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Abstract. This study investigates whether timber surfaces that are initially exposed
to fire or partially protected timber components can lead to a more critical fire expo-
sure on the fagade. Five full-scale fire tests were carried out. Three tests with a square
compartment (4.5 x 4.5 m?) and two with a double-width compartment (4.5 x 9 m?).
The tests were conducted with a high fire load density (1085 MJ/m?). While the first
test was carried out in a non-combustible compartment, the exposed timber surfaces
were subsequently increased in the other tests. The measured compartment gas tem-
perature, heat release rate, temperature on the fagade, flame heights along the fagade,
heat flux and velocities along the fagade are presented in this publication. The influ-
ence of exposed or only initially protected timber surfaces on the fire impact on the
facade is investigated with the help of these results. Finally, these findings are pre-
sented and compared with the results of other internationally conducted fire tests
from literature. Additional structural fire load leads to an increase in temperatures on
the facade. However, there is no significant difference in flame height between the
tests. Another result was that an exposed mass timber ceiling leads to higher heat
fluxes on the facade than an exposed mass timber wall.
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1. Introduction

Timber constructions are increasing in popularity due to their high degree of pre-
fabrication and environmental benefits. Several studies show that exposed timber
surfaces or partially protected timber components can cause a fire to develop fas-
ter, be more intense, last longer and may have a relevant impact on the fire expo-
sure on the facade than in non-combustible compartments [1, 2].

This leads to the hypothesis that more exposed timber in the form of a struc-
tural fire load can lead to more critical effects on the fagade, a hypothesis that
needs to be investigated further.

The fact that the most frequent mode of significant fire spread is via the fagade
shows just how important this aspect is [3]. This is also proven by statistics pro-
vided by German fire brigades [4, 5].

2. Analysis of Existing Previous Experimental
Investigations

2.1. Reduced-Scale Fire Experiments

Gorska et al. [6, 7] investigated the effect of exposed timber walls and ceilings on
the compartment fire dynamics in 24 medium-scale compartment
(0.5m x 0.5m x 0.37 m with opening 0.3 m x 0.28 m) experiments. The com-
partments were constructed with cross-laminated timber (CLT). The contribution
of the structural timber to heat-release-rates, the temperatures on the fagade, the
flame-heights outside the opening and velocity fields at the opening were investi-
gated and compared to each other within the series of experiments. A significant
increase in the magnitude of the external flames and of the temperatures at the
facade due to exposed timber surfaces was observed. The data indicate that expos-
ing more CLT surfaces to fire in the compartment results in larger external flames,
and consequently in higher temperatures. However, the increase in temperature is
not directly proportional to the area of CLT exposed to fire. In addition, a signifi-
cant increase in velocities [7] and in radiant heat fluxes were detected as more
CLT panels were left exposed. “The increase of radiant heat flux, especially at
lower heights closer to the opening, presents up to five-time bigger values when
compared to the baseline scenario. This change implies that the facade is exposed
to five times more heat, which indicates that fire spread due to ignition of the
fagade materials is much more likely to happen” [6].

Nothard et al. [8] investigated the influence of a combustible CLT ceiling on the
compartment fire dynamics in 1/8 reduced scale fire experiments. The CLT ceiling
leads to a significant increase in the rate of fire spread in the compartment. These
more rapid transitions to a fully developed fire led to an earlier fire exposure at
the facade [8].

Bartlett et al. [9] carried out a series of eight reduced-scale compartment fire
experiments to examine the effects of the quantity and location of exposed timber
on the heat fluxes to the facade from the resulting external fire plume. The com-
partments had internal dimensions of 700 mm x 700 mm x 700 mm, and were
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constructed from CLT panels and vermiculite board. It was concluded that
increasing the quantity of exposed timber in the compartment results in an
increased peak in the heat fluxes and increased burning durations outside. This
means that there is a strong correlation between flame height and incident heat
fluxes [9].

The experiments presented above show that exposed timber surfaces in the com-
partment lead to an increase in heat flux and flame height outside the opening.
However, it should be noted that the experiments were all carried out on a
reduced scale. An attempt was subsequently made to reproduce the full-scale fire
tests presented in this study (Sect. 3) by experiments on a scale of 1/10. It turned
out that the fire dynamics in the room, and especially on the fagade, could not be
reproduced appropriately [10].

2.2. Full-Scale Fire Tests

Maag et al. [11] carried out a series of fire tests on wooden modular hotels with
light timber frame walls and ceilings to investigate the behavior of modular hotels
subjected to natural fires. The light timber frame walls and ceilings had non-com-
bustible and combustible linings. The influence of combustible linings on to the
fire severity was clearly observed after flashover occurred. The external flame was
more intense for the module with combustible wall and ceiling linings than for the
modules with non-combustible wall and ceiling linings. Consequently, the total
energy release was significantly lower in the tests with non-combustible linings and
the fire spread to the upper module after about 40 min. In the test with com-
bustible linings, on the other hand, the fire spread after just eight minutes. When
evaluating the results, it must be taken into account that window panes were
installed and the fire propagation to the upper floor depended on the bursting of
the panes [11, 12].

Su and Lougheed [13] conducted four full-scale fire tests with two compart-
ments made of light timber frames, one made of lightweight steel-frames and one
made of CLT. As part of these tests, they measured the heat flux on the fagade
3.5 m above the compartment openings. The measurements concluded that the
involvement of the timber joists and OSB linings in the fire led to the increase of
the heat release rate (HRR) and heat fluxes to the fagade and adjacent structures
[13].

Hakkarainen [14] investigated the gas temperature development and charring
behavior of timber frame and mass timber compartments. For this purpose, she
conducted three full-scale fire tests with glued laminated timber (GLT) wall and
ceiling elements and one test with light timber frame elements. In the first test
(Test 1), all GLT walls and the ceiling were unprotected and directly exposed to
the fire. In the other tests, the walls and ceilings were protected by gypsum-plas-
terboards of different thicknesses (thickness increasing from Test 2 to Test 4).

