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Abstract. This paper describes selected observations, measurements, and analysis
from a series of large-scale experiments on cross-laminated timber (CLT) slabs that
were exposed to fire from below, using four different heating scenarios, with a sus-
tained mechanical loading of 6.3 kN m per metre width of slab. The deflection
response and in-depth timber temperatures are used to compare the experimental
response against a relatively simple structural fire model to assess the load bearing
capacity of CLT elements in fire, including during the decay phase of natural fires. It
is demonstrated that the ventilation conditions in experiments with a fixed fuel load
are important in achieving burnout of the contents before structural collapse occurs.
A mechanics-based structural fire model is shown to provide reasonably accurate pre-
dictions of structural failure (or lack thereof) for the experiments presented herein.
The results confirm the importance of the ventilation conditions on the fire dynamics,
burning duration, and the achievement of functional fire safety objectives (i.e. main-
taining stability and compartmentation), in compartments with exposed CLT.

Keywords: Structural design, Timber, Compartment fires, Structural response, Cross-laminated timber

1. Background

Engineered timber products are increasingly being considered as the main struc-
tural material for progressively taller buildings. The widespread introduction of
cross-laminated timber (CLT) is one of the main drivers in this development; CLT
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consists of timber boards that are arranged in layers with alternating directions
and bonded with adhesives.

A critical consideration for the uptake of mass timber in tall buildings is struc-
tural fire safety [1], owing to the fact that timber burns and is (in at least this
respect) distinct from concrete and steel, both of which are non-combustible.

Upon exposure to fire, timber will pyrolyse, producing flammable gases and an
outer carbonaceous char layer. The char layer itself has negligible strength and
stiffness; however, it acts as an effective insulator, reducing—but not prevent-
ing—further heat transfer into the interior of the timber member and maintaining
a comparatively cooler inner core. Under standardized time temperature exposures
during furnace testing, approximately 25-40 mm [2] of timber beneath the char is
heated above ambient temperatures—this is sometimes referred to as the thermal
penetration depth.

As timber is heated, it gradually loses strength and stiffness as a function of
both temperature and moisture content [3]. Thus, the remaining structural capac-
ity in a fire-exposed timber element depends critically on the in-depth thermal
penetration and the resulting loss of mechanical properties of the heated but
uncharred timber. Various approximate structural fire design methods are avail-
able which attempt to account for these effects under standard furnace testing
conditions [4]—these are not of primary interest here as their scope is limited to
normative (i.e. standard) fire exposures in furnaces, and they are not strictly appli-
cable to non-standard (i.e. natural) heating conditions.

Fire safety in most buildings relies on compartmentation as part of the fire
strategy to ensure life safety of building occupants and fire service personnel. To
achieve this, building elements must maintain one or all of insulation, integrity,
and load bearing capacity for an adequate period. In a typical ventilation-con-
trolled compartment fire, a growth phase is followed by a period of ventilation
controlled burning; this will continue at a quasi-steady rate until the fuel in the
compartment is consumed and the fire enters a decay phase which is marked by
reducing gas phase temperatures. Once the continuing fuel supply is insufficient to
maintain burning, the gas phase temperatures in a compartment will eventually
return to ambient temperatures, and heat transfer within the compartment will be
dominated by the compartment boundaries. To successfully maintain compart-
mentation, the three above criteria for building elements must typically be main-
tained until the fire has burned out and the compartment boundaries have cooled
down. Otherwise fire and heat may have a route to spread into adjacent compart-
ments containing unburnt fuel, and thus compromising the safety of building
occupants, emergency services, and possibly resulting in significant property or
other social, cultural, and/or economic losses.

Given its combustible nature, the use of structural timber presents unique fire
hazards which must be considered by designers, particularly in complex or high
consequence buildings which cannot be rapidly evacuated during fire. When the
original moveable fuel load (e.g. furniture) has burned out, any exposed timber
may, under the right conditions, continue burning [5-8], resulting in continued
charring, in-depth heating, and consequential reductions in load-bearing capacity.
In the absence of active fire suppression this could result in structural collapse.
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Furthermore, even in cases where auto-extinction does occur (i.e. the exposed tim-
ber does not continue to burn after burnout of the moveable fuel load), in-depth
heating of the timber structural elements will continue as heat continues to dissi-
pate into the cooler parts of the timber, thereby further reducing the overall
capacity well into the decay phase of the fire. This phenomenon of in-depth heat-
ing beyond burnout also occurs in reinforced concrete [9] and protected steel [10]
elements; however, the hazard from this effect is considered to be comparatively
greater for timber, since irreversible reductions in mechanical properties of timber
can occur at temperatures as low as 60—100°C [11] (as opposed to 250°C or higher
for concrete or steel). The likely continued loss of load-bearing capacity after
burnout of the moveable fuel load should therefore be considered when evaluating
the structural fire performance of timber elements [12—14]; even if auto-extinction
occurs.

