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ABSTRACT

Cross-laminated timber (CLT) is a sustainable engineered wood product which is utilised in modern multi-
storey timber buildings. The fire behaviour of timber structures is often a concern due to their combustible
nature. In this paper, experimental fire testing of CLT panels made of Irish spruce was performed. This series
of tests consisted of four vertically loaded CLT wall panels which were tested under Standard fire curves in
the Structural Laboratory of Munster Technological University, Cork (MTU). To improve the fire perfor-
mance of CLT panels, different types of protective claddings were used. The effectiveness of each system of
protection has been stated particularly in terms of the delay in the start of charring of the CLT panels. The
location of joints in the protective cladding was also analysed and was found to be a key factor in the fall-off
time of the protective claddings. The results show that protective claddings made with Fireline gypsum
plasterboard and a combination of plywood and Fireline gypsum plasterboard delayed the charring of CLT
panels by as much as 30 and 44 min respectively. This paper analyses the detailed results of experimental
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fire testing and measures the charring rate and temperature distribution across the panels.

Introduction

Cross-laminated timber (CLT) is a multi-layer engineered tim-
ber product that has recently gained popularity as a structural
member including for load-bearing floor and wall panels. CLT
consists of an odd number of layers with a minimum of 3
layers that are bonded together using adhesives. In cross-
laminated timber, the adjacent layers are oriented orthogon-
ally, which provides structural stability in both directions, as
shown in Figure 1. CLT was developed with the idea to
decrease the effect of the anisotropic behaviour of timber
as well as reduce the influence of knots compared to solid
timber (Mestek & Kreuzinger, 2008).

Thermal degradation occurs in timber when exposed to
higher temperatures and thus evolving pyrolysis gases and
chars (Bartlett et al., 2015). The formation of char is usually
considered to happen when the temperature of timber
reaches 300°C, with pyrolysis starting at around 200°C
(Buchanan & Abu, 2017). The rate of pyrolysis reactions con-
trols the rate of formation of char and the different factors
which affect the char formation include density (Friquin,
2011; Yang et al., 2009), grain direction (Friquin, 2011), moist-
ure content (Lau et al., 1999), and species (Lau et al., 1999) etc.

Due to the combustible nature of timber, the study of the
fire performance of CLT at elevated temperatures is required
to design safe, cost-effective, and resilient timber buildings.
EN 1995-1-2:2004 (European Committee for Standardisation
[CEN], 2004) specifically focuses on the design of timber
structures in fire and provides a one-dimensional design
char rate of 0.65 mm/min for softwood with a density of
more than 290 kg/m3. However, the behaviour of CLT under
fire can be different from solid timber and has not been
provided for in the current version of the Eurocodes. Both
small and large-scale experimental tests (Bartlett et al., 2015;
Darmon & Lalu, 2019; Frangi et al.,, 2008, 2009; Miyamoto

et al, 2021; Schmid et al., 2010) were performed in recent
years to study the behaviour of CLT specimens in a fire.
A short description and the key conclusions of these fire
tests on CLT panels are provided here from research by
Frangi et al. (2008). Who conducted fire tests on CLT panels
to understand the behaviour and comparisons were made
with solid timber panels (Frangi et al., 2008). The charring rate
of homogenous timber panels was found to be less than the
3-layered CLT timber panels. Moreover, thin-layered CLT
panels showed a higher charring rate compared to thicker-
layered CLT panels, which confirms that the thickness and
number of layers affect the fire behaviour and the char rate. In
some cases, excessive charring can result in layers of CLT
falling off which may have adverse effects. This is typically
referred to as “fall off” and can contribute to the fire load and
also expose new timber to a fire. In Frangi et al. (2008), no fall-
off of charred layers was observed in the fire tests on CLT wall
panels and this showed good agreement with the one-
dimensional charring rate for solid timber panels as well as
showing better fire behaviour than floor panels.

