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ARTICLE INFO ABSTRACT

Keywords: Cross-laminated timber (CLT) is becoming increasingly popular due to its many advantages. However, it has been
C_LT shown that exposed CLT can have a significant effect on fire dynamics and spread rates. Further studies are
Fire spread therefore needed to better understand the impact of CLT to fire safety. Two large-scale CLT compartment fire
](Eirrie-:rcfrllint fire experiments (95 m?) representing a modern office building have been performed, #FRIC-01 and #FRIC-02. This
Semi d flashover paper presents the second experiment, #FRIC-02, with exposed CLT on the back wall and the ceiling. The fire
Delamination developed fast and spread across the room in less than 3.5 min from ignition of the wood crib on the floor and in
Facade fire 1.5 min after the ignition of the ceiling. Large external flames were observed, despite the compartment being
External flame well-ventilated. The 5-layer CLT, which comprised a 40 mm thick exposed outer layer and was face-bonded using

a common European polyurethane adhesive, exhibited glue-line integrity failure and led to a second flashover

after a significant period of decay. Subsequent layers of 20 mm also delaminated before the fire was manually

extinguished after 3 h. Compared to #FRIC-01, the fire spread rate was faster, and temperatures, charring rates,

heat release rates and external flames were higher.

1. Introduction

In recent years, cross-laminated timber (CLT) has become the
preferred choice of many architects, entrepreneurs and building owners
due to its aesthetic look and ability to sequester carbon dioxide. Besides
all the positive sides of CLT, it is well-known that exposed timber can
impact fire dynamics and the growth rate of potential fires [1-3].

There is a strong architectural drive to leave the timber structure
visible, which can sometimes, dependent on the regulations, be imple-
mented without risk-mitigating measures such as limitations of exposed
wood, sprinklers, surface coatings/impregnations, and limitations of
compartment dimensions. Where such measures are not taken or cannot
sufficiently be relied upon, sufficient insight into the impact on fire
development can be important. The effect of an exposed CLT ceiling has
been shown to increase the fire spread rate, which in large floor plan
compartments can lead to fire growth rates [4,5] that are typically not
accounted for in European design standards [6].
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In the Code Red experiments [4,5], the fire spread across a 352 m?
compartment and developed into a full flashover in 5 and 8 min. This
was significantly faster than in similar experiments without a CLT ceil-
ing [7,8]. In #FRIC-01 [9], however, ignition of the CLT ceiling took
longer. Parameters that likely led to this difference are the lower flame
height of the wood crib fire relative to the ceiling height, the larger
opening factor and the higher window head, allowing less smoke to
accumulate under the ceiling. After the ignition of the ceiling at 32.5
min, the fire spread back and forth across the room through four flashing
waves, in which the wood crib fire grew larger after each wave. The fully
developed fire was reached 13 min after the ignition of the ceiling. This
can still be considered fast, as several similar fire experiments without
exposed CLT have used hours to travel the same distance [10,11].
Despite the floor area of Code Red being almost four times larger than
#FRIC-01 (352 m? vs. 95 mz), there were several similarities in the
experimental setups, like the oblong geometry (34.3m x 10.3m x 3.0 m
vs. 18.8 m x 5.0 m x 2.5 m), the large continuous wood crib and the
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exposed CLT ceiling. As the fire development in #FRIC-01 significantly
differed from that in the Code Red experiments, it increased insight into
the strong dependence on the fire scenario, compartment design and the
complexity of the fire dynamics. There is, however, a complete lack of
data on large-scale fire experiments of large floor plan compartments
with a combination of exposed wall and ceiling surfaces. Several
compartment fire experiments (7 m? [1 2]1,17.5 m? [13], 42 m? [14] and
48 m? [15]) have compared how different combinations of exposed
surfaces affect the fire dynamics. However, all of these are of dimensions
that are not representative of large floor plan compartments, and none of
these experiments has studied how the fire spread rate changes with
different combinations of exposed surfaces. Thus, there is a knowledge
gap on how an exposed wall, in addition to a ceiling, would affect the
fire spread rate in a large compartment.

Another possible consequence of having exposed CLT is the pro-
longed fire duration, which might occur due to delamination (also
known as glue-line integrity failure or premature char fall-off) or gyp-
sum board fall-off. In both cases, fresh preheated wood becomes exposed
to the fire, and the phenomenon is often recognised by a rapid increase
in the temperature and heat release rate. This effect has been observed in
several experiments [14,16].

Avoiding delamination has been considered beneficial for achieving
self-extinction of compartment fires, and lately, there has been an
increased focus on developing adhesives that do not exhibit delamina-
tion [4,15,17].

With a regular polyurethane adhesive, several parameters affect
whether delamination occurs, like the outer layer thickness of the CLT,
the duration of the fire, the burning time of the CLT, and whether the
CLT continue smouldering after the extinguishment of flames. It should
be noted that there are examples of fires with delamination that have not
caused a second flashover [9,14,18]. There are also experiments where
self-extinction has been achieved without using a heat-resistant adhe-
sive [9,12,16,18,19].

Delamination and self-extinction of CLT have been extensively
studied at bench scale [19-21], and there are also a few experiments
from small to large-scale [12-15,18] which have studied these related
phenomenon. It has been found that the number of exposed CLT surfaces
and their orientation to each other impact whether self-extinction or
delamination occur due to feedback mechanisms between the exposed
CLT. However, due to the few really large-scale experiments, there are
still knowledge gaps on how feedback mechanisms affect self-extinction
and delamination in large compartments with different orientations of
exposed CLT.

As many modern wooden buildings have one or several surfaces with
exposed wood, it is essential to better understand the feedback mecha-
nisms between exposed CLT surfaces and the variable fuel load and how
this interaction changes the fire spread and fire dynamics in the
compartment. Hence, two large-scale experiments have been conducted
in a well-ventilated, large, open-spaced compartment with exposed CLT.
The experiments aimed to study how fire dynamics and fire spread rates
change with two different configurations of exposed CLT. In #FRIC-01
[9], the ceiling was exposed, while in #FRIC-02, a long wall and the
ceiling were exposed. The results of #FRIC-02 are presented and dis-
cussed in this paper.

2. Methods
2.1. Methodology

The effects of exposed cross-laminated timber surfaces on fire
development and spread in large, open-plan compartments with open
ventilation conditions are studied through a large-scale experiment. The
methodology of #FRIC-02 is identical to that of #FRIC-01. Several
methods have been used to describe the fire and measure the effects of
the timber; analysis of video recordings, measurements of the temper-
atures in the compartment, heat flux towards surfaces, and calculations
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of the heat release rates for the variable fuel and CLT.
2.2. Experimental setup

The experimental setup was almost identical to #FRIC-01. Hence,
the information given here summarises the method and provides key
information and relevant changes compared to #FRIC. For more details
on the experimental setup and analysis methods, readers are referred to
the article describing #FRIC-01 [9].

2.2.1. Compartment

The compartment’s inner dimension was 18.8 m x 5.0 m x 2.52m (L
x W x H), and CLT elements were used in all walls and the ceiling. In
contrast to #FRIC-01, this experiment (#FRIC-02) had both the ceiling
(89.3 mz) and the back wall (47.1 mz) exposed. Images of the
compartment are shown in Fig. 1.

The CLT of the back wall and ceiling had a thickness of 140 mm and
consisted of 5 layers. The outer layers were 40 mm thick with a board
width of 140 mm, whereas the three intermediate layers were 20 mm
thick and had a board width of 90 mm. The CLT panels were made of
Norwegian spruce and glued with Loctite Purbond HB S, a regular
polyurethane (PUR) adhesive. The density of the CLT elements was
approx. 484 kg/m3 (based on measurement of one element with 13%
moisture content).

The compartment had four large window openings on the front wall,
with a total opening area of 17.0 m x 2.2 m = 37.4 m2. This corresponds
to an opening factor of 0.18 m!/2. Windows 1-4 are enumerated from
the left. Thermally inert facade walls with dimensions 2.45 m high and
5.0 m wide were positioned above Windows 2 and 4.

In case of heavy rain showers during the construction period,
standing water would accumulate next to the back wall outside the
compartment. To avoid significant water absorption into the CLT back
wall under such circumstances, a 130 mm x 50 mm wooden plank was
laid directly on the ground as a sacrificial layer, and the wall elements
were positioned on top of that. A fire sealant was added to the wall-wall
connections, the wall-ceiling connections, and between the ground and
the bottom plank. By mistake, there was no sealant between the wall
elements and the bottom plank. This likely led to tiny gaps of ~1-2 mm
at some locations along the bottom of the wall.