In Test 1 and 2, the heat flux showed an increasing trend until the fire was
extinguished. Test 3 and 4 exhibited heat flux maxima approximately 20 min to
30 min after flashover, followed by a decrease of the heat flux when the movable
fire load was consumed, as shown in Fig. 1.
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Figure 1. Heat flux measurements on the facade 2.2 m above the
opening from the four tests [2] based on [13].

Based on Hakkarainen’s visual observations and the energy balance considera-
tions, she concluded that a large part of the pyrolysis gases burned outside the
compartment in the case of exposed or partially protected (test 1 and 2) timber
surfaces. According to the calculation, about 15% of the combustion took place
outside the room in the case of the protected timber structure, while the propor-
tion of external combustion in the unprotected structure was about 50% [14].

Su et al. [15] investigated, among other things, the influence of the exposed tim-
ber surface in five large-scale fire tests. The impact on the fagade was not part of
the investigation. However, they came to the conclusion that flashover and fire
impingement on the facade occurs earlier in the case of exposed CLT [15]. This
assumption is confirmed in Hadden et al. [16]. He further concludes that the addi-
tion of pyrolysis gases from the exposed timber surfaces will prolong the compart-
ment fire and potentially increase the HRR rate both inside and outside the
compartment [16].

Su et al. [17] conducted six large CLT compartment fire tests to quantify the
CLT contribution to compartment fires. In all the tests with unprotected und
directly exposed CLT surfaces, flashover occurred earlier, the fully developed fire
lasted longer and the HRRs and heat fluxes to the exterior facade were higher
than in the baseline tests with protected CLT surfaces [17].

The influence of combustible surfaces and ventilation factors on the dynamics
of compartment fires (including external flaming) was investigated as part of the
Epernon Fire Tests [18]. The test series includes three standard furnace fire resis-
tance tests and six compartment fire tests with loadbearing reinforced concrete
slabs and loadbearing CLT slabs. The six compartment tests can be divided into
three groups, Scenario 1, Scenario 2 and Scenario 3. Each of these groups
includes two tests under the same conditions, investigating the influence of a CLT
slab compared to a concrete slab as a ceiling. Scenarios 1-3 differ in the respective
ventilation conditions [18].
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Figure 2. Temperatures at the centerline of the mock-up facade for
Scenarios 2 (left) and 3 (right) [18].

A mock-up fagade was installed above the compartment opening in order to
monitor external flaming for the four compartment tests of Scenarios 2 and 3 [18,
20-23]. The incident heat flux to the fagade was approximately three times greater
when a timber ceiling was used instead of a concrete ceiling. According to the
report, this is due to the additional pyrolysis by the burning CLT slabs, which
burns in the outer plume due to a lack of oxygen in the compartment [18, 19].

The gas phase temperatures above the openings are shown in Fig. 2. As with
the heat fluxes, the presence of an exposed timber ceiling significantly increases the
temperatures in the external fire plume. It can be seen that the temperatures fall
as a function of the height [18, 19].

Brandon et al. [24] and Sjostréom et al. [25] conducted five full-scale compart-
ment fire tests within CLT and GLT constructions. Four of the tested compart-
ments represent a typical residential compartment. The other tested compartment
aimed to be representative of office occupancy. The residential fires tests had
unprotected, directly exposed mass timber areas of 54 m? for test 1, 91 m? for test
2, 96 m? for test 3 and 97 m” for test 5. Test 4 represented an office occupancy
with large ventilation openings and an exposed mass timber area of 97 m?. Along
with other components in all tests, the timber ceiling was completely exposed to
fire from the beginning of the tests. Among many other measurements, exposure
to the facade above the openings was investigated and the results were presented
in a separate report by Sjostrém et al. [25]. An increase of roughly 40 m?> of
exposed surface area (from (from 54 m” to 94 m?) resulted in a temperature
increase of 100 °C to 130 °C at the fagade at all heights up to 3.5 m above the
opening in these tests. Additionally, an increased fire plume height of up to 1 m
was observed, as shown in Fig. 3. The most significant effect of increasing the
exposed areas of the timber surface in the compartment was a prolonged duration
of the fully developed fire phase [24, 25].
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Figure 4. Incident heat fluxes to the facade measured at various

heights above the opening soffit (CodeRed #01) [26].

Kotsovinos et al. [26] investigated the fire dynamics of large compartments. The
test CodeRed #01 was carried out inside a large open-plan compartment with a
floor area of 352 m”. The compartment had a fully exposed CLT ceiling and GLT
columns. Previously, the research team had already carried out two comparable
tests in non-combustible compartments [27, 28]. In a first comparison, the research
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team concluded that the CLT ceiling impacts the total HRR substantially, nearly
doubling the peak HRR from 69 MW [27] and 58 MW [28] to 121 MW [26]. This
extra HRR impacts the amount of external flaming. External flames were
observed 6 min after ignition of roughly 2.5 to 3 m in height. An initial visual
comparison showed an increase in flame lengths due to the presence of exposed
timber surfaces. Figure 4 shows the heat flux on the fagade for the door and win-
dow opening [26].

Kotsovinos et al. [29] investigated the influence of the ventilation in another
compartment fire test, which was similar in geometry and fire load to the previ-
ously cited CodeRed #01 [26]. For this CodeRed #02 test, the opening factor was
reduced from 0.071 m'? to 0.039 m'?. The differences in ventilation resulted in
higher external flames (3 m to 3.5 m) and the flames protruded much further (lat-
erally) from the compartment. In addition, the duration of the external flames was
longer. A direct comparison of the heat flux on the fagade of CodeRed #01 and
CodeRed #02 is given by comparing Figs. 4 and 5.

