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1. INTRODUCTION 

The acceleration of climate change is prompting the 
industrial sector to reduce carbon dioxide (CO2) emi-
ssions. The building sector accounts for 34% of global 
CO2 emissions, with key materials such as cement and 

steel contributing approximately 18% of these emissions 
while serving as major sources of construction waste 
(United Nations Environment Programme, 2025). The 
demand for building products with low embodied energy 
is steadily increasing, and the use of timber products is 
a viable solution. In South Korea, efforts to utilize local 
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timber resources for building members continue (Ahn et 
al., 2021; Jang and Lee, 2019; Kim et al., 2024, 2025a; 
Lee et al., 2021, 2022; Pang and Jeong, 2019; Song and 
Kim, 2023; Yang et al., 2021). In particular, timber 
building technology has been developed to satisfy the 
requirements of mid/high-rise buildings, and one of the 
main requirements is the safety of structures during fire 
events.

Although timber is a combustible material, it 
possesses unique self-protecting properties that render it 
a reliable structural material under fire conditions. When 
exposed to heat, timber develops an outer char layer that 
acts as an insulator, protecting the inner core and 
enabling it to maintain its structural integrity. Therefore, 
understanding the charring characteristics of timber 
products is crucial to structural fire design. The lignin, 
cellulose, and hemicellulose, which are the main cons-
tituents of wood, undergo thermal decomposition at 
high temperatures (200℃–500℃; Myung et al., 2004), 
and it is well-known that the charring layer of timber 
members formed at 280℃–300℃ loses its load-bearing 
capacity (Lucherini et al., 2025; Qin et al., 2021). Kim 
et al. (2025b) experimentally investigated the charring 
properties of cross-laminated timber (CLT) wall panels 
made of Larix kaempferi. The charring behavior accele-
rated as fire exposure progressed; the average charring 
rate was 0.87 mm/min for 1 h of exposure, which 
increased to 1.02 mm/min for 3 h of exposure. This 
study also evaluated the effect of the adhesive type on 
the charring behavior of a CLT wall panel. Within 2 h 
of fire exposure, panels bonded with polyurethane 
(PUR) resin adhesive exhibited a higher charring rate 
(0.94 mm/min) than those bonded with phenol-resorci-
nol-formaldehyde (PRF) resin adhesive (0.59 mm/min). 
Similarly, Choi et al. (2023) investigated the effect of 
the adhesive type on the charring rate of glue-laminated 
timber (GLT) columns made from Larix kaempferi. The 
results showed that specimens with PUR adhesive had a 
charring rate of 0.90 mm/min, which was 12.5% and 

18.4% higher than those of resorcinol- and melamine- 
based GLT specimens, respectively. The bonding per-
formance of adhesives has been reported to degrade at 
elevated temperatures (Frangi et al., 2004; George et al., 
2003; Yang et al., 2009), triggering the delamination 
of the char layer, which subsequently accelerates the 
charring rate and fire spread within the timber elements. 

The National Design Specification (NDS; American 
Wood Council, 2018) and Eurocode 5 (CEN, 2004) 
adopt a structural fire design based on the actual load- 
bearing capacity of timber products. The load-bearing 
capacity is calculated from the residual cross-section, 
excluding the charring and zero-strength layers, as these 
are considered to have no significant strength or stiff-
ness. The zero-strength layer, which has an insignificant 
structural capacity despite the uncharred layer, as reported 
by Schaffer (1986), is also considered when determining 
the effective cross section for structural fire design. 
Although the zero-strength layer is difficult to distin-
guish visually, it is included to account for the fact that 
the actual performance of a member is lower than the 
predicted structural performance of the residual cross- 
section when only the charring layer is excluded. Another 
difference is the adjustment of the design strength in fire 
situations. Owing to the high variation in strength, the 
characteristic strength of a timber member is generally 
determined based on the 5th lower percentile of the 
design value under normal conditions. However, Norén 
(1988) found that timber members exposed to fire 
exhibit lower strength variations than those tested at 
ambient temperatures. This conclusion was based on 
comparative tests in which all the beam specimens were 
sourced from the same timber. Based on the experi-
mental results, Eurocode 5 adjusts the 5th percentile 
strength for the normal-temperature design to the 20th 
percentile value for fire design. This adjustment also 
reflects the relatively low probability of severe fire 
events (Buchanan and Abu, 2017). Meanwhile, the NDS 
adjusts the 5th percentile strength to the average value 
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with a design stress-to- member strength factor of 2.85. 
Although the adjustment of the design strength in 
Eurocode 5 seems more conservative, the current fire 
design of timber members in NDS follows the allowable 
strength design and requires structural calculations for 
full dead and live loads, whereas Eurocode 5 applies the 
reduction factor to the design load in a fire situation. 
Fire performance estimations based on the NDS are 
known to be more conservative than those based on 
other codes (Buchanan and Abu, 2017).

