temperature variations at the exposed side of the wall. Flame shape and location are recorded
using 3 high-definition video cameras installed at the corners of the test compartment (Fig. 1). A

Madur GA40-Plus gas analyser is used to monitor variations in the gaseous concentrations of key



species (Oz, CO2, CO, SO2, NO, NO2 and total NOx). The gas analyser probe is installed 300 mm
below the ceiling (Fig. 1); a 25 s sampling rate is used. Finally, the vertical velocity of the
gaseous products emanating from the upper part of the window is measured using a Pitot tube.
The complete set of measured data can be found in a recent report [Pyrosbestikh, 2011].

3. Results and Discussion

3.1 Fire Development

Fire initiation is achieved by igniting a paraffin soaked fabric located under the crib. The fire
is allowed to develop freely (natural fire), until the end of the test, 45 min after fire initiation,
when it is suppressed. Table 1 summarises the observed major events and correlates them to
representative measured average gas temperatures. A rapid increase of the fire power is observed
during the initial fire growth stage; the gaseous temperature quickly reaches 750°C.
Approximately 9 min after fire initiation, there is a sudden decrease in the gas temperatures; a
local minimum (420°C) is reached at the 11 min mark. A sudden drop in oxygen concentration is
simultaneously recorded at the same time period (9 - 11 min). This behaviour suggests that
strongly under-ventilated fire conditions are temporarily established in the compartment, owed to
the rapidly increasing concentrations of combustion products; however, the ambient air
entrainment through the window results in a gradual increase of the indoors oxygen
concentration, thus allowing gas temperatures to regain their previous levels, roughly 13 min
after fire initiation. Approximately 17 min after fire initiation, the fire growth stage is completed
and gas temperatures reach their peak values (830°C). Fully developed fire conditions are then
established that last until the end of the test. At the 21 min mark, the thermocouple tree installed
near the SE corner (TCT-SE) failed. The S side of the TF-WBP free standing wall, partially
collapsed approximately 35 min after fire initiation.

Temperature measurements across the timber frame and CLT wall assemblies, as well as post-
fire visual inspection, suggest that no charring occurs in any timber frame or CLT element; this is
mainly attributed to the fact that the double gypsum plasterboard wall fire protection layer stays
in place and does not collapse, despite the occasional cracking observed at the exposed side (Fig.
3). Even though a partial collapse of the exposed gypsum plasterboard layer protecting the ceiling
is observed, the unexposed gypsum plasterboard layer remains intact, thus effectively protecting
the timber frame ceiling assembly. Figure 3 also illustrates the collapse of the S side of the TF-

WBP wall, protected by a double layer of fire resistant MDF; its N side, covered by a double



layer of fire resistant chipboard, stands in place. In the TF-WBP wall assembly, substantial

charring is observed in the, eventually, unprotected timber studs.

3.2 Gas Temperatures

The time variation of radiation corrected gas temperatures, measured at both thermocouple
tree locations, is presented in Fig. 4. A thermally stratified flow is quickly established in both
cases; as expected, temperatures at lower heights (50 - 500 mm) are significantly lower than the
respective upper layer gas temperatures (1000 - 1900 mm). In general, the initial fire growth
stage (0 - 17 min) is followed by the fully-developed fire stage (17 - 45 min), where quasi-steady
state conditions are established in the upper layer and the corresponding temperatures remain
practically constant. During the fire growth stage, gas temperatures gradually increase and no
distinct flashover event is observed. Qualitative characteristics are similar in both measuring
locations; however, the recorded values of TCT-SE temperatures are relatively higher than their
TCT-NW counterparts. This is mainly owed to the accumulation of gas products between the NW
corner of the compartment and the TF-WBP free standing wall that results in the development of
drastically different thermal conditions compared to that prevailing at the vicinity of the TCT-SE,
which lies close to the open window (Fig. 1).

Oxygen concentration measurements, supported by video recordings of the flame, suggest that
the sudden drop in the upper layer gas temperatures, observed after the initial fire growth stage (9
- 11 min), is a result of local oxygen starvation due to the development of strong under-ventilated
fire conditions. Gradual entrainment of fresh air through the open window leads to an increase of
the mean gas temperature, which reaches its previous levels approximately 13 min after the fire
initiation. The TCT-SE thermocouple tree failed 21 min after the fire initiation. The modest drop
in TCT-NW measurements observed at the 35 min mark is owed to the impact of the partial
collapse of the free standing wall, supporting the TCT-NW thermocouple tree, on the developing
flow and thermal fields.

