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a b s t r a c t 

Glue-laminated timber (GLT) is an engineered wood product widely used in mass timber construction for its 
strong structural and fire-resistant properties. However, the fire performance of GLT varies significantly due to 
the natural and uncertain phenomena (moisture, exposure time, isotropic, homogenous properties, etc.) of fire 
and timber. This makes it difficult to predict the fire behaviour of the GLT structural elements. To ensure building 
safety, it is crucial to assess GLT’s fire behaviour and post-fire structural integrity during the design stages. This 
study conducted the experimental tests of GLT beams (280 mm ×560 mm) without loading (1.4 m) and under 
a four-point bending load (5.4 m). Tests identified thermal behaviour and charring rates of GLT beam. Then, 
the residual stiffness of the GLT beam was calculated, and the charring rates of the beams were compared with 
Australian and European standards. Reliability analysis was conducted for beams for a fire exposure of 120 min, 
considering the charring rates observed through the analysis and simulating the fire insulations. Results show 

that the charring rate of GLT made with spruce pine timber varied between 0.43 and 0.81 mm/min, with a mean 
rate of 0.7 mm/min, aligning with both Australian and European standards. However, considering timber density 
and moisture content, the charring rates in Australian standards were conservative. The study also found that 
structural capacity significantly degrades under fire, with a 22 % reduction in flexural stiffness after 120 min of 
exposure. Additionally, GLT beams can safely function for 30 min under 75 % of their design moment capacity 
and for 60 min under 50 % capacity. 
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. Introduction 

Timber has become a popular choice due to its sustainability and
esthetics [ 1 , 2 ]. The advent of novel technologies has further encour-
ged the use of timber, leading to the development of engineered tim-
er products [ 3 , 4 ]. Structural composite lumber (SCL), laminated veneer
umber (LVL), glue-laminated timber (GLT), and cross-laminated timber
CLT) are some engineered timber types used in mid-to-high-rise timber
uilding construction [ 5–11 ]. Fire poses a greater threat to timber-based
tructures and has been a limiting factor in the building heigh limits
 12 ]. Guidelines are established to use prescriptive methods for tim-
er fire design, which are less complicated but lead to the overdesign
f structural elements [ 13–15 ]. The use of fire-retardant-treated (FRT)
ood, fire-resistant coatings, and the sizing of structural members using

he reduced cross-section method are some such procedures used in fire
esign [ 16 , 17 ]. 
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The natural nature of timber and uncertain phenomena of mate-
ial and fire behaviour caused significant variations in the structural
esponse to fire [ 18 ]. Reliability analysis is suitable for the performance
valuation of structures or elements by understanding the acceptability
imits for suitable optimisation procedures [ 19 ]. The structural capacity
hanges with fire, heat flow, and other parameters that can be quanti-
ed through experimental tests of existing timber types [ 20 ]. Moreover,
harring rates can be used in the reliability analysis of timber elements
s charring helps to assess the mechanical resistance of timber exposed
o fire [ 21 ]. The charring rate is an important parameter that most stan-
ards use in fire design [ 22 ]. 

Previous research studies evaluate the thermal and mechanical re-
ponse of GLT beams under fire through medium-scale fire tests [ 23–25 ].
ew studies that have considered the temperature variations along the
epth of the beams have taken only the thermal properties, where they
ave either considered the unloaded timber elements or have loaded
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Table 1 

The most relevant literature study on GLT subjected to fire. 

Size of the specimen (mm ×mm ×mm) Area subjected to the fire (mm) Loading condition Charring rate (mm/min) Refs. 

150 ×150 ×150 One surface Unloaded 0.62–0.78 [ 25 ] 
3800 ×25 ×158 One surface (1000 ×25) Unloaded 0.63–0.72 [ 23 ] 
2380 ×100 ×320 One surface (2200 ×100) Unloaded 0.48–0.73 [ 27 ] 
1600 ×120 ×120 Pool fire (dia. 250) Unloaded 0.80 [ 36 ] 
2000 ×100 ×200 Three surfaces (2000 ×100 (1), 2000 ×200 (2)) Loaded 0.51–0.64 [ 31 ] 
1330 ×440 ×130 All surfaces except the beam top (1330 ×130) Unloaded 0.50–0.80 [ 37 ] 
3660 ×175 ×343 All surfaces except the beam top (3660 ×343) Unloaded 0.51–0.99 [ 26 ] 
4700 ×300 ×480 All surfaces except the beam top (4700 ×300) Loaded 0.52 [ 38 ] 
250 ×90 ×140 One surface (250 ×140) Unloaded 0.37–0.71 [ 39 ] 
6000 ×210 ×420 Three surfaces (4000 ×210(1), 4000 ×420 (2)) Loaded 0.61–0.72 [ 40 ] 
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Table 2 

Properties of the timber beams. 

