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Abstract: Fire safety design for steel beams is crucial in the construction of steel structures. However,
there remains a significant gap in the testing of the fire resistance of insulated steel beams. This study
focuses on full-scale experimental research examining the fire resistance performance of steel beams
with varying fire protection methods, cross-sectional dimensions, and heating curves. During the
tests, the furnace temperature, specimen temperature, and deflection at mid-span were measured.
The test results indicated that specimens mainly failed in lateral-torsional buckling. Additionally, a
markedly non-uniform temperature distribution was observed across the cross-section, and the
predictions made by GB 51249-2017 were found to be unsafe. The use of fiber cement board for fire
protection may be ineffective, as it tends to become brittle at elevated temperatures, making it
susceptible to breakage and detachment when the beams begin to bend. Furthermore, due to
potential creep deformation, specimens subjected to longer heating durations exhibited lower critical
temperatures compared to those with shorter heating durations. Finally, the design method outlined
in BS EN 1993-1-2 and ANSI/AISC 360-22 was evaluated against the test results, indicating an
accurate prediction of these methods for specimens with shorter heating durations, but an
unconservative prediction for specimens with longer heating durations due to ignorance of creep
deformation.

Keywords: fire resistance; steel beams; fire-protection; fire tests; fire-safety design; creep deformation

1. Introduction
1.1. Research on the Fire-Resistance of Beams

The mechanical properties of steel will be significantly reduced at elevated temperatures, so it is
worth studying the fire performance of steel beams in a fire. Burgess et al. [1] investigated the
structural behavior of steel beams in fire using the secant stiffness method and emphasized the
importance of the shielding effect provided by concrete slabs. Liu et al. [2] conducted fire-resistance
tests on axially restrained steel beams and discovered that catenary action is more pronounced in
scenarios with lower load levels and higher axial restraint. Yin and Wang [3] utilized ABAQUS to
simulate the large-deflection behavior of restrained steel beams in a fire, building on the tests
conducted by Liu et al. [2]. Their numerical research [3] indicated that adequate axial restraint enables
beams to endure indefinitely through catenary forces. Li and Guo [4] performed fire tests on
restrained beams during both the heating and cooling stages, demonstrating that restrained steel
beams exhibit superior fire-resistant capabilities compared to isolated steel beams in both phases.

In addition to axial restraint, rotational restraint is a crucial factor that influences the fire
resistance of steel beams. Tan and Huang [5,6] investigated the impact of semi-rigid connections on
the fire resistance of steel beams through finite element (FE) analysis. Their findings indicated that
rotational restraints increase critical temperatures, while axial restraints decrease them. Given the
growing demand for fire-resistant design in steel structures, the design methodologies for restrained
steel beams in fire scenarios are becoming increasingly significant. Dwaikat and Kodur [7] proposed
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a simplified method to predict internal forces and deflections in restrained beams at elevated
temperatures, introducing a three-stage response model (elastic, elastoplastic, catenary) that was
validated against FE simulations. Creep deformation is another critical factor affecting the fire-
resistance behavior of steel beams. Kodur and Dwaikat [8] and Al-azzani et al. [9] analyzed the effects
of high-temperature creep using ANSYS, demonstrating that neglecting creep results in
unconservative predictions, as creep accelerates deflections and reduces restraint forces during rapid
heating or under high stress.

In recent years, as steel structures have become increasingly complex, lightweight, and high-
quality, there has been a growing body of research focused on the fire resistance of steel beams. Shakil
et al. [10] simulated steel beams subjected to traveling fire and identified a five-stage failure
mechanism, highlighting the roles of cyclic axial forces and catenary action. Nguyen et al. [11]
examined the buckling behavior of I-beams under combined transverse loads and negative end
moments during fire exposure. Lam and Rodrigues [12] and Couto et al. [13] investigated the fire
resistance of cold-formed steel beams, emphasizing the impact of local buckling. Additionally, Xie et
al. [14], Kucukler [15], Pournaghshband et al. [16], and Shaheen et al. [17] explored the fire resistance
of stainless steel beams, noting the influence of material properties.

