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introduction

background
With notable improvements in both active 
and passive intervention strategies for 
fire safety, multi-storey timber structures 
are regaining popularity inter nationally, 
fuelled especially by the low carbon 
footprint of timber as a construction 
material. Material flaws, weaknesses 
and anisotropy of timber are generally 
overcome by combining multiple timber 
layers into laminated timber products 
such as glued-laminated timber (Glulam), 
longitudinally laminated timber (LLT), 
and cross-laminated timber (CLT).

CLT is a timber composite that was 
developed to address the inherent aniso-
tropic nature of timber. CLT comprises 
timber planks arranged into layers (lamina) 
stacked in an alternating orthogonal pat-
tern, which is then glued and compressed 
together to make a single solid timber 
panel (Burback et al 2017).

CLT is commonly used as wall and floor 
slabs in multi-storey timber buildings, but 

the fire resistance of CLT in these build-
ings remains a topic of ongoing research. 
Although significant international research 
has been conducted, it is unclear whether 
these studies can be applied to CLT prod-
ucts manufactured from timber species 
grown locally in South Africa (SA), in 
particular SA pine and eucalyptus, the most 
commonly used timber species for CLT in 
SA. With this in mind, an investigation of 
the fire resistance of locally produced CLT 
products has been carried out, the results of 
which are presented here.

effect of lamination
Delamination, in which the outermost 
charred layer of a laminated timber 
composite detaches from the underlying 
bulk as a result of fire exposure and/
or failure of the adhesive (Johansson & 
Svenningsson 2018), results in the loss of 
the insulation and protection provided by 
the charred layer to the underlying timber. 
The effect of this is that virgin wood is 
exposed to the fire, the fire reignites, 
and the extent of charring is increased. 

fire tests of south african 
cross-laminated timber wall 
panels: fire ratings, charring 
rates, and delamination
S van der Westhuyzen, R Walls, N de Koker

Cross-laminated timber (CLT) is a product consisting of multiple timber layers (lamina) 
face-glued together to form structural wall and flooring systems. Internationally its use 
is growing rapidly, although its fire resistance is a topic of ongoing research. This study 
investigates the fire resistance of CLT wall panels manufactured locally from South African 
pine and eucalyptus, the most commonly used timber species for CLT in South Africa, 
through SANS10177-2 compliant fire tests of two 100 mm (33-33-33) thick CLT wall panel 
samples with dimensions of 0.9 m × 0.9 m. In addition to insulation and integrity fire 
resistance ratings, the study characterises the charring rate and delamination behaviour of 
CLT. The recommended integrity and insulation fire resistance ratings for the 100 mm thick 
SA pine and eucalyptus CLT samples is 60 minutes and 90 minutes respectively. The average 
charring rate calculated for the SA pine CLT and eucalyptus CLT panels was 0.95 mm/min and 
0.76 mm/min respectively. These values are higher than charring rates for bulk timber, due to 
significant delamination observed in both tests. Associated structural fire resistance rating 
was estimated for each CLT panel by rational design, giving structural resistance times of 
29 mins and 36 mins for the SA pine and eucalyptus CLT, respectively. These times are notably 
smaller than the insulation and integrity fire ratings reported above, but are only relevant to 
load-bearing walls. As a result, the tested CLT panels can only be used in multi-storey timber 
buildings as non-loading bearing walls.
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This will prolong the fire and cause more 
damage.

The type of adhesive used for bonding 
timber layers together varies from coun-
try to country. Polyurethane (PU)- and 
melamine formaldehyde (MF)-based adhe-
sives are the most commonly used options 
for CLT production in Europe (Johansson 
& Svenningsson 2018) and North America 
(Xu 2013). South Africa mainly uses 
one-component PU-adhesives, which has 
the disadvantage that it tends to perform 
poorly in fire (Klippel 2014). Similarly, in a 
recent study concluded by Lu et al (2018) 
it was shown that eucalyptus bonded with 
PU-adhesive provides poor resistance to 
delamination and shear.

fire behaviour
In order to investigate the fire resistance 
of locally produced CLT it is necessary to 
provide an overview regarding timber and 
CLT in fire.

Timber in fire
Following an initial heating phase in tim-
ber exposed to fire, a process of thermal 
degradation known as pyrolysis starts to 
take place at about 260–300°C (Frangi et al 
2009), producing combustible gasses and 
resulting in a loss of mass of timber due 
to evaporation and migration of moisture 
(Tsantaridis 2003). Following this, a char 
layer – the remaining layer of burnt wood 
which grows in thickness as pyrolysis 
continues – is formed on the fire-exposed 
surface, as shown in Figure 1 (adapted from 
Buchanan 2002). The char layer acts as a 
natural insulator for the underlying timber, 
due to its low effective thermal conductiv-
ity (Lineham et al 2016).