2. Experimental Programme

The data presented and analysed herein is taken from the test reports of the “The
Epernon Fire Tests Programme’™ [15]. This project seeks to understand the links
between normative fire resistance ratings and real fire performance in buildings.
The project has several objectives, such as quantification of the energy participa-
tion of combustible materials in standard furnace tests, the influence of com-
bustible surfaces and ventilation factors on the dynamics of compartment fires
(including external flaming), and the thermomechanical behaviour of structures
under standard and natural fires. Full test reports for all of the experiments are
available from a project-specific website [15]. This paper presents analysis relevant
to the five tests undertaken on loaded, unprotected CLT slabs exposed to fire
from below.

2.1. Standard Furnace Tests on CLT Slabs

Two essentially identical standard furnace tests were performed on CLT slabs
according to EN 1365-2 [16]. The slabs were 5900 mm in length and 3900 mm in
width. Each specimen was comprised of two CLT panels, each with plan dimen-
sions of 5900 mm x 1950 mm and joined together by a 150 mm wide wooden
assembly strip which was laid over a sheet of ceramic paper and screwed into rab-
bets with a width of 76 mm and a depth of 33 that were cut into the final lamella
of each panel to be joined. The 2 mm wide gap underneath this assembly was
sealed by an intumescent strip with a depth of 20 mm on the exposed side
(Fig. 1). The strength of the joint was not critical in terms of the load-bearing
capacity as it was oriented in the spanning direction during testing. The slabs had
a total thickness of 165 mm, comprising of five timber lamellae of 33 mm thick-
ness each. All plies were orientated crosswise to each adjacent ply (as is typical for
CLT) with the wood grains in the outer plies oriented in the spanning direction.
The plies were face bonded together using a one-component polyurethane adhe-
sive (PURBOND HB S709). The mean moisture content for all CLT slabs in this
study was 11%, with a standard deviation of 0.1%.
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Figure 1. CLT panel used for testing showing location of joining strip.

The furnace temperature during the tests was controlled using 15 plate ther-
mometers to follow the standard temperature—time curve prescribed by EN 1363-1
[17]. Temperatures measured with plate thermometers are a type of effective tem-
perature influenced by both the gas phase temperature and the radiation exchange
within the enclosure. Natural gas pre-mixed with air was injected into the furnace
as fuel to promote complete combustion.

The sustained structural loading applied during fire exposure corresponded to
the Eurocode [18] accidental load combination, giving a total loading density of
1.35 kN/m? over an area of 5.6 m x 3.9 m, and thus a total imposed load of
29.5 kN. This was applied as a dead load in the form of five steel beams applying
point loads over the span, as shown in Fig. 2. The midspan bending moment aris-
ing from this loading situation was 24.7 kN m, i.e. the CLT had to be able to
structurally support a bending moment of 6.3 kN m per metre width of slab.

2.2. Compartment Fire Experiments on CLT Slabs

In addition to the two standardised furnace tests described above, three compart-
ment fire experiments were carried out with an exposed CLT ceiling. The com-
partment walls were constructed from aerated concrete block with a thickness of

5.9kN 5.9kN 5.9kN 5.9kN 5.9kN
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Figure 2. Schematic of applied loading along the longitudinal axis of
the CLT slabs in this experimental series.
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300 mm and a bulk density of 300 kg/m®. The CLT ceiling panel was manufac-
tured, loaded, and instrumented the same way as the slabs used for the standard
furnace tests, as described in Sect. 2.1.

All compartments had the same internal dimensions, these being 6 m x 4 m in
plan, and 2.52 m in height. Three different opening geometries were used, as listed
in Table 1. The opening factors are given using the Thomas [19] definition as
Ar/Ay\/h,, where A7 is the total internal area (excluding openings and floor), 4, is
the opening area, and /4, is the opening height. All openings were on the same
face of the enclosure.

In each experiment, the moveable fuel load was supplied using timber cribs. Six
cribs were used in each of the natural fire tests, with each consisting of 12 rows of
five sticks each measuring 90 mm x 90 mm in cross section and I m in length.
The fire was ignited using a 3 litre heptane pool fire beneath each crib. This resul-
ted in a total imposed fuel load, including from heptane, of approximately
891 MJ/m? for each experiment; this is considered representative of dwellings [20]
(note, however, that this does not include the contribution from the exposed
CLT). The pseudo-steady burning phase of Scenario 1 is shown in Fig. 3, showing
burning of the wood cribs and flames exiting the compartment, thus indicating
flashover.