However, the aforementioned research primarily focuses on steel beams without fire protection,
and there remains a significant gap in the study of fire-protected steel beams. Furthermore, due to
the relatively high costs associated with full-scale fire tests, most research has concentrated on
numerical simulations and analytical studies. This paper focuses on full-scale fire tests on fire-
protected steel beams, taking into account various cross-sectional dimensions, heating curves, and
types of fire protection.

1.2. Calculation Method from GB 51249-2017

According to the Chinese specification (GB 51249-2017) [18] on the fire resistance of steel beams,
the ultimate moment (Mr) of the steel beams at elevated temperatures can be calculated using the
Load-bearing Capacity Method, as described in Eq. (1).

M, = fro,W (1)

where fr denotes the designed steel strength at T °C, gur denotes the stability coefficient of beams
at T °C, and W denotes the cross-section modulus. It should be noted that the ¢or is a temperature-
dependent coefficient, and can be calculated by GB 50017 [19] and GB 51249 [18]. Thus, the ultimate
moment (Mr) versus temperature curves can be determined by Eq. (1), and the critical temperature
(Ter) can be calculated.

Since steel structures are typically insulated by various fire protection measures, it is essential to
calculate the steel temperature while taking these protections into account. The Chinese specification
GB 51249 [18] provides a method for evaluating the steel temperature during a fire, as indicated by
Eq.(2)

1 F
Aﬂ:aﬁ;’(l—ﬂ)m &)

Where ps and ¢s denote the density and specific heat of steel, respectively; Fi/V denotes the shape
factor of the cross-section; Ts and Ts denote the steel and air temperature; ATs and At denote
incremental temperature and time.

In Eq.(2), the coefficient a represents the comprehensive heat transfer coefficient. If the steel
structure was protected by an intumescent coating, a can be calculated by Eq.(3)

a=— 3)

1

where Ri denotes the equivalent thermal resistance of the intumescent coating. Besides, if the
steel structure was protected by a fire-retardant coating, a could be calculated by Eq.(4)
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where Ap and dp denote the equivalent thermal conductivity and thickness of the coating. Based
on Eq. (2), the relationship between the temperature of the steel and the heating time can be
established, allowing for the determination of fire resistance (t).

2. The Specimens

The Q355 steel was utilized in the manufacturing of the beams, and the actual material properties
of the steel were determined through tensile tests, as summarized in Table 1. It can be observed that,
although different steel thicknesses were employed for the beams' web and flange, the variation in
yield strength is minimal, ranging from 398 MPa to 410 MPa, with an average value of 404 MPa.

Table 1. Material properties.

. Average Yield Ultimate Average ultimate
Yield strength
Labels /MPa strength/MPa strength strength /MPa
/MPa

C-8-1 401.6 549.4

C-8-2 402.5 401.7 549.6 549.6
83 o0 497

C-12-1 403.0 542.6 —

C-12-2 410.3 406.0 538.2 539.6
G123 aws 81

C-20-1 405.9 564.6

C-20-2 398.2 404.5 563.9 563.8

C-20-3 409.3 562.8

The steel beams were fabricated from hot-rolled H-sections, and their nominal dimensions are
presented in Figure 1. The full length, effective length, and heating length of the specimens are 6000
mm, 5600 mm, and 4500 mm, respectively, as illustrated in Figure 1. Two concentrated loads (F) are
applied at the mid-span of the beam, with a spacing of 1200 mm. According to Chinese standards for
steel structures (GB 50017-2017 [19]), the load-bearing capacities of the steel beams with cross-sections
of HN 400x200x8x12 and HN 588x300x12x20 are 108 kN and 360 kN, respectively. Assuming an
identical load ratio of 0.3 for the steel beams, the loads applied to specimen D-1 and the other
specimens were 36 kN and 120 kN, respectively.