Many authors have examined the behaviour of different
adhesives under fire loading (Frangi et al., 2009; Miyamoto
et al., 2021; Muszynski et al.,, 2019; Wiesner et al., 2022).
Experimental testing was conducted by Frangi et al. (2009).
To understand the performance of adhesive as well as the
effect of thickness and number of layers on the fire resistance
under the standard fire curve. CLT panels were made using
melamine-urea-formaldehyde (MUF), and different types of
polyurethane adhesive (PUR) with different layer sizes and
having an overall thickness of 60 mm. It was found that the
adhesive used in the glue line between the panels affects the
fire performance of CLT panels. CLT panels made with MUF
adhesives show a uniform charring rate which was less than
the one-dimensional charring rate as defined in EN1995-1-2
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Figure 1. A three-layer CLT panel (Sandoli et al., 2021).

for solid timber. All PUR-glued CLT panels showed a char rate
of 0.85 mm/min and 1T mm/min for 3 and 5-layered CLT panels
respectively, which showed that the thickness and number of
layers influence the charring rate of the panel (Frangi et al.,
2009). Wiesner et al. (2022). Studied the thermomechanical
behaviour of CLT wall panels and concluded that global
instability can be the main failure mode in a fire.

In addition to the above, the literature also shows
experimental studies on CLT panels with a focus made
on the charring rate (Kippel et al., 2014; Wiesner et al.,
2017), load-bearing capacity under fire (Wiesner et al.,
2019; Ostman et al., 2010) and fire resistance (Kippel
et al., 2014; Suzuki et al., 2016). The charring rate of
CLT samples was investigated under different heating
conditions and it was found that the charring rates are
dependent on the test set-up, rate of heating, orienta-
tion, and size of the sample (Bartlett et al., 2015).
Furthermore, it was found that the charring rate fell to
a lower, quasi-steady value after it reached a peak value
at the beginning which occurred in the first half-hour of
the test (Bartlett et al., 2015).

A new charring model was developed specifically for CLT by
Klippel and Schmid (Suzuki et al., 2016) based on numerous fire
tests and compared to the European model in EN 1995-1-2. The
results showed that when measuring the charring depth, the
developed model which incorporates the structure of CLT
gives conservative results.

A series of tests were performed by Fragiacomo et al. (2012).
On CLT floor panels exposed to fire. The 5-layer loaded CLT floor
panels were tested under standard fire conditions to study their
fire behaviour. The authors performed tests on both initially
protected and unprotected panels. In addition, finite element
(FE) modelling was performed to measure the numerical analysis
and a comparison with the experimental results was made. It was
observed that the charring rate for the panels directly exposed to
fire showed a similar value to the one-dimensional char rate of
1995-1-2:2004 (CEN, 2004). Furthermore, both experimental and
numerical models show similar results with reference to the
resistance in fire and temperature distribution when modelled
using Eurocode 5 for the temperature-dependent density, con-
ductivity, and specific heat of the CLT panels.

Table 1. Tested CLT wall panels.

Studies (Harte et al., 2014; O’Ceallaigh et al., 2018) have
been performed recently on Irish Sitka spruce to determine its
potential use in construction applications including CLT. The
research performed shows that the CLT products made with
Irish Sitka spruce C16 timber gave a higher bending strength
than expected for CLT panels with the same grade, and hence
suitable for structural use (O’Ceallaigh et al., 2018).

While it is clear there has been significant research in
this field in recent years, there is limited information
available on the fire analysis of CLT panels manufactured
from C16 grade material. The main aim of this research is
to perform fire testing on lIrish-grown C16 grade Sitka
Spruce CLT wall panels. This research also focuses on
the use of different types of cladding to protect the CLT
panels from direct exposure to fire. The performance of
different types of cladding is measured based on the time
delay of charring of the CLT panel for each type of pro-
tection. The research also focuses on the significance of
joints in protective cladding, as they can be a significant
factor in the fall-off of the cladding during a fire.

Test methodology
Materials

Boards of C16 Irish Sitka spruce with individual plank sizes of
150 mm wide and 40 mm thick were used to produce wall
panels that were 1200 mm long and 900 mm high with an
overall thickness of 120 mm. The boards used in the prepara-
tion of CLT wall panels were first stored in a conditioning
room at room temperature with a relative humidity of 65 +
5% for 8 weeks before the preparation of the specimens. One-
component PUR adhesive (PURBOND HB S309) was used with
a spread rate of 160 g/m? in the preparation of the CLT
panels. The panels were pressed with a pressure of 600 kN/
m? using steel plates for 2 hours as per EN 16351 (European
Committee for Standardisation [CEN], 2015). Before experi-
mental testing, the manufactured CLT panels were placed in
a conditioning room for at least 4 weeks.

Test specimens

Overall, four three-layered CLT wall panels made of Irish
Spruce boards were tested, each having a moisture content
of 12-13% measured before the test using a pin-type moist-
ure meter. The details of the tested wall panels are provided
in Table 1.