Charring of timber
The intensity of charring is generally char-
acterised via the charring rate (β), describ-
ing the depth through which timber chars 
in a given time window. That is:

β = 
dch

tf
 (1)

Where:
 dch  is the charring depth for one- 

dimensional charring, and 
 tf is time of fire exposure.

One-dimensional charring, as expressed 
in Equation 1, is typically applied when 
a single flat surface is exposed to fire. 
EN 1995 assumes one-dimensional 

charring to be constant with time. In the 
case of two-dimensional charring, at least 
two surfaces would have to be exposed to 
fire. As a result, two-dimensional charring 
is used to include the effects of charring 
rate for corners and fissures (EN 1995). 
Only one-dimensional charring will be 
considered for this specific investigation. 
In reality, the rate of charring does not 
remain constant, as it is dependent on sev-
eral parameters, such as timber species, 
wood density, moisture content, adhesive 
used, cladding and the stage at which the 
fire is in.

Due to the slow predictable charring 
rate of thick timber members, a number 
of studies have shown that good fire rat-
ings can be obtained by timber elements 
(Östman et al 2017). Although timber is 
combustible and experiences a reduction 
in cross-sectional area during a fire, the 
section which is not burning (the interior 
of the member) does not lose mechanical 
strength, and still provides the same resis-
tance as before the fire. This allows heavy 
timber systems to maintain significant 
structural capacity for prolonged periods of 
time during fires (Dagenais et al 2013).

Second layer

Partially delaminated 
first layer

Third layer

Grain direction

Unburnt wood

Char layer

Pyrolysis layer

Fire exposure

Figure 1  Cross-laminated timber wall panel exposed to fire (adapted from Buchanan (2002))
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Figure 2  Charring rate model for timber proposed by Kippel and Schmid (2018)
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Charring and delamination of CLT
In many cases the charring rate of CLT 
may be greater than that of solid timber, 
because imperfect bonds and voids 
between layers accelerate charring. In a 
recent study of charring in CLT, Klippel 
and Schmid (2018) noted that CLT has 
similar behaviour and charring rates to 
timber if the individual charred layers do 
not fall off (delaminate). However, they 
noted that if delamination does occur, the 
charring rate increases rapidly.

Based on these conclusions, Klippel and 
Schmid (2018) proposed a charring model 
similar to that adopted by EN 1995 for 
charring of timber with a protective layer in 
place (Figure 2). According to this model, 
charring occurs in three main phases. 
During Phase 1 the timber is below 300°C 
(due to outer laminae or a retardant layer), 
and no charring occurs (charring rate is 
zero). Phase 2 begins once the timber starts 
charring, and is characterised by a charring 
rate of β2. Phase 3 begins when the charring 
layer has accumulated a sufficient thickness 
to slow the charring of the remaining tim-
ber to a rate of β3. EN 1995 indicates that a 
char thickness of 25 mm provides enough 
insulation to reduce the charring rate by 
50%, signalling the transition from Phase 2 
into Phase 3.

Delamination effectively exposes previ-
ously protected wood surfaces to the fire, 
increasing the charring rate and making 
new fuel available, with the danger of a 
second flashover occurring (Johansson & 
Svenningsson 2018; Li et al 2016).

eXPeriMental setuP

clt test samples
One of the main objectives of this study was 
to investigate the fire resistance of CLT pro-
duced locally in South Africa. The CLT test 
samples used in the fire test were provided 
by XLAM South Africa. XLAM produces 
CLT according to the newly proposed South 
African standard for performance-rated 
CLT, which in turn is based on the APA/
PRG 320 standard (ANSI 2017).

In order to investigate the fire resist-
ance of CLT, two separate CLT panels 
were tested. Each test was conducted 
on a 100 mm thick 0.9 m × 0.9 m CLT 
panel, made from SA pine in the first test 
and eucalyptus in the second. The panel 
thickness is that of a typical wall element 
produced by XLAM South Africa, consist-
ing of three 33 mm thick layers of alternat-
ing grain-direction glued together with 
polyurethane adhesive.

Density and moisture content for the 
two CLT panel results for the effective den-
sity of the CLT are summarised in Table 1. 
Based on these values, the eucalyptus can 
be regarded as S7 grading, whereas the SA 
pine is S5 grading, according to the grading 

of SANS 1783-2 (SANS 2013b). This satis-
fies the necessary requirements for the 
manufacture of CLT, although it is noted 
that the sampling was not done in exact 
accordance to SANS 1783-1 (SANS 2013a).

experimental equipment 
and methodology
The experimental setup consisted of a fur-
nace with the CLT panel built into one wall 
using brick and mortar, which is a standard 
setup for fire testing, for example also used 
by Johansson and Svenningsson for fire 
tests of Scandinavian CLT (Johansson & 
Svenningsson, 2018).