Different fire protection methods were employed, including fire-retardant coatings, fiber cement
boards, and intumescent coatings, as illustrated in Table 2. According to information provided by the
fire protection supplier, the equivalent thermal conductivity (Ai) of the fire-retardant coating and fiber
cement board is 0.08 and 0.12 W/(mK), respectively. Additionally, the equivalent thermal resistance
(Ri) of the intumescent coating is approximately 0.08 and 0.14 m>K/W for coating thicknesses of 1.5
mm and 2.5 mm, respectively. To achieve specific fire resistance ratings, such as te = 60 min or fer =
120 min, the required thickness of the fire protection can be calculated using Egs. (1)-(4), as
summarized in Table 2.
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2400mm 1200mm 2400mm
T ’[ 1 HN 400x200x8x12:
h=400mm  5=200mm
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: 0 0 a 0 a ° HN 588x300%12x20:
L Heating Length =4500mm ] h=588mm  »=300mm
I i Effective Length=5600mm L #,=12mm #,=20mm
|, ! Full Length = 6000mm ! | £=13mm
Figure 1. Dimension of the cross-section.
Table 2. Specimen labels.
. . . . . Applied T«
Dimensions Heating Fire Thickness ter
Labels load IC
/mm curves  Protections /mm /min
/KN
D-1 HN 400x200x8x12 EFC FRC 20 36 676 120
D-2 HN 588x300x12x20 EFC FRC 15 120 661 120
D-3 HN 588x300x12x20 EFC FCB 20 120 661 120
D-4 HN 588x300x12x20 EFC IC 1.5 120 661 60
1SO-1 HN 588x300x12x20 1SO-834 FRC 12 120 661 120
I1SO-2 HN 588x300x12x20 1SO-834 1C 2.5 120 661 120

Note: EHC means “Electrical heating curve”, FRC means “Fire-retardant coating”, FCB means “Fiber cement

board”, and IC means “Intumescent coating”.

Concerning the purpose of the test parameters, specimens D-1 and D-2 are compared to
investigate the influence of shape factors on fire resistance; Specimens D-2, D-3, and D-4 are
compared to investigate the protective effectiveness of the different fire protection methods;
Specimens D-3 with ISO-1 are compared to investigate the influence of the heating curves; Specimens
D-4 with ISO-2 are compared to investigate the influence of heating duration (i.e., creep
derformation).

(1) Implementation of the fire-retardant coating

Before applying the fire retardant coating, the surface of the steel beam was de-rusted and
polished. Subsequently, a primer for the fire retardant coating, approximately 2-3 mm thick, was
initially sprayed onto the surface to enhance adhesion. Given that the heating length of the beams is
4500 mm, the length of the fire retardant coating was set to 5000 mm to ensure that the heated section
is adequately protected. Although the steel beam was exposed to fire on three sides, the coating was
also applied to the upper surface of the steel beam. After the base coating was completely dry,
subsequent layers were applied until the target thickness was achieved, with each layer measuring
between 5 and 10 mm. An interval of no less than 24 hours was maintained between each application
to ensure that the fire retardant coating was fully dry. Once the total thickness reached 10 mm, a layer
of fiber mesh (Figure 2(a)) was added to enhance the adhesion of the fire retardant coating. When the
target thickness was achieved, the surface was scraped flat to prevent variations in fire resistance
caused by uneven coating, as illustrated in Figure 2 (b).
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Fiber mesh

(a) (b)

Figure 2. Construction for the fire-retardant coating: (a) Fiber mesh; (b) Finished specimens.

(2) Implementation of the cement fiber fireproof board

Two cement fiber fireproof boards measuring 340 x 2500 x 20 mm and four boards measuring
620 x 2500 x 20 mm were utilized for fire protection construction, as indicated in Figure 3. First, thin-
walled angle steel with dimensions of 30 x 30 mm was welded to the flange of the steel beam to create
a longitudinal frame keel. Next, transverse keels were installed every 1 m on the outer side of the
lower flange, secured to both the longitudinal frame keels and the steel beam through welding. The
longitudinal keels were employed to secure the fireproof boards on the left and right sides of the steel
beam, while the transverse keels were used to anchor the fireproof panels at the bottom of the steel
beam. As the steel beam was exposed to fire on three sides, the upper flange remained unprotected
by fireproof boards. The fireproof boards and keels were connected using self-tapping screws. The
self-tapping screw nuts were embedded into the board approximately 1 cm, and fire-retardant
couting was applied to the screw holes to cover the nuts.

Transverse
0 keels

Longitudinal
frame keels

(b)

Figure 3. Construction for the cement fiber fireproof board: (a) Installation of keels; (b) Finished specimens.