In Fig. 5, upper layer gas temperatures, measured at a height of 1900 mm, are compared to the
standard 1SO 834 [6] and Eurocode 1 [18] time-temperature curves. A good qualitative agreement
is observed in both thermocouple tree positions; however, the measured gas temperatures are
generally lower, by up to 200 K, than the respective standard curves. This observation
corroborates the conservative nature of the standard curves, which are known to systematically

overestimate the upper layer gas temperature [14, 17].



3.3 Thermal Behaviour of Wall Assemblies

The temporal evolution of gas and timber element temperatures across the timber frame and
CLT wall assemblies is depicted in Fig. 6. In order to properly characterize the thermal exposure
of each wall assembly, measurements of gas temperatures, at a distance of 10 mm from the
exposed wall surface, are also shown. Comparison of gas temperatures measured 10 mm from the
exposed wall surfaces (TF-G-10, CLT-G-10) suggests that, due to the careful positioning of the
wood crib fire source, both wall assemblies are exposed to almost identical thermal
environments. Despite the fact that gas temperatures exceed 500°C, the recorded temperatures at
the exposed gypsum plasterboard surface (TF-W-0, CLT-W-0) remain below 300°C in both
cases. Due to the very good fire-resistance characteristics of the gypsum plasterboards owed to
gypsum dehydration phenomena, temperatures at the unexposed gypsum plasterboard side (TF-
W-25, CLT-W-25) are kept constantly lower than 120°C. The plywood sheathing in the timber
frame wall assembly further impedes the heat flow, thus resulting in temperatures that never
exceed 60°C at the exposed side of the timber stud (TF-W-35) or 30°C at its middle span (TF-W-
78). Due to the lower thickness of the rock wool layer used in the CLT wall assembly and the
absence of the plywood sheathing, the exposed side of the CLT (CLT-W-65) reaches somewhat
higher temperatures; however, measured values remain consistently lower than 90°C, thus
preventing the onset of charring. Based on a post-fire optical inspection analysis, no charring or
cracking is observed in either type of timber element (timber frame, CLT). This observation,
combined with the fact that the measured temperature rise at the unexposed sides of the wall
assemblies never exceeded 140 K, suggests that both the timber frame and the CLT wall
assemblies satisfy the fire resistance “separating function” requirements, with respect to the
integrity (E) and insulation (1) criteria, for the entire duration of the fire test (45 min) [2].

Recorded temperature values at the TF-WBP free standing wall assembly (Fig. 7) suggest that
the fire protection capability of wood-based panels is worse than that of gypsum plasterboards.
As expected, high temperatures are observed at both the exposed sides of the free standing wall;
temperatures at the N side (WBP-W-0), directly facing the wood crib and the NW corner of the
test compartment where combustion products are accumulated, increase faster than the respective
temperatures at the S side (WBP-W-169). However, temperatures at the unexposed sides of both
the chipboard (WBP-W-32) and the MDF (WBP-W-137) fire protection layers, as well as the
timber stud surface (WBP-W-42, WBP-W-127) never exceed 100°C. The high thermal stress
imposed on the free standing wall, owed to the strongly asymmetric heating on its N and S face,

resulted in a partial collapse of the S side, observed approximately 35 min after fire initiation.



3.4 Characteristic Failure Times

It is well established that the onset of charring is delayed when timber elements are protected
by a fire protection cladding; the time to charring initiation depends on the thermal performance
of the fire protection material. The thermal behaviour of a fire protected timber element is also
affected by the integrity of the fire protection cladding; mechanical failure of the cladding may
result in increased charring rates. Failure of the fire protection cladding may occur due to thermal
degradation of the material or failure of the fasteners [2, 29]. However, if the fire protection
cladding remains intact, the charring rate on the timber element is always lower than the charring
rate observed in an unprotected timber element [2].