One CLT wall panel was directly exposed to fire on one side
while the rest of the three panels were protected on the fire-
exposed side with claddings having different joint distribu-
tions. In Specimen W-15FP the exposed side of the CLT panel
was protected with a 15 mm Fireline gypsum plasterboard that
had no joint. Similarly, specimen W-15FPJ was protected with
a 15 mm Fireline gypsum plasterboard but with joints along
the perimeter of the panel that is exposed to fire as well as

Specimen Designation

Protection on the exposed side

W-1 No protection
W-15FP
W-15FP)J
W-12.5FP25PW

15 mm Fireline gypsum plasterboard with no joints
15 mm Fireline gypsum plasterboard with joints
12.5 mm Fireline gypsum plasterboard and 25 mm plywood with joints in both




a vertical joint at the centre of the plasterboard panel. In
specimen W-12.5FP25PW, the CLT panel was protected with
a 12.5mm Fireline plasterboard which was then protected
with 25 mm of plywood. Joints were provided in both the
gypsum plasterboard as well as in the plywood. Vertical and
horizontal joints were placed at the centre of the gypsum
plasterboard and plywood respectively. Joints were also placed
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at 50 mm and 30 mm inside the furnace perimeter in the
gypsum plasterboard and plywood respectively as shown in
Figure 2. The main idea of these joints was to mimic the
protective claddings falling off during a fire. These different
types of CLT panels are illustrated in Figures 3-5. In all the test
panels, the surface that is directly exposed to fire is 1000 mm
wide x 600 mm high as represented in Figure 3.

T E e e
o | =] = &
e R ¥ |
I | I I vl
I : i L ni &
» | i 888 | I i |ss
I I I ol
! | | | i I |8
| | I V
: L___L___J | I B l
Lo .J oo
450 T 940
900 1000
1000 ‘L 1200 J‘
1200 Note: All dimensions are in mm
Key: ——— CLT panel protected with Fireline gypsum plasterboard and plywood =~ - ------ Joints in plywood
------- Surface exposed to fire —— - —— Joints in Fireline gypsum plasterboard
(@) (b)

Figure 2. Location of joints in the protective claddings of W-12.5FP25PW panel, (a) Joints location in Fireline gypsum plasterboard, placed between CLT panel and

plywood, (b) Location of joints in the outer plywood layer.

(b)

Figure 4. CLT panel protected with 15 mm Fireline gypsum plasterboard with a vertical joint and a joint inside the perimeter (W-15FPJ), (a) Joints are visible, (b)

Joints are sealed and the panel is ready to be placed in the furnace.



4 M. YASIR ET AL.

(b)

Figure 5. W-12.5FP25PW, (a) 12.5 mm Fireline gypsum plasterboard with joints placed between the CLT panel and the outer plywood layer, (b) Exposed 25 mm

plywood layer with joints.

Test setup

Each wall panel was placed up against the front of the fire testing
furnace, with the furnace door swung to one side. The CLT test
panel was held up against the furnace with a steel frame on the
unexposed side of the panel as shown in Figures 6 and 7. Timber
packing pieces were placed between the frame and the CLT
panel at the top and the bottom of the panel. The load cell on
the top of the panel recorded the applied constant vertical load
of 85 kN throughout the test. The load was applied using a steel
spreader beam along the top of the panel. A deflection gauge at
the mid-span of the panel was placed to measure the horizontal
displacement throughout the testing. The furnace was also
equipped with a propane gas burner which was manually con-
trolled to ensure the ISO 834 standard fire curve (1999) was
followed for heating conditions in the furnace. In all of these
panels, fasteners with a length of 60 mm were used for the panel
protected with one layer of cladding. In the panel, which was
protected with two layers of protective claddings, the length of
the fasteners used were 60 mm and 70 mm for the inner and
outer claddings respectively. In all of these tests, the fasteners
were embedded in the CLT wall panel by approximately 45 mm.

Load cell

Load spreader
beam

Lateral supports
on top

Vertical strain
gauges

Horizontal
strain gauges

CLT wall panel
Lateral

supports on
bottom

Figure 6. A test panel up against the furnace opening showing the side of the
panel not exposed to fire.

Load cell

Load spreader beam
Lateral supports on top

Vertical strain gauges

Thermocouples Set-3
oo
00
22

Unexposed side
Thermocouples Set-1

900 mm

Horizental strain gauges

Thermocouples Set-2
1200 mm

Lateral supports on bottom

Grey lines represent lamallae

&

Figure 7. Drawing of the CLT panel set-up against the furnace.