(3) Implementation of the intumescent coating

First, the surface of the steel beam must be de-rusted and polished, ensuring that any dust,
floating rust, oil stains, and other contaminants are removed to prevent interference with the
adhesion of the intumescent coating. Prior to applying the intumescent coating, a layer of anti-rust
primer compatible with the intumescent coating should be applied, and the primer must be allowed
to dry completely for at least 12 hours, as indicated in Figure 4(a). During the application of the
intumescent coating, the thickness of each coat should not exceed 0.2 mm, and the interval between
coats must be greater than 24 hours. The subsequent coat should only be applied once the surface of
the previous coat is fully air-dried, until the target total thickness is achieved. Since the total coating
thickness does not exceed 3 mm, there is no need to incorporate fiberglass mesh to enhance adhesion.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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After each layer of coating is applied and the surface is dry, an electronic thickness gauge should be
used to measure the actual thickness of the intumescent coating at various locations, as indicated in
Figure 4(b). Any areas that do not meet the thickness requirements must be recoated to ensure
uniform distribution of the intumescent coating.

(a) (b)

Figure 4. Construction for the intumescent coating: (a) Anti-rust primer; (b) Electronic thickness gauge.

3. Test Set-Up

Figure 5 illustrates the fire-resistance test set-up for the steel beams, where elevated
temperatures were generated through natural gas combustion. The beams were simply supported
and torsion-restrained against the wall of the fire test furnace. Two concentrated loads were applied
at the midpoint of the beam span, with a distance of 1200 mm between them. These concentrated
loads were applied using hydraulic actuators, which were anchored to the reaction girder and
connected to the upper flange of the beam via a connection stud. Since steel beams in engineering
applications are typically exposed to fire on three sides, fireproof boards were necessary to shield the
outer surface of the upper flange from direct heating. To enhance the reuse rate of the fireproof
boards, high-temperature-resistant aluminum silicate fiber cotton was employed to repeatedly wrap
the covers. Additionally, aluminum silicate fiber was utilized to fill the gap between the specimen
and the furnace wall, ensuring that the high temperatures within the furnace do not escape.

Hydraulic Actuators ) )
Reaction Girder

== Connection

stud
1 & v < . ('.,, iy ':)‘,zf &4 &

‘ W R e s R 5
bt | L 1200 mm \

I I I

i
o :.A)‘ﬂ“} =
e ‘?:_x ,&:Z_
T - o

Figure 5. Test set-up.

Five thermocouples, labeled Tr1 ~ Tes, were arranged to record the temperatures within the
furnace. These thermocouples were strategically fixed near the flame nozzle to prevent direct

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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exposure to the flame, as illustrated in Figure 6. In addition to furnace temperature, specimen
temperatures were measured at three distinct sections of the steel beam. In each section, four
thermocouples were arranged to monitor the temperature of the upper flange, the mid-point of the
web, the underside of the web, and the lower flange, as depicted in Figure 6. In the test, a linear
variable displacement transducer (LVDT) was used to measure the deflection of the steel beam at
mid-span. The LVDT was fixed on an independent scaffold and connected to the upper flange of the
steel beam through a nickel-chromium alloy wire, as indicated in Figure 7.

Figure 7. Arrangement of the LVDT.

4. Test Program

After the installation of the specimens and measurements, the two concentrated loads at mid-
span were gradually applied to the steel beams. Since both actuators shared the same hydraulic oil
source, the hydraulic pressure they generated remained constant. During the loading process, it was
essential to monitor the stability of the connection between the loading device and the connecting
components. A laser level was used to assess whether the connection between the loading device and
the steel beam was horizontal and balanced. If it was not, the steel beam was readjusted after
unloading until it was positioned horizontally.

Two heating curves were utilized in the tests: one is the ISO-834 [20] standard heating curve,
and the other is the electrical heating curve [21]. The temperature evolution methods for these two
curves are presented in Egs. (5) and (6).:

T-T,=3451g 8+ (5)
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T-T,=1030x(1-0.325¢""° —0.675¢ ") ©

where To ("C) denotes the ambient temperature, ¢ (min) denotes the heating duration, and T ("C)
denotes the elevated temperatures.