However, the rules on the standards for things like 
building evacuation and fireproof structures in South 
Korea (Ministry of Land, Infrastructure and Transport, 
2025) strictly limit the application of structural members 
to areas for which fire performance has been verified 
through standardized tests, which are typically conduc-
ted by designated testing agencies. Among timber pro-
ducts, only GLT members are currently permitted for 
use in structures requiring fire resistance ratings (Korean 
Standards Association, 2013). Under the current criteria, 
approval is granted only to GLT products with a 
cross-sectional area that has increased by an amount 
equivalent to the expected charring depth. However, 
simply increasing the member dimensions by the expec-
ted charred area is primiarily form of sacrificial fire 
protection and does not represent a performance-based 
structural fire design. A critical issue is that the bending 
performance of the remaining residual cross-section 
must satisfy the same design requirements as in ambient 
conditions, including stringent serviceability limits such 
as deflection. This regulatory insistence on maintaining 
ambient-level serviceability during a fire event is exce-
ssively conservative, and deviates from the fundamental 
goal of preventing collapse. Furthermore, the relatively 
low stiffness of timber products amplifies this economic 
disadvantage, as GLT beams require much larger cross- 
sections to satisfy the serviceability requirements. Al-
though the current method offers simplicity, a structural 
fire design for GLT members based on the actual 

load-bearing capacity must be introduced to enhance the 
economic efficiency. This study aimed to evaluate the 
applicability of performance-based fire design by 
experimentally verifying the actual bending performance 
of GLT beams after 1 h of fire exposure.

2. MATERIALS and METHODS

2.1. Structural fire design of 
glue-laminated timber beam

Larch (Larix kaempferi) GLT beams with a 1-h 
structural fire design were produced. Eight laminae of 
the same grade (E10) were used to produce homoge-
neous GLT (HG) categorized as grade 7S-27B (Korean 
Standards Association, 2021). The gross specimen size 
was 150 mm × 200 mm × 4,700 mm [width (b), depth 
(d), and length (L), respectively]. Fire design should 
consider the charring characteristics and material pro-
perties which depend on the type of timber products and 
the species. The charring depth (dchar,n) of GLT made of 
larch species after 1 h of fire exposure on three sides 
has been calculated to be 40 mm, in accordance with 
KS F 1611-3 (Korean Standards Association, 2013). 
Because the zero-strength layer has not been addressed 
in the standard, a value of 0.3 inches (7.6 mm) was 
adopted for the depth of the zero-strength layer (d0), as 
specified in the NDS (American Wood Council, 2018). 
Although the precise depth of the zero- strength layer 
remains the subject of ongoing debate, the NDS value 
was selected to maintain a conservative perspective 
(Buchanan and Abu, 2017). Accordingly, the effective 
char depth could be determined using Equation (1): 

dchar,eff = dchar,n + d0, (1)