2.3. Instrumentation

The CLT slabs tested in the standard furnace tests and those in the compartment
fire experiments were, unless stated otherwise, each instrumented identically, as
described in this section.

Vertical deflections during testing were recorded using two displacement trans-
ducers at midspan, along with one at each end along the panel’s centreline.

In-depth temperatures within the timber were recorded by 1.5 mm diameter
Inconel sheathed Type K thermocouples (TCs), placed in four groups each located
at 1770 mm from the slab centre on a diagonal between the corners of the slab.
At each location, ten in-depth TCs were installed at distances of 0, 4, 12, 23, 33,
44, 55, 66, 77, and 99 mm from the fire-exposed surface. Additionally, one ther-
mocouple was installed projecting 10 mm beyond the exposed face of the CLT to
measure the gas temperature, as shown in Fig. 4. One TC was installed on the
back (i.e. upper) face of the slab. The resulting TC layout at each plan measure-

Table 1
Opening Sizes and Geometry for Compartment Fire Experiments

Scenario Number of open- Height of opening Width of opening Opening factor (m—
# ings (m) (m) %)

1 2 2 2.5 4.64

2 3 1.2 1.25 14.2

3 1 2 1.1 23.2
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Figure 3. Compariment fire experiment with two openings and a low
opening factor (Scenario 1).
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Figure 4. Minimum in-depth TC positions and layout at each TC
measurement location (in plan) for all experiments and tests.

ment location is shown in Fig. 4. Thermocouples were installed along grooves
during the CLT panel manufacture so as to minimise errors in placement position.
Thermocouples not located along a glue line were installed along the grooves, and
then inserted into pre-drilled holes from the rear of the lamella, as illustrated in
Fig. 4. For the experiment labelled Scenario 3, additional Inconel sheathed ther-
mocouples were inserted at 33, 66, 77, 88, 99, 110, 121, 132, 143 and 154 mm
from the fire exposed surface; this was because longer burning durations and dee-
per thermal penetration were expected. It should be noted that, since these addi-
tional thermocouples were inserted from the back, they can be influenced by
conduction errors which can lead to a systematic underestimation of the true tem-
peratures in locations without any thermocouples [21, 22].

The temperatures in the enclosure were monitored using 15 plate thermometers.
These were installed in a rectangular grid at 100 mm from the exposed timber
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face. The detailed placement and orientation of these is not discussed here but is
available in the relevant test reports [15].

3. Resulis

The temperatures measured with plate thermometers are shown in Fig. 5 for each
of the standard furnace and compartment fire experiments. The median values are
shown as solid lines, with corresponding 90% confidence intervals shown as sha-
ded areas.

Details and discussion of the compartment fire development for the various
ventilation conditions have previously been discussed by Bartlett et al. [23] and
McNamee et al. [24]. However, key aspects relevant to the current paper are sum-
marised here.

For all of the ‘natural’ fire scenarios the temperatures in the enclosure measured
with plate thermometers exceeded the cellulosic standard temperature time curve
(i.e. Standard 1 and 2 in Fig. 5), reaching peak temperatures of approximately
1200°C. The confidence range of the measurements were determined using a hoot-
strap approach, involving repeated sampling of the data with replacement [25], and
thereby generating a multitude of possible measurement distributions which could
subsequently be used to construct confidence intervals around a median estimated
temperature time curve. Scenario 1 had the shortest burning duration, with the
decay phase starting at about 30 min. Scenario 2 began to decay at about 45 min,
and Scenario 3 at about 55 min. Scenario 3 also experienced a slower decay than
Scenarios 1 and 2 (noting that these readings were obtained using plate ther-
mometers). The structural fire effect(s) of these overall differences in fire develop-
ment (including versus standard furnace heating conditions) are explored in this
paper through structural analysis.

In-depth temperature profiles within the timber are shown in Fig. 6 for four
selected positions for each experiment. The measured temperatures at 4 mm and
33 mm in-depth follow similar trends as the temperatures shown in Fig. 5. No
clear differences are observed at a depth of 99 mm (i.e. the depth of the third glue
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Figure 5. Median plate thermometer temperatures in each test, with
90% confidence intervals shown as shaded areas.
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Figure 6. In-depth temperatures for each experiment fora 4 mm, b
33 mm, ¢ 66 mm, and d 99 mm, showing median, with 90%
confidence intervals shown as shaded areas.

line) until about 120 min of fire exposure when the two standard furnace tests
show rapidly increasing temperatures; this appears to correspond to a post drying
phase of the timber. It also corresponds with a measured average char depth
(taken herein as the 300°C isotherm) of about 80-90 mm (see later), and with the
time at which deflections significantly increased (see later).