Assuming an ambient temperature of To = 0 ‘C, the comparison of these heating curves is
illustrated in Figure 8. It is evident that the electrical heating curve exhibits a faster heating rate
during the initial heating stage, reaching 1000 °C in just 15 minutes, whereas the ISO834 [20] heating
curve takes 100 minutes to achieve the same temperature. However, the electrical heating curve [21]
ceases to increase after reaching approximately 1000 °C, while the ISO834 [20] heating curve
continues to rise even at this temperature. This phenomenon occurs because electrical fires are
typically caused by the combustion of organic polymer materials. In an electrical fire, the temperature
increases rapidly during the early stages of combustion; however, due to limitations in fire density,
the temperature cannot continue to rise indefinitely.

1200+
1000+
800
600 -

400 -

Temperature/°C

2001

J) —— Electrical fire
—O—1SO 834 standard fire

0 80 160 240 320 400
Heating duration (min)

Figure 8. Heating curves.

5. Test Results
5.1. Temperature Results

Figure 9 shows the furnace temperature for each test. It is evident that the temperatures
measured at various positions exhibit some deviation. This variation is attributed to the use of natural
gas combustion during the tests, which creates a complex hot air flow within the furnace cavity,
leading to temperature non-uniformity. Nevertheless, the average temperature aligns with the
designed heating curve.

1200 1200

1000 | 1000 |
s s
% %
2 800¢ £ 800t
s s
(5] [
g 600t £ 600t
2 2
(5] (5]
g 4001 g 4001
5 5
=9 [ 9

200} 200

0 1 1 1 1 1 1 0 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time/min Time/min
(a) (b)
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Figure 9. Furnace temperature: (a) D-1; (b) D-2; (c) D-3; (d) D-4; (e) ISO-1; (f) ISO-2.

Figure 10 illustrates the temperature of the specimen at various positions. It is evident that the
temperature rise curves at identical locations on different cross-sections are similar, indicating that
the specimens were uniformly heated along their length. However, the temperature distribution
across the cross-section was found to be significantly non-uniform, with the web generally exhibiting
the highest temperature, except for specimen D-3, which was protected by a fiber cement board. This
phenomenon occurred because the web of the steel beams with contour protection schemes was
directly heated on both sides, whereas the web of specimen D-3 was not directly exposed to the fire.
The lowest temperature on the cross-section was observed at the upper flange of the beams, which
was heated on only one side. The temperature difference between the upper flange and the web could
reach 300 °C, which may significantly influence the fire-resistance behavior of the beams, as the upper
flange contributes more to the overall stability of the steel beams. In Figure 10(c), a sudden increase
in the temperatures of specimens T4 and T22 was observed at approximately 25 minutes, which may
be attributed to the partial failure of the fiber fireproof board, resulting in the steel beam being
directly exposed to the fire.
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Figure 10. Specimen temperature: (a) D-1; (b) D-2; (c) D-3; (d) D-4; (e) ISO-1; (f) ISO-2.
5.2. Displacement Results

According to the Chinese specification (GB 9978.1 [22]) regarding fire resistance tests for beams,
the failure criterion is defined as the point at which the deflection reaches L?/(400d) mm or the
deflection rate reaches L2/(90004%) mm/min. In this context, L and d represent the span length and web
height of the beams, respectively. Consequently, the failure deflection and deflection rate of specimen
D-1 are 196 mm and 8.71 mm/min, respectively, while the corresponding values for the other
specimens are 134 mm and 5.93 mm/min.
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Figure 11 illustrates the deflection curve and deflection rate for each specimen. It is evident that
the deflection of each specimen progresses slowly during the initial stage, except for specimen D-1,
whose deflection rate exceeds 0.5 mm/min, reaching up to 2 mm/min in the same period. The gradual
increase in mid-span deflection is attributed to a reduction in the elastic modulus; however, the steel
beams remain in an elastic state. The faster deflection rate of specimen D-1 can be attributed to its
higher temperature evolution rate. As depicted in Figure 10(a), the average temperature evolution
rate of its web reaches 10 °C/min, whereas specimen D-2, which employs the same fire protection
method and is subjected to identical fire conditions, has a temperature evolution rate of only 7 °C/min.