#FRIC-02 was conducted one week after #FRIC-01. The walls were
undamaged after being used in #FRIC-01 and therefore reused, while a
new CLT ceiling was provided. The wall had been partly dried during the
fire in #FRIC-01 but regained its moisture content after having been left
with the wet gypsum boards for two days after the experiment. The
moisture content of the exposed wall was measured to 14.1% + 0.5%
(standard deviation, n = 36) the day before the experiment took place.
In comparison, the moisture content of the new CLT ceiling was 13.1%
+ 1.1% (standard deviation, n = 36). The moisture content (dry value)
was measured by a calibrated moisture meter.

The end walls were covered by two layers of 15 mm fire-rated gyp-
sum boards type F [22]. The glulam beam was reused as it was un-
damaged from #FRIC-01, but the ceramic fibre insulation protecting it
was replaced. The concrete floor was covered with new insulation
boards of stone wool.

2.2.2. Wood cribs

The variable fuel was represented by two wood cribs, one long
continuous wood crib (15.5m x 2.8 m x 0.2 m) and a smaller wood crib
(1.0 m x 2.8 m x 0.2 m) positioned on a scale (Fig. 1). The load cells of
the scale were protected from heat by stone wool insulation (2 x 30 mm)
on top and aerated concrete blocks on the sides.

The two cribs were built similarly to #FRIC-01 with 50 mm x 50 mm
wood sticks in four alternating layers. The wood used was Norwegian
spruce, with an average density of 486 kg/m® + 40 kg/m® (standard
deviation, n = 25) and a total mass of 2075 kg for both cribs. The
average moisture content was 14.5%, with 12.8% + 1.2% (standard
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Fig. 1. Experimental setup from the outside and inside of the compartment. The small wood crib on the scale is on the right side of the left image.

deviation, n = 20) and 16.2% =+ 1.3% (standard deviation, n = 20) for
the short and long sticks, respectively. The fuel load density was 353
MJ/m? per floor area.

2.2.3. Ignition

Also in this experiment, the fire was ignited by heptane. 14 metal
trays (150 x 220 x 50 mm) were positioned on the floor next to the
wood crib on the left end. The trays were filled with 0.7 L of heptane in
each and positioned 70 mm from each other. The two first bottom sticks
of the crib were removed and put on top of the crib, so there were four
stick layers at the beginning of the crib as well. 150 mm of the trays were
positioned under the wood crib. This setup deviates slightly from the
setup in #FRIC-01, and the reason for the change will be elaborated in
Section 4.5.

2.2.4. Weather conditions

The wind conditions were measured by a local weather station
positioned 15 m northeast of the compartment. The wind direction was
diagonally from behind the right-end corner, with a wind velocity of 2
m/s and a gust velocity of 5-8 m/s, see Table 1. The gust velocity rep-
resents short-lived (<20 s) increases in the wind velocity. The wind and
gust angles are given as where the wind is originating, with North as 0°.
The orientation of the compartment is shown in Fig. 2.

2.3. Instrumentation and measurements

Most of the instrumentation, including thermocouples (TCs), plate
thermometers (PTs), bidirectional probes, and gas sensors, were reused
from #FRIC-01. Damaged TCs were replaced by new ones. The instru-
mentation setup is shown in Fig. 3-Fig. 5 and consists of 120 thermo-
couples (TCs) of type K 1.5 mm diameter, 24 standard plate
thermometers (PTs), four bidirectional probes, and three gas sensors.
The PTs were facing inwards into the compartment. The positions of the
TCs, PTs etc., are described by the X, Y, and Z-directions, where X is the

Table 1
Wind condition from the ignition of wood crib.

Time Wind angle [ Wind velocity Gust angle [ Gust velocity
[min] ‘1 [m/s] ‘1 [m/s]

0 55 2 104 5

5 29 2 125 5

10 3 3 323 8

15 42 2 14 4

20 62 2 79 5

25 4 2 308 8

30 69 2 83 6

longitudinal direction starting from the left side of the compartment, Y is
the transverse horizontal direction, and Z is the vertical direction. The
zero-point for X, Y, and Z is located on the floor inside the left end wall in
the window opening.

TCs were also embedded into the CLT wall and ceiling at 0, 10, 20, 30
and 40 mm depths parallel to the isotherm. They were installed at three
locations, X = 4.7, 9.5 and 14.3 m (Fig. 4). The TCs embedded in the
back wall were installed at 1.1 m height, and the TCs embedded in the
ceiling were installed along the centreline of the ceiling, Y = 2.5 m. The
embedded TCs were used to determine the char depth of the CLT and
charring rate throughout the experiment. For this, the 300 °C isotherm
was considered the location of the charring front [23]. After the
experiment, the final char depth was measured on some of the CLT el-
ements in the wall and the ceiling.

The incident heat flux was determined using a method described by
Wickstrom [24]. The gas velocities were measured by bidirectional
probes, as explained by Ref. [14], originating from Ref. [25]. Oxygen
(03), carbon monoxide (CO) and carbon dioxide (CO5) concentrations
were measured by a gas analyser at three different locations, shown in
Figs. 3-5.

The method to estimate the heat release rate (HRR) from the wood
crib was inspired by Rackauskaite et al. [7] and consisted of three steps:
1) determine the mass loss rate (MLR) per unit length of the wood crib,
2) integrate over wood crib length, 3) convert MLR to HRR.

In contrast to the method of Rackauskaite et al. [7], the MLR per unit
length (here: 50 mm) in this experiment was based on a real mass loss
rate measurement from the 1.0 m x 2.8 m wood crib positioned on a
scale at the right end of the compartment, i.e., opposite of the ignition
side (Fig. 1). The HRR was approximated through Q=m AHcy, where
the MLR (m) is multiplied by the net heat of combustion (lower heating
value) (AHc¢) and a combustion efficiency factor (y). A combustion ef-
ficiency of 0.8 and a net heat of combustion of 16.0 MJ/kg were used.

The MLR for the ceiling and wall were determined based on the
calculated charring rates of the CLT. The mass loss rate was then esti-
mated based on the average charring rate for each 10 mm into the wood,
the density and the surface area of the CLT. The net heat of combustion
values for the wood crib and CLT were derived from the net calorific
value of 18.66 MJ/kg for dry wood [26] and a moisture content (dry
value) [27] of 14.5% for the wood crib, 13.1% for the ceiling, and 14.1%
for the wall. The resulting net heat of combustion was 16.0 MJ/kg for
the wall and the wood crib and 16.2 MJ/kg for the ceiling.

The HRR of the external flame out of Window 4 was estimated uti-
lising a linear relation between flame volume and HRR of 1.505 + 0.183
MW/m® [28]. The volume of the flame was estimated by measuring the
outline of the external flame from the side and the average flame width
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Fig. 2. Orientation of the compartment.
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Fig. 3. Instrumentation in the YZ-plane (cross-section) at X = 7.0 m and 16.5 m.

#FRIC-01.

from the front through a photo editing program. The dimensions were
found by comparing them to a known reference in the images.

3. Results
3.1. Fire development

The wood crib was ignited from the left end, as described in Section
2.2.3. For the first one and a half minutes, the flames tilted towards the
leftmost end wall with a flame height of 1-2 m. Ignition of the ceiling
occurred at 01:42 (mm:ss) (Fig. 6). At the time of CLT ceiling ignition,
0.15 m of the length of the crib was burning together with the heptane.
At 02:10, a smoke layer was covering the entire ceiling, and the flames
underneath the ceiling had grown to cover approx. 4 m of the ceiling
length. At 02:20, the wood crib fire was about the same size as before the

For X = 16.5 m, only gas measurements in the window opening. Figure from

ceiling ignited, while the ceiling fire now covered approx. One-third
(~6 m) of the ceiling area. The unignited wood crib was, at this point,
strongly preheated by the burning ceiling, which is seen by the cloud of
evaporated moisture in Fig. 6.

The first observation of the wall burning was at 02:00. At 02.30, a
few meters of the upper third of the wall was burning at the left side of
the compartment. From this point on, the fire spread rapidly, see Fig. 7.
At 03:05, the fire had spread to about half the wood crib and three-
fourths of the ceiling. At 03:10, large external flames emerged out of
Window 4, and the entire length of the wood crib ignited at 03:13. This
time is here defined as flashover as it was the first occurrence of all
materials simultaneously burning. After the flashover, external flames
appeared from all window openings, with the largest flames out of
Window 4, farthest away from the ignition point.