3. TiIMpuls Full-Scale Compariment Fire Tests
3.1. Aim of the Study

The TIMpuls full-scale compartment fire tests serve as evidence of the knowledge
and findings gained during the three-year research project [30]. The load-bearing
capacity, compartmentation, self-extinguishing properties and extinguishing by the
fire brigade (post-fire behavior) as well as the limitation of the spread of fire were
investigated. Compared to the full-scale compartment fire tests described above,
the high fire load destiny of 1085 MJ/m? required for residential occupancy can be
considered as a special feature of the TIMpuls fire tests. The variation between
exposed, initially protected and fully encapsulated timber elements and their influ-
ence on the fire dynamics is of particular importance within the test campaign.
The aims of the TIMpuls full-scale compartment fire tests are:

e Verification of the results of previously conducted furnace tests in a real fire
compartment

e Influence of exposed or only initially protected timber surfaces on the fire
dynamics

e Behavior of the fire protection lining and its protection times under natural fire
conditions

e Sclf-extinguishing and post-fire behavior of timber constructions

e Extinguishability of typical timber constructions by the fire brigade

e Investigation of the fire impact on the fagade and on the stories above the com-
partment fire due to the additional structural fire load

e Investigation of the effects of structural fire protection measures in element
joints and joints to other building components

e Evaluation of the compartmentation (fire and smoke) under natural fire expo-
sure
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Figure 5. Incident heat fluxes to the facade measured at various
heights above the opening soffit (CodeRed #02) [29].

This paper presents the investigation into the influence of additional structural fire
loads on the fagade and the stories above the fire compartment of origin.

3.2. Test Set-Up

3.2.1. General The first test serves as a reference test and is intended to represent
a non-combustible building, e.g. made of masonry or reinforced concrete. All
structural elements were encapsulated by 2 x 25 mm Gypsum plasterboard type
F. In the other four tests, different combinations of timber constructions, such as
CLT, glued-laminated timber (GLT) and light timber frame (LTF) were used,
each in combination with gypsum plasterboard type F (GPF) or gypsum fiber-
board (GF) or exposed, as shown in Table 1. A detailed overview of the wall and
ceiling structures used in the tests is given in Table 4 of Appendix.

3.2.2. Compartment The internal dimension of the floor area was 4.5 x 4.5 m”
(LxW) for the first three compartment fire tests VO, V1, V2 and 4.5 x 9 m? (LxW)
for two following compartment fire tests V3, V4. The geometric ratio of the floor
area of one to two made it possible to observe the spatial influence on the fire
dynamics, as shown in Figs. 6, 7, 8, 9, 10 and 11. In order to represent typical
room heights, the internal dimension of the test rooms is approx. 2.4 m, as shown
in Table 1.

All compartments have just one window opening. The opening is 2.4 x 2.2 m?
(W x H) in the small room (4.5 x 4.5 m?) and 4.2 x 2.2 m?> (W x H) in the large
room (4.5 x 9 m?). This results in a constant opening factor of 0.094 m'/?. The
opening was open from the beginning of each test.

The floor covering was made of gypsum plasterboard or gypsum fibreboard.
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Table 1

Description of the Individual Experimental Set-Ups

Test Vo Vi vz v3 va
Compartment size
WLt 45mx4Smx2.4m 45mx9.0mx2.4m
waila
Floor space Opening 2025 m? 40.5 m?
Wail1 wais
Opening size (W X H) Warz 24mx22m 42mx2.2m
Fire load density 1085 MJ/m?
140 mm LTF
100 mm CLT 100 mm CLT
Wall 1 mm ) mm & 150 mm CLT 2x12.5 mm GF + 150 mm CLT
2 x25mm GPF 18 mm GF
12 mm OSB
Wil 2 100 mm CLT 100 mm CLT 140 mm LTF 5 ”:78“‘"‘ LGTFF 140 mm LTF
al < X mm +
2x25mm GPF 18 mm GF 2 x 18 mm GF 12 mm OSB (half wall) 2 x 18 mm GF
100 mm CLT 100 mm CLT 140 mm LTF 140 mm LTF
Wall 3 150 mm CLT
2 x25mm GPF 18 mm GF 2 x 18 mm GPF 2 x 18 mm GPF
Wall 4 100 mm CLT 100 mm CLT 140 mm LTF 140 mm LTF 140 mm LTF
“ 2 x25mm GPF 18 mm GF 2 x18 mm GF 2 x 18 mm GF 2 x 18 mm GF
. 180 mm GLT 220 mm LTF
Ceiling 180 mm GLT 180 mm GLT 180 mm GLT
2 x25mm GPF 2 x 18 mm GF
2 x Column*
Linear components - - - -
1 x Beam®
Exposed surface (initial)® - 35% 37% 42% 58%

CLT cross-laminated timber, LTF light timber frame, GLT
type F, GF gypsum fiberboard, OSB oriented strand board

3Column—300 x 300 mm> GLT
®Beam—300 x 320 mm” GLT
°As percentage of the total compartment surfaces excluding floor and window opening

glued-laminated timber, GPF gypsum plasterboard

Figure 6. Perspective VO, V1, V2.

3.2.3. Fire Load For the tests, a fire load density was selected that is appropriate
for residential buildings. According to [31], this results in a characteristic fire load
density of 1085 MJ/m? for the 90% quantile.
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Figure 7. Perspective V3 and V4.
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Figure 8. Floor plan with arrangement of the 9 wooden cribs and the
four thermocouple trees (circle) for tests VO, V1, V2 (in cm).

The fire load was designed in the form of wooden cribs. The floor area of the
individual wooden cribs that are evenly distributed in the compartment is
1 x 1 m? each. They are made of sticks of the dimensions W x H = 40 x 40
mm?. The surface to air ratio of the cribs is 1:1. Taking into account the wood
moisture and the density of the wood, the fire load of 1085 MJ/m2 described
above corresponds to approx. 74 kg/m” of wood. In total, approx. 1.5 tons of
wood were used in the small compartment (4.5 x 4.5 m?) and approx. 3 tons of
wood in the large compartment (4.5 x 9 m?). The arrangement of the wooden
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Figure 10. 3D-model of test V4.

cribs in the compartments are shown in Figs. 8, 9 and 11. Due to the very high
fire load, the tests that were carried out can be defined as unique. This is also evi-
dent when comparing the fire load densities for Europe specified in Eurocode 1 or
in the respective national annexes, as shown in Table 5 of Appendix.