The spacings between the fasteners were kept at 180 mm for the
fasteners on the perimeter of the cladding, while the internal
spacings were kept at 250 mm.

Location of thermocouples

A plate thermometer was used to record the temperature in
the furnace during the test. Type K thermocouples were
inserted at different depths to record the internal tempera-
ture distribution and the progression of the char line during
fire tests. Thermocouples were placed between each layer of
protective claddings and the CLT panel. Thermocouples
between the protective claddings and the CLT panel were
inserted from the side to remain in the same isotherm. Within
the CLT panel itself, the thermocouples were inserted from
the unexposed side of the panels at different depths in drilled
holes, each 2 mm in diameter. Three sets of K-type thermo-
couples (TC) were placed at similar depths but at different
locations to ascertain if significant variation in temperature
occurred depending on the TC locations throughout the test.
The details of the thermocouple tip locations and their
depths from the exposed surface are shown in Table 2.

Experimental results and discussions
The experimental results are explained in the following sec-
tions in terms of the charring rates of different panels, fire



Table 2. Positioning of thermocouples.
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Depth of thermocouples from the exposed surface of the CLT panel (mm)

(Set-1) (Set-2) (Set-3)
Specimens 0 20 40 60 20 40 60 20 40 60
W-1 T0 T T2 T3 T4 15 T6 17 T8 T9
W-15FP T0 T1 T2 T3 T4 T5 T6 T7 T8 T9
W-15FP)J TOa, TOb T T2 T3 T4 T5 T6 17 T8 T9
W-12.5FP25PW TOa, TOb T1 T2 T3 T4 T5 T6 T7 T8 T9

resistance, the effect of protective cladding on charring as
well as the effect of joint location in protective cladding on
fire performance.

Charring rate

The charring rate is the charred depth divided by the time in
which the temperature at a certain depth reaches 300°C. The
charring rate and charred depth were measured in two ways.
The first method was to remove the panel from the furnace
after the test has finished, cool down the specimen with
water and then measure the charred depth. Using this
method, the overall charring rate is calculated after the tests
were finished based on the measured charred depth and the
total fire time. The second technique was the installation of
thermocouples at the mid-depth of each layer and in the
joints between layers. The charring of the panel at a specific
depth was considered to have commenced when the tem-
perature of the thermocouples reached 300°C. The tempera-
ture recorded by TCs installed at various depths of the CLT
panels was used to calculate the charred depth over time
which in turn gives the charring rate. The charring rates
measured by the Set-1 TC were used for the comparison
with the actual charring rates as the maximum char depth
was measured at the location close to Set-1 TCs.

Unprotected CLT panel (W-1)

The furnace temperatures recorded by the plate thermo-
meter and the temperatures measured by different
K-thermocouples installed at various depths are shown in
Figure 8. As can be seen in this Figure 8, the different sets
of K-thermocouples installed at the same depth but at differ-
ent locations in the CLT panels gives similar temperature
distribution throughout the test. Also, the furnace tempera-
ture closely followed the Standard ISO 834 fire curve through-
out the test.

1200

= |SO-834
U
1000 = = = Charline
----- Furnace
_. 800 -+ TO-Omm
2 (| — .- 1120mm
o - = T4-
§ 600 T4-20 mm
o {| = = =T7-20mm
g T2-40 mm
E 400 T8-40 mm
-
T3-60 mm
200 T6-60 mm
T9-60 mm
0
0 20 40 60 80 100 120 140
Time (min)

Figure 8. Temperature-time curves of test specimen W-1 at different depths
based on TC locations.

190 W-1
A Time toreach the final char depth

_ (min), Actual charring rate (mm/min)
£ 100 | —o— Set-1: Time to reach 300°C (min), TC- | _
_E_ TC charring rate (mm/min) \
3 —— Set-2TC: A
c =
8 80 [f —e—set3TC: 140,0.65
-
o = =% == 0.65 mm/min
S 60
s
o
@
T 40
°
@
=
®
5 20

0

0 20 40 60 80 100 120 140 160

Time (min)

Figure 9. TC-TC charring rate of test specimen W-1.