Specimen NLB LB 

Density (kg/m3 ) 467 (8 %) 474 (8 %) 
Moisture content 10.3 % (9 %) 9.3 % (10 %) 
Dimensions (mm) (Width, height, length) 280 ×560 ×1400 280 ×560 ×5400 
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he burnt timber [ 21 , 23 , 25–27 ]. Table 1 summarises the past studies
f standard fire resistance test on GLT beams. In the studies by Zhang
t al. [ 25 ] and Hasburgh et al. [ 26 ], the effect of service ducts is also
aken into consideration. Much research has been focused on the per-
ormance of timber and steel-timber connections, either loaded or un-
oaded [ 28–30 ]. Among these tests, some research has been focused on
he difference in material properties where different timber species and
ifferent local considerations were taken into account [ 23 , 31 ]. In the
ahrni et al. [ 23 ] test, a small scale fire test was conducted for a beam
f about 3.5 m span where only the centre 1 m length was exposed to
re. The temperature data was collected only at one depth. Mid span
eflection and charring rates were identified for different GLT timber
rades. Some large-scale fire tests have also evaluated GLT’s structural
re performance [ 32 , 33 ]. Xu et al. [ 32 ] conducted a large scale com-
artment fire test to identify the fire propagation and deformation dur-
ng the fire. However, many studies did not account for temperature
ow through GLT beams or temperature variations at different depths,
articularly in loaded beams. Additionally, there are few studies on the
exural strength of GLT beams under fire conditions [ 34 , 35 ]. Therefore,

urther research is needed to understand the thermal properties and fire
erformance of GLT timber, which vary based on species type and ex-
ernal environmental conditions. 

Thus, reliable data is essential for predicting the fire severity and
ost-fire structural status of GLT beams. This can be achieved through
xperimental tests and reliability assessments, which can then be used
o verify the fire safety and evacuation time for mass-timber buildings.
herefore, current study initially conducted experimental tests to iden-
ify the charring rate of the spruce pine GLT beams by measuring tem-
erature variations at different depths and locations during fire expo-
ure. Then, the observed charring rates were used to develop fragility
urves for beams under different loading conditions. Additionally, the
tudy monitored the flaming of the beams and the formation and crack-
ng of the char layer at various intervals. Since strength properties are
ignificantly altered during and after fire exposure [ 41 ], the deflection
ariations of the beams under fire were tested. The results are used to
erive the residual load-bearing capacity and stiffness of GLT elements.
inally, the experimental data were compared with the standards used
n the industry (AS/NZS 1720.4 [ 42 ], Eurocode 5 (EC5) [ 43 ]) for fire
afety. 

. Experimental programmes 

Experimental tests on GLT beams were carried out in the horizon-
al furnace in the commercial fire testing laboratory to understand and
nalyse the fire performances of GLT. Large scale furnace of 3 m ×6 m
rea with a height of 3 m was used for the testing where a proportional–
ntegral–derivative controller controlled the furnace temperature. Ce-
amic fibre insulations were used for the unexposed sides to control
eat transfer. Two types of tests were carried out to evaluate the fire
erformance of the GLT beam. The first one has unloaded GLT beams
ested under fire to analyse the heat transfer and charring properties.
he second type was a loaded GLT beam tested to understand residual
102
tiffness. The GLT properties and testing procedures are stated in the
ollowing sections. 

.1. Samples detail 

The GLT beam (GL24h) is made with fourteen planks of spruce pine,
ach 40 mm thick and glued together according to EN 14,080 [ 44 ].
elamine formaldehyde glue of density 1226 kgm-3 is used as the ad-

esive. Prior to the tests, the density and moisture contents of beams
ere measured and detailed in Table 2 , and the coefficient of variations

COVs) are given in parentheses. The moisture content was measured at
en locations based on BS EN 13183–3: 2005 [ 45 ]. Three test specimens
f length 1400 mm with cross-section dimensions of 280 ×560 mm were
sed in the test on a non-load bearing (NLB) GLT beam. 

All three specimens were used in the same furnace test, and the data
or each specimen were collected separately. Eleven k-type thermocou-
les were used for each specimen to capture the temperature variance of
he beam during the fire. Thermocouples were installed perpendicularly
o the isotherms, considering the convenience of measuring the temper-
ture perpendicular to the heat flow due to the large difference in ther-
al conductivity between the thermocouple wire and the wood material

 46 ]. The timber beam was longitudinally divided along its span, and
recision drilling was performed at designated locations to install ther-
ocouples for temperature monitoring. Subsequently, the two halves
ere reassembled to restore the beam’s integrity. The drilled holes and

he beam tops were covered with ceramic fibre insulation to prevent
eat transfer through the holes and heat loss through the furnace top.
ig. 1 presents the arrangement of the thermocouples inside the beams.
hermocouples were used at the same location in all the specimens.
oints were numbered considering the sample and point numbers (For
xample, S2-P10 is the 10th point of sample two). 

Test specimen (LB) of length 5400 mm with the same cross-section
imensions (280 mm ×560 mm) of the non-load bearing GLT beam was
sed for the load-bearing test, which was tested under the same pre-
cribed temperature fire curve (refer to Table 1 ). Since this test only
ses one specimen, three sets of data in three locations were introduced
or the temperature data collection to validate the experiment. Three
ata sets of six data points and four data sets with five data points, mak-
ng a total of thirty-eight data points, as shown in Fig. 2 , were used in
he test. Fig. 2 (a) presents the full side view showing three locations
here locations 02 and 03 have all the data sets, and location 01 has
nly the data set 01. The data sets are numbered in a way such that data
ets 01, 02 and 03 have consecutive numbers in each location. Numbers
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Fig. 1. Location of thermocouples for NLB: (a) Cross-sectional view; (b) Side view, and (c) Manufactured NLB beam. 
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 to 6 are occupied by location 01 data set 01. Numbers 7–11 and 12–
6 are occupied by data sets 02 and 03, respectively, where each set is
umbered from left to right. Hence, point number L3-P15 represents the
ocation 03, and point number is 15, which also indicates that the point
elongs to data set 03. Fig. 2 (b) presents the cross-sectional view of the
hermocouples points, while Fig. 2 (c) presents an enlarged side view of
ocation 03. Fig. 2 (d) shows the manufactured beam with thermocou-
les. 