After the flashover, the fire burned intensely with large external
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Fig. 4. Instrumentation in the XY-plane (plan view). For symbols, see Fig. 3. Figure from #FRIC-01.
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Fig. 5. Instrumentation in XZ-plane. For Y = —0.7 m, only TCs are used, not gas sensors or bidirectional probes. For symbols, see Fig. 3. Figure from #FRIC-01.
flames for about 8 min. The flames at the CLT wall and ceiling gradually were extinguished, while the wood crib was still burning. From 24 min,
extinguished from the left end of the compartment (ignition side) from the crib burnt with discontinuous flames, and the last flames dis-
about 13 min, see Fig. 8. At 16 min, all flames in the wall and ceiling appeared after 50 min.
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A

Fig. 6. Flame spread below the ceiling after ignition of CLT seen from the left side of the compartment. Time (mm:ss).

At 66 min, small flames were observed at two different positions on
the CLT of the back wall. At this point, there was barely anything left of
the wood crib. Over the next 4 min, several flames appeared both in the
ceiling and the wall, see Figs. 9 and 10(a). At 74 min, the multiple small
flames had grown to cover the entire height of the wall for approxi-
mately two-thirds of the length and half of the ceiling width, see Fig. 11.
At 76 min, almost the entire compartment was burning, and external
flames appeared from the window openings. In this period, many small
(10-50 c¢m) and some larger (50-100 cm) pieces of delaminated boards
fell down and caused a large heap of glowing embers on the floor, see
Fig. 10(b). The intensity of the fire varied over the next 100 min and had
an increasing trend right before it was manually extinguished after 175
min. A summary of the fire development is given in Table 2.

3.2. Compartment temperatures

Compartment temperatures based on PT measurements are shown in
Fig. 12-Fig. 14. Compartment temperature maps based on the TC mea-
surements in the XZ-plane are given in Fig. 15, and in the YZ-plane in
Fig. 16-Fig. 17 for Windows 2 and 4. All PT temperatures had increased
to 700-1000 °C after 4 min. The peak temperatures were reached at 7
min, with temperatures between 1010 and 1172 °C for all PT locations.
The hottest areas were close to the end walls. The lowest temperatures
were measured in the centre of the compartment at the middle height, X
=9m,Z=1.0-1.5m, as seen in Fig. 15. From 3 to 8 min, there was a
reversed temperature gradient at the back of the room, with a lower
temperature at 2.4 m height than at 1.1 m height, as seen in Fig. 13.
Large temperature differences were also seen in the cross-section
through Window 2, see Fig. 16, where a defined temperature gradient
was present from the lower height of the window to the back of the
room. Through Window 4 (Fig. 17), this gradient was less pronounced,
and the temperatures were almost uniform in the cross-section. During
the most intense burning phase, i.e., 4-8 min, the temperature difference
from the back wall to Window 2 at 1.1 m height was approximately

700-800 °C. The difference for the cross-section through Window 4 was
only 200-300 °C.

At 12-18 min, the temperature dropped from 1135 to 810 °C for the
maximum PT measurements and from 924 to 575 °C for the minimum
PT measurements. The decay rate of the compartment temperatures in
this period was 52 + 10 °C/min on average. The extinguishment of
flames at the CLT wall and ceiling started from the left end and was
extinguished completely between 14 and 16 min, see Fig. 8. Visible
flames extinguished at temperatures (PTs) between 805 and 845 °C and
an incident heat flux of 70-84 kW/m?2.

From 18 min, a temperature increase was measured by all PTs in the
ceiling and some of the PTs on the back wall and the wood crib, see
Figs. 12-14. This increase lasted for about 5-8 min, and the peak values
were reached at 22 min. This increase is also seen in Figs. 15-17. Except
for this short-lived increase, the temperatures in the whole compartment
decayed after the extinguishment of flames at the CLT. The temperatures
next to the ceiling and the wall decreased almost linearly, with an
average rate of 5.7 + 0.1 °C/min over the next 50 min. The ceiling
temperatures in the decay phase were uniform, with just minor differ-
ences along the Y-axis. In contrast, significant differences were seen for
the wood crib temperatures, with lower temperatures at the window
side.

Before the initiation of the second flashover, the temperatures in the
compartment had cooled down for about an hour. The temperatures
measured by PTs below the ceiling and on the back wall were
386-490 °C. The temperatures at the first glue line, i.e., 40 mm depth, at
70 min in the ceiling and the wall were 173-221 °C.

We define the onset of the second flashover as occurring at 76 min,
although the right part of the wall was not included until after 78 min. In
the transition to the second flashover, the wall and ceiling temperatures
increased rapidly and peaked at approximately 1050 °C, almost as high
as during the first flashover. The temperature distribution was less
uniform, with a more apparent difference between the PTs of the wall,
ceiling, and wood crib. After the second flashover, the temperature
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Fig. 7. (a)-(g) Fire spread across the compartment. Time (hh:mm:ss).

varied considerably but remained above 550 °C below the ceiling and
500 °C by the wall. The fire reached its minimum phase at approx. 128
min with all PT temperatures below 585 °C, corresponding to an inci-
dent heat flux of 19-28 kW/m?. At this point, small flames covered a
large part of the wall, see Fig. 9 (k). Visually, the fire intensity was at its
minimum at 120 min, where only a few minor flames were present, see
Fig. 9 (j). After this period, the temperatures and the fire intensity
increased slowly until the fire was put out at 175 min. At this point, the
temperatures were at their highest since 106 min.

Fire Safety Journal 141 (2023) 103986
3.3. External flames and facade temperatures

External flames were emerging from all window openings after
flashover, but the size of the flames was non-uniform, with by far the
largest flames appearing from Window 4, see Fig. 7 (g). The develop-
ment of the external flames emerging from Window 4 is shown in
Fig. 18. The flames were largest between 3 and 7 min and then gradually
decreased to no flame. This is also shown in Fig. 19, where the height,
volume and an estimated HRR are given.

Although short-lived, the maximum external flames from Window 4
were 6-8 m high from the ground, extending several meters above the
facade wall, see Fig. 18. At maximum (Fig. 20), the flames were
impinging on the facade to the top of the facade walls and then tilted
away from the compartment with a ~45° angle. The depth of the
external flame was approximately 3 m at the ceiling height but extended
at maximum nearly 6 m from the facade at a higher point. The largest
external flames had a volume of 45 4- 10 m3, see Fig. 19 (b). Utilising the
linear relation between external flame volume and HRR [28], the
maximum HRR of the external flame was estimated to be 66 + 20 MW.

Another characteristic of the flame from Window 4 was that it filled
almost the entire window height for a part of the window in the most
intense burning phase. Hence, the neutral plane was here almost at floor
level. This can be observed several times in Fig. 18 and shown over time
in Fig. 19.

The temperatures measured at the facade are shown in Fig. 21. The
highest temperatures were measured above Window 4 between 3 and 9
min with peak PT temperatures around 1020 °C, 865 °C and 720 °C at
0.8, 1.8 and 2.8 m above the window soffit. The exposure to the facade
was also significant during the second flashover but lower than during
the first flashover.

The incident heat fluxes were calculated based on the PT and TC
measurements, as described in Section 2.3 and given in Fig. 22. The heat
flux above Window 4 was at its maximum between 3 and 9 min, with
heat flux levels fluctuating between 125 and 175 kW/m?2. The maximum
30-s moving average was 156, 96 and 67 kW/m? for heights 0.8, 1.8 and
2.8 m above the window soffit of Window 4, respectively. At +0.8 m
height, the maximum 30-s averaged value occurred at 6 min, while the
maximum value for +1.8 and + 2.8 m occurred at 3.5 and 4 min,
respectively. This confirms that the largest flames lasting 30 s were
present shortly after flashover, although short-lived large flames were
present also later. In comparison, the values above Window 2 were
significantly lower, with a 30-s average of 64, 34 and 12 kW/m?.

The velocities inwards at Z = 0.3 m and outwards at Z = 2.1 m
through Windows 2 and 4 were found through measurements with
bidirectional probes, as described in Section 2.3. Velocities for the most
intense external flaming are given in Fig. 23. The synchronisation of the
time might deviate slightly from the other graphs, as the TC for syn-
chronisation was defective, and there was a short delay between the
time at which the gas was sampled until it was measured by the sensor.

The 30 s maximum average velocities outwards from the compart-
ment at Z = 2.1 m were approximately 8 m/s through Window 2 and 14
m/s through Window 4. The duration of the outward flow was shorter
for Window 2 compared to Window 4. In the figure, the average inward
velocities at Z = 0.3 m were approximately the same for Windows 2 and
4, with a velocity between 2 and 4 m/s, but with stronger fluctuations in
Window 4. However, the bidirectional probe at 0.3 m height in Window
4 was not set up to measure reversed flows, i.e., outward flows, as this
was not expected. Hence, the average inward flow in Window 4 is likely
closer to zero than presented in the figure. Several of the bidirectional
probes gave unreliable data after 8 min and were therefore not included
in the analysis. The unreliableness is believed to have been caused by a
hole in the connections due to heat exposure.