Furthermore, it is observed that before the specimen reaches its fire resistance limit, about 10 to
20 minutes, the deflection rate gradually increases, leading to a rapid rise in mid-span deflection. This
phenomenon is caused by the reduction in yield strength of steel at elevated temperatures, as certain
areas of the beam progressively transition into a plastic state, resulting in a rapid decrease in its
deformation stiffness.
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Figure 11. Deflection at the mid-span: (a) D-1; (b) D-2; (c) D-3; (d) D-4; (e) ISO-1; (f) ISO-2.

5.3. Test Phenomenon

Figure 12 shows the residual deformation and fire protection characteristics of the specimens.
Specimen D-3 exhibited failure due to flexural buckling, while the other specimens failed due to
lateral-torsional buckling. This phenomenon may have been triggered by the fiber cement board of
specimen D-3 breaking at approximately 25 minutes, which caused a rapid increase in specimen
temperature and a significant rise in the deflection rate. At this point, the mid-span deflection had
not yet fully developed, as its deflection rate reached the critical threshold, resulting in a failure mode
characterized by flexural buckling.

Figure 12. Failure mode of the specimens: (a) D-1; (b) D-2; (c) D-3; (d) D-4; (e) ISO-1; (f) ISO-2.

Figure 12 (a, b, e) illustrates the failure modes of the specimens protected by fire-retardant
coatings. It was observed that the fire-retardant coating on specimen D-1 exhibited no significant
peeling, whereas specimens D-2 and ISO-1 displayed extensive peeling over large areas. Figure 12 (c)
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depicts the failure mode of specimen D-3, which was protected by fiber cement board. During the
test, a substantial amount of water vapor was noted to escape from the steel beam supports,
attributed to the evaporation of water within the fiber cement board due to the fire. At the bottom of
the specimen D-3, approximately 43% of the fiber cement board area detached, and numerous cracks
along with localized peeling were simultaneously observed on the sides of the specimen. The cracks
and peeling of the fiber cement board occurred as the moisture within the board evaporated, leading
to increased brittleness. Figure 12 (d, f) presents the failure modes of the specimens protected by
intumescent coatings. It is evident that the intumescent coating expanded fully and uniformly,
demonstrating excellent adhesion. Although the upper surface of the steel beam is also protected by
an intumescent coating, it is covered by a fireproof board, which has not expanded and remains in a
black gelatinous state. In contrast, the remaining heated areas have completely foamed and are in a
white granular state.

5.4. Discussion of the Test Results

(1) Determination of the fire resistance and critical temperature

Based on the deflection curves and deflection rates of the specimens, the fire resistance (fe) of
the specimens was determined, as indicated in Figure 11 and Table 3. Additionally, the failure
temperature corresponding to the fire resistance was obtained from Figure 10. Since the largest
deflection occurred at the mid-span of the beams, the temperatures at the mid-span cross-section (i.e.,
T21, T22, T23, and T24) were selected to represent the failure temperature of the beams, as summarized
in Table 3. In some instances, due to the failure of the thermocouples at the mid-span cross-section,
such as T22 of specimen D-2, the thermocouple data from the same location on adjacent sections were
utilized. Assuming a linear temperature distribution between the measured points, as illustrated in
Figure 13, the temperature distribution of each specimen was determined, as indicated in Figure 11.
It can be observed that the temperature on the lower flange of the specimens was almost uniformly
distributed, with T24 being slightly higher than 123, except for specimen D-2. The mid-point of the
web exhibited the highest temperature, while the upper flange displayed the lowest temperature.
The average temperature of the specimens at fire resistance was calculated using Eq. (7) and is
denoted as the critical temperature (T«), as summarized in Table 3. In Eq.(7), Aftange and Aweb represent
the flange and web areas of the beam, respectively.