Assessment of the in-depth temperatures in the timber and the charring depths
was undertaken using a semi-probabilistic approach. The temperatures were mea-
sured at four slab locations in plan (as already described) and these measurement
locations can therefore be viewed as samples to estimate the underlying popula-
tion of an assumed progression of in-depth temperatures within each slab, and
thereby the depth of the char front. In addition, each thermocouple in each of the
four measurement locations is taken as a sample point for the estimated tempera-
ture, and is therefore subject to variation in heating arising from non-uniform
exposure and non-uniform material properties across the timber surface.

For a range of reasons it cannot be expected that two thermocouples at the
same depth but in two different plan locations will measure precisely the same
temperatures at each time step. Therefore any temperature profile fitted against
the timber depth, and thus the charring depth approximated from the resulting
300°C isotherm [11, 26] (or any isotherm) represents an estimation of an unknown
true temperature distribution within the timber, which is subject to considerable
uncertainty. This uncertainty is quantified herein using a bootstrap approach (as
explained earlier for the plate thermometer measurements). Using this approach
also helps to account for uncertainties arising from a decreasing sensor density of
TCs with increasing depth from the fire-exposed timber surface. For the tempera-
ture profiles in the current study, smoothing splines were fitted and bootstrapped
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to the temperature data shown in Fig. 6. Smoothing splines fit a series of splines
between data points and are controlled via a smoothing parameter 4, which varies
between zero for an essentially linear least square regression fit and unity for a
completely smooth fit; herein a smoothing parameter of 0.1 was semi-arbitrarily
used. The estimated char depths from the 300°C isotherm, along with their 90%
confidence intervals, are shown in Fig. 7. These data compare well with previous
data analysis by Mindeguia et al. [27] working from the same data set, but with-
out using this semi-probabilistic approach.

Initially, all three natural fires experienced a more rapid charring rate, likely
due to the more rapid increase in fire temperatures (see Fig. 5), with Scenario 3
having a delayed onset due to its longer time to flashover and comparatively
slower initial heating rate. Charring was halted in natural fire scenarios 1 and 2 at
some point during the decay phase, resulting in ‘final’ char depths of 45 mm and
74 mm, respectively. However, Scenario 3, which had a longer total burning dura-
tion but similar peak temperatures, continued to char for longer and eventually
reached a char depth of 85 mm, at which point the slab collapsed. It is notable in
this context that the standard furnace tests, which experienced continuous heating
due to the nature of the standard heating curve, reached char depths of 99 mm
and 93 mm before failure, respectively; this suggests that char depth alone (based
on a 300°C isotherm) is insufficient (and potentially unconservative) for predicting
residual structural performance—particularly in more realistic natural fire scenar-
10s. The different charring depths at failure were primarily caused by the different
burning durations, but can also be attributed to varying charring rates throughout
the fire durations. Hotter fires caused faster charring progression, as can be seen
comparing the Scenario 1 plate thermometer temperatures in Fig. 5 with the cor-
responding char progression in Fig. 7.

The slabs’ measured midspan deflections are shown in Fig. 8. The deflections
for the two standard furnace tests followed similar trends, deviating slightly as
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Figure 7. Estimated char depths and their 90% confidence intervals
for standard furnace exposures and natural fire scenarios-based on
the measured location of the 300°C isotherm.
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Figure 8. Deflections at midspan of each panel from the start of each
test.

failure was reached at 141 min (Standard 1) and 131 min (Standard 2), respec-
tively. In both cases, failure was taken to occur due to a limiting maximum deflec-
tion (in this case 475 mm taken from EN 1363-1 [17]) being reached. This is of
course a semi-arbitrary failure criterion; however, it allows for quantified compar-
ison of failure times. The limiting rate of deflection (in this case 21 mm/min, again
taken from EN 1363-1 [17]) was reached earlier, at 121 min for Standard 1 and
125 min for Standard 2.

The deflection path for Scenario 3 can be seen to deviate significantly earlier
than other tests in Fig. §; this can be related to the progression of heat within this
slab. From Fig. 6¢) it can be seen that the temperatures at the second glue line in
Scenario 3 heat up the fastest, coinciding with the deviation of its deflection path.
Increases in temperature at the second glue line mean the third ply (second ply
parallel to main stress direction) is heating and being weakened, thereby causing
accelerating deflections.

Scenario 2 collapsed 29 h after the onset of heating; this was attributed to con-
tinued smouldering within the slab after the fire had effectively burned out within
the compartment. This is a notable and important observation; however it is
beyond the scope of the current discussion and not discussed further in this paper.