3.2.4. Facade Shield The fagade shield above the window opening was con-
structed from cement-bonded sandwich panels mounted on a timber substructure.
The use of cement-bonded sandwich panels was intended to reduce the influence
of evaporating water steam to the measurements.
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Figure 11. Floor plan with arrangement of the 18 wooden cribs and
the six thermocouple trees (circle) for test V4 (in cm).

3.3. Test Procedure

Two wooden cribs arranged along wall 3, starting from the corner of wall 2 and
3, were always used for ignition. The two wooden cribs were equipped with two
ignition trays 39 x 39 x 1200 mm® (W x H x L) with 200 ml of isopropanol in
each. The four trays are ignited directly one after the other and then the test time
started. All observations were documented during the test time.

The tests V1, V2, V3 and V4 did not self-extinguish. They were therefore all
extinguished by the fire brigade.

The weather data for the individual tests are provided in Table 6 of Appendix.

3.4. Instrumentation

Extensive instrumentation was arranged to measure the influence of the fire
dynamics and the thermal exposure on the structure. The temperature develop-
ment of the gas in the compartment, on the fagade and within the building com-
ponents as well as element joints and joints to other building components was
measured, as was the incident heat flux received by the ceiling, by wall 1 and by
the facade. The gas flow velocities were also measured in the opening, within the
compartment and on the facade as was the separate mass losses for the floor and
other components. A total of up to 300 type-K thermocouples, 6 plate thermome-
ters, 10 bidirectional probes and 6 cameras were used as part of each fire test.

Following a more detailed description of the instrumentation used in the tests,
the effect of the fire on the fagade is described.

Four thermocouple trees each were arranged in the compartment test for VO,
V1, V2 and six for V3 and V4, as shown in Figs. 8, 9 and 11. To measure the gas
temperature, five thermocouples were arranged per thermocouple tree at heights
of 50, 100, 150, 200 and 230 cm. Sheathed thermocouples of type K according to
EN 60584-1 [32] with an outer diameter of 1 mm were arranged for VO and V1,
and with an outer diameter of 3 mm for V2, V3, V4. A plate thermocouple was
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installed 10 cm below the ceiling in all tests. This corresponds to a height of
230 cm in relation to the compartment.

In order to determine the mass loss, the floor and the structural components
(walls, ceiling) were each placed on decoupled floor frames and these frames were
supported on individual load cells. A total of eight load cells were positioned
under the frames for VO-V2 and 10 for V3 and V4.

30 thermocouples, two plate thermocouple and two bidirectional probes for
measuring the gas flow velocity were placed on the fagade shield for VO-V2 and
54 thermocouples, two plate thermocouple and two bidirectional probes for V3
and V4. Sheathed thermocouples of type K according to EN 60584-1 [32] with an
outer diameter of 3 mm, plate thermocouple according to EN 1363-1 [33] and
bidirectional probes of the type BS11 according to [34] were used.

The thermocouples were positioned at a distance of 20 mm from the surface of
the fagade, the plate thermocouple and the bidirectional probes at a distance of
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Figure 12. Facade shield VO-V2 with dimensions and measuring
points; unit of dimensions m] (red ® = sheathed thermocouples, blue =
= plate thermocouple, green A bidirectional probes) (Color

figure online).
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Figure 13. Facade shield V3 and V4 with dimensions and measvring
points; unit of dimensions [m] (red ® = sheathed thermocouples, blue
m = plate thermocouple, green A = bidirectional probes) (Color

figure online).

50 mm. They were fixed to a taut wire in front the facade. Figures 12 and 13
show the positions of the thermocouples.

4. Results of the Fire Testis

4.1. Gas Temperature

Figures 14, 15, 16, 17 and 18 show the gas temperatures in the compartment at
different heights for each test. The measurements of the thermocouple (TC) trees
are presented as an average value over the four trees (VO-V2) or the six trees (V3
and V4). In addition, the plate thermocouple (PT) on the ceiling is also shown.



Impact of Mass Timber Compartment Fires on Facade Fire Exposure

1400

—--= TC mean - 50 cm
- = -TC mean - 100 cm
---- TCmean-150 cm
—-—-TC mean - 200 cm
—— TC mean - 230 cm
----- PT-230cm

1200

1000

800

600 4

temperature [°C]

400

200

0 T T T T T T T T
0 20 40 60 80 100 120 140 160

time [min]

Figure 14. Gas temperatures for VO in the compartment at different
heights.
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Figure 15. Gas temperatures for V1 in the compariment at different
heights.

4.2. Heat Release Rate

The HRR from the measurement data of the mass loss is calculated by determin-
ing the mass loss rate and assuming a calorific value of 17.28 MIJ/kg, a wood
moisture content of 14% and a combustion efficiency of 0.9. Due to the strongly
fluctuating measurement data, a moving average was first formed over 9 measure-
ment cycles (recording frequency 1 s). The measurement data were then used as
25 min average values to calculate the HRR, as shown in Figs. 19 and 20 [35].

An existing strong oscillation can be seen despite the smoothing measures for
the calculated HRRs of the floor (movable fire loads) in Fig. 19 and the structural
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Figure 16. Gas temperatures for V2 in the compartment at different
heights.
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Figure 17. Gas temperatures for V3 in the compariment at different
heights.

components (structural fire load) in Fig. 20. Furthermore, it must be taken into
account that the recorded data of the mass loss includes the dehydration loss as
well as the falling off of lining parts. The HRRs shown, especially for the struc-
tural fire load, are therefore burdened with an unnamable imprecision.

In order to describe the influence of the structural fire load more precisely, the
HRR from the combustible structure was determined mathematically based on the
charring rate. The following assumptions were made for the determination: (I)
charring starts at 300°C [36], (II) the protection time of a lining corresponds to
the time until 300°C is reached behind the lining (t, [36]), (III) the failure time of
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Figure 18. Gas temperatures for V4 in the compartment at different
heights.
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Figure 19. Comparison of heat release rates VO-V4 for the floor
(movable fire load).

the fire protection lining corresponds to the time until the difference between gas
temperature in the compartment and measured temperature behind the lining is
less than 50°C [37] (tr [36]) and IV) a reduced charring rate of 70% is assumed
between t., and t; (k, [36]). The residual cross-section of the timber components
was recorded measured after the tests and the surface area of the timber compo-
nents is known, as shown in Table 1 and in Tables 4 and 7 of Appendix. Mean
values were determined.