where dchar,eff is the effective charring depth (mm), dchar,n 
is the charring depth after 1 h (mm), and d0 is the depth 
of the zero-strength layer (mm).
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The adjusted bending design value for fire (fb) was 
calculated using Equation (2) with the adjustment fac-
tors from the NDS. Because the GLT specimen was 
loaded in bending about the x-x axis, a value of one was 
used for the flat use factor (Cfu), which includes the 
effect of bending about the y-y axis. The calculated 
volume factor (CV) was given a value of 1.08 based on 
Equation (3), the initial dimensions of the specimen 
before the fire test, and the length of the bending 
member between the zero-moment supports (l), which 
was 4,000 mm. However, CV, which only addresses the 
strength reduction with a higher probability of defect 
occurrence as the volume increases, should not exceed 
one. The beam stability factor (CL), which considered 
the lateral support during the test, was set to one 
because the test specimen was supported by steel covers 
on the lateral sides of the GLT beam during the fire 
experiment. The design stress of the member strength 
factor (K) was considered in the calculation of fb values 
for the GLT specimens. The calculated fb was 2.85 times 
higher than the reference bending design (Fb) value (9 
MPa) at an ambient temperature for the specimen grade 
used in this study (Korean Standards Association, 2021). 
Fig. 1 shows a summary of the structural fire design of 
a GLT beam after 1 h of fire exposure.

fb = Fb × K × CV × Cfu × CL (2)

where fb is the adjusted bending design value in fire 
(MPa); Fb is the reference bending design value at 
ambient temperature (MPa); K is the design stress-to- 
member strength factor (2.85); CV is the volume factor; 
Cfu is the flat-use factor; and CL is the beam stability 
factor. 

  
 




 




 



(3)

where CV is the volume factor; l is the length of the 

bending member between the points of zero moment 
(mm); d is the beam depth (mm); and b is the beam 
width (mm).

*Constants were adjusted to convert imperial units 
into SI units.

2.2. Experimental verification of structural 
fire design

The structural fire performances of the HG beams 
were experimentally verified using three test specimens 
(HG-1, HG-2, and HG-3). The size, grade, and species 
of the GLT beams were identical to those described in 
Section 2.1. The specimens were fabricated using 
laminae of E8 grade with a thickness of 25 mm and 
moisture content of less than 15%. A PRF resin-based 
adhesive was used for lamination. The fire tests were 
conducted in a horizontal furnace [Fig. 2(a)] at the 
Department of Fire Safety Research, Korea Institute of 
Civil Engineering and Building Technology (KICT, 
Hwaseong, Republic of Korea), following the general 
requirements of KS F 2257-1 (Korean Standards 
Association, 2019). A multi-burner system consisting of 

Fig. 1. One-hour structural fire design for GLT 
beams with three-sided charring exposure. Where b 
is the initial width, d is the initial depth, dchar,n is the 
charring depth, d0 is the zero-strength layer width, 
bchar,eff is the effective width, dchar,eff is the effective 
depth, and fb is the adjusted bending design value 
for the fire. GLT: glue-laminated timber.
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12 units was employed to control the internal tempe-
rature, with a total duty of 4,356,000 kcal/h (363,000 
kcal/h per unit). Because the experimental verification 
was targeted at beams with three-sided fire exposure, the 
top surface of each GLT beam was covered with ceramic 
wool insulation, and steel covers for the entire furnace 
prevented flame spread [Fig. 2(b)]. The average tempe-
rature in the furnace was set according to Equation (4), 
which is widely accepted for fire testing (International 
Organization for Standardization, 2025). Steel covers 
were located on the side faces of the specimen, exten-
ding 50 mm downward from the top surface, and served 
as lateral supports along the entire span. The GLT speci-
mens, which were supported at both ends of the furnace, 
were loaded with steel brackets and rectangular steel 
pipes [Fig. 3(a) and (b)]. The total applied load (Ps) was 
8,160 N, which was calibrated to induce a tensile stress 
equivalent to fb [Equation (5)]. Under these test condi-
tions, the proposed structural fire design was validated 
by assessing the maintenance of its resistance to the 
applied load. After each test, the charring depth at the 
mid-span cross-section was measured to validate the 

nominal charring depth specified in the current Korean 
standard. The charring depth in the width direction was 
measured at the glue line interfaces and mid-depth of 
each lamina. In the depth direction, the charring depth 
was measured at 5 mm intervals relative to the cen-
terline of the specimen width (Fig. 4). 