4. Structural Model

A semi-probabilistic structural model was used to predict the reductions in flexu-
ral capacity of the slabs based on the measured in-depth temperature data. The
timber used in the experimental specimens was strength class C24, meaning that
the 5™ percentile of the underlying population can be expected to have a modulus
of rupture (also known as “bending strength’’) of 24 MPa with an expected mean
elastic modulus of 11,000 MPa [28]. The Joint Committee on Structural Safety
(JCSS) Probabilistic Model Code [29] suggests applying a coefficient of variation
(CoV) of 0.25, resulting in a mean modulus of rupture of 36.8 MPa. One thou-
sand randomly generated ambient bending strengths—based on a lognormal dis-
tribution—were applied in the subsequent analysis. The elastic modulus was
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assumed to be similarly distributed, based on a mean of 11,000 MPa and an
assumed CoV of 0.13 [29], with a correlation factor of 0.8 [29] between Modulus
of Rupture (MoR) and elastic modulus. These are shown in Fig. 9. Perpendicular
(to structural span) lamellae were assumed to have 1/30th the ambient tempera-
ture elastic modulus of the parallel lamellae [30]. The compressive strength for
each simulation run was determined in dependence of the bending strength
according to Eq. (1) [29], where for simplicity the correlation coefficient between
MoR and compressive strength was taken as unity.

fio =5 % MoR"® (1)

A structural model previously proposed by Wiesner et al. [31], is applied to the
experimental data here. The slabs cross sections (analysed as beams per metre
width) were discretised into 1000 layers of thickness 0.165 mm and, based on the
measured experimental in-depth temperature data, strength and stiffness reduc-
tions were applied to the individual layers based on Eurocode [4] mechanical
property reduction curves. It should be noted that the Eurocode property reduc-
tion curves are only considered valid for timber which is exposed to standard tem-
perature time curves in furnace tests, whereas the true mechanical property
reductions will depend on (at least) heating rates, since this will affect the physio-
chemical structure of the char formed. However, in absence of alternative reduc-
tion models and to provide a comparison between furnace and compartment fire
tests, these reductions are considered likely to be reasonably applicable also to the
natural fire data, for the heating and steady burning phases in particular.

It is necessary to first calculate the position of the neutral plane within the cross
section so as to determine which layers are in compression and which are in ten-
sion. This necessitates an iterative approach, with an initial estimate of the neutral
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Figure 9. Mechanical ambient input properties for simulated data.
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plane position applied to determine the distribution of the elastic modulus over
the entire cross section. The stress distribution can then be approximated, and a
new neutral axis depth (and corresponding stress distribution) calculated via New-
ton—Raphson iterations until axial equilibrium is reached. The iteration procedure
is highlighted in Eq. (2), where y, is the neutral axis location, ¢ is strain, £ is the
elastic modulus and « is the curvature and i denotes the ith-iteration

Z &L
Z KE,'

In the current paper, calculations were performed for 1000 bootstrapped tempera-
ture profiles that were randomly matched with each of the mechanical properties
shown in Fig. 9 to obtain 1000 evaluations of the bending moment capacity with
experimental duration; these could then be used to obtain the estimated median
capacity (and associated confidence intervals) that are shown in Fig. 10.

Typical assumptions made in first order cross-sectional capacity analyses were
employed herein, namely that (1) plane sections remain plane and (2) shear defor-
mations between lamellae are negligible. The length to depth ratio of 35.8 of the
slabs in the experiments summarised in the current paper is greater than the rec-
ommended value of 20 above which shear deflections can typically be considered
irrelevant [32]. Rolling shear failure is also not considered in the current analysis,
since recent research [33] has shown rolling shear to be an unlikely failure mode in
fire-exposed CLT elements in simple bending with fire exposure from below.

Ye,i+1 = Ye,i — (2)
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Figure 10. Simulated (predicted) cross sectional flexural capacity
and their 90% confidence intervals for a standard furnace exposures,
and b natural fires with different ventilation factors.
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The cross sectional flexural capacity was then calculated for each time step,
using Eq. (3), where g; is the stress in a given layer, A4; is the layer’s cross sectional
area, and y; is the distance to the neutral axis for each layer in the cross-section.

1000

M = Z UiAiyi (3)
1

In the model predictions, failure of the CLT slabs is assessed using two criteria;
(1) exceedance of the modulus of rupture by the tension forces in the outer fibres,
and (2) exceedance of the ultimate compressive strain, which was set at 0.024 [29]
for all simulation scenarios. Fibres exceeding the yield strength were assumed to
have yielded, and therefore their compressive stress was set to remain constant at
yield strength with increasing compressive strains (i.e. perfectly elastic—plastic
mechanical response for timber in compression).