3.4. Fire spread across CLT and wood crib

The fire spread across the wood crib and ceiling was found through
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Fig. 8. (a)-(e) Development of self-extinguishment of CLT while wood crib was still burning. Time (hh:mm:ss).

video analysis, and an exponential curve matched well with the spread
across the wood crib, Fig. 24. The fire spread rate was then found
through the derivation of the exponential curve. The (harmonic) average
fire spread rate across the wood crib from ignition was approx. 5.5 m/
min (90 mm/s) and 11.7 m/min (195 mm/s) from the ignition of the
ceiling. The average spread rate across the ceiling was approx. 15 m/min
(250 mm/s). As shown in Fig. 24, the spread rate was increasing almost
exponentially. This is visualised by comparing the fire development in
Fig. 7 (e)—(g), where it took 3 min for the wood crib fire to cover half of
the wood crib and just 10 s to travel across the second half of the crib.

Fire spread based on the TC temperatures is shown in Fig. 25, where

a threshold of 600 °C is used to indicate flames. The flames spread first
across the ceiling and the upper part of the wall, followed by ignition of
the wood crib and the lower part of the wall at about the same time. At X
= 7.0, the flames spread clearly from the top of the wall and downwards.
This is also shown visually in Fig. 25. However, at X = 16.5, the entire
height of the wall ignited within a few seconds. Compared to the visual
observations of the fire spread, the 600 °C indicator gives a few seconds
delay. Based on the temperature indicator, the average flame spread rate
from X = 3.0-18.8 m ranged from 13 to 23 m/min.
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3.5. Gas measurements

Oxygen (03), carbon dioxide (CO), and carbon monoxide (CO)
concentrations were measured at three different locations, as described
in Section 2.3, and the results are given in Fig. 27. The O5 concentration
measured in Window 2 was not recorded due to a fault. The O, con-
centration shown is, therefore, calculated backwards from the CO and
CO4, concentrations. For short periods, both the CO and CO, reached the
limits of the sensor, and the actual O, concentration will therefore be
lower than what is shown in the figure. Measurements for Windows 2
and 4 are missing from 60 to 80 min and after 150 min.

The O concentration measured at the window openings decreased
rapidly after flashover and stabilised at 10% and 5% between 5 and 9
min for Windows 2 and 4, respectively. For a short period from 11 to 13
min, the O, concentration was 0% through Window 4. From 15 min, the
O, concentration increased steadily until the second flashover occurred.
During the second flashover, the O, was, in the most intense burning
phase, reduced to 0% but was between 7 and 16% most of the time. In
the back of the room, O, was at its lowest of 18.4% just after flashover.
This level is higher than expected, possibly caused by a small leakage in
the tube collecting the gas. Measurements from this location should
therefore be considered with caution. The CO concentration was higher
than 5000 ppm in all three locations from 4 to 16 min. From this point,
the CO concentration was reduced quickly and is related to the extin-
guishment of flames at the CLT wall and ceiling. From 25 min, the CO
concentration increased steadily in Window 2. The CO-sensor in Win-
dow 4 stopped working after 15 min.

3.6. Charring of CLT

Charring rates for the CLT are given in Table 3 and Table 4 and were
measured as described in Section 2.3. For the first 40 mm, the charring
followed a clear trend with a high charring rate for the first 10 mm,
followed by a decreasing rate for each extra 10 mm into the wood.

The final char depths were measured at different locations and are
shown in Figs. 28 and 29. The arithmetic average of the final char depth
across the CLT back wall was 97 mm with a standard deviation of 13 mm
and 104 mm with a 7 mm standard deviation for the CLT ceiling.
Charring in the ceiling was noticeably non-uniform, with less charring at
the right end of the compartment in both the wall and the ceiling. The
char depth was also deeper at the bottom compared to the top of the
wall. In the ceiling, the charring was evidently more pronounced close to
the wall compared to the window side. The difference was more than 30
mm in several places. An example is given in Fig. 30, where the charring
in some areas of the ceiling close to the window side has only reached
the 3rd layer (<80 mm), while close to the wall, the charring has in most
places reached the 5th layer (>100 mm). In the figure, two areas are
entirely burnt through close to the window side. The main reason for this
was insufficient extinguishing in the inner corner between the glulam
beam and the ceiling at the end of the experiment. This area was hard to
reach by water when standing on the outside. Extinguishing was not
performed from the inside of the compartment due to safety concerns.
Due to this insufficient extinguishing, smouldering was still occurring
for several hours, and the CLT reignited in at least two locations on top
of the compartment above the glulam beam. The reignition was
discovered 7-8 h after the end of the experiment, but it is unknown
exactly when the reignition happened. A heavy rain shower and addi-
tional manual extinguishing stopped further combustion after 8 h. The
ongoing smouldering next to the glulam beam is the reason for the
outliers at Y = 0.3 m in Fig. 29. Complete charring (140 mm) was also
seen at the bottom of the wall several places from 60 min, see Fig. 31.

3.7. Delamination and second flashover

Both in #FRIC-01 and here, delamination was defined to occur when
a part of the outer layer detaches from the second layer due to the
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Fig. 10. (a) The first flames leading to the second flashover appeared at the lower part of the back wall and in the innermost part of the ceiling. (b) Ceiling and wall
burning, and glowing embers on the floor from falling pieces. Photos were taken at 70 min (a) and 93 min (b).

Fig. 11. In the transition to the second flashover, the full height of the back
wall was burning before half of the ceiling width had been included in the fire.
Photo from 74 min.

Table 2
Summary of fire development.

Time Observation Figure

(min)

0 Heptane trays were ignited.

1.75-3.25 The fire spread first across the ceiling and the top of the ~ Fig. 7
wall and finally across the wood crib and lower part of
the wall.

3.25-11 After the flashover, external flaming was highly Fig. 7
inhomogeneous as most external combustion occurred
out of Window 4.

11-13 A clear reduction in external flaming, and the burning of ~ Fig. 8
the CLT wall on the left end was less intense.

13-16 Extinction of the CLT wall and ceiling, starting from the
left end, while the wood crib was still burning
continuously.

24-40 The wood crib burnt discontinuously.

40-50 Tiny flames were present at a few locations but
eventually died out.

66-76 Development of flames on the back wall and the ceiling,  Figs. 9-11
leading to a second flashover.

76-175 A continuous fire with varying degrees of intensity.

175 Manual extinguishment of the fire.
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adhesive losing its integrity. Uncharred, preheated wood in the second
layer was then exposed.

The small flames that appeared from 66 to 70 min (Fig. 10) rapidly
grew in size, and at 74 min, most of the wall and half of the ceiling were
burning, see Fig. 11. A distinct change in the burning behaviour
occurred between 74 and 76 min, see Fig. 9. At 74 min, the flames were
mainly originating from the burning of the fresh wood of the second
layer. However, at 76 min, the intensity of the flames had increased
significantly, and from the images, it is evident that also the first layer
was burning again. The incident heat flux towards the wall increased in
this period from approx. 40 kW/m? to 104 kW/m?2 At this point,
external flames emerged from all window openings. At 78 min, the right
end of the compartment was also included in the fire.

The most intense fire lasted just a few minutes (76-81 min). After
this, the fire intensity varied a lot, as seen in Fig. 9. An intermediate
minimum was reached around 90 min before the fire reached a new peak
at 104-106 min. At 120 min, the fire reached its minimum with only
minor flames present. However, again the fire grew in intensity and at
175 min, just before it was manually extinguished, it was at its most
intense since 106 min (see Figs. 9 and 12) and showed no signs of being
close to self-extinction.

The varying fire intensity and temperatures were related to the
delamination of the second, third and fourth lamella, which all were 20
mm thick. The estimated times for the char front to reach the different
layers and cause delamination is given in Table 5. The values were
calculated from the average charring rate of 0.52 mm/min for the ceiling
(Table 3) and 0.67 mm/min for the wall (Table 4). Fig. 31 shows the gas
temperature next to the back wall, and distinct temperature peaks are
present at almost identical intervals after the second flashover. The
occurrence of these peaks matches well with the estimated times for the
char front progress in Table 5.

3.8. Mass loss rate and heat release rate

3.8.1. Mass loss rate

The mass loss rate of the wood crib was determined as described in
Section 2.3. An exponentially decaying function was fitted to the
measured mass loss of the crib on the scale and then derived to get the
MLR, see Fig. 33. Compared to the real MLR averaged over 30 s, the
estimated MLR based on the fitted curve gave a good match.