The charring rates of the W-1 panel at different depths are
shown in Figure 9. The charring rate of the unprotected wall
panel was in the range of 0.63-0.66 mm/min which is very
close to the one-dimensional charring rate tabulated in
Eurocode 5 (Bartlett et al., 2015). It can be observed that in
an unprotected CLT wall panel (W-1), the charring rate for the
first 20 mm thickness of the CLT panel from the exposed face
to fire was 0.63 mm/min. However, the charring rate for the
next 20 mm of the CLT panel (until reaching the interface
between layers 1 & 2) was reduced to 0.48 mm/min. The
decrease in the charring rate could be due to the protective
char layer preventing the heating up of the panel directly
beneath it. In layer-2 of the W-1 panel, the charring rate
increased significantly to 0.93 mm/min, due to the fact that
some of the char of layer-1 has fallen-off when the interface
temperature between the two layers reached the char tem-
perature (300°C). Furthermore, the gaps between the indivi-
dual lamellae increase causing the heat to move through the
opening of the lamellae of the panel. There was no delamina-
tion or fall-off of the entire layer of the CLT panel during the
test as shown in Figure 10. The charred depth of 91 mm was
measured after the fire test time of 137.5 mins which gives an
overall charring rate of 0.66 mm/min.

Figure 10. W-1 panel after the fire test showing pieces of localized char fall-off.
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Protected CLT panels

The application of protective cladding delayed the charring of
the CLT panels and reduced the overall charring rate. CLT
panels which were protected by different claddings, the char-
ring rate of the panels were calculated when the temperature
at the face of the CLT panel behind the cladding reached
300°C.

W-15FP. The furnace temperatures and the temperatures
measured at various depths within the CLT panel, protected
with a 15 mm Fireline gypsum plasterboard with no joints in it,
are shown in Figure 11. The different sets of K-thermocouples
installed at the same depth but at different locations in the CLT
panels give similar temperature distribution throughout the
test. The furnace temperature closely followed the Standard
ISO 834 fire curve throughout the test.

The charring rate calculated from TCs data and from the
residual uncharred cross-section of the CLT panels is illu-
strated in Figure 12. In W-15FP, the charring rate for the first
20 mm of the CLT panel was low at 0.33 mm/min as shown in
Figure 12. The charring rate remained constant throughout
the depth of layer 1 (40 mm depth) at 0.33 mm/min. However,
the charring rate slightly increased to 0.39 mm/min in the first
20 mm of layer-2 at 60 mm depth from the face of the panel
near to the fire. From Figure 12, it can be seen that the slope
of charred depth vs time curve is almost constant throughout
the test due to the fact that the cladding of 15 mm Fireline
gypsum plasterboard remained intact on the panel. The
charred depth of 80 mm was measured after the fire test
time of 210 mins which gives a charring rate of 0.45 mm/

1200 W-15FP
— 1S0-834
1000 — -+ Charline
R I I < R A A I A R B N | Ot Furnace
@)
800 | —f—T1—1— 11— 11—t 3] ceeennen TO-0 mm
e — -+ T1-20mm
2
g 600 -+ = T4-20mm
g- - = =T7-20mm
] s
= 400 T2-40 mm
T5-40 mm
T8-40 mm
200 T3-60 mm
5 T9-60 mm
o F

0O 20 40 60 80 100 120 140 160 180 200 220
Time (min)

Figure 11. Temperature-time curves of test specimen W-1 at different depths
based on TC locations.

- W-15FP
A Time to reach the final char depth
(min), Actual charring rate (mm/min)
—@— Set-1 TC: Time to reach 300°C (min),
TC-TC charring rate (mm/min) -
—e—Set-2 TC:

80

60 —e—Set-3TC:

40

20

Charred depth of CLT panel (mm)

0 20 40 60 80 100 120 140 160 180 200 220
Time (min)

Figure 12. TC-TC charring rate of test specimen W-15FP.

min. During the test, the protective cladding at the fire-
exposed face of the CLT panel remained intact on the CLT
panel and thus no delamination of the CLT panel could occur.

W-15FPJ. The furnace temperatures and the temperatures
measured at various depths within the CLT panel, which was
protected with a 15 mm Fireline gypsum plasterboard with
joints in it, are shown in Figure 13. The furnace temperature
closely followed the Standard ISO 834 fire curve throughout
the test.