Furnace
The two fire tests were conducted at 
the facilities of Ignis Fire Testing, using 
a furnace conforming to SANS 10177-2 
(SANS 2005) (Figure 3). The temperature 
inside the furnace was regulated using 
a modulating gas burner to follow the 
standard ISO 834 fire curve, within the 
tolerance limits allowed by SANS 10177-2 
(Figure 4). The average temperature within 
the furnace was measured with ten Type K 
thermocouples placed at different heights 
in the furnace.

Thermocouple positioning
Studies have shown that an outer char 
layer is observed when a temperature of 
260–300°C is reached in timber (Yang 
et al 2009). The progress of the charring 
front can therefore be tracked using a 
series of thermocouples at systematically 

Figure 3  Ignis Fire Testing Furnace

Side view FronT view

Chimney

Observation hole

Gas burner

Thermocouples

Heat flux monitor

SA pine CLT panel

Table 1 Effective density of CLT panels

species
Moisture 
content 

effective 
density 
(kg/m3)

SA pine CLT panel 14.2% 479

Eucalyptus CLT panel 14.8% 552
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shallower depths (Figure 5), by identify-
ing the progress of the reference charring 
temperature, 300°C in this case (Johansson 
& Svenningsson 2018). Nine sets of seven 
Type K thermocouples with a 2 mm diam-
eter were cemented into the CLT samples 
at consecutive 16.5 mm depths, as shown 
in Figure 5. These depths were chosen to 
measure the time it takes for the charring 
front to reach the bond line and middle of 
each layer.

Delamination measurement
Observation of the progress of the test 
through the observation hole (Figure 3) 
served as the primary means of determin-
ing whether delamination had occurred. 
An oxygen measurement approach can also 
be used, although this proved ineffective 
due to the relative sizes of the furnace and 
CLT panel. A smaller furnace or a larger 
CLT panel may have rendered oxygen 
measurement more effective (Johansson & 
Svenningsson 2018).

Local failure
The test was stopped once integrity failure 
had occurred, which was taken as the 
moment flames broke through the external 
surface of the CLT panel (i.e. the side 
not directly exposed to the flames inside 
the furnace).

results and analysis

overall clt sample performance
Integrity failure times were 66 minutes 
and 105 minutes for the SA pine CLT and 
eucalyptus CLT panels, respectively. The 
eucalyptus CLT therefore performed sig-
nificantly better than the SA pine CLT. The 
eucalyptus was observed to burn different-
ly compared to the SA pine. The SA pine 
burned quite uniformly without any ‘pop-
ping’ of the timber. The eucalyptus, on the 
other hand, burned aggressively with small 
pieces of timber popping off and making 
significantly more noise. Additionally, the 
crocodile/map cracking pattern (Figure 6) 
of the eucalyptus was much finer than the 
large block cracks of the SA pine.

failure mechanism of clt
Both the SA pine and eucalyptus CLT panels 
failed as a result of the fire burning through 
the spacing between the vertical/horizontal 
planks of the respective CLT panels. The 
charring front had only started to enter the 
final layer (see below), yet the non-uniform 

propagation implied for it resulted in 
integrity failure. As failure approached, the 
gaps between intra-laminar planks started 
widening, after which smoke started to 
exit through these gaps. The flames within 
the furnace could be seen from the outside 
through the gaps, and moments after the 
timber surface had started to darken on the 
outside surface, flames appeared through 
the gaps. Once the hole was large enough, 
air was sucked into the furnace via the hole, 
significantly increasing its growth rate.

delamination
Delamination of both the first and second 
layers was clearly visible during the tests 
of both the SA pine and the eucalyptus 
CLT samples.

SA Pine
For the test of the SA pine sample, images 
(a) and (b) of Figure 6 clearly show how 
the charred remains of a timber plank had 

fallen off the burning surface of the panel, 
thus exposing the second layer of planks 
to the fire. Within 35 minutes of the test 
the second layer of the CLT became clearly 
visible as a result of the widening of the 
vertical gaps between the planks. Images 
(c) and (d) of Figure 6 further illustrate how 
the first layer delaminated. After a period 
of 40 minutes, more than 50% of the first 
layer was seen to have delaminated, with 
near-complete delamination of this layer 
observed 50 minutes into the test.