The MLR per unit (50 mm) length was then found by dividing the
MLR from the small crib by 20. The MLR per unit length was combined
with the fire spread across the wood crib, see Fig. 24, to obtain the total
MLR and HRR for the wood crib. This process is explained in more detail
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in #FRIC-01 [9]. The estimated maximum MLR of the wood crib based
on this method was 2.69 kg/s, corresponding to a burning rate of 7.28
g/(s mz), where m? is the surface area of the wood sticks. The theoretical
maximum mass loss and burning rate were estimated to be 2.81 kg/s and
7.60 g/(s m?), which assumes that the entire crib starts to burn simul-
taneously and at a similar rate as the crib on the scale.

The mass loss rate of the CLT was based on the charring rates of the
CLT, see Tables 3 and 4. The estimated maximum mass loss rate was
1.03 kg/s and 1.90 kg/s for the wall and ceiling, respectively. This
corresponds to a burning rate of 0.022 kg/m?s and 0.021 kg/m?s.

3.8.2. Heat release rate

The HRR for the wood crib, the CLT and these combined are shown in
Fig. 34, where the maximum HRR was estimated to be 73 MW. The HRR
of the CLT was obtained from the charring rate of 10 mm intervals, and

the curve, therefore, has a stepwise development. The average HRR after
the second flashover was 3.5 MW for the back wall and 5.5 MW for the
ceiling. The development of the HRR curve was considerably faster than
the ultrafast t? curve [6], with a fire growth rate constant, t,, of 27 s vs.
75 s. During the most intense burning phase (i.e., max HRR), the
contribution from the wood crib was 35 MW (48%), 13 MW (18%) from
the CLT wall, and 24.5 MW (34%) from the CLT ceiling.

With a combustion efficiency of 0.8, the area below the HRR curves
should ideally equal 80% of the energy content of the initial wood crib
mass (2075 kg), the burned mass of the CLT wall (2409 kg) and CLT
ceiling (4188 kg). The area below the HRR for the wood crib was equal
to 81% of the energy content of the initial wood crib mass, while the
areas below the HRR curve for the CLT ceiling and wall were equal to
78% and 73% of the energy content of the mass of the burned CLT,
respectively.

11
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4. Discussion

To our knowledge, this is the first large open-plan fire experiment
combining an exposed CLT ceiling and wall. The contribution from the
wall is clearly shown by comparing against the results of #FRIC-01 [9],
which had a similar experimental setup, but with only the ceiling
exposed.

The most important results from this experiment are the fast fire
spread, the large and strongly non-uniform external flames, the second
flashover after the long decay phase, and the non-uniform char depth.
These results are discussed in more detail in the following sub-sections.

4.1. Fire spread

The fire developed very fast, and the wood crib fire spread across the
room in 3 min and 13 s from ignition (5.5 m/min) and in 91 s from
ignition of the ceiling (11.7 m/min). The fire under the ceiling reached
the end of the compartment a few seconds earlier, with an average rate
of 15 m/min from the ignition of the ceiling. The development of the fire
spread rate was exponential, as seen in Fig. 24, indicating that the
average spread rate could have been even faster in a longer compart-
ment. The development of the total HRR was faster than the ultrafast t-
curve and is considerably faster than the medium and fast fire growth
rates suggested for different occupancies in Eurocode 1 [6]. This fire
spread rate across the room was significantly faster than reported for
most compartments with non-combustible surfaces, with a maximum
rate of 1-2 m/min [7,8,29-31], as described in #FRIC-01 [9]. Compared
to compartments with exposed CLT, the fire spread rate is even faster
than the fastest spread rate in the Code Red experiments, in which the
fire spread rate was 9.6 m/min across the wood crib and 12 m/min
across the CLT ceiling from ignition of the ceiling [4]. A direct com-
parison to the spread rates of #FRIC-01 was not made here due to the
pulsating behaviour of the fire spread across the ceiling and the crib.
Still, there is no doubt that a CLT orientation with a ceiling and a wall
facilitates a faster spread rate compared to just having the ceiling
exposed.

Before the flashover, there was a clear movement of smoke and fire
toward the far end of the compartment. This behaviour was due to the
0.36 m deep insulated glulam beam, which effectively guided the smoke
towards the far end of the compartment. Thus, the position of beams
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under a ceiling will effectively contribute to what direction smoke, and
later a fire, will spread. In addition, the height of the beam will affect the
thickness of the smoke layer, and thereby the temperatures in, and ra-
diation, from the smoke layer.

Fig. 6 gives a unique insight into the mechanisms of the fast fire
spread. Shortly after ignition of the ceiling, a thick smoke layer formed
below the ceiling. This smoke layer contained a large fraction of
combustible gases (recognised by the black colour) and is a key factor for
the flame spread below the ceiling, as discussed in #FRIC-01 [9]. The
radiation from the burning ceiling preheated the CLT wall and the wood
crib, which is seen by the cloud of evaporated moisture at 02:20 in Fig. 6.
Shortly after, the wood crib fire started to spread rapidly.

At 02:20, it is noticeable how far the flames had spread under the
ceiling, while the size of the wood crib was about unchanged since the
ignition of the ceiling. This highlights that the contribution from the CLT
(wall and ceiling) was the dominating factor for the fast fire spread, and
not what type of moveable fuel that was present. In an actual building,
the fire growth rate could be limited by the oxygen supply, which is
ultimately controlled by whether the window glasses break or not. A
large compartment volume, either by a large floor area or a high ceiling
height, would compensate for the lack of window breakage for a certain
time.

4.2. Charring rate and char depth

The charring rate was highest for the first 10 mm and was reduced for
each subsequent 10 mm into the wood. The stepwise charring pattern
was also seen in #FRIC-01 and can likely be explained by the initial
rapid mass loss rate for combustion of wood, followed by a reduced rate
when a char layer is formed [19,32]. The charring rates were also likely
affected by the large variations in temperature and heat fluxes during
the charring of the first 40 mm. The high charring rate for the first 10
mm did not influence the total charring rate much, but it had an impact
on the fire spread rate and external flames as it contributed to a large
amount of pyrolysis gases being produced the first minutes after igni-
tion. Pyrolysis gases burnt inside the compartment contribute to higher
temperatures and is a driving force for the fast fire spread. Unburned
gases exiting the compartment burn as an external flame, which may
spread the fire to the facade, a compartment above, or an opposite
building.
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Fig. 15. Temperature map of XZ cross-section through the centre of the compartment (Y = 2.5 m).
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Fig. 16. Temperature map of YZ cross-section through the centre of Window 2 (X = 7.0 m).

The final char depth measured after the experiment was strongly
non-uniform, with more charring on the bottom of the wall than the top
and more pronounced for the part of the ceiling closest to the back wall.
This is similar to #FRIC-01 but more distinct here. In addition, the
charring of the wall was deeper than in the ceiling, 104 mm vs 97 mm.
This corresponds with previous experiments, summarised by Mitchell
et al. [3], where there is a clear trend of faster charring rates of the wall
compared to the ceiling.

Furthermore, the development of the flames in the transition to the
second flashover matches well with the char depth pattern shown in
Figs. 28-30. This is apparent in Figs. 10(a) and Fig. 11, where the first
flames leading to the second flashover appeared at the lower height of
the wall and the innermost part of the ceiling. It was also clear that the
wall had been more charred than the ceiling at this point, as most of the
wall was burning, while just part of the ceiling had visible flames on the
surface. In addition, the right end of the back wall and ceiling ignited
last, as seen in Fig. 9 (e). Consequently, it appears that the non-uniform
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charring pattern, in general, had developed already before the onset of
the second flashover.

The uneven charring is mainly believed to be due to the different
oxygen concentrations [33] throughout the compartment. It is believed
that the supply of oxygen entered the compartment at a low height
through the window and was transported to the back of the wall, up-
wards along the wall and exiting out of the compartment below the
ceiling. Along such a path, the oxygen concentration would be more and
more diluted, with the lowest concentration when exiting the
compartment below the window soffit. Given that this path of the oxy-
gen is correct, it can explain the large differences in char depth between
the wall and ceiling and of the ceiling and wall separately. In addition,
the reduced charring at the right end of the compartment can also be
explained by the low oxygen concentrations in the most intense burning
phase of the fire. Increased charring could also have been caused by a
higher heat flux or temperature [33]. The reversed temperature gradient
close to the wall in the most intense burning phase of the fire could have
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Fig. 17. Temperature map of YZ cross-section through the centre of Window 4 (X = 16.5 m).

played a role in the increased charring of the lower part of the wall. In
the ceiling, however, the temperatures were the highest at the right end
of the compartment, where the charring was less pronounced. This
shows that temperature differences alone cannot explain the large var-
iations in char depth.