The HRR is calculated with the help of this information and the aforemen-
tioned specifications for calorific value, wood moisture and combustion efficiency,
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Figure 20. Comparison of heat release rates VO-V4 for the structural
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Figure 21. Comparison of heat release rates VO-V4 for the structural
fire load derived from measured char depth at the end of the test.

in connection with an assumed density of wood of 450 kg/m®, as shown in
Fig. 21. It should be noted that the calculation is based on the same assumptions
for solid timber, light timber frame components and OSBs. Charring is assumed
to be constant over time. In the case of V3, calculations are only made up to the
90th minute, as there is no constant charring at this point because there is no
longer a movable fire load. These assumptions also lead to uncertain results.
However, they should provide a trend and enable comparability. For a better
comparison of the two approaches to determining the HRR (mass loss vs. char-
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Figure 22. Temperature-time diagram of VO facade for measuring
points located centrally above the opening at different heights.
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Figure 23. Temperature-time diagram of V1 facade for measuring
points located centrally above the opening at different heights.

ring rate), the results are compared directly to each other in Figs. 4, 41, 42 and 43
of Appendix. It can be stated that the results have a similar range of values.

4.3. Facade Temperatures

Figures 22, 23, 24, 25 and 26 show the temperature curves at different heights
along the fagade. For a better overview, the measured values are presented as
averages over one minute (recording frequency 10 s) and only the measuring
points located centrally above the opening (thermocouples (TC) at heights of 0.5,
1, 2, 3, 4 and 5 m above the lintel) and the two plate thermocouples (PT) are
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Figure 24. Temperature-time diagram of V2 facade for measuring
points located centrally above the opening at different heights.
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Figure 25. Temperature-time diagram of V3 facade for measuring
points located centrally above the opening at different heights.

shown. The development of the external gas temperature of the tests during the
first 60 min for the measuring points which were located centrally above the open-
ing at different heights are shown in Figs. 27 and 28.

4.4. Flame Heights

The flame heights above the opening were measured visually. For this purpose,
height marks were placed on the facade shield and the flame heights were
observed at 30-s intervals as a weighted average [38]. A weighted moving average
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Figure 26. Temperature-time diagram of V4 facade for measuring
points located centrally above the opening at different heights.
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Figure 27. External gas temperature development throughout the
first 60 min of VO, V1 and V2 for the measuring points located
centrally above the opening at different heights.

from two data points was chosen for better visualization, as shown in Figs. 29
and 30. The flame heights can be seen in the videos of the digital appendix.

4.5. Heat Flux on the Facade

The incident heat fluxes were calculated by converting the temperatures measured
by the two plate thermocouples (PT), placed on the fagade centrally 1 and 2 m
above the opening, as shown in Figs. 12, 13 and Sect. 4.3, according to the
method used by Héaggkvist et al. [39] and Ingason et al. [40] using Eq. (1):

(h+ Kpr)(Tor — Too) + Cr 22z

epr

Gme = 0Thr + (1)
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Figure 28. External gas temperature development throughout the
first 60 min of V3 and V4 for the measuring points located centrally
above the opening at different heights.
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Figure 29. Flame heights above the opening for VO, V1 and V2.

where ¢ is the Stefan—Boltzmann constant (5.67 x 10 ® J/m> K?#), Tpr is the tem-
perature of the PT, h is the convective heat transfer coefficient (10 W/m? K), Kpr
is the effective heat transfer coefficient due to conduction (8 W/m? K), T.. is the
ambient temperature, Cpr is the heat capacity of the PT (4200 J/m? K) and ¢pr is
the emissivity of the PT surface (0.8). Note: When comparing directly with results
from other research, the uncertainties or inaccuracies regarding emissivity = (0.7
to 0.9) and heat transfer coefficient = (5 J/m* K to 25 J/m? K) must be taken
into account [20].

The heat flux is shown as an average over one minute (measuring frequency
25 s) for better visualization, as shown in Figs. 31 and 32.



Impact of Mass Timber Compartment Fires on Facade Fire Exposure

— V4

flame height [m]

0 20 40 60 80
time [min]

Figure 30. Flame heights above the opening for V3 and V4.
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Figure 31. Heat flux measured centrally above the opening at a
height of 1 and 2 m for VO, V1 and V2.

4.6. Gas Flow Velocities

The gas flow velocities on the fagade were measured using bidirectional probes
placed centrally above the opening at a height of 1 and 2 m, as shown in Figs. 33
and 34. The probes measure the differential pressure caused by a flow movement

at the probe and calculate a direction-dependent flow velocity accordingly using
Eq. (2) [30, 34]:

2ApT
V= 2
ooTo (2)
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Figure 32. Heat flux measured centrally above the opening at a
height of 1 and 2 m for V3 and V4.
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Figure 33. Comparison of the gas flow velocities on the facade at
1 m height of VO, V1 and V2.

Equation (2) is derived from the Bernoulli equation, where py is the standard den-
sity of air (1.293 kg/m), Ty is the temperature at 0°C (273.15 K), T is the mea-
sured temperature and Ap is the differential pressure.

It should generally be noted that the bidirectional probes are sensitive to
weather conditions. The evaluation of the measurement data in test V3 and V4
showed that some of the probes failed or delivered incorrect results. For this rea-
son, these results V3 and V4 are not shown.
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Figure 34. Comparison of the gas flow velocities on the facade at
2 m height of VO, V1 and V2.