It can be seen in Fig. 10 that, for both of the standard furnace tests, the simu-
lated bending capacity exhibits a rapid drop followed by a slight increase around
50 min. Comparing this with Fig. 7, it appears that this phenomenon arises when
the char depth reaches the first glue line. It is therefore likely caused by shifts in
the simulated neutral axis due to the sudden change in strength and stiffness
between parallel and crosswise orientated (to the main loading direction) fibres in
this region. This prediction phenomenon could be prevented through the use of
more layers for the simulated cross-section, however this would come with expo-
nentially increasing computational costs, and, since the influence on the overall
simulated result is minimal and localised; this refinement is omitted for the current
illustration.

For each of the cases modelled here, the structural model gives remarkably
accurate predictions of times to failure, i.e. within the error bars for all three tests
which failed (two standard and one natural). The two standard furnace tests show
very similar flexural capacity reductions; this is to be expected given the similari-
ties in thermal exposure and in-depth temperatures shown in Figs. 5 and 6, and
also suggests good repeatability for notionally identical furnace tests on CLT
slabs. The median model-predicted failure time for Scenario 3 was 110 min, com-
pared with experimentally observed failure at 108 min (when the char depth was
86 mm). The standard furnace tests, however, significantly exceeded this char
depth without collapsing under identical sustained loads.

For comparison, the reduced cross-section method (RCSM), which is recom-
mended in the current version of the EN 1995-1-2 [4] for assessing the fire resis-
tance of structural timber elements, is included purely for illustrative purposes.
This method recommends a charring rate of 0.65 mm/min and a zero-strength
layer (ZSL) of 7 mm below the char layer, to account for heated but uncharred
timber. Any timber below the combined char and ZSL depth is considered to
retain its ambient temperature mechanical properties and the capacity of the ele-
ment can then be calculated in accordance with ambient temperature procedures
suggested in EN 1995-1-1 [34]. This calculates the bending capacity based on
exceedance of the design bending strength. It must be clearly noted that EN 1995-
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1-2 i1s, strictly speaking, not applicable to structural fire design of CLT elements.
Nonetheless, the predicted reduction in bending capacity based on this methodol-
ogy is shown in Fig. 10a) for the two standard fire resistance tests; the predicted
failure time for the RCSM is 192 min, resulting in an unconservative prediction.
Comparisons with the natural fires in Fig. 10b) are not included, since there is no
mechanism by which the RCSM can be credibly adapted for burnout fires with a
limited fire duration; and its application to such fires was almost certainly not
intended by its developers. This comparison is included only to serve as a remin-
der to designers that the provisions of the current version of EN 1995-1-2 should
not be applied to CLT.

5. Temperature Profiles

The temperature profiles at failure in uncharred timber for all CLT slabs are
shown in Fig. 11. For the two experiments that did not fail structurally (i.e. sce-
narios 1 and 2) the temperature profiles are shown at the moment when the char
front reached its deepest position within the CLT cross-section. The majority of
simulated failures were caused by tensile rupture, which is in line with expecta-
tions for failures of a simply supported bending element with fire exposure to the
tension face.

It can be seen that the steady increase in furnace temperature gives a continu-
ous (and relatively steep) temperature gradient at failure for the two standard fur-
nace tests. The confidence intervals of the temperature profiles in Fig. 11 clearly
show the influence of the thermocouple placement on the accuracy of resulting
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Figure 11. Fitted temperature profiles and 90% confidence intervals
at the moment of failure. For Scenario 1 and Scenario 2 the shown
profile corresponds to the time of maximum char depth.
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assumed in-depth temperature profiles. For the two standard furnace tests the
determined temperature profiles become less certain deeper in the cross-section
where the resolution of thermocouples reduces, as shown in Fig. 4. For scenarios
2 and 3, the ‘curvy’ estimated temperature profiles and confidence intervals show
that variation between different temperature readings exists as the burning dura-
tion progresses; this is likely caused by two processes: (1) at deeper depths less
thermocouples were used, thereby reducing the resolution, and (2), for longer
compartment fires, the in-depth heating of the slabs varied in plan, i.e. the heating
and charring depths will vary between the four thermocouple clusters This can be
caused by localised char fall off, which will cause uneven thermal boundary condi-
tions across the slab. It is notable that, despite a large confidence range, the spline
estimations of the two standard furnace tests do not exhibit a curviness, indicating
the more uniform temperature exposure conditions in a furnace compared to a
compartment fire with varying ventilation and mixing conditions.