Fig. 31 shows the burn-through below the wall and is a great example
that connection details are crucial to fire safety in CLT buildings. This
was caused by the lack of sealant between the wall and the bottom
plank, resulting in tiny gaps for the fire to spread through. This em-
phasises the need for fire-rated seals between CLT elements to avoid fire
spread through small gaps. Another example from this experiment was
the inadequate extinguishing of the inner corner area between the
ceiling and the glulam beam, which allowed smouldering combustion to
continue. Ultimately, this ongoing smouldering process burned through
the ceiling and caused a re-ignition which was discovered 7-8 h after
termination of the experiment. A similar example of continued smoul-
dering of CLT and a thorough discussion about this topic is given by
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Mitchell et al. [34].

4.3. Self-extinguishment of flames at the CLT and second flashover

Self-extinction of flames at the CLT wall and ceiling occurred at
temperatures between 805 and 845 °C (measured by PTs) and an inci-
dent heat flux of 70-84 kW/m?2. These values are higher than typical
values for self-extinction of CLT (43.6 + 4.7 kW/mz) [20] and higher
than in #FRIC-01 (49-52 kW/m?). The higher values can possibly be
explained by the lower oxygen concentration, as a lower oxygen level
requires a higher critical heat flux to sustain burning [35]. At 13 min,
shortly before extinguishment of the CLT, the O, concentration was 13%
in the outflow gas through Window 2 and 0% for Window 4, measured
0.1 m below the window soffit. Another effect that may have influenced
the result is the thickness of the char layer at the point of self-extinction.
Although this was not measured directly, it can be assumed that the char
layer was thicker than in #FRIC-01. This is based on a faster charring
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Fig. 18. Side view of external flame emerging from Window 4. Time (mm:ss) after ignition. The given times might deviate slightly (&1 s) from the exact times as the
start of ignition was not recorded.
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Fig. 19. Height (a), volume (b) and heat release rate (c) of the external flame from Window 4. The shaded area in (b) and (c) represent the uncertainty of
the estimation.
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Fig. 20. Maximum external flame from Window 4. The flame height and
depths are estimated based on the known facade height. Note: This flame does
not represent the overall flame size but shows the absolute maximum size
that occurred.

rate in #FRIC-02 but an almost identical duration of flaming combustion
of the CLT compared to #FRIC-01. With a thicker insulating char layer, a
higher external heat flux is needed to sustain combustion.

Shortly after the extinguishment of flames at the CLT, an apparent
temperature increase was observed (Figs. 12-14). This increase was
likely due to a change in the wind conditions, where the wind at this
point turned to a direction coming more from the front side and to a
greater extent affected the burning inside the compartment. This is
shown by comparing the wind measurement at 15 and 20 min (Table 1).

Although shown earlier [14,16], this experiment is another example
that a second flashover might occur after a long decay phase in com-
partments where no heat-resistant adhesive is implemented. Before the
first flames leading to the second flashover appeared, the flaming
combustion of the CLT had been out for approx. 50 min, the wood crib
was completely burned out, and temperatures in the compartment had
been decaying for about an hour. However, from 66 min, multiple small
flames developed within 10 min to a full blaze, with peak temperatures
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almost reaching the same level as in the first flashover. It was observed
that several flames appeared close to the growing air gaps at the bottom
of the wall, see Fig. 31. The air gaps might have speeded up the charring
rate around these points. Still, since flames appeared at many different
locations in the ceiling and the wall approximately at the same time, it is
concluded that the air gap did not significantly affect the transition to
the second flashover.

An indication of the ongoing smouldering before the second flash-
over was the increase in CO concentration from 25 min. A similar
observation was made in #FRIC-01 [9], where the CO concentration
dropped significantly at the extinction of flames but then gradually
increased.

In #FRIC-01 [9], delamination (or glue line integrity failure)
happened, although the char front had not reached the glue line. This
was concluded based on a few lamellas hanging down and several
clearly detached from the layer behind but still in place. The layer
behind was mostly discoloured but not charred, which proves that the
first layer, in general, had not been charred through. The reason why the
lamellas were loose and hanging down, but had not fallen down, can be
explained by a) only part of the lamella length was detached due to the
non-uniform char depth along the lamellae length, and b) a lamella not
entirely charred through will have some remaining strength that pre-
vents it from falling down or breaking into pieces.

It is believed that the delamination process in this experiment
occurred similarly as in #FRIC-01. This is supported by observations
where flames emerged from behind the outer lamellas, indicating an air
gap between the two outer layers. In addition, the first pieces of wood
falling off were seen at 70 min, when multiple flames already had
appeared. However, after the second flashover, pieces of wood were
falling almost continuously during the most intense burning phase.

With the delamination occurring before the exposed lamellae was
charred through, two preheated surfaces with fresh timber were exposed
with a small air gap in between. The two preheated surfaces were
shielded from any external radiation but were heated by the gas tem-
perature next to the CLT and the thermal wave propagating through the
first CLT layer. The gas temperature was well above 400 °C at several
locations when the first flames occurred before the second flashover.
From the many simultaneously occurring fires around this time, it is
evident that the described conditions were ideal for a fire to emerge in
the gap between the two layers.

After the second flashover, the intensity and temperatures of the fire
varied strongly, as seen in Figs. 9 and 12-14. The varying intensity and
the compartment still burning after 175 min can be explained by three
coinciding factors. 1) The burning of wood follows a natural variation in
burning intensity. 2) The intermediate CLT elements were thin, only 20
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Fig. 21. Temperature measurements at the facade above Window 2 (a) and Window 4 (b). +0.8, 1.8, and 2.8 m are heights above the window soffit. The TCs are not
corrected for any radiation exposure and might deviate slightly from the real gas temperature.
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Fig. 22. Incident heat flux at the facade above Window 2 (a) and Window 4 (b). +0.8, 1.8, 2.8 m are heights above the window soffit.
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Fig. 24. (a) Fire spread across the wood crib and the ceiling. (b) Fire spread rate across the wood crib.

mm thick. 3) The adhesive of the CLT did not have sufficient resistance
against glue-line integrity failure.

Firstly, part of the variation in intensity can be explained by the
typical burning behaviour of wood when subjected to an external heat
flux. At ignition, the wood burns with flaming combustion with a typical
high charring rate. Over time a thicker and thicker char layer forms, and
to sustain flaming combustion, the incident heat flux must overcome a
critical value. At 120 min, the fire had its least intense period with only
minor flames. The few flames present at this point appeared to be
emerging from the layer behind and not from burning of the outermost
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CLT layer. This corresponds well with the measured incident heat fluxes
of 31 kW/m? for the back wall and 36 kW/m? for the ceiling, in which
both are below the critical heat flux for self-extinguishment of flames at
a CLT surface [20]. The lowest incident heat fluxes were present at 128
min, although considerably more flames were present at this point than
at 120 min, see Fig. 9. This again strengthens the hypothesis that the
flames were coming from the fresh timber exposed due to delamination.
Since the intermediate layers were only 20 mm thick, and we assume
that delamination happened before the char front had reached through,
the effective thickness before delamination occurred was, therefore, less
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Fig. 25. Fire spread indicated by a TC temperature of 600 °C. The fire spread firstly across the ceiling and top of the wall, followed by lower parts of wall and the
wood crib. Numbers are given in seconds after the start of the experiment. X, Y and Z represent the positions, as seen in Figs. 3 and 5.

than 20 mm.

Due to the uneven char depth (see Fig. 30) at the start of the second
flashover (explained in Section 4.2), the time of delamination occurred
over a range of times. This can be seen through the varying temperatures
locally in the compartment, see Fig. 32. The peaks are shifted in time,
corresponding to the later involvement of the left end of the wall to the
fire. From the figure, it appears that the delamination cycle was approx.
30 min. The short time between the delaminations and the subsequent
addition of fresh wood to the fire contributed to keep the compartment
temperatures high. As an example, the PT temperature remained above
550 °C below the ceiling and 500 °C by the wall after the second
flashover. In comparison, the temperatures next to the wall and ceiling
after the first flashover were at the minimum 386 and 420 °C,
respectively.

From the minimum temperatures at 128 min, the fire grew in in-
tensity. When the fire was extinguished, at 175 min, it was at its most
intense phase since 106 min. At this point, the incident heat fluxes to the
wall and ceiling were 53 and 60 kW/m? and had a rising trend. If the fire
had not been put out at this time, it seems likely that the fire intensity
could have increased even more, possibly to a full third flashover.

Since the wall had been used in #FRIC-01, it is relevant to consider
whether this affected the delamination process. The maximum temper-
ature measured at the glue line in #FRIC-01 was 68 °C. Any official
documentation on whether this temperature is sufficient to change the
adhesive properties has not been received. However, small fires
appeared randomly in both the wall and the ceiling almost
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simultaneously just before the second flashover. This parallel behaviour
strongly indicates that the CLT wall behaved similarly to the CLT ceiling,
which had not been used in #FRIC-01.