In W-15FPJ, the charring rate for the first 20 mm of the CLT
panel was quite low at 0.26 mm/min as shown in Figure 14.
However, the charring rate for the next 20 mm of the W-15FP)J
increased substantially to 0.65 mm/min which could be due
to the opening of the vertical joint in the cladding causing the
heat to be directed into the CLT panel at that location. This
can also be confirmed by the different sets of TCs installed at
the same depths but at different locations as illustrated in
Figure 14. The charring rates measured by Set-2 and Set-3
thermocouples remained almost constant throughout the
test. The charred depth of 80 mm was measured after the
fire test time of 200 mins which gives a charring rate of 0.46
mm/min as shown in Figure 15. The protective cladding of
the Fireline gypsum plasterboard remained intact on the CLT
panel throughout the test. This kept the charring of the CLT
panel low as fall off of CLT layers did not occur.

W-12.5FP25PW. The furnace temperatures and the tem-

peratures measured at various depths within the CLT panel,
protected with a 12.5 mm Fireline gypsum plasterboard and

1200

1SO-834
1000 — -+« Charline
----- Furnace
. 800 TOa-0 mm
O
S |\[J e e e TOb-0 mm
o
5 o0 — .. T120mm
©
S’ - = T420mm
E 400 - = =T720mm
=
T2-40 mm
ZIEs 75-40 mm
T8-40 mm
0

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Figure 13. Temperature-time curves of test specimen W-15FPJ at different
depths based on TC locations.

W-15FPJ

A Time to reach the final char depth
(min), Actual charring rate (mm/min)
—e—Set-1 TC: Time to reach 300°C (min),
TC-TC charring rate (mm/min)
—o—Set-2 TC:

60 —o—Set-3TC:

40

0 20 40 60 80 100 120 140 160 180 200 220
Time (min)

Figure 14. TC-TC charring rate of test specimen W-15FP.



Figure 15. Measurement of uncharred depth.

a 25mm plywood layer with joints in both, are shown in
Figure 16. A slight reduction in the furnace temperature at
20-40 mins of the test was observed but overall, the furnace
temperature closely followed the Standard 1SO 834 fire curve
throughout the test.

In this wall panel W-12.5FP25PW, the initial charring rate
for the first 20 mm of the panel was 0.45 mm/min which
then slightly increase to 0.47 mm/min up to the 40 mm
depth of the panel as shown in Figure 17. In CLT layer 2
of W-12.5FP25PW, the charring rate increased significantly
to 1.03 mm/min which might be due to the fall-off of
a charred layer 1 which exposed the fresh timber of layer
2 directly to the fire.

In W-12.5FP25PW, the slope of the charred depth and time
curve is almost constant for the first 40 mm depth of the CLT
panel. However, the slope of the charring depth time curve
increased significantly after 40 mm of the CLT panel was
charred. This is because the cladding which was intact with
the CLT panel for more than 120 mins of the test then fell off
which directly exposed the CLT panel to the fire. Furthermore,
after the removal of the CLT panel from the furnace, it was
observed that the fire-exposed layer of the CLT panel was
delaminated during the test as shown in Figure 18. The
charred depth of 75 mm was measured after the fire test
time of 156 mins which gives a charring rate of 0.67 mm/min.

Actual char-depth and its comparison with thermocouples
data

In Figures 9, 12, 14 and 17, the time to reach the final char
depth based on the actual measurements after the test, and
the charring rates calculated between the locations of the
thermocouples, are both given. The final char depths of the
panels are measurements at the location of maximum char
after the fire tests were finished. The actual charring rate was
calculated by taking the ratio of the maximum charred depth
and total fire time of the test. For specimen W-1, the charred
rate calculated using Set-1 TC is 0.63 mm/min while the char-
ring rate calculated after measuring the final charring depth
was 0.66 mm/min. For specimens W-15FP, W-15FPJ, and
W-12.5FP25P, the charring rates calculated from the installed
thermocouples (Set-1 TC) were 0.35, 0.37, and 0.56 mm/min
respectively. The charring rate calculated after the actual mea-
surement of charred depth for these specimens was 0.44, 0.46
and 0.67 mm/min. The actual charred depth is slightly higher
than the charring depth calculated from the data recorded by
thermocouples due to the following reasons:
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Figure 16. Temperature-time curves of test specimen W-15FPJ at different
depths based on TC locations.
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Figure 17. TC-TC charring rate of test specimen W-12.5FP25PW.