The three ‘natural’ fire experiments presented herein all had identical fuel loads,
were subjected to the same sustained structural loads during fire exposure, and
were manufactured by the same supplier from the same timber strength class with
the same adhesive type and ply configuration. However, differences in opening
geometry, and hence ventilation factor, resulted in considerably different rates of
fire growth and durations of pseudo-steady burning, this in turn resulted in signifi-
cantly different in-depth temperatures in these slabs that were sufficient to result in
different structural behaviour, ranging from surviving the full burnout (notwith-
standing subsequent smouldering) to collapse at the onset of the decay phase of
the fire. These differing responses highlight the importance of understanding the
fire dynamics in a compartment fire in a CLT structure, as well as the resulting
changes in exposure temperatures.

Of the three ‘natural’ fire scenarios, Scenario 1 had a large opening, corre-
sponding to an opening factor of 4.64 m~*> and indicating a more oxygen-rich
environment (i.e. tending to fuel controlled). This in turn resulted in a compara-
tively high proportion of the fuel being able to burn within the compartment (as
opposed to in an external fire plume [35]), and resulted in a high internal heat
release rate (HRR) and thus a rapid temperature rise. This also resulted in a
shorter pseudo-steady burning duration, as the available fuel was able to burn
more rapidly due to enhanced re-radiation from the internal burning. Scenario 2
had smaller openings, corresponding to an opening factor of 14.2 m~ -, indicat-
ing a lower availability of oxygen and tending to ventilation controlled. This led
to less internal burning (HRR), and resulted in a lower rise in temperatures, less
re-radiation to the fuel load, and thus a longer fire pseudo-steady burning dura-
tion. Scenario 3 had only one small opening, corresponding to an opening factor
of 23.2 m %, indicating even lower oxygen availability and clearly ventilation-
controlled burning. This again led to slower temperature increase and further
increased the pseudo-steady burning duration; this ultimately meant that the tim-
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ber was subjected to a longer thermal attack than for the other two scenarios
(however at similar peak temperatures), which led to a deeper char depth and
enhanced thermal penetration—and ultimately to structural failure during the
decay phase. This is potentially important because it means that, for CLT (and
other forms of mass timber such as glued laminated timber), the duration of a fire
is likely to be more critical for its load bearing capacity than the peak tempera-
tures in the enclosure (for the likely ranges of temperatures). This is intuitive when
considering the relatively high thermal inertia and charring behaviour of timber,
meaning that temperature increases are concentrated at the hot surface layer with
comparatively steep in-depth thermal gradients.

A longer heating phase results in the CLT being exposed to an incident heat
flux for a longer duration, thus resulting in increased in-depth heating, and subse-
quent loss of mechanical properties. The earlier failure of Scenario 3, in compar-
ison to the standard furnace tests, which experienced deeper charring depths but
longer failure durations, can thus be expected when the fire dynamics are properly
considered. Such consideration is effectively prevented by the current widespread
approach of applying normative fire resistance ratings to fire-exposed mass timber
structural elements.

The data presented herein also provide compelling evidence that it is important
to explicitly consider the decay phase of real fires, rather than relying solely on
normative fire resistance ratings for CLT structural elements. After the peak gas
phase temperature is reached and the movable fuel load is consumed, the hot sur-
faces within the compartment will re-radiate, and thus the in-depth temperatures
will continue to increase. Even after the room temperature drops, a thermal wave
will continue to propagate throughout the member, further increasing the in-depth
temperatures for a period which will depend on both the maximum gas phase
compartment temperatures and the duration of steady burning. Furthermore, the
risk of continued, localised smouldering of the timber means that continued in-
depth heating may continue for many hours after the fire appears to have gone
out, as was observed for Scenario 2 which collapsed after 29 h due to unseen
smouldering. Such considerations are also precluded by the use of normative fire
resistance ratings to assess the structural fire response of CLT structural elements.

Both Scenario 1 and Scenario 2 survived fire exposure and decay phases with-
out experiencing structural failure. It can be seen from Fig. 10 that both slabs’
load bearing capacity stabilised as the compartment temperatures reduced and the
fire burned out.

Scenario 3 experienced structural failure (i.e. collapse) after 108 min and, as can
be seen in Fig. 5, the temperatures at this point remained close to 1000°C. It
would thus be premature to label this as a case of auto-extinction, which is also
confirmed in Fig. 7 where it can be seen that charring is ongoing at the time of
failure in this case. It thus appears that if auto-extinction can be achieved and
charring halted, as was observed for Scenarios 1 and 2, then failure in the decay
and timber cooling phases of a natural fire for a CLT element in simple bending
appear to be unlikely due to redistribution of heat within the CLT (notwithstand-
ing the possible occurrence of ongoing smouldering, which should be considered
as a separate issue and is beyond the scope of the current discussion). This is due
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to the fact that, for slabs in positive bending (i.e. sagging) heat will mostly affect
the tension side, and both tensile strength and elastic modulus are generally
assumed to be much less affected by elevated temperatures than in compression [4,
36].