4.4. External flames

The external flaming in this experiment showed some characteristic
behaviour. Firstly, the external flaming was highly non-symmetrical,
with most of the external combustion taking place outside Window 4.
The size of the external flame out of this window varied significantly
during the most intense period. For longer periods, the flame reached
above the facade walls, i.e., >3 m above the window soffit. And for short
periods, the flame reached 5-6 m above the window soffit and would
likely have reached even higher with a taller facade wall.

Based on the video analysis of the flame and the elevated incident
heat fluxes measured on the facade walls, it is reasonable to claim that
such large external flames as observed in this experiment pose a sig-
nificant fire risk to ignite the storey above, but also likely two storeys
above, in an actual building. In addition, such large flames are a threat to
cause fire spread to an opposite building due to the large flame surface
area and the large flame extension from the facade.

The non-symmetrical external flames were likely affected by the
wind conditions. The direction of the wind was diagonally from behind
the right end, see Table 1 and Fig. 2. Such conditions would create an
underpressure on the front side of the compartment. It is suspected that
the underpressure caused smoke and flames to be dragged mainly out of
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Fig. 26. The images show the fire spread sequence in the compartment. The fire spreads first across the ceiling and the upper part of the wall and then down the wall.
The top layer of the wood crib ignites at about the same time the flames on the wall reach the wood crib level. The yellow line shows the top of the wall. The given
time represents the number of seconds after the flame first occurs below the ceiling in this video frame. The camera was located at floor level in the centre of Window
3 inside a water-filled Pyrex column. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Window 4, as the other windows were more shielded from this effect by
the compartment itself. It is also likely that the largest external flames
occurred due to wind gusts, which amplified this effect. From the side
view of the external flame, see Fig. 18, it is evident that the flame
covered the entire height at part of the window closest to the edge and
that the inward flow of air was reduced through Window 4 compared to
the other windows. In addition, the intense fire at this point needed a
large supply of air, and since less air was supplied through Window 4,
the other windows had to compensate for that loss by supplying even
more air. The reduced supply of air through Window 4 caused very high
and uniform temperatures in the right end of the compartment and
lower temperatures in the centre of the compartment where most air was
supplied (Figs. 15 and 16). The non-uniform supply of air through the
windows also led to very low levels of oxygen in the right end of the
compartment and indicates that part of the compartment was strongly
under-ventilated during the most intense fire, despite the large window
openings. It is likely that this non-symmetrical behaviour of the external
flame could only occur under specific wind conditions. However, it can
be stated that fire safety engineering methods to determine external fire
plume heights, such as the Law-model in the Eurocodes [6], do not
consider such an extent of non-uniformity along the facade openings and
do not include the contribution of combustible gases from the CLT to the
total HRR.
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The estimated HRR for the maximum external flames from Window 4
was 66 + 20 MW, which does not align with a total HRR of 73 MW, see
Fig. 34, as this would mean that two-thirds or more of the combustible
gases were burnt outside. It is acknowledged that the estimation of the
external flame involved significant uncertainties, both through the
determination of the flame volume and by the conversion from volume
to HRR. In addition, the method to determine the heat release of external
combustion was developed based on smaller flames. Still, the estimated
HRR of the external flame indicates that the total HRR is estimated too
low, at least for some period. A factor that significantly influences the
HRR is the combustion efficiency. This was set to 0.8, but given the high
temperatures in the compartment and the strong re-radiation between
the crib, the wall and the ceiling, it is not unlikely that the combustion
efficiency could be higher than 0.8. Given that the combustion efficiency
is correct, the HRR from the wood crib is considered to be quite accurate.
However, the HRR from the CLT wall and ceiling is based on only three
measurements each, where the average value of those is used to estimate
the HRR from the CLT. Since there was quite a large difference between
the minimum (1.90 mm/min) and maximum (3.28 mm/min) charring
rate, it is not unlikely that the calculated average value is lower than the
actual average value. Assuming a combustion efficiency of 0.9 instead of
0.8 and an average charring rate of 3 mm/min instead of 2.64 and 2.71
mm/min, the estimated total HRR ends up being 92.5 MW, almost 20
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Fig. 27. O, CO; and CO concentrations of the compartment.
Table 3
Charring rates CLT ceiling.
Time to 300 °C [min] Charring rate [mm/min]
0 mm 10 mm 20 mm 30 mm 40 mm 97" mm 0-10 mm 10-20 mm 20-30 mm 30-40 mm 40-97" mm 0-97* mm
X4.7 2.0 5.6 13.6 38.3 81.3 175 2.74 1.25 0.40 0.23 0.61 0.56
X9.5 2.3 5.3 10.9 36.6 79.6 175 3.28 1.80 0.39 0.23 0.50 0.56
X14.3 2.5 7.7 16.0 39.2 89.9 175 1.90 1.21 0.43 0.20 0.44 0.56
Avg 2.2 6.2 13.5 38.0 83.6 175 2.64 1.42 0.41 0.22 0.52 0.56
# 97 mm is the average final char depth in the ceiling.
Table 4
Charring rates CLT back wall.
Time to 300 °C [min] Charring rate [mm/min]
0 mm 10 mm 20mm  30mm 40 mm 104" mm 0-10 mm 10-20 mm 20-30 mm 3040 mm  40-104” mm 0-104” mm
X4.7 2.6 7.2 22.4 - 79.3 175 2.17 0.66 0.35 0.35 0.67 0.60
X9.5 2.9 6.5 13.1 - - 175 2.82 1.50 - - - 0.60
X14.3 3.3 6.5 13.6 43.9 77.4 175 3.14 1.41 0.33 0.30 0.66 0.61
Avg 2.9 6.7 13.4 43.9 78.4 175 2.71 1.46” 0.34 0.32 0.67 0.60

# 104 mm is the average final char depth in the back wall. b) The value of 0.66 mm/min is not included in the average, as it appears to be an outlier.

MW higher than the original estimation. This underlines that with minor
adjustments in the parameters affecting the HRR, it does not seem un-
likely that the lower HRR estimation (46 MW) of the external flame
might be correct. Determination of the HRR in large-scale experiments is
challenging, and a certain uncertainty must be expected.

It is well known that the size of external flames tends to increase with
exposed CLT [14]. However, this problem has mainly been attributed to
compartments with small window openings, which typically result in
ventilation-controlled fires [36]. This experiment is an example that
large external flames might also occur when having large ventilation
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openings. However, to know how severe the external flames were in this
experiment, it is relevant to compare them against other CLT experi-
ments that experienced large external flames. In Fig. 35, the PT mea-
surements of the facade above Window 4 are compared to Test 2 of the
CLT experiments of Sjostrom et al. [37]. The experiment had an area of
48 m?, an opening factor of 0.062 m'/2, a fuel load density of 560 MJ/m?
and both the ceiling and two walls exposed. The PTs were, as in this
experiment, installed flush with the facade wall (see Fig. 36).

As the locations of the PTs were not at the same height above the
openings, a detailed comparison is not possible. Nevertheless, the
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temperatures were in about the same range but slightly lower in this
experiment. In addition, the duration of the exposure was about three
times longer in Test 2. Summarised, the facade exposure in this exper-
iment was for a short period, almost as severe as Test 2, which had a 60%
higher fuel load density and was a strongly under-ventilated fire.

4.5. Comparison between #FRIC-01 (exposed ceiling) and #FRIC-02
(exposed ceiling and wall)

The fire developed completely differently in #FRIC-01 and #FRIC-
02. These differences can be explained by the three changes in the
experimental setup: 1) Exposed CLT on the back wall. 2) Different wind
conditions. 3) A different ignition source, as detailed below.

The differences in the ignition source are highlighted in Table 6 and
shown in Fig. 35. The increase in the heptane amount was because the
wood crib fire in #FRIC-01 almost extinguished after 4 min when the
heptane fire burned out. We were afraid that the wood crib fire in
#FRIC-02 could extinguish completely if no changes were made to the
ignition source. Hence, to avoid the risk of extinguishment of the wood
crib fire in #FRIC-02, the ignition method was changed to ensure the
wood crib fire was well established when the heptane fire burned out.