.2. Test details 

The fire test was carried out according to EN 1365-3:2002 [ 47 ]. The
re test was determined by considering the room geometry, fuel loads,
nd fire characteristics. ISO 834 [ 48 ] standard fire curve was selected
nd used in the experimental tests represented by Eq. (1) , where T rep-
esents the temperature and t is the fire exposure time. Two types of
ests were performed in this study. The tests for NLB were subjected to
tandard fire, and the test for LB was subjected to a four-point bending
oad and standard fire. All three NLB specimens were hung from the
eiling of the furnace and exposed to fire on the bottom sides and verti-
al edges. Fig. 3 presents the test arrangements of the three specimens.
he specimens were not conditioned as they were stored in a test hall
rom assembly to testing. At the beginning of the test, the room’s ambi-
nt temperature was 17 °C. After the installation of the specimens in the
urnace, the test was continued for 120 min 40 s and terminated. 

 = 20 + 345 × log ( 8 𝑡 + 1 ) (1)

For the LB test, the specimen was supported from the short edges,
aking a clear span of 5200 mm, and the long edges were free to de-
ect. The bottom side of the beam and the vertical sides parallel to
he beam axis were exposed to fire. The LB was loaded with two-point
103
oads, each at 1833 mm from the beam end ( Fig. 4 (c)). Each point load
as 50 kN, attained by weighing steel weights supported by hydraulic

acks. Fig. 4 (a) shows the inside of the furnace and the positioning of
he specimen, and Fig. 4 (b) shows the loading arrangement in the labo-
atory. The specimen was not conditioned and stored in the test hall
rom the assembly to the testing date. At the beginning of the test,
he room’s ambient temperature was 17 °C. The fire test was contin-
ed for 120 min 30 s and terminated. Throughout the test procedures
utlined in the European standards EN 13,501–2:2016 [ 49 ], comple-
ented with EN 1365–3:2002 [ 50 ] and EN 1363–1:2020 [ 13 ] were

ollowed. 

. Results and discussions 

.1. Non-load bearing GLT beam (NLB) 

Temperature data from the thermocouples and the furnace in NLB
esting were extracted to analyse the temperature of the test specimen
nd the charring. Fig. 5 (a) shows the mean temperature of the furnace
uring the testing, while Fig. 5 (b) presents the pressure difference be-
ween the furnace and the test hall. Furnace pressure was monitored to
nsure accurate and reliable fire test results and to assess the ability of
est elements to withstand high temperatures. According to Fig. 5 (a),
t is evident that mean furnace temperature follows the standard fire
urve, simulating similar behaviour under the standard fire. Fig. 5 (b)
hows that for up to 10 min (678 °C), the pressure inside the furnace os-
illates around, increasing and decreasing than the pressure inside the
oom due to gasses burnt and released. After that, the pressure inside
he furnace stabilises with only smaller variations. 

The fire exposure of the beams and the combustion under fire with
ime was captured to visualise the timber performance and appearance.
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Fig. 2. Location of thermocouples for LB: (a) side view; (b) cross-sectional view; and (c) enlarged side view of location 3; and (d) manufactured LB beam for testing. 
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ig. 6 shows the exposed surfaces of the GLT beam in different fire in-
ervals. The beam surfaces start flaming for nearly 2 min time, and at
bout 22 min, the surface that is charred is cracked, as shown in Fig.
 (a) and (b). The falling of the charred and cracked layers can be seen in
ig. 6 (c), which is after 52 min due to natural char dislodgement. Glue
ine integrity failure was not observed throughout the test, ensuring the
adhesive’s performance under high temperatures. The figures also show
he progress of timber fire with large flaming. The capacity of the GLT
ill be affected by the cooling phase. Therefore, as suggested by Ger-
ay et al. [ 51 ] the furnace gas temperature was maintained to follow
he linear decrease from the Eurocode parametric fire model at the end
nd achieved a temperature of about 100 °C in the furnace before the
re was extinguished. The loading was also maintained throughout the
eriod to observe any failures. 

Temperature data from 33 thermocouples (i.e., 11 per specimen)
ere collected. Fig. 7 shows the temperature data from the points of the

pecimens where point numbers are named after the specimen number
nd the point number. (La-Pk, a; specimen number, k; point number).
ccording to Fig. 7 (a), from point 5 to point 11 (From 100 mm from the
ottom), the temperature of the beam is not significantly affected by the
104
re. In specimen 01 point 1, which is at 20 mm from the fire surface,
t shows a nearly uniform increase in temperature until 940 °C. Then,
he increase of temperature decreases, and a nearly stable temperature
s obtained, which is around 1015 °C. Considering that the pyrolysis re-
ction occurs when timber reaches 300 °C, the charring reaches a depth
f 20 mm after 45 min of fire exposure. Point 2, which is at 40 mm
nd at the first glue layer, does not get affected by the fire until about
0 min and then shows a uniform temperature increase, which is nearly
.7 °C/min. When compared with the temperature increase in point 1,
he value is much lesser at first. However, when the temperature at the
onsidered depth reaches a temperature of about 150 °C, the gradient
ncreases up to 28 °C/min, which is even higher than that of point 1.
he charring reaches 40 mm depth at nearly 78 min. 