T = 345log(8t + 1) +20, (4)

where T is the average temperature in the furnace 
(℃), and t is the heating time (min).

 

××


, (5)

where Ps is the load imposed by the self-weight of the 
L-shaped steel brackets and pipe (N), fb is the adjusted 
bending design value in fire (MPa), bchar,eff is the effec-
tive width after 1 h of charring (mm; Fig. 1), dchar,eff is 
the effective depth after 1 h of charring (mm; Fig. 1), and 
a is the distance from a support to a loading point (mm).

 

(a) (b)

Fig. 2. Test set-up. (a) Layout of the test furnace with the combustion chamber and (b) a GLT specimen 
protected by ceramic wool insulation and steel covers. GLT: glue-laminated timber.
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3. RESULTS and DISCUSSION

The measured charring depths of each specimen are 
listed in Table 1. The results indicated that the mean 
charring value in the depth direction (dchar,n,mean) was 
generally greater than that in the width direction 
(bchar,n,mean). This accelerated charring in the depth direct-
ion is likely attributable to the thermal degradation of 
the bonding layers. This resulted in delamination of the 
laminae along with the charring layer, which prematu-
rely exposed the underlying uncharred wood and depri-
ved it of the protective insulation typically provided by 
the charring layer (Frangi et al., 2004; George et al., 

(a)

(b)

Fig. 3. Loading plan. (a) Structural layout of the fire test and (b) a picture of loading apparatus. GLT: 
glue-laminated timber.

Fig. 4. Measurement of charring depth.
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2003; Yang et al., 2009). Although this study utilized 
PRF adhesive, which is known to have better bonding 
performance under elevated temperatures than PUR 
adhesive, previous studies have reported a reduction in 
the bonding strength of the PRF adhesive at temperatures 
greater than 200℃ (Bernaczyk et al., 2023; Klippel, 
2014; Liu et al., 2020). In addition, the experimental 
evidence in this study suggests that the risk of thermal 
degradation of the bonding layer still remains. The 
increased charring value in the depth direction of the 
specimen also raised concerns regarding the adequacy of 
the nominal charring depth (t) specified in the current 
standards. Although the bchar,n,mean values for all the HG 
specimens remained 7.6%–8.8% lower than the nominal 
charring depth of 40 mm, the dchar,n,mean values for HG-2 
and HG-3 specimens exceeded it by 5.1% and 5.6%, 
respectively. Furthermore, current standards do not diffe-
rentiate between adhesive types despite the fact that PUR 
resin-based adhesives typically exhibit lower thermal 
stability than PRF-based adhesives. Therefore, to ensure 
the structural fire safety of timber systems, it is impe-
rative to reestablish the nominal charring depth based on 
an expanded experimental database that accounts for 
adhesive performance. Although the results of this study 
suggest the potential influence of the adhesive layers on 
the charring behavior of GLT, the current experimental 
data were insufficient to fully isolate this effect. To 
verify the specific contributions of the adhesives, further 
fire tests on GLT beams with different lamination orien-

tations, such as horizontally and vertically laminated 
configurations, are required.