Correlations proposed in Eurocode 5 [2] allow estimation of two characteristic fire protection
failure times, namely “time to failure of the fire protection cladding” (tr) and “time to charring
initiation of the timber member” (tch). Aiming to quantify the fire protection capabilities of the
investigated gypsum plasterboard and wood-based panel claddings, values of these characteristic
failure times estimated using the Eurocode 5 correlations (Est.) are compared to the respective
fire test observations (Exp.) in Table 2. As expected, the fire behaviour of the gypsum
plasterboards claddings is significantly better compared to the fire-resistant wood-based panel
claddings. In the case of gypsum plasterboard, no cladding failure or timber member charring is
expected to occur during the 45 min duration of the fire test, a fact supported by both Eurocode
estimations and experimental observations. On the other hand, significant charring is observed in
the timber frame studs of the TF-WBP wall assembly (c.f. Fig. 3), due to the partial collapse of its
S side, protected by the MDF cladding. Estimated values of the time to failure of the fire
protection cladding (tr) are in good agreement with the experimentally observed ones, thus
corroborating the good prediction capabilities of the respective Eurocode 5 [2] correlations. The
time to charring initiation (tch) of the timber frame members in the TF-WBP assembly is assumed
to be equal to the time that the temperature of the non-exposed side of each cladding layer
(chipboard, MDF) reaches the critical value of 300°C, a temperature threshold commonly utilized
to signify the onset of charring [2]. Also in this case, measured values of the charring onset time

are found to be in good agreement with the estimated Eurocode values.

4. Conclusions
A full-scale natural fire test was performed aiming to investigate the potential of gypsum
plasterboards and wood-based panels as fire protection claddings for light (timber frame) and

massive (CLT) timber elements. The test compartment was constructed using a variety of timber



element and fire protection cladding combinations, enabling, for the first time, a comparative
assessment of their fire behaviour when they are simultaneously exposed to the same fire
environment. Aiming to achieve realistic fire conditions, a wood crib was used to simulate the
fire load; the measured upper gas layer temperatures reproduced well the Eurocode 1 and ISO
834 time-temperature curves for compartment fires. An extensive set of measuring devices was
installed in the test compartment to record the time evolution of a range of physical parameters,
such as gas temperatures, temperatures at the interfaces between the various wall assembly layers
and gas concentrations. The obtained set of detailed measurements can be used for validation of
relevant fire simulation tools, appropriate for modelling the fire behaviour of timber construction
systems.

Experimental evidence (measured wall surface temperatures, optical inspection after the
conclusion of the test) showed that gypsum plasterboards offer better fire protection than wood-
based panels. No charring was observed in either the timber frame or the CLT elements protected
by gypsum plasterboards; both timber element types retained, for the 45 min duration of the test,
their separating function in the context of fire resistance requirements. In contrast, recorded
temperatures and optical evidence (significant charring, partial collapse of the wall) suggested
that wood-based panels provided insufficient fire protection to the TF-WBP free standing wall,
thus demonstrating their inferior fire protection capability compared to gypsum plasterboards. No
vertical wall gypsum plasterboard layer failed, whereas the chipboard fire protection cladding of
the TF-WBP wall collapsed approximately 35 min after fire initiation. Measured values of
characteristic failure times, such as time to failure of the fire protection cladding time and onset
of timber member charring were compared to respective Eurocode 5 correlations, achieving good
levels of agreement, thus corroborating the validity of the respective correlations in realistic fire

conditions.
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Appendix A. Correction methodology for gas temperature measurement uncertainties.

When a bare bead thermocouple is used to measure gas temperatures at the interior of a fire
compartment, the obtained values are not fully representative of the actual local gas temperature,
due to a variety of physical phenomena, such as radiative heat transfer between the bead and the

surrounding bodies (gas, wall surfaces), conductive heat transfer along the thermocouple wire or



the transient response of the bead [13, 23, 28, 30]. The relative impact of radiative heat transfer is
significantly higher compared to other sources of error; as a result, the latter are typically
neglected [13, 28]. A bare bead thermocouple located at the upper gas layer may result in a
temperature reading lower than the actual gas temperature, due to radiative heat losses to the
surrounding cold bodies, such as the compartment walls or the low temperature ambient air
entering the compartment through the openings. On the other hand, a bare bead thermocouple
located at a low height may result in temperature readings higher than the actual gas temperature,
due to radiative heat gains from the surrounding hot bodies, such as the flame or the high
temperature upper gas layer. Aiming to mitigate the impact of errors associated with radiative
heat transfer, a variety of bare bead thermocouple “measurement correction” methodologies has
been developed [13, 23, 28].