Table 2
Summary of the Test Resulis

Test Vo V1 V2 V3 V4
Compartment ~ Max. compartment gas temperature (°C) 1350 1400 1290 1250 1220
Time to flashover (min) 9 9 8 10 10
Duration of fully-developed fire phase (min) 31 36 34 42 45
Onset of the beginning decay phase (min) 40 45 42 52 55
Char fall-off on CLT walls (min) - 85 80 - -
Max. HRR by movable fire load (MW) 10 8 9 16.5 16
Start time of charring behind fire - 37 63 53/75°
protection lining® (min)
Failure time of fire protection lining® (min) - 66 81 69/95°
Extinguishing by fire brigade (min) - 93 92 150 65
Self-extinguishing® (min) 220 - - - -
Facade Max. fagade temperature (°C) 900 1080 950 1180 1160
Max flame height (m) 5.2 5.2 5 5.7 5.5
First flames on the fagade (min) 9 9 8 10 10
No longer flames on fagade (min) 52 78 56 76 -
Max. heat flux (kW/m?) 55 85 61 107 109
Max. gas flow velocity (m/s) 9.9 102 7.6 - -

“The start time of charring behind the fire protection lining is defined as exceeding a temperature of 300°C [36]

PFirst value for 2 x 12.5 mm, second value for 2 x 18 mm gypsum fiberboard

“The failure time of the fire protection lining corresponds to the time until less than 50°C difference between gas
temperature in the compartment and measured temperature behind the lining is reached [37]

dSelf-extinguishing is defined as the complete extinguishing (no smouldering) of the movable and structural fire load
(construction)
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Figure 35. Comparison of the gas temperatures in the compartment
at the plate thermocouple at a height of 230 cm.

Table 3
Comparison of the Fire Load Densities of the Tests Cited in Sect. 2.2

Su Su
et al. etal. Epernon Fire Brandon Kotsovinos Kotsovinos
Test [15] [17] Tests [18] et al. [24] et al. [26] et al. [29]  TIMpuls
Fire load den- 550 550 891 560 374 377 1085
sity (MJ/m?)
Opening fac- 0.03 0.03/ 0.050/0.032 0.062/0.25  0.071 0.039 0.094
tor [41] 0.06
(m'?)
Time to flash- 5to7 10 to 2 4to17 5.6 7.3% 8 to
over (min) 15 10 min

*Localised flashover

5. Discussion
5.1. Summary of the Test Results

The results of the tests are presented in Table 2 for further discussion.

5.2. Gas Temperature

The gas temperatures in the fire growth phase show almost no differences between
non-combustible and combustible structures due to an identical movable fire load
density and ignition process. This phenomenon is caused by the relatively high fire
load density in the TIMpuls fire tests.

The fully-developed fire phase, which always starts at about the 10th minute of
the tests, shows only minor differences in the temperature curve (AT < 150 K) up
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Figure 36. Comparison of the temperature-time diagrams of the
plate thermocouples centered above the opening at a height of 1 and
2 m on the facade for VO, V1, V2.
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Figure 37. Comparison of the temperature-time diagrams of the
thermocouples centered above the opening at a height of 3 m on the
facade for VO, V1, V2.

to the 40th minute of the test. The influence of the structural fire load becomes
obvious based on Fig. 35.

In the fully-developed fire phase of a ventilation-controlled fire, there is not
enough oxygen available to combust all pyrolysis gases inside the fire compartment.
The availability of additional fuel does not influence the conditions in the compart-
ment, as shown in Fig. 35. As described in Sect. 2.2, other researchers have con-
cluded that the additional fire load in the form of the structural fire load leads to an
earlier flashover and an earlier fire impact on the facade. These differential observa-
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tions between the TIMpuls project and other tests are due to the relatively high fire
load mentioned above, see Table 3. The more movable fire load is available, the
lower the influence of the structural fire load in the fire development phase.

The time of the flashover depends on many factors (geometry, opening area,
arrangement of timber surfaces, etc.) and is therefore not investigated in more
detail. However, it is obvious from the tests that the influence of exposed timber
surfaces is lower when the fire load is increased.

5.3. Facade Temperatures

Comparing the measured temperatures on the fagade, it becomes clear that the
additional structural fire load leads to an increase in temperatures. It should be
noted that only tests VO to V2 can be directly compared with each other. V3 and V4
can only be evaluated with each other due to the changed geometry. When compar-
ing VO (reference test fully encapsulated) with V1 and V2, maximum temperature
deviations averaging approx. 120°C to 200°C can be seen on the fagade in the fully
developed fire phase in the area of the opening, as shown in Figs. 36 and 37. This
temperature increase is in a similar range to the studies of Sjostréom et al. [25].

Although 100% of the wall and ceiling surfaces contributed to the fire from the
middle of test V1 (37th and 66th min as shown in Table 2), an increased tempera-
ture profile is obvious beforehand. This confirms that an exposed mass timber
ceiling has a greater impact on the facade than exposed mass timber walls. One
possible explanation is that the flames are able to run along the combustible ceil-
ing towards the opening in conjunction with the narrow lintel of 20 cm above the
opening (floor-to-ceiling opening) in these tests.

Higher temperatures occur on the fagade in test V1 than in test V2. However, it
must be noted, that a sleet shower set in for a short time (approx. 10 min) during
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Figure 38. Comparison of the temperature-time diagrams of the
plate thermocouples centered above the opening at a height of T m
and 2 m on the facade for V3 and V4.
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Figure 39. Comparison of the temperature-time diagrams of the
thermocouples centered above the opening at a height of 3 m on the
facade for V3 and V4.

the V2 test. Due to the short duration compared to the test time, the authors do
not assume a critical influence for the measurement results.

Comparing V3 and V4 shows that the increase from 42% to 58% of the ratio
of exposed mass timber surface does not result in any noteworthy increase in tem-
peratures on the fagade, as shown in Figs. 38 and 39.

One reason for this is that the exposed ceiling has the greatest influence on the
facade and both tests had a corresponding and identical ceiling. On the other
hand, the tests have a high fire load density (Table 5), which leads to a strong fire
impact on the fagade regardless of the exposed surfaces.

Whether an exposed ceiling has a higher impact on the facade fire exposure,
especially in combination with floor-to-ceiling openings, than a percentage
increase in exposed walls should be investigated further.