Contrary to expectations, the charring behavior of the 
test specimens deviated from the idealized behavior after 
three-sided fire exposure. Although the specimens were 
protected by ceramic wool insulation and steel covers, 
structural deflection during the test resulted in gaps 
between the specimen and insulation. Consequently, the 
top surfaces of the HG-1 and HG-2 specimens were 
exposed to the elevated furnace temperature, resulting in 
charring depth of 6.8 and 3.7 mm, respectively [Fig. 
5(a) and (b)]. Such issues could become more pro-
nounced as the span length increases, primarily owing to 
the relatively low stiffness of the timber, because the 
resulting gap allows for convective heat transfer into 
nominally insulated zones. The residual section of the 
HG-2 specimen exhibited a trapezoidal shape, in con-
trast to the profile of HG-1. This discrepancy was 
attributed to the maintenance of the insulation system. 
Specifically, the ceramic wool liners attached to the steel 
covers were replaced with new materials because the 
original liners deteriorated during the HG-1 test. The 
fresh ceramic wool provided better airtightness and 
more effectively shielded the upper surfaces from heat 
penetration. This enhanced protection restricted charring 
at the top corners, resulting in the observed trapezoidal 
residual section. The steel covers for HG-3 were ex-
tended to a depth of 100 mm to address unintended fire 
exposure at the top surface; however, in this case, the 

Table 1. Charring depths of GLT specimens

Specimen b (mm) d (mm) bchar,n,mean (mm) dchar,n,mean (mm)

HG-1

150 200

36.49 (0.07) 38.80 (0.06)

HG-2 36.97 (0.15) 42.05 (0.03)

HG-3 36.97 (0.10) 42.24 (0.03)

Here, b is the width of the specimen before the test, d is the depth of the specimen before the test, bchar,n,mean is the mean 
charring depth along the specimen width, and dchar,n,mean is the charring depth in the specimen.
GLT: glue-laminated timber, HG: homogeneous GLT.
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top two laminae were entirely protected from heat expo-
sure, resulting in a T-shaped residual cross-section [Fig. 
5(c)], which was inappropriate for verifying the proposed 
design method for three-sided charring.

Despite these unintended charring behaviors, the 
specimens sustained the target loads throughout the 1-h 
fire test without any observable fracture. The maximum 
tensile stress of the outer laminae (σt) of each specimen 
was estimated based on the experimental charring depths 
(bchar,n,mean and dchar,n,mean). Subsequently, these values 
were compared with those derived from the structural 
fire design following the NDS (Fig. 1) and KS F 

1611-3, as summarized in Table 2. The cross-sectional 
area of HG-3 was assumed to be an idealized T-shaped 
section. Although the charring layers at the top surfaces 
of the HG-1 and HG-2 series were included in the 
calculations, the σt values of the specimens remained 
lower than the reference design values specified by the 
NDS, albeit by a small margin. Despite the structural 
integrity of the specimens, the appropriateness of the 
fire design should be carefully verified because of the 
limited sample size. However, the potential uncertainties 
arising from the limited data are expected to be miti-
gated by a conservative Fb. Specifically, the metho-

(a) (b) (c)

Fig. 5. Charring sections of specimens. (a) HG-1, (b) HG-2, and (c) HG-3. HG: homogeneous glue-laminated 
timber.

Table 2. Comparison of geometries and estimated tensile stresses of GLT beams

Type Section bchar,eff (mm) dchar,eff (mm) I (103 mm4) y (mm) M (Nmm) σt,max (MPa)

HG-1 Rectangular 61.8 146.8 13,874.3 69.6

5,304,0002)