When point 3 is compared with the other temperature curves, the be-
aviour is similar to that of point 2 with lesser temperature gradients.
t this point, temperature change occurs after nearly 35 min. Charring
eaches 60 mm depth at nearly a time of 97 min. Point 4 also shows a
attern similar to the other points, which reaches a maximum temper-
ture of 300 °C at the end of the test. Other points show significantly
ower temperature values, where point 5 reaches a maximum of 60 °C,
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Fig. 3. Test setup for NLB: (a) Inside of the furnace; and (b) Test arrangement from outside. 

Fig. 4. Test setup for LB: (a) inside of the furnace; and (b) laboratory loading arrangement. 

Fig. 5. Experimental data: (a) mean furnace temperature; and (b) the pressure difference between the furnace and the test hall. 
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Table 3 

Charring rate of the experimental specimen NLB. 

Charring rate (mm/min) 

Depth Specimen 01 Specimen 02 Specimen 03 

20 0.45 0.52 0.48 
40 0.61 0.55 0.57 
60 1.06 1.28 0.78 
Final Charring rate 0.71 0.78 0.61 
Mean Charring rate 0.7 

 

t  

4  

c  

i  
nd all other points have temperature values less than 20 °C throughout
he analysis. Specimen 03 ( Fig. 7 (c)) also shows a behaviour similar to
pecimen 01, although the temperature values are not similar due to the
ariation of timber properties. Temperature data for points 3–6 were not
ollected due to the malfunction of the thermocouples. 

The thermal behaviour of specimen 02 ( Fig. 7 (b)) shows a deviation
rom the other specimens, having the temperature of point S2-P2 exceed-
ng point S2-P1 and point S2-P1 experiencing a reduction in temperature
t 68 min. This behaviour is due to the malfunctioning of thermocouples.
he temperature data gathered from three beams at different depths in-
icate a uniform increase in temperatures on the surface with time until
he surface reaches the furnace temperature. The variations in the tem-
erature gradient in the inner layers were observed at the times when
he outer layers reached stable temperatures without temperature rise.
his is due to the complete transfer of heat energy to the inner timber

ayers. These temperature values were also used in calculating the char-
ing rates of the GLT beams ( Table 3 ), considering charring occurs at

he time when the timber reaches 300 °C. w  

105
Fig. 8 presents cross-sections of the timber beams after the fire
est. The beams, which had a depth of 560 mm, have been reduced to
79 mm, 473 mm, and 480 mm in the three specimens. The least un-
harred width of the beam at 400 mm is shown by specimen 01, which
s 120 mm. At the same time, the maximum is shown by specimen 02,
hich is about 8 % higher. The char rates were calculated at the end of
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Fig. 6. Fire exposed sides GLT beams at test time (a) 1 min and 50 s; (b) 22 min and 14 s; (c) 52 min and 56 s; (d) 69 min and 10 s; (e) 81 min and 46 s; (f) 115 min 
and 40 s (g) 1 min and 26 s after the test; and (h) 16 min and 26 s after the test. 

Table 4 

Charring rate of the NLB specimen according to the char depth at the end of the test. 

Mean char depth along the width (mm) Charring rate (mm/min) Mean char depth along the depth (mm) Charring rate (mm/min) 

Specimen 01 74.4 0.62 81.0 0.67 
Specimen 02 71.1 0.59 87.0 0.73 
Specimen 03 73.1 0.61 80.0 0.67 
Mean Charring rate 0.61 0.69 
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he test from the measured average char depths. The measured average
harring rates along the width and the depths are presented in Table 4 .
harring rates along the depth are higher than those along the width.
his is mainly because of high temperature from the sides of the beam
nd due to the smaller beam width. 

Identifying the reliability of GLT beams in fire will help in identify-
ng the failure time of the beam. Moreover, this would be beneficial in
dentifying the reliability of complete structures in fire and for fire safety
lanning (Evacuations). Therefore, the reliability of timber beams based
106
n charring was calculated. The calculation was done for different load
atios of the beam and different beam dimensions. The design moment
apacity (Md ) of NLB beams was calculated according to AS/NZS 1720.4
 42 ]. Reliability analysis for the timber beams under fire for 120 min
as calculated using the Monte Carlo simulation technique [ 52 , 53 ]. The
robability of failure ( PF ) was calculated as per Eq. (2) where PF is the
tandard normal cumulative distribution function ( Φ) of the Z-score (Z)
f the safety margin (M) of the connection ( Eq. (3) ). Z is the difference
f M to the mean of the M ( 𝜇M 

) divided by the standard deviation of M
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Fig. 7. Temperature curves with time for: (a) Specimen 01; (b) Specimen 02; and (c) Specimen 03. 

Fig. 8. Cross sections of the specimens after fire: (a) Specimen 01; (b) Specimen 02; and (c) Specimen 03. 
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). M is the difference in capacity (C) and demand(D) ( Eq. (4) ). 