In order to examine the question as to whether the second storey above the fire
compartment is exposed to a higher risk with regard to fire exposure along the
fagcade in the case of exposed mass timber surfaces in more detail, the tempera-
tures were illustrated in the center above the opening at a height of 3 m, as shown
in Figs. 37 and 39. The reason for this hypothesis is that (I) the second storey
above the fire compartment begins 3 m above the floor-to-ceiling opening and (II)
a fast fire spread over more stories is critical for the fire brigade due to the neces-
sary number of staff and the technical limits of e.g. dry or wet risers [42—44].
Comparing VO and V1 shows that V1 reaches 200°C at the facade about 4 min
earlier and while VO reaches peak temperatures between 400°C and 500°C, V1
reaches temperatures above 600°C at the facade. To quantify the influence of
these differences more precisely, one possible question would be which tempera-
tures cause glass to fail. Babrauskas [45] shows that it is very difficult to predict
when glass will actually break enough to fall out in a real fire. Morris [46] con-
cludes that double-glazed windows with 6 mm thick glass fail at about 600°C.
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Whether the temperature difference of approx. 200°C on average actually leads to
a higher risk in reality cannot be answered conclusively. However, considering
Morris’ results, it seems possible.

5.4. Flame Heights

Figures 29 and 30 show that there is no significant difference in flame height
between V0, V1 and V2 or between V3 and V4. Looking at the temperatures on the
fagade, it can be seen that although there is a difference in this series of tests in
terms of the temperature of the flame, the height itself is not affected by an addi-
tional structural fire load. Differences in the comparison of VO, V1 and V2 exist at
the beginning and after the 40th minute, but not in the fully developed fire. V1 and
V2 have a more intense flame on the fagade a few minutes before V0. The difference
is greatest for V1 compared to V0. From the 40th minute, the flames on the fagade
of VO decreased, and no more flames were observed on the fagade from about the
53rd minute. For V2, this occurred 5 min and for V1 26 min later.

The higher deviation of V1 at the beginning, and especially from the 40 min
onwards, is obviously due to the additional structural fire load (after 37 min the
wall surfaces began to contribute to the fire in addition to the ceiling). Due to the
additional structural fire load, the fire duration was prolonged. The wooden cribs
(movable fire load) burn down more slowly due to the ventilation conditions (ven-
tilation-controlled fire) and the additional structural fire load in the compartment.
The prolonged fire causes longer-lasting flames on the facade.

These results from TIMpuls contradict the findings of Sjéstréom et al. [25] and
Kotsovinos et al. [26]. These two studies concluded that additional structural fire
load leads to an increase in flame heights. The reason for this could be the high
fire load density and the large width of the opening selected in TIMpuls. Due to
this high fire load density, high flames are formed independently and the influence
of the additional structural fire load is thus reduced.

5.5. Heat Flux on the Facade

Figure 31 shows that VO and V2 behave very similarly in terms of heat flux. How-
ever, there are large deviations between VO and V1, with peak deviations of up to
35 kW/m?. Because this peak deviation occurs before the 35th minute, an influ-
ence of the initially protected CLT walls can be ruled out. It can therefore be con-
cluded that an exposed CLT ceiling leads to higher heat fluxes on the facade than
an exposed mass timber wall. This theory is also supported by Bartlett et al. [9].
As in [9], it is assumed that more unburnt gases leave the compartment directly
without mixing with the gases in the compartment with an exposed ceiling, and
consequently burn in the plume.

The results from the Epernon Fire Tests [18], that the incident heat flux on the
facade is approximately 3 times greater when a timber ceiling is used instead of a
concrete ceiling, could not be confirmed. The reason for this could again be the
different fire load densities and the width of the opening. The influence of the
exposed ceiling decreases with a high fire load density and a large width of the
opening (opening factor in Table 3), as in the TIMpuls tests.



Impact of Mass Timber Compartment Fires on Facade Fire Exposure

Figure 32 shows that an increase of the exposed timber surface does not lead to
any differences in the course at the beginning and during the fully developed fire
phase.

5.6. Gas Flow Velocities

Figures 33 and 34 compare the gas flow velocities on the fagade at a height of 1
and 2 m for VO, V1 and V2.

It can be seen that VO, V1 and V2 have similar gas flow velocities at 1 m
height. This is because the persistent flame is always located in this area.

Comparing the gas velocities at a height of 2 m shows that VO and V2 have
similar results. V1 has higher results in a direct comparison. The fact that the wall
lining starts to fail at the 37th minute and both wall and ceiling surfaces con-
tributed to the fire could explain the increase in gas velocity.

6. Conclusion and Outlook

The aim of this study was to investigate whether exposed timber surfaces or ini-
tially protected timber components can lead to more critical effects on the fagade.

Five full-scale fire tests were carried out to investigate this. Three tests in a square
compartment (4.5 x 4.5 m) and two in a double-width compartment (4.5 x 9 m).
The tests were conducted with a high, movable fire load density (1085 MJ/m?).
While the first test was carried out in a fully encapsulated (non-combustible) com-
partment, the exposed timber surfaces were subsequently increased. The influence of
exposed or only initially protected timber surfaces on the fire impact on the fagade
was investigated using the measured gas temperature, HRR, temperature on the
facade, flame heights along the fagade, heat flux and velocities along the facade.

There are almost no differences in the gas temperatures in the growth phase of
the fire, and there are only minor differences in the temperature curves in the
fully-developed fire phase. The influence of the structural fire load becomes visible
afterwards. The course of the gas temperature in the decay phase is thus primarily
defined by the exposed, or only initially protected timber surfaces involved in the
fire (structural fire load).

In the fully-developed fire phase of a ventilation-controlled fire, the lack of oxy-
gen governs the combustion. The more movable fire load is available, the lower
the influence of the structural fire load in the fire development phase.

Additional structural fire load leads to an increase in temperatures on the
fagcade. In these tests, maximum temperature deviations increases averaging
approx. 120°C to 200°C occurred on the facade in the fully-developed fire phase.
An exposed mass timber ceiling has a greater impact on the fagade than exposed
mass timber walls. The specific influence an exposed ceiling has on the fagade fire
exposure requires further investigation.