Eucalyptus
The eucalyptus sample also showed clear 
signs of delamination of the first and the 
second layer, as shown in images (e) and (f) 
of Figure 6. Interestingly, when compar-
ing the two timber species, delamination 
occurred much later in the test for the euca-
lyptus, consistent with the observed lower 
charring rate (see below). At approximately 
48 min the second layer became clearly 
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Figure 4  ISO 834 time-temperature curve for SA pine furnace test
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visible through the gaps in the distorted first 
layer, while the first signs of delamination 
occurred around 50 minutes into the test. 
Towards the end of the test, portions of the 
first layer were found to still be intact.

At approximately 80 minutes the third 
layer became visible, and delamination of 
the second layer started roughly 95 min-
utes into the test.

charring rate
The progress of the charring front into the 
CLT panels is summarised in Figures 7 and 
8. The process of inferring the progress 
of the charring front and determining 
the charring rate is illustrated in Figure 7 
for point 5 and point 7 on the SA pine 
and eucalyptus samples, respectively 
(sample position numbers are as shown on 

Figure 5). A temperature of 300°C was used 
as the reference temperature for charring, 
and the time that elapsed between the start 
of the test and each thermocouple reaching 
300°C was recorded.

The gradient of a linear trend line 
describing the progress of the charring front 
(time vs depth) then gives mean and vari-
ance of the charring rate for each of the nine 

Figure 6  Images of the pine and eucalyptus samples in the furnace during the fire test, illustrating how delamination occurred
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points on a given sample. Following this 
process for all nine points on each of the 
two panels (Figure 8), a summary of char-
ring rates is given in the bottom two panels 
of Figure 7. Note also the horizontal sections 
of the time-temperature curves at 100°C in 
Figure 7, which are due to the latent heat of 
moisture evaporating in the timber. While 
the charring rate is unaffected by this phe-
nomenon, the time to initial charring will be 
affected by moisture content.

discussion

charring rate
As seen in Figure 8, most of the surface 
of each CLT panel charred at an approxi-
mately uniform rate. Integrity failure 
nonetheless occurred notably earlier than 

would be suggested by the progress of the 
charring front, with the joints between 
intra-layer planks charring out ahead of 
the average front. The integrity-test failure 
times suggest a local effective charring rate 
of 1.5 mm/min for SA pine, which is nota-
bly faster than the range of values reported 
in Figure 8. Careful consideration of such 
local effects is necessary when using char-
ring rate in performing rational designs 
with CLT.

The choice of 300°C as the charring ref-
erence temperature may appear somewhat 
arbitrary. However, using a reference tem-
perature of 260°C yielded almost identical 
average charring rates for both CLT panels. 
This finding is not surprising, given the 
rapid rise in temperature seen at any given 
thermocouple between 200°C and 350°C 
(Figure 7).

Previous fire tests carried out on 
European CLT panels (Klippel 2014; Stora 
Enso Southern Africa 2012; Teibinger & 
Matzinger 2010) yielded charring rates 
of between 0.61–0.68 mm/min for wall 
and floor elements made from CLT, i.e. 
values similar to that of solid timber, with 
Teibinger and Matzinger (2010) calculating 
a charring rate of 1.5 mm/min in floor pan-
els once delamination of the second layer 
had occurred. SANS 10163-1 (SANS 2003)
provides a charring rate of 0.8 mm/min 
for timber with an average density of 
450 kg/ m3, whilst timber with a higher 
density has a charring rate of around 0.6 
mm/min. Comparison of these values to 
the average values reported here, suggests 
that the observed extensive delamination 
resulted in an overall increase in the char-
ring rate. A second factor could be the 
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difference in timber properties – lower 
density timber will tend to char at a 
higher rate. Most of the literature on CLT 
charring rates covers tests performed on 
European or American timber species, 
which is typically denser than South 
African timber.

The notably higher observed charring 
rates compared to the values for solid 
timber (Klippel et al 2014) can be under-
stood in terms of the model (Klippel & 
Schmid 2018) discussed in the introduction 
(Figure 2), which predicts that the charring 
rate should be notably higher in the pres-
ence of delamination. The model requires 
a 25 mm thick insulation layer to form I 
in order to reach the lower charring rate 
of solid timber. In the case of this work, 
such a layer never forms, so that the CLT 
charring front always remained in Phase 2, 
where charring is accelerated.

integrity and insulation rating
The three failure/acceptance criteria as 
expressed by SANS 10400-T for a standard 
fire resistance test include structural 
resistance (R), integrity (E) and insula-
tion (I) (the REI symbols are not used in 
SANS 10400, but included below for ease 
of understanding). For this specific test, 
the failure/acceptance criteria for integrity 
(E) and insulation (I) were tested directly. 
Structural resistance can be determined 
using a rational design approach (Cicione 
& Walls 2019), as discussed in the fol-
lowing section, but as was already noted 
above, care is required in the choice of 
charring rate.