𝐹 = 𝜙( 𝑍) (2)

 =
(
𝑀 − 𝜇𝑀 

)
∕𝜎𝑀 

(3)

 = 𝐶 − 𝐷 (4)

Fig. 9 (a) shows the reliability curves developed for the tested beams.
our loading configurations were considered for the analysis, where
eams were loaded to achieve 100 %, 75 %, 50 % and 25 % of the de-
ign moment capacity at room temperature. Later, considering the same
harring rates, analysis was developed for different cross sections. Fig.
 (b) shows the reliability curves for different beam depths where the
idth is maintained the same as in the experiment. In the legends, the

etters A, B, C and D denote different beam depths of 560 mm, 480 mm,
00 mm and 360 mm, respectively. The numbers following the letter
epresent the percentage of the design moment capacity in which the
eam is loaded. It is evident that changing cross sections from 560 mm
107
o 360 mm will nearly reduce 10 min of fire resistance of the beams
n any loading percentage. The results also show that considered beam
ross sections will fail immediately at any fire event when it is loaded
o its maximum capacity. Up to 30- and 70 min fire resistance is ob-
erved when the beam is loaded to Md = 75 % and 50 %, respectively.
ig. 9 (c) shows reliability curves for different beam widths where the
epth is maintained the same. Letters X and Y in Fig. 9 (c) were used to
epresent beam widths of 200 mm and 160 mm, respectively. Although
eam widths have less influence on Md , a high influence on fire resist-
ng time was observed when changing the beam depths. This is mainly
ue to lesser beam widths when compared with depth and fire exposure
rom both sides, which results in a higher loss of beam capacity and re-
iability. According to the results, beams of widths 280 mm with depth
anging from 360 to 560 mm loaded to reach Md = 75 % can withstand
 fire event of 30 min, and beams loaded to 50 % can withstand a fire
vent of 1 h without any failure. Therefore, it is evident that conserva-
ive design using beams of larger section sizes, allowing timber to get
harred in the event of a fire, is possible. In such events, the remaining
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Fig. 9. Probability of failure with fire exposure time for: (a) Beams of cross section 560 mm ×280 mm; (b) Beams with different depths; and (c) Beams with different 
widths. 
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Fig. 10. Probability of failure with fire exposure time for different charring 
eam section will then perform to its maximum capacity, carrying the
esign load. However, this method is not efficient in terms of material,
ost, and space-saving since its timber requires extra material and roof
pace. On the contrary, using fire protection to reduce the charring rate
s a better option. 

Fig. 10 shows the reliability analysis of the sample beam section of
60 mm ×480 mm under different fire insulation conditions. To simu-
ate the fire insulation, different charring rates were used for the anal-
sis. Charring rates of 0.3 mm/min to 0.7 mm/min were used for the
omparison, and beams were assumed to be loaded to 75 % of their
ending capacity. According to Fig. 10 , with 0.7 mm/min charring rate
CR), fire exposure of 15 min will result in a 25 % probability of failure,
hereas for CR = 0.6, for 15 min, the failure probability is 0 %. More-
ver, with CR = 0.5, the fire exposure should be more than 30 min to
each the probability of failure of 25 %, while CR = 0.4 and CR = 0.3
an withstand a fire exposure of 45 min and 120 min before exceed-
ng the 25 % probability of failure. The failure of the timber beam of
R = 0.7, 0.6, 0.5, 0.4 and 0.3 will occur at the fire exposure times of
0 min, 35 min, 4omin, 50 min and 65 min. This analysis highlights the
ritical role of fire insulation for timber and underscores the need for
urther research to investigate the behavior of insulated timber under
re conditions. Understanding the reliability of GLT beams during fire
rates. 
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Fig. 11. The pressure difference between the furnace and the test hall. 
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vents is essential for ensuring structural safety and optimising design.
his involves examining charring rates, assessing residual mechanical
roperties, and applying probabilistic methods to address uncertain-
ies. Consequently, these insights will contribute to the development of
afer and more efficient structural designs capable of withstanding fire
xposure. 

.2. Load-bearing GLT beam (LB) 

The test data for the 38 thermocouples were extracted to analyse
he temperature variation in the specimen and the charring. The mean
emperature of the furnace ( Fig. 11 (a)) during the LB beam validates
hat the temperature inside the furnace matches the standard fire curve.
ig. 11 presents the pressure difference between the furnace and the
est hall which helps in monitoring and ensuring accurate and reliable
re test results. When compared with the NLB testing, pressure in LB
lso stabilises to a similar range of pressure. The difference in pressure
etween the two tests can be seen in the first phase of testing, which
s up to 10 min. When compared with NLB, LB shows fewer oscillations
here the range of oscillating (− 25 to 30) is greater than that of NLB
− 21 to 23). 

Temperature data from 38 thermocouples were collected. Fig. 12 (a)
hows the temperature data of data set 01. For a clear representation,
nly the temperature curves of the three highest temperature points
ere represented in the figure. When the data location 01 is considered,
oints L1-P1 and L3-P1, which coincide with each other, and point L2-P1
how the highest temperature variations. For the considered points and
ocation one, the bottommost point L1-P3 (20 mm depth from bottom)
eceives the highest heat, then the next point L1-P2, which is 40 mm
epth, and the least heat is received by L1-P3. The maximum tempera-
ure recorded at these points was 982 °C, 912 °C, and 720 °C. The second
ocation deviates from the pattern, making the point at the 40 mm depth
rom the beam bottom L2-P2 have a similar temperature as the point
2-P1 at 20 mm depth at the end of the test. The highest temperatures
ecorded at the points L2-P1, L2-P2, and L2-P3 are 1026 °C, 1026 °C, and
17 °C. 