23.9

HG-2 Rectangular 60.8 146.6 13,614.6 69.5 24.3

HG-3
Flange 150 50

25,593.61) 91.5 19.0
Web 60.8 100.1

Reference 
(Fig. 1) Rectangular 54.8 152.4 16,146.0 76.2 25.0

KS F 1611-3 Rectangular 70 160 23,893.3 80.0 17.8

Here, bchar,eff is the effective width, dchar,eff is the effective depth, I is the moment of inertia, y is the neutral axis, M is the 
applied moment, and σt is the maximum estimated tensile stress in the outermost tensile lamina.
1) Total moment of inertia using the parallel axis theorem.
2) M = (Ps × a) / 2 [Fig. 3(a)].
GLT: glue-laminated timber, HG: homogeneous GLT.
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dology of structural fire design primarily adopts NDS 
adjustment factors to determine fb [Equation (2)], while 
maintaining the strength reduction factor for Fb man-
dated by the Korean standard. Because the strength 
reduction factor, which accounts for the effects of 
normal load duration and safety factors, is 42.9% higher 
than that of the NDS (American Society for Testing and 
Materials [ASTM], 2018), this inherent conservatism 
is considered to function as a robust safety margin. 
However, the results for the HG-3 specimen should not 
be regarded as a direct validation of the NDS structural 
fire design because the idealized three-sided exposure 
was not fully realized in the setup. Nevertheless, the 
experimental case of HG-3 effectively demonstrated the 
enhanced safety margin provided by realistic assembly 
conditions. The σt value of the HG-3 specimen was 
estimated to be 24.2% lower than the NDS value, 
highlighting the significant structural advantage of pro-
tecting the upper layers of the side surfaces of beams. 
This reflects common real-world structural applications 
in which the upper-side surfaces of timber beams are 
protected by floor slabs or gypsum boards. Ultimately, 
the fact that the estimated σt values of all the specimens 
significantly exceeded the values permitted by KS F 
1611-3 demonstrated that the proposed design not only 
ensures structural reliability but also offers substantial 
economic advantages. By allowing for a more optimized 
and less overly conservative cross-sectional design com-
pared to that based on the current Korean standards, this 
approach enables more efficient material use in GLT 
beam construction without compromising fire safety.

4. CONCLUSIONS

The experimental verification of a 1-h structural fire 
design based on the NDS for HG beams made of 
Korean larch led to the following conclusions.

• The experimental charring depth of the GLT 

specimens in the depth direction was found to be 5.1%–
5.6% higher than the nominal charring depth specified 
in the Korean standard. In contrast to the width direction 
(7.6%–8.8% lower than the nominal value), the accele-
rated charring in the depth direction was likely due to 
the thermal degradation of the adhesive, which prema-
turely exposed the uncharred timber and deprived it of 
the protective insulation provided by the char layer. The 
experimental results suggested that new reference values 
for the nominal charring depth should be established 
based on the charring direction and adhesive type.
• Specimens HG-1 and HG-2 maintained their struc-

tural integrity without failure even under unintended 
four-sided fire exposure. While concerns regarding relia-
bility may persist because of the limited sample size, the 
inherent safety margin of the Korean standard is ex-
pected to mitigate potential uncertainties; notably, the 
strength reduction factor for Fb in Korea is approxi-
mately 42.9% higher than that of the NDS. 
• The results for the HG-3 series revealed a discre-

pancy from the intended three-sided fire exposure owing 
to unintended shielding by the steel covers, which 
resulted in a T-shaped residual cross-section. Analytical 
estimation confirmed that the σt value of these speci-
mens was 24.2% lower than that of the idealized three- 
sided reference. This 24.2% reduction is significant be-
cause it demonstrates that realistic assembly conditions
—where the upper side surfaces of beams can be 
protected by floor members or gypsum boards—provide 
a substantial, inherent safety buffer. 
• The successful maintenance of the structural inte-

grity in all the tested GLT beams validated the practical 
reliability of the proposed fire design. Notably, the 
capacity of the specimens to sustain load levels that 
significantly exceeded the upper limits permitted by KS 
F 1611-3 demonstrated that the proposed methodology 
offers a more economically viable solution. By allowing 
for optimized cross-sectional dimensions without com-
promising fire safety, this approach enables enhanced 
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material efficiency in the design of Korean larch GLT 
beams compared with current domestic standards.

Although the current findings verified the safety of 
the 1-h fire structural design of Korean larch GLT 
beams following the NDS methodology, further research 
involving a greater number of specimens is necessary to 
consolidate the design values statistically. Such efforts 
are crucial for establishing a robust and standardized 
structural fire design framework that ensures the safety 
of mass timber construction.
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