In #FRIC-01, the initial heptane and wood crib fire did not ignite the
ceiling, and the ceiling was ignited first after 32.5 min when the CLT
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ceiling had been heated sufficiently to auto-ignite. By changing the
ignition source in #FRIC-02, the heptane fuel surface increased by 40%,
and the setup also exposed a larger portion of the wood crib to the fire.
This change turned out to be sufficient to ignite the ceiling early.
From the point the ceiling was ignited in the two experiments, the
fire development was completely different. In #FRIC-01, the ceiling had
been preheated for about half an hour, and the ignition of it caused a
rapid flash fire over a large area of the ceiling. In #FRIC-02, the ceiling
had not been preheated, and the fire spread across the ceiling developed
slower. While the ceiling fire in #FRIC-01 retracted quickly, the ceiling
fire in #FRIC-02 continued to spread and developed into a full flashover
1.5 min after the ceiling was ignited. In #FRIC-01, on the other hand, the
fire spread across the room in 13 min, where the leading edge of the fire
travelled back and forth in three flashing waves before flashover was
reached after the fourth wave. This difference is believed to be directly
linked to the exposed back wall in this experiment. From video analysis,
and also shown in Fig. 26, it is evident that the wall worked as a bridge
between the ceiling and the wood crib. The CLT wall contributed to
emissions of combustible gases before ignition and after ignition to
increased radiation to the wood crib and the ceiling. This re-radiation
between three burning surfaces was here sufficient to maintain
burning in all of them, and no retraction of the flames was observed.
That the top of the wall ignited about the same time as the ceiling
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BACK WALL SIDE

Fig. 30. Visualization of non-uniform charring for one CLT ceiling element
based on a photo. Black is the 3rd layer, yellow is the 4th, and red is the 5th
layer. The holes at the right and left lower corners of the window side were
caused by smouldering and reignition after the end of the experiment, as this
part was hard to reach with water due to safety precautions. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

with flame spread downwards was expected based on the measured heat
fluxes at the wall in #FRIC-01, which was 10-40 kW/m? between the 1st
and 2nd flashing wave. This level is well above what is needed for
piloted ignition of a wooden surface [38].

In addition to the increased spread rate in this experiment, the
temperatures, the HRR and the external flames were also higher. The
temperatures were during the most intense period 1010-1172 °C in the
whole compartment, while in #FRIC-01, they were 785-1038 °C. The
more extreme temperatures were caused by a higher HRR, which was
estimated to be 32 MW (78%) higher at maximum for #FRIC-02, of
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which 13 MW was directly caused by the combustion of the CLT wall.
The comparison indicates that the contribution of the exposed wall
resulted in an increased combustion rate of the wood crib and the CLT
ceiling. The maximum HRR of the wood crib was determined to be 15
MW (75%) higher in this experiment. From these 15 MW, 5 MW was due
to the higher HRR per unit length caused by higher temperatures and
more considerable heat fluxes towards the wood crib [39]. The
remaining 10 MW was due to faster fire spread across the wood crib,
which caused a larger part of the crib to burn simultaneously at
maximum HRR per unit length.

The average charring rates in this experiment were 21% and 28%
faster than in #FRIC-01 for 0-10 mm and 10-20 mm depth, respectively.
This increase corresponds to an estimated HRR increase for the ceiling of
3.5 MW.

The external flames were highly non-symmetrical in this experiment,
whereas in #FRIC-01, they were more symmetrical. This was likely
caused by different wind conditions. In #FRIC-01, there was no mea-
surement of the wind, but the smoke was going almost straight up,
indicating a very low wind velocity. In #FRIC-02, the wind was coming
diagonally from behind, and smoke and flames were going away from
the compartment. Despite relatively low winds, the wind conditions in
#FRIC-02 are still expected to have caused an underpressure outside of
Window 4, leading to the particularly large external flames from this
window, as explained in Section 4.4.

The extinction of flames at the CLT occurred in both experiments but
at a higher incident heat flux in #FRIC-02 (see Section 4.3). The
following decay phase was nearly linear in both experiments, with an
average temperature reduction of 7.1 °C/min in #FRIC-01 and 5.7 °C/
min in this experiment. The 20% slower decay rate was likely related to
the re-radiation between the wall and the ceiling and more heat stored in
the CLT wall than in the gypsum boards. After 65 min in #FRIC-02, the
wood crib was completely consumed. The decay phase seemed to follow
the behaviour of #FRIC-01, in which temperatures were continuously
decaying until ambient conditions were reached, with no re-ignition.
However, despite using the same CLT materials and variable fuel load,
#FRIC-01 did not exhibit a re-ignition or second flashover, while #FRIC-
02 did. This difference was likely due to the higher gas temperature in
#FRIC-02 when delamination occurred, 430-445 °C in #FRIC-02 vs.
approx. 220 °C in #FRIC-01. Furthermore, the fact that delamination in
#FRIC-02 occurred simultaneously in multiple locations certainly
contributed to the transition of larger flames and, eventually, the second
flashover.

5. Conclusion

e The article describes the second of two compartment fire experi-
ments where the aim was to study the effect of exposed CLT, venti-
lation conditions and room geometry on fire spread and fire
dynamics. The setup was designed as a 95 m? open-plan compart-
ment, and this is, to our knowledge, the largest experiment to date

Fig. 31. The fire burned through the intersection between the back wall and the bottom plank at approximately 60 min. The image is taken at a later point when the
gap had become larger. The lack of a fire sealant between the bottom plank and the CLT wall enabled this and highlights that connection details are crucial to

fire safety.
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Fig. 32. Temperature of three TCs located next to the back wall. The peaks correspond to the burning of the different layers in the CLT wall.

Table 5

Estimated time for the char front to reach the different layers, based on a
charring rate of 0.52 mm/min for the ceiling (Table 3) and 0.67 mm/min for the
back wall (Table 4).

Estimated time [min] for char front to reach

2nd layer (40 3rd layer (60 4th layer (80 5th layer (100

mm) mm) mm) mm)
Ceiling 76 114 153 191
Wall 76 106 136 166

with both an exposed CLT wall and ceiling. The fire spread across the
room in less than 3.5 min from ignition (5.5 m/min) and in 1.5 min
from ignition of the ceiling (11.7 m/min), which is significantly
faster than most values found in the literature. The fast fire spread
also led to a fire growth rate considerably faster than the fastest fire
growth rate in Eurocode 1.

The accelerating flame spread rate indicates that significantly larger
compartments would not necessarily take significantly more time to
ignite.

During the most intense burning phase of the fire, large asymmetrical
external flames were observed. The flames were particularly large
from one window and reached 3-6 m above the window soffit for
several minutes after flashover. This result highlights that large
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external flames might also occur in compartments with large window
openings.

After an intense burning phase, the flames at the CLT extinguished,
and the wood crib burned out. However, 60 min after the extinction
of flames at the CLT, a second flashover occurred. The fire varied in
intensity but burned with temperatures up to 800 °C when manually
extinguished after 3 h. The ongoing fire resulted from the thin (20
mm) intermediate layers in the CLT and the use of an adhesive that
resulted in glue-line integrity failure.

The charring of the CLT was strongly non-uniform, with an
increasing char depth of the ceiling from the window opening to the
back wall and increased charring of the wall compared to the ceiling.
Self-extinction of flames at the CLT was observed at temperatures
805-845 °C and incident heat flux 70-84 kW/m?. This is higher than
reported earlier and is assumed to be caused by the low oxygen
content and thick char layer.

These results should be considered together with the results of

#FRIC-01 [9] for the complete picture of the research and background
information. From comparisons between #FRIC-01 (exposed ceiling)
and #FRIC-02 (exposed ceiling and wall), the following is concluded.
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33. (a) Mass loss of the small wood crib (1.0 m x 2.8 m) put on a scale. (b) Mass loss rate of the small wood crib.
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Fig. 34. Heat release rate of the wood crib (a), CLT (b) and total (c). The total HRR of the experiment is compared against the medium, fast and ultrafast fire growth
rates [6].
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Fig. 35. Comparison of PT temperatures above Window 4 to Test 2 of Sjostrom et al. [37]. The x-axis of Test 2 is shifted +1.8 min to synchronise the times for
easier comparison.
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Fig. 36. Comparison of ignition method of #FRIC-01 (a) and #FRIC-02 (b). The wires shown in (b) are thermocouples from different loggers to synchronise the data.

e Despite minor changes in the ignition source, the comparison in-
dicates that the presence of an exposed wall can significantly accel-
erate the fire development.

Table 6
Differences in ignition source between #FRIC-01 and #FRIC-02.

#FRIC-01 #FRIC-02 e In #FRIC-02, the fire spread rate was faster, and temperatures,
No. Of heptane trays 10 14 charring rates, heat release rates and external flames were higher.
Heptane amount in each tray 05L 0.7 L e In #FRIC-02, a second flashover and subsequent fluctuations of fire
Total amount of heptane 50L -8 L intensity occurred, while #FRIC-01 did not exhibit a secondary
Rotation of trays - > o flashover. This was likely caused by the increased fire exposure due
Part of tray below the wood crib 5cm 15 cm

to the additional fuel by the wall and increased HRR from the wood
crib and CLT ceiling. This combination caused a higher gas temper-
ature next to the CLT when delamination occurred, sufficient to
ignite the fresh wood of the second layer.
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