Figure 18. A photo was taken after the test showing the fall-off of cladding and
outer layer of CLT panel: W-12.5FP25PW.

e The removal of the panel from the furnace and cooling it
down takes approximately 12-15 minutes, which would
give an additional charred depth.

e The actual charred depth calculation was considered at
the location with the maximum char and not an average
charred depth at different points.

e The insertion of thermocouples from the unexposed
face of the CLT panel may also influence the low
charred depth, as studied in the literature (Pope
et al, 2021).
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Fire resistance

The criteria for stopping the test were based on any of the
following conditions occurring:

(1) Once integrity failure had occurred, i.e. if flames break
through the external surface of the CLT panel (i.e. the
side not directly exposed to the flames inside the
furnace).

(2) When structural failure has occurred. The wall panel is
unable to sustain the applied load at which point it will
have failed structurally.

(3) If a cotton pad is ignited on the cool side of the panel
(In accordance with IS EN 13501-1).

(4) If there is an integrity failure allow a gap gauge to be
inserted into the sample from the cold side (In accor-
dance with IS EN 13501-1).

All the fire tests were stopped due to the integrity failure in
which the fire from the edges of the panel broke through except
for the W-1 panel. An excessive deflection was observed in the
W-1 panel as soon as the third layer of the panel started char-
ring. The rest of the test panels which were protected with
different cladding configurations were stopped before any
structural failure could occur in which the panels are unable to
sustain the load. The horizontal mid-height deflection on the
un-exposed face of the panel to fire was recorded and is shown
in Figure 19. In wall panel W-1, which was directly exposed to
fire, the deflection increased at the beginning and was followed
by a plateau and then a more abrupt increase in the deflection.
The initial increase in deflection was due to the charring of the
fire-exposed outer load-bearing layer. The plateau shows the
charring of the inner weak layer (perpendicular to the grain) that
is followed by an increase in deflection due to the charring of
the third vertically load-bearing layer. In the panels which were
initially protected by cladding, the deflection time curves are
similar to the un-protected panel except that the plateau was
observed earlier due to the protection provided by the cladding
on the exposed side to fire.

Effect of protective cladding on delay in charring

The delay in charring of CLT panels provided by different
protective cladding configurations is given in Figure 20. The
protective cladding in W-15FP delayed the charring of the
CLT panel by 30 mins when it was protected by a 15 mm
Fireline gypsum plasterboard (Type F) with no joints. While,
in panel W-15FPJ, the charring of the CLT panel was delayed

8 ! ——W-1

6 / W-15FP

£

W-15FPJ

Displacement (mm)
o

—W-
12.5FP25PW

0 20 40 60 80 100 120 140 160 180 200 220

Time (min)

Figure 19. Deflection at mid-height versus time for test panels when exposed
to fire.
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Figure 20. Delaying in charring of CLT panels (in minutes).

by 25 mins, when it was protected with a 15 mm Fireline
gypsum plasterboard with joints. EN 1995-1-2 provides the
formulae as given in Equation 1 to measure the start of
charring of the CLT panel behind the gypsum type A or
F plasterboards at internal locations or the perimeter adjacent
to filled joints. The delay in charring of the CLT panels (t.)
calculated using Equation 1 for type F plasterboards with 15
mm thickness is 28 mins, which is very close to the experi-
mental values of 25 mins and 30 mins as calculated in this
research for 15 mm thick Type F plasterboard.

teh = 2.8hp — 14 (m

Where h,, is the thickness of the protective cladding.

The overall delay in charring of the CLT panel was 44 min in
W-12.5FP25PW, which was protected with a 12.5 mm Fireline
gypsum plasterboard and a 25 mm plywood layer. The tem-
perature behind the plywood reached 300°C in 28 minutes,
which shows that the 25 mm plywood layer can significantly
contribute to the delay of charring of the CLT panel. The
charring rate of the plywood layer was found to be 0.89 mm/
min which compares well to the one-dimensional charring rate
of 1 mm/min provided by EN 1995-1-2 for the plywood panel
having a thickness of 20 mm or more with a characteristic
density of 450 kg/m>. However, it is important to note that
the system presented above, inclusive of plywood and plaster-
board, influences this result, and further testing is required to
verify the delay in charring that could be achieved with ply-
wood as the sole protective layer of load-bearing elements.