In this study, 14 chromel type K bare bead thermocouples were selected to monitor gas
temperatures inside the test compartment, since they exhibit good dynamic response
characteristics in the fast changing thermal field inside the fire compartment [31]. Aiming to
mitigate the gas temperature measurement errors associated with radiative heat transfer, a post-
processing “correction” methodology, proposed by Welch et al. [13], was used. The correction
methodology is based on the solution of the heat balance equation for the thermocouple bead,
which results in Equation (A.1), where Tgas (K) is the actual gas temperature, Trc (K) is the
temperature value measured by the thermocouple, Ts (K) is the “effective” temperature of the
bead’s surroundings, etc is the bead’s emissivity, ¢ = 5.67x10® W/m2K* is the Stefan-Boltzmann
constant and hrc (W/m?K) is the convective heat transfer coefficient. The latter was estimated to
be approximately 190 W/m?2K, using a correlation for spherical bodies immersed in a flow [32]
and taking into account that typical velocities developed in compartment fires range between 0.5
m/s and 2.0 m/s [30]. The thermo-physical properties of the surrounding gas (e.g. density,
conductivity, dynamic viscosity), assumed to be air, were estimated using temperature-dependent
correlations [25]. A bead emissivity value of 0.9, corresponding to a significantly oxidized

thermocouple bead surface [33], was used.

(TT40 -T¢ )+ Trc (A1)

Aiming to approximate the radiation field at the position of each thermocouple, the “effective”
temperature of its surroundings (Ts) is estimated by employing temperature measurements
obtained in all the other (N) thermocouples that are present in the respective thermocouple tree
(Equation A.2). A weighting factor (wi) is used to estimate the radiative influence from each “i”



thermocouple location to the examined position, by taking into account their relative distances,
the effective emissivity of the gas surrounding the “i” thermocouple and the radiative
transmission properties of the intervening participating medium, characterised by an extinction
coefficient. The extinction coefficient was assumed to be unity [13], since the fire test
corresponded to an under-ventilated fire and the soot yield of the wood cribs can be assumed to
be less than 2% [25].

1

TS = (iwi-rgis,i jA (AZ)

In order to determine the “corrected” gas temperature at each thermocouple location (Tgas), the
system of Equations (A.1) and (A.2) was solved using an iterative method, by employing a
relaxation factor (equal to 0.22). The time evolution of the calculated “relative error” in gas
temperature measurements, expressed via (Tgas - Ttc)/T1c, is shown in Figure A.1, for all
thermocouple locations in both thermocouple trees (TCT-NW, TCT-SE). As expected,
“corrected” gas temperatures are higher than the measured values in thermocouples located
higher than 1000 mm, whereas they are lower in thermocouples located at lower heights (less
than 500 mm). Mean error values are higher at lower heights (-7.2% at 50 mm) compared to
middle (0.02% at 1000 mm) or high heights (3.71% at 1900 mm). Maximum error values are
observed at the lower measuring locations of TCT-NW, due to the accumulation of hot gaseous

products at the NW corner of the test compartment.



Figure Captions

Figure 1. Top (left) and side (right) sections of the test compartment; locations of main

measuring devices.

Figure 2. Layout of the timber frame (left), CLT (middle) and wood-based panel protected
timber frame (right) wall assemblies and relevant thermocouple positions.

Figure 3. Post-fire photograph of the western timber frame and the wood-based panel protected

timber frame wall assemblies.

Figure 4. Gas temperatures measured at the TCT-SE (top) and the TCT-NW (bottom)

thermocouple trees.

Figure 5. Comparison of upper layer gas temperatures to standard time-temperature curves.

Figure 6. Time evolution of gas and wall temperatures across the timber frame (top) and CLT

(bottom) wall assemblies.

Figure 7. Temporal evolution of wall temperatures across the wood-based panel protected timber

frame wall assembly.

Figure A.1: Time evolution of calculated “relative error” in gas temperature measurements, for

the TCT-SE (top) and the TCT-NW (bottom) thermocouple tree.