Similarly, the third location also shows some deviation from the reg-
lar behaviour, having a second point L3-P2 exceeding the tempera-
ure of the first point L3-P1 from 85th min to 110th min, having a
aximum temperature of 982 °C. For the 2nd and 3rd locations, the
rst points of each data set 02 and 03 (L2-P7 and L2-P12) in loca-
ion 2 show errors due to malfunctioning of thermocouples. Therefore,
o analyse the lateral temperature behaviour of the horizontally dis-
ributed points, temperature data from location 03 were used. Fig. 12 (b)
resents the temperature behaviour of points in data set 02, while Fig.
2 (c) presents the data in data set 03. Both the data sets show a sim-
lar variation of temperatures. In both locations up to 40 mm depth,
109
he effect of fire on temperature increase is higher where the temper-
ture of points L3-P7 reaches 874 °C, and L3-P12 reaches 825 °C while
he temperature of points 3–8 and L3-P13 reaches 481 °C and 504 °C.
he temperature of points at other depths does not reach the pyrolysis
emperature. The figures show a higher temperature gradient in points
–6, indicating a higher heat transfer rate along the depth than along
he width of the beams because of fire on the sides of the beam. These
emperature values were also used for charring rate calculations of the
LT beams, considering charring occurs at the time when the timber

eaches 300 °C. 
The deflection of the beam due to loading under fire was also mea-

ured. Fig. 13 shows the deflection at the mid-span during the test. The
isplacement at the end of loading (15 min) without fire was recorded as
 mm. The displacement shows a rapid value increment from about the
6th min. The mid-point deflection increased by 25 mm during the fire
f 120 min, where the total deflection was 32.5 mm. The average beam
epth and width at the end of the 2 h fire are 480 mm and 127 mm. The
heoretical increase in deflection during the fire is 26.2 mm. The beam
eflection does not exceed either the serviceability limit state (SLS)
eflection of 34.6 mm (L /150 ) or the allowable limiting deflection of
21 mm ( L2 /400d ), making the beam fall within the standards followed
 54 ]. The deflection rate was also in the satisfactory range, where the
bserved maximum deflection rate of 1 mm/min was less than the al-
owable value of 5.4 mm/min. A similar study conducted by [ 38 ] also
nds similar beam behaviour under fire. 

Table 5 presents the charring rates of the timber specimens in the
hree locations of the three data sets at a depth of 20 mm, 40 mm, 60 mm
nd 80 mm. It is evident from the results that charring from the sides
n the lateral direction is lesser than the charring from the bottom sur-
ace, which is because of the temperature from the sides of the beam
nd due to the smaller beam width. The maximum charring in loca-
ions 02 and 03 is only 0.56 mm/min in data set 03 in location 01,
hile the minimum of 0.35 mm/min records in data set 02 in loca-

ion 02. In data set 01, the maximum charring rate of 1.29 mm/min
s observed in location 02 at a depth of 60 mm, while a minimum of
.43 mm/min is also observed in the same location at a depth of 40 mm.
n data set 01, location 01 shows a similar charring rate with a mean
harring rate of 0.55 mm/min. The second location shows the high-
st deviation of the values from the lowest to the highest while hav-
ng a mean charring rate of 0.81 mm/min, which is nearly 47 % higher
han the charring rate of location 01. Location 03 also shows higher
harring rates, where the highest in the location is 1.03 mm/min ob-
erved in a depth of 80 mm. The mean charring rate at location 03 is
.77 mm/min. The higher temperature values observed in locations 02
nd 03, near the beam’s loaded points, also record the highest charring
ates among other locations. Compared with the charring rates in EN
995-1-2 [ 14 ], except for two locations, all other locations fall below
he specified charring rate of 0.7 mm/min. Locations 02 and 03 of data
et 01 were observed to have 16 % and 10 % higher rates than the stated
alues. 

Fig. 14 shows the LB GLT beam under fire in different times. Like the
LB beam flaming of the beam, cracking and falling off of the charred

ayer can be seen, and it is shown in Fig. 14 (a)–(f). Fig. 14 (g) presents
ross-sections in the middle of the timber beams after the fire test. The
eam depth has reduced to 480 mm, which is a 14 % reduction. A width
f 138 mm is observed at the 300 mm depth. A reduced width of 110 mm
s observed at 200 mm. It is evident that, despite having the same cross-
ectional dimensions, beam LB has a much more reduced cross-sectional
rea than beam NLB. The char rates were calculated at the end of the test
rom the measured average char depths. The measured average charring
ate along the width is 0.64 mm/min, which is less than the calculated
alues from the thermocouples’ readings but in the permissible range.
he change in these values is due to non-uniform charred surfaces and
idths and due to visual inspection of charred depth considering the

hange of colour without considering the temperature values. 
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Fig. 12. Temperature curves with time for (a) Location 01; (b) Location 02; and (c) Location 03. 

Table 5 

Charring rate of the experimental specimen LB. 

Data set 01 Data set 02 Data set 03 

Location 01 Location 02 Location 03 Location 02 Location 03 Location 02 Location 03 
Depth (mm/min) (mm/min) (mm/min) (mm/min) (mm/min) (mm/min) (mm/min) 

20 0.56 0.54 0.54 – 0.50 – 0.40 
40 0.49 0.43 0.55 0.49 0.35 0.56 0.48 
60 0.6 1.29 0.96 – – 0.47 –
80 – 0.98 1.03 – – – –
Final rate 0.55 0.81 0.77 0.49 0.43 0.4 0.44 

Fig. 13. Mid-span deflection of LB. 
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.3. Post-fire residual stiffness and comparison of charring rates with 

ifferent standards 

Evaluating post-fire residual stiffness and comparing charring rates
nder fire standards like European (EN 1995-1-2), American (ASTM
119), and Australian (AS 1530.4) is critical for assessing the global
re performance of Glulam Timber (GLT). These standards, with distinct
emperature-time curves, influence charring rates and thermal degrada-
ion, affecting GLT’s mechanical behaviour after fire exposure. Resid-
al stiffness analysis quantifies post-fire load-carrying capacity, com-
lementing charring rate studies to validate safety margins in design
110
odes. Comparing these results ensures GLT designs meet regional re-
uirements, support the organisation of global standards, and promote
he material’s use in fire-resilient structures. This approach enhances fire
afety by ensuring reliable performance under diverse fire scenarios. 