There is no significant difference in flame height between the tests. Due to the
additional structural fire load, the fire is lengthened in time. The prolonged fire
causes longer-lasting higher flames on the fagade.
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An exposed mass timber ceiling leads to higher heat fluxes on the fagade than
an exposed mass timber wall. The theory that the incident heat flux on the fagade
is approximately three times greater when a mass timber ceiling is used instead of
a non-combustible ceiling could not be confirmed. The reason for this could again
be the different fire load densities and the width of the opening.

Furthermore, the results of the gas flow velocity measurement on the facade
support the hypothesis that the gas velocities increase with a growing structural
fire load.

Overall, it is evident that the internationally available findings from full-scale
fire tests are currently insufficient to conclusively clarify this issue. Since many fac-
tors such as geometry, opening factor [29, 47], arrangement of timber surfaces
[47], fire load density, compartment size, protection times of linings, etc. play a
decisive role, it is not possible to make any general statements at the present time.
In order to further investigate and quantify this important topic, additional full-
scale tests are necessary. The series of tests [48] or the unpublished parts of the
CodeRed test series [26, 29] could provide further results. Unfortunately, the mea-
surement results on the facades have not yet been published.
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Appendix

An overview of the individual wall and ceiling structures used in the TIMpuls
compartment full-scale fire tests is shown in Table 4.

Table 4
Overview of the Timber Constructions

Wall structures

gv 100 mm cross-laminated
T 1 1 S timber wall (five layers 20
: — : =L g 20 20 20 20 mm) with
N~ 18 mm gypsum plaster-
N PV AN ESEA VAR AR N IR LIS N A board type F/gypsum
fiberboard
l ] I = 150 mm cross-laminated
O timber wall (five layers 34
| l I ey 2 24 34 24 34 mm)
&
| | I e

- 140 mm light timber frame
o with 2 x 18 mm gypsum

"X plasterboard type F/gyp-
L g sum fiberboard
2 < o
Z \ > 3
S \ 2 -
3 ) =
-0 N
~L
©

625
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Table 4
continued
"'N.’— 140 mm light timber frame
N0 with 12 mm oriented
f_ﬁéﬁ strand board und
N 2 x 12.5 mm gypsum
= =4 - fiberboard
= = <
S S -
© j ©
SN
o N
625 =
Ceiling structures
180 mm glued-laminated
timber
o
o
2y 220 mm light timber frame
N . .
N with 22 mm suspension
and 2 x 18 mm gypsum
— N fiberboard
§ density ) § o
I 11 +/- 5 kg/m?® N = 5
N N . &
\ ©
£
€
=N
oomv
)
L 625 |

Table 5 shows the fire load density to be used according to Eurocode 1 or the
National Annex.
Table 6 shows the mean values of the weather data over the test time measured
per minute.
Table 7 shows the parameters for determining the HRR via the charring rate.
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Table 5
Comparison of Statistical Fire Load Densities for Dwellings in Europe

EN 1991-1-2 Germany Denmark Great Britain [51, Ireland

[41] [31] [49] France [50] 52] [53] Ttaly [54]

948 MJ/m? 1085 MJ/ 200 MJ/ 930 MJ/m*> 870 MJ/m? 870 MJ/ 948 MJ/
m2 m2a Inl m2

80% fractile 90% quan-  80% frac- 90% quan-  80% fractile 80% frac- 80% frac-
tile tile tile tile tile

“Related to A, total area of enclosure (walls, ceiling and floor, including openings)

Table 6

Weather Data from the Weather Station Located Directly Next to the
Test Area, Shown As Mean Values of the Minute Measurements over
the Test Period for Different Heights

Temperature (°C) Wind speed (km/h) Air pressure (hPa)
Height I m 02m 05m Im 2m Sm 10 m -
Vo - 1.0 1.0 1.0 1.0 1.2 1.3 1.5 962
V1 6.8 0.7 0.7 1.1 1.2 1.4 1.3 954
V2 3.4 0.9 0.8 1.3 1.4 1.6 1.8 951
V3 10.1 1.4 1.7 1.8 1.8 1.9 2.0 961

V4 - 50 2.6 2.5 2.9 29 3.0 3.1 971
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Table 7
Parameters for Determining the Heat Release Rate via the Charring
Rate

300°C on the < 50°C deviation behind

timber sur- the lining to the compart- Residual Timber sur-
Components face ment cross-section face area
Vi
Exposed GLT ceiling 6 min - 107 mm 20.3 m?
Initially protected CLT 37 min 66 min 70 mm 37.9 m?
walls
V2
Exposed CLT walls 6 min - 79 mm 10.8 m?
LTF walls 63 min 81 min 115 mm 1.6 m?
LTF ceiling 63 min 81 min 205 mm 29 m?
V3
Exposed GLT ceiling 7 min - 107 mm* 40.5 m*
LTF wall 53 min 69 min 115 mm? 10.8 m?
(2 x 12.5 mm GF + OSB + 1.0
12 mm OSB) m?
LTF wall 2 x 18 mm 75 min 95 min 8 mm OSB* 10.8 m?
GPF/GF + 12 mm OSB
OSB)
LTF wall (2 x 18 mm 75 min 95 min 128 mm? 2.2 m?
GPF/GF)
V4
Exposed GLT ceiling 7 min - 125 mm 40.5 m*
Exposed GLT column 7 min - 175 x 175 mm 2.5 m?
Exposed GLT beam 7 min - 265 x 185 mm 6.1 m?
Exposed CLT wall 7 min - 100 mm 10.8 m?
LTF wall 2 x I8 mm  — - - -
GPF/GF)

“Determined up to the 90th minute via the 300°C isotherm of the thermocouples in the component
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Figures 40, 41, 42, and 43 shows the results of the two methods for determining
the HRR (mass loss vs. charring rate) for each test.

30

structural fire load - - -V1 mass

27 1 —— V1 charring

24

214

heat release rate [MW]

100

time [min]

Figure 40. Results of the two methods for determining the heat
release rate (mass loss vs. charring rate) for V1.
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Figure 41. Results of the two methods for determining the heat
release rate (mass loss vs. charring rate) for V2.
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