In both the CLT panels considered, 
both integrity and insulation requirements 
were satisfied up to the point where integ-
rity failure occurred. The SA pine CLT 
panel lasted for approximately 66 minutes 

before local failure, thus satisfying the 
requirements for a fire resistance rating 
of 60 minutes for insulation and integrity 
(EI60). The eucalyptus CLT panel lasted 
for approximately 105 minutes before local 
failure, satisfying the requirements for a 
fire resistance rating for insulation and 
integrity of 90 minutes (EI90).

The gaps that were observed forming 
between individual planks in the CLT lay-
ers, are seen as one of the main reasons for 
local failure of the CLT panels. CLT panels 
are typically manufactured by face-gluing 
individual planks to adjacent planks in the 
layer above. During the fire test the gap 
width between adjacent planks increased 
significantly, thus allowing a path for fire 
migration between adjacent planks. It may 
therefore be of use to investigate the effect 
of edge-gluing in combination with face-
gluing to prevent the flames from entering 
between adjacent planks. If the adhesive is 
sufficiently heat-resistant, this may delay 
two-dimensional charring, decreasing the 
overall charring rate of the CLT panel.

Note that these ratings are only relevant 
to CLT wall panels, as CLT floor panels 
will be more susceptible to delamination 
due to the orientation of gravity, so that 
the adverse effect of delamination on the 
integrity resistance can be expected to be 
more severe. Premature failure of the adhe-
sive due to exposure to fire may also result 
in delamination. Future research should 
focus on both the type of adhesive, as well 
as layer thickness for the fire resistance of 
CLT panels.

structural resistance rating
Figure 9 is provided to illustrate the 
process for the determination of rational 
structural resistance times for a vertically 
loaded 2.4 m high and 100 mm thick wall 
panel. The thickness of the wall panel is 
taken to correspond to that considered 
in the preceding sections, although 
cross-lamination is substituted with a lon-
gitudinal lamination arrangement (LLT). 
For a characteristic load of 100 kN/m, the 
ambient design load is 150 kN/m while 
the fire limit state design load is 70 kN/m 
(computed using partial and combination 
factors specified in EN 1995. Ignoring 
eccentricity effects, a simple structural 
capacity check using one-dimensional 
Euler buckling (un-conservative) illustrates 
the loss of structural capacity (Figure 9). 
For charring rates corresponding to those 
determined in the preceding section, 
structural resistance times of only 29 mins 
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and 36 mins are obtained, notably smaller 
than the integrity fire ratings reported 
above. These resistance times will decrease 
further if the effect of eccentricity and of 
locally accelerated charring in laminated 
timber is taken into account (EN 1995).

This example illustrates the extent to 
which the integrity rating is not a good 
indicator of the structural rating. However, 
while it is desirable to perform a fire test 
of an element in its loaded state, this is not 
often practical. As an alternative, experi-
mentally determined charring behaviour 
can be used in rational design for structur-
al fire ratings by comparing the decaying 
resistance capacity to that required by the 
fire limit state.

conclusions
The objective of the study was to deter-
mine the charring rate of CLT manu-
factured out of SA pine and eucalyptus, 
and compare these results to existing 
literature. A polyurethane adhesive was 
used for the samples, based on current 
local practice. The average charring rate 
calculated for the SA pine CLT and euca-
lyptus CLT panels was 0.95 mm/min and 
0.76 mm/ min, respectively. These values 
are higher than the recommended char-
ring rates, which range between 0.61 mm/
min and 0.68 mm/ min. This may be due 
to differences in physical properties, such 
as a higher density timber being used 
internationally.

The insulation and integrity fire resis-
tance ratings of 60 and 90 minutes are very 
significant for the South African timber 
industry. Consistent with international 

trends, the use of timber as a construc-
tion material does not have to be limited 
to low-rise buildings, and could be viably 
extended to three- to ten-storey buildings 
in the context of a 90-minute rating.

Structural resistance fire ratings will 
be required in order to obtain regulatory 
support for such multi-storey structures 
if members are load-bearing. Loaded 
tests can be performed, but are often 
limited in their scope and geometry. 
Rational design for fire safety can provide 
insight into a broad range of structural 
systems (Walls et al 2014; Walls 2016), but 
requires that charring behaviour is well 
understood. Future work should focus 
on better characterising the localised 
variations in the charring, especially in 
the context of different adhesives and 
lamination geometries.
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