The experimental data of the LB GLT beam was used to predict post-
re residual flexural stiffness. Since four-point bending was used to load
he GLT beam, Eq. (5) can calculate the deflection at the mid-span ( P –
otal load on the beam, L – span of the beam, E – Young’s modulus, I –
econd moment of area). The equation shows that since the load and the
pan remain constant, the lowest flexural stiffness ( EI ) can be obtained
s a function of the mid-span deflection, where the highest deflection is
bserved. The derived flexural stiffness can be used to derive the resid-
al flexural stiffness by reducing the stiffness at room temperature. The
odulus of elasticity parallel to grain and perpendicular to grain, shear
odulus, compressive and shear strengths of GL24h are 11.6 GPa and
.39 GPa, 0.69 GPa, 37.5 MPa and 3.85 MPa, respectively (Bedon et al .
020). 

𝑦 = 23 𝑃𝐿3 
∕648 𝐸𝐼 (5) 

Fig. 15 shows the flexural stiffness of the GLT LB obtained in the
xperimental during the fire exposure. The flexural stiffnesses were cal-
ulated from the beam deflection during the fire. The stiffness calcu-
ated represents timber properties due to the temperature variation at
he considered time. Therefore, the effect of the heat impacted layer is
ncluded in the values. The initial flexural stiffness (at room tempera-
ure) obtained in the experimental tests was 35,600 kNm2 . The flexural
tiffness of the GLT beam gradually reduced to 7700 kNm2 at the end
f the fire test (i.e., 120 min). Fig. 15 also indicates that the residual
exural stiffness of the GLT beam after 120 min of fire exposure is only
2 % of its initial flexural stiffness. 
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Fig. 14. Fire exposed sides GLT beams at test time (a) 26 min and 18 s; (b) 53 min and 12 s; (c) 87 min and 56 s; (d) 114 min and 30 s; (e) 116 min and 54 s; (f) 11 min 
and 16 s after the test; and (g) Cross sections of the specimens LB after fire. 

Fig. 15. The flexural stiffness of the GLT beam. 
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Fig. 16. Comparison of charring rates at different locations in experimental test 
and the standards. 
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The charring rates obtained from the experimental tests were com-
ared with the charring rates from different standards and the exper-
mental conducted by Yang et al. [ 55 ] for GLT beams with different
ensities, as presented in Fig. 16 . Australian and New Zealand Stan-
111
ard (AS/NZS 1720.4) [ 42 ] and Eurocode 5 (EC5) [ 43 ] were used in
his comparison. Charring rates according to AS/NZS 1720.4 were cal-
ulated considering the densities of the timber with 12 % moisture con-
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Table 6 

Design moment capacity according to Australian Standards. 

Parameter Values for AS/NZS Values for EC5 

Charring rate ( c ) (mm/min) 0.73 0.70 

Effective depth of charring ( dc ) (mm) 94.9 91.0 

Effective dimensions after charring (mm) width depth width depth 
90.2 465.1 98.0 469.0 

Φ 0.85 –
k1 0.97 –
k4 , k6 , k9 , k12 1 –
d0 – 7 
k0 – 1 
km – 0.7 
t 120 120 
f’b (MPa) 24 24 
Z (mm3 ) 3,253,784 3,592,696 
Md (kN/m) 64 69 
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ent. The calculated mean charring rates for NLB and LB GLT beams
ere 0.75 and 0.73 mm/min. Considering the timber type (softwood)
nd densities ( > 290 kg/m3 ), the charring rate according to Eurocode 5
EC5) [ 43 ] is 0.7 mm/min. The mean of NLB is similar to the Eurocode
alue, and for LB, the value is slightly higher from 0.01, while AS/NZs
720.4 [ 42 ] gives a conservative value for both cases. The charring rates
btained according to the experimental tests conducted by Yang et al.
 55 ] ranged from 0.68 mm/min to 0.77 mm/min for GLT densities in
he range of 450–500 kgm-3 . According to Fig. 16 , charring rates are in
 similar range to the standards and experimental results of the study.
t can also be seen that all the charring rate values fall under the char-
ing rates suggested by AS/NZs 1720.4 [ 42 ], considering the different
ensities. Fig. 16 shows that the majority of charring rates at different lo-
ations in both experiments fall under the values given by the standards,
hile few exceed them. However, the mean values give similar values
s per the standards. The suitability of the standards in fire designs will
epend on the circumstances where Eurocode value gives considerably
ccurate direct value without any property considerations, which saves
ime, while AS/NZS 1720.4 [ 42 ] gives a conservative value with high
ccuracy, which will differ with the timber properties. Therefore, con-
idering the necessary requirements of the design, either standard can
e used. 

The theoretical moment capacity ( Md ) ( Eq. (6) ) of the beam accord-
ng to AS/NZS 1720.4 [ 42 ] and Eurocode 5 [ 14 ] was calculated con-
idering the charring rate of 0.73 and 0.7. Section modulus ( Z ) of the
ffective section after charring was considered for the calculation. For
S/NZS 1720.4 [ 42 ], charring depth ( dc ) was calculated according to

he calculated charring rate ( c ) ( Eqs. (7) and ( 8 )). Beam was assumed to
e a primary structural member in structures other than houses with a
 h effective duration of peak actions. The Md of the LB beam is 64 kN/m,
s presented in Table 6 . For the calculations according to the Eurocode,
qs. (9) and ( 10 ) were used, and the values are represented in Table 6 .