Clearly, for a larger initial fuel load or a higher applied load, Scenario 2 could
have sustained flaming combustion longer and may have reached a stage where
the applied bending moment would have been exceeded. This should be calculated
on a case by case basis, and the sectional analysis presented herein shows—and
partially validates—how this can be done from a structural fire engineering per-
spective. This requires that ongoing smouldering, which was observed to cause
structural failure for Scenario 2 after 29 hours, can be prevented.

The proposed sectional analysis model, which has not previously been experi-
mentally verified [31], appears able to accurately predict the flexural failures (or
lack thereof) for the experiments described in this paper, and such an approach
can therefore be seen as a suitable analysis tool to investigate the load bearing
capacity of CLT in bending in compartment fires with a decay phase. This analy-
sis model correctly predicted that continuous decay of the structural capacity in
one way spanning CLT slabs is limited and unlikely to cause collapse if auto-ex-
tinction of a fire can be achieved before structural failure and the progression of
the char front has halted. In a previous paper dealing with similar topics, Wiesner
et al. [31] had postulated that the fire decay phase may be more critical for com-
pression elements and, given the partial validation of the model herein, the poten-
tial for structural collapse in timber compression elements in a fire decay phase
should indeed be considered pertinent and to warrant further research.

The RCSM from EN 1995-1-2, which is currently used in practice for the
design of cross-laminated timber projects, resulted in unconservative fire resistance
predictions. However, it must be reiterated that the RCSM method, in its current
form, was not developed, and should not be used, for CLT. Previous researchers
have already demonstrated that application of the RCSM to CLT is likely to
result in unsafe capacity predictions [37-39]. It is expected that future versions of
the Eurocode will suggest modifications to the charring rates and the zero strength
layers to attempt to provide more conservative simplified design solutions for
CLT and other engineered timber products.

The results of the experiments described herein highlight the importance of the
ventilation conditions in a compartment with exposed timber surfaces, but also
demonstrate the potential to engineer compartments at the design stage based on
considerations of the expected burning rates. An early involvement and consulta-
tion with structural fire engineers could therefore avoid problems that might arise
if the structural fire safety is considered only at later design stages.

7. Conclusion

The experimental work presented herein and the associated structural fire capacity
model clearly show the importance of the ventilation conditions in a compartment
fire (particularly with a significant area of exposed CLT). Cross-laminated timber
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slabs were subjected to sustained loads and exposed to both standard furnace
heating and to ‘natural’ compartment fires from below using identical fuel loads
but with varying ventilation conditions. In two of the three natural fire experi-
ments the CLT slabs structurally survived burnout of the moveable fuel load and
achieved auto-extinction. These two tests confirm—as has been shown previously
by others [40]—that it is possible to maintain load-bearing, integrity, and insula-
tion requirements for exposed CLT slabs in burnout fires under some conditions.
This is notwithstanding the later structural failure of one of these slabs due to in-
depth smouldering, which is considered a separate issue and which certainly war-
rants further research and consideration by designers of CLT buildings.

The presented structural fire model, which is based on a sectional analysis that
utilises the measured experimental in-depth temperature distributions in the CLT
along with the Eurocode recommended [4] reductions in timber’s mechanical
properties on heating to determine the resulting strain distribution at failure, was
shown to accurately predict structural capacity during fire in the three cases where
failure occurred. The model also correctly predicted no structural failure during
the fire growth and decay phases in cases where no failure was observed (again,
notwithstanding smouldering). From a structural fire engineering perspective, the
results presented herein show that a slow growing fire of longer duration may
have more severe effects on the structural load capacity than a shorter but intense
fire.

Finally, taken together, the experiments and modelling presented in this paper
show that depth of charring cannot be confidently used as the sole means to pre-
dict structural capacity of CLT elements when exposed to non-standard (i.e. ‘nat-
ural’) fire scenarios. This is due to the fact that loss of mechanical properties of
heated timber beneath the char during the heating phase of a fire—and perhaps
more importantly during its decay phase—cannot be predicted using such a coarse
approximation. This issue should be explicitly considered by structural designers
of CLT (and other mass timber) buildings, particularly in cases where structural
integrity is required during potential fire evacuation. To achieve this, the further
development of heat transfer models for engineered timber products is recom-
mended, to provide fire safety engineers with the necessary tools to model internal
temperatures in timber for a range of potential burnout fire scenarios. In addition,
education and training should be available for structural fire engineers to explic-
itly calculate losses in capacity where standard, over-simplified solutions are con-
sidered inappropriate.
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