Comparison of different sets of thermocouples data

The three sets of thermocouples, which were drilled into the
CLT panels at a similar depth from the exposed face to the fire
but at different locations are compared in terms of the time to
reach the charring temperature and are shown in Figure 21.
Overall, all three sets of thermocouples gave similar times to
reach the char temperature ranging from 2 mins to 15 mins
except for the 40 mm readings of W-15FPJ where the differ-
ence between the time to reach the char temperature was up
to 26 mins. In the W-15FPJ panel, the vertical joint in the
Fireline gypsum plasterboard appears to open as can be
seen in Figure 22. This caused the heat to pass through the
joint directly and in turn, the temperature of the set-1 ther-
mocouple (placed at a depth of 40 mm from the face of the
CLT panel near the fire) increases more rapidly. On the other
side, the two thermocouples at 40 mm from set-2 and set-3
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Figure 22. Fireline gypsum plasterboard remaining in place for the duration of
the test W-15FPJ.

were protected from direct exposure to fire as the plaster-
board was in contact with the panel throughout the test.

Effect of joint location on fire performance

The effect of the joint location of the protective cladding on the
fire performance of the CLT panel was studied. The W-15FP
panel, which had no joint in the plasterboard remained in con-
tact with the CLT panel throughout the test. The temperature
measured and recorded by the thermocouple placed between
the CLT panel and the plasterboard showed a lower temperature
than the furnace temperature throughout the test. Thus the
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direct contact between the plasterboard and the CLT panel
gave extra protection to the panel and consequently resulted
in the lower char depth. Similarly, in Specimen W-15FPJ the
measured temperature behind the protective cladding was
lower than the furnace temperature throughout the test as
shown in Figure 23 resulting in a lower char depth. In
W-12.5FP25PW, which was protected with 25 mm plywood and
12.5 mm Fireline gypsum plasterboard, both with joints, resulted
in the fall off of the cladding during the test. Due to the fall off of
the cladding, the temperature recorded by a thermocouple
placed between the plasterboard and CLT panel reached the
furnace temperature resulting in a higher charring rate due to
the direct exposure of the CLT panel to fire. The temperature-
time curves recorded by the thermocouples which are installed
between the CLT panel and the Fireline gypsum plasterboard are
shown in Figure 23. It can be seen from Figure 23, that in speci-
men W-15FP the temperature between the plasterboard and the
CLT panel was less than the temperature recorded by thermo-
couples in W-15FPJ and W-12.5FP25PW. In specimen W-15FPJ,
the temperature recorded between the plasterboard was slightly
higher than the W-15FP panel at the first 2.5 hours of the test. In
the W-12.5FP25P specimen, the temperatures between the pro-
tective claddings and CLT panel followed a similar trend to that
of the W-15FP and W-15FPJ panels for the first 2 hours of the test.
However, a sharp increase in the temperature between the
plasterboard and CLT panel was observed at around 120 minutes
into the W-12.5FP25PW test and consequently, the temperature
between the plasterboard and the CLT panel reached the fur-
nace temperature. This sudden increase in the temperature
behind the protective claddings at around 2 hours of the test
shows that the fall-off of the plasterboard occurred at that time.

Conclusions

This paper presents fire tests on four 120 mm thick three-layer
CLT wall panels which were exposed to fire from one side. The
test series includes panels with, and without, protective clad-
ding, each of which was vertically loaded. The following are
concluded from the experimental fire testing of CLT wall
panels under standard fire curve testing conditions:

e The average charring rate of the lIrish-grown Sitka
spruce unprotected CLT wall panel is between 0.63
and 0.66 mm/min, which closely matches the one-
dimensional charring rate of 0.65mm/min in
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Figure 23. Temperature variation between the plasterboard and CLT panels.
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Eurocode 5 (Bartlett et al., 2015). Thus, these
Eurocode one-dimensional charring rates can be
used for Irish Spruce CLT wall panels for fire design.

e Protective cladding with and without joints was exam-
ined and for a 15 mm Fireline gypsum plasterboard with-
out joints charring of the CLT panel was delayed by 30
minutes, while for the same protection measure with
a vertical joint in the middle and a joint along the peri-
meter of the exposed surface of the panel only delayed
the charring of CLT panel by 25 minutes. This shows
a reasonably close alignment with the EN 1995-1-2.

e The CLT wall panel which was protected with
a combination of 12.5 mm Fireline plasterboard and
25 mm plywood delayed the charring of the CLT panel
by 44 minutes. This also shows a reasonably close align-
ment with the EN 1995-1-2.

e The experimental testing in this paper shows that the
protective claddings can significantly delay the onset of
charring of CLT panels but joints in the protective clad-
ding system reduce the fire performance of the wall
system and should be considered during design.

e The above research provides a foundation to study the
performance of Irish Spruce CLT panels under significant
loads to understand the fire behaviour of Irish spruce
CLT panels in timber structures.
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