𝑑 = 𝜙𝑘1 𝑘4 𝑘6 𝑘9 𝑘12 𝑓
′
𝑏 𝑍 (6)

𝑐 = 𝑐𝑡 + 7 𝑚𝑚 (7)
Table 7 

Maximum permissible loading of GLT beam subjected fire. 

Total permissible load (Pmax) 

Australian Standards (AS/NZS) European Standards (EC5) Experim

UDL (kN/m) 19 21 28 
3-point bending (kN) 50 54 91 
4-point bending (kN) 74 80 107 
5-point bending (kN) 74 80 115 

112
 = 0 . 4 +
(
280 ∕𝛿

)2 
(8)

𝑑 = 𝑘𝑚 𝑓
′
𝑏 𝑍 (9) 

𝑐 = 𝑐𝑡 + 𝑘0 𝑑0 (10)

Table 7 compares the maximum loading allowed on the beam by
he AS/NZS 1720.4 [ 42 ] and Eurocode 5 according to the results ob-
ained through the experimental tests for four loading configurations.
oad calculations according to the Australian Standards and Eurocode
ere done, taking Md into consideration, and the measures for experi-
ental tests were done considering the residual flexural stiffness after

he fire exposure. According to the results, it can be seen that a more con-
ervative approach was used in AS/NZS 1720.4 [ 42 ], where a 30–45 %
afety margin was assumed in the calculations. Moreover, the Eurocode
alues are closer to the experimental values, with a safety margin of
5–41 %. 

. Conclusions 

This study presents experimental analyses of grade GL24h GLT
eams exposed to ISO-834 standard fire for 120 min. The tests included
oth non-load-bearing (NLB) and load-bearing (LB) GLT beams, consist-
ng of 14 plies of 40 mm glued together with 0.1 mm of polyurethane ad-
esive. The experimental results were compared with the charring rates
iven in the standards. The following conclusions were drawn from the
tudy. 

• A charring rate range of 0.43–0.81 mm/min was observed across dif-
ferent locations of the timber beams. The average charring rates were
0.70 mm/min for NLB beams and 0.71 mm/min for LB beams. 

• The study also shows that the beams with width of 280 mm and
depths ranging from 360 mm to 560 mm, loaded to 75 % of their
design moment capacity, can safely function for 30 min in a fire
event. Beams loaded to 50 % can withstand a fire event for 60 min
without failure. 

• Simulating the insulation with changed charring rates, the analysis
shows that beams with less charring rates due to insulations, consid-
ered beams under a load of 100 kN with reduced charring rates of
0.4 mm/min can withstand fires for 30 min without any failure. 

• GLT beams of the considered dimensions (280 mm ×560 mm ×
5400 mm) under a four-point bending load of 100 kN can withstand
a standard fire for 120 min without any structural failure during the
serviceability limit state (SLS). The mid-span deflection is nearly
33.5 mm, which is less than the SLS deflection of 34.6 mm. 

• The post-fire residual stiffness of the NLB GLT beam is 7.7 kNm2, 

which is only 22 % of its initial flexural stiffness of 35.6 kNm2 after
120 min. This also indicates that an element’s structural capacity can
be degraded under fire, considering the exposure time. 

• The mean charring rate for both beams is similar to the charring
rates proposed for GLT beams by EC5, and AS/NZS 1740.2 has con-
servatively proposed the charring rates considering timber’s density
and moisture content. Therefore, considering the necessary require-
ments of the design, either standard can be used where EC5 is simple
and efficient, and AS/NZS 1740.2 can be considered as conservative
with high reliability on material properties. 
Percentage difference between 

ental Results Experimental and AS/NZS Experimental and EC5 

32 % 27 % 

46 % 41 % 

31 % 25 % 

35 % 30 % 
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This research shows the behaviour of GLT under fire and the impor-
ance of understanding the behaviour of timber in fire. The study also de-
eloped reliability curves for beams with a width of 280 mm and depths
anging from 360 mm to 560 mm. The findings emphasise the need for
esting and developing a common framework or model to predict tim-
er behaviour, considering different timber types and species. Future
tudies should explore the independent effects of modulus of elasticity
E) and moment of inertia (I) on flexural stiffness under fire conditions.
his can be achieved by numerical analysis which are validated by the
xperiments conducted in this study. 

elevance to resilience 

This article investigates the performance of glulam timber beams un-
er fire loads, focusing on their structural behaviour and safety. Exper-
mental results are validated numerically, accounting for uncertainties
n material properties and fire dynamics. A reliability-based assessment
rovides critical insights for post-fire downtime, resilience, and recov-
ry planning. The findings support multi-hazard design frameworks that
ddress both fire and earthquake risks, contributing to safer and more
obust infrastructure. 
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Symbols 

𝛿

Φ
c 

density 
capacity factor 
charring rate 

dc charring depth 
f’b characteristic bending strength 
k1 the factor for load duration 
k4 factor for in-service absorption or desorption of 

moisture by timber 
k6 factor for temperature/humidity effect 
k9 factor for load sharing in grid system 

k12 factor for stability 
Md design moment capacity 
t Time 
Z section modulus 
Abbreviations 

CR 
FET 
FRT 

charring rate 
fire exposure time 
fire-retardant-treated 

GLT 
SLS 
UDL 

glue-laminated timber 
serviceability limit state 
uniformly distributed load 
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