(2) Influence of fire-protection method on critical temperature

Table 3 compares the designed critical temperature (Tea) with the test results (Tet). A good
agreement was observed between the two, with an average discrepancy of less than 10%, except for
specimen D-3. Additionally, the designed value, Terd, was generally higher than the test results, Terr.
The Tt for specimen D-3, was significantly lower than that of the other specimens, which may be
attributed to its fire protection method. The evaporation of water in the fiber cement board at elevated
temperatures can lead to brittle failure, cracking, and peeling, resulting in the steel beam losing its
fire protection. The direct heating of the steel beam caused its deflection rate to increase rapidly,
reaching the critical point of failure before the deflection was fully developed. This phenomenon
demonstrates that fiber cement boards are unsuitable for the fire protection of steel beams, as steel
beams are prone to bending deformation under fire conditions. This bending deformation can cause
the bottom fiber cement board to bend and the side fiber cement board to shear, ultimately leading
to the premature failure of the fiber cement board. The test results (Tet) of specimens also indicate
that fire-retardant coating and intumescent coating had better protective behavior than fiber cement
board, and the difference in Tt between fire-retardant coating and intumescent coating was
relatively small.

(3) Influence of creep deformation on critical temperature

An interesting phenomenon was observed: the critical temperature (Te.t) of specimen D-4 was
approximately 8.6% higher than that of the other specimens (D-2, ISO-1, and ISO-2). This difference
may be attributed to creep deformation. Numerous studies, including those by Al-Azzani et al. [9]
and Kodur et al. [8], have indicated that creep deformation can significantly reduce the critical
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temperature of steel beams. Since specimen D-4 was heated for only 49 minutes, while specimens D-
2, ISO-1, and ISO-2 were heated for approximately 100 to 110 minutes, the creep deformation in D-2,
ISO-1, and ISO-2 would be more pronounced, resulting in lower critical temperatures for those
specimens.

(4) Influence of heating curves on critical temperature

This study compares the critical temperature (Tet) of D-2, D-4, ISO-1, and ISO-2. The results
indicate that the difference among them was relatively small, suggesting that the heating curves have
a limited impact on the critical temperature. However, this conclusion is predicated on the
assumption that the beams are protected from fire and that the heating durations are comparable. In
cases where beams are unprotected from fire and the heating durations vary, such as with D-4, the
resulting creep deformations may differ significantly, leading to substantial variations in critical
temperatures.

(5) Influence of fire protection on fire resistance

Table 3 compares the designed fire resistance (trd) with the test results (tr:), revealing a
discrepancy that was more significant than the critical temperature. Generally, except for specimens
D-1 and D-3, the design values were higher than the test results, with differences ranging from 6% to
22%. This variation is primarily attributed to errors in the calculation of the critical temperature (Te).
The results presented in Table 3 indicate that the designed critical temperatures (Tera) for specimens
D-2, ISO-1, and ISO-2 are approximately 8% higher than the corresponding test results. This
overestimation of the critical temperature naturally leads to an inflated assessment of fire resistance.
Notably, the ted for specimen D-3 was 126% higher than its tat, which can be attributed to the
premature failure of the fiber cement board.

(6) Influence of shape factors (Fi/V) on fire resistance

The shape factor (Fi/V) is a critical parameter in determining the steel temperature for fire-
protected beams, as indicated in Equation (2). The shape factors (Fi/V) for specimens D-1 and D-2
were measured at 177 and 110 mm, respectively. Consequently, during the fire protection design
process, the thickness of the fire-retardant coating for D-1 should be proportionately greater than that
for D-2. A comparison of the results between D-1 and D-2 reveals that the shape factor (Fi/V)
significantly influences fire resistance (tt). Specimen D-1, which has a higher shape factor (Fi/V) and
a thicker fire-retardant coating, was observed to reach T« earlier. This finding suggests that the
temperature calculation method outlined in the Chinese specification GB 51249 [18] may not be
effective in the context of an electrical fire.
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Table 3. Critical temperature and fire resistance of the specimens.
Lables Taa Tea T2z T2 T4 Tat  tad terp (Tt T Tt (fenteters)] fens
(0 (O (O (O (O (C) (min) (min)

D-1 676 556 776 660 665 648 120 85 4.3% 41%

D-2 661 570 692 636 621 610 120 103 8.3% 17%

D-3 661 385 575 425 586 487 120 53 35.7% 126%

D-4 661 542 824 693 715 663 60 49 -0.3% 22%
ISO-1 661 524 704 636 657 610 120 101 8.4% 19%
ISO-2 661 468 782 642 689 612 120 113 8.0% 6%

6. Evaluation of BS EN 1993-1-2

6.1. Critical Temperature

BS EN 1993-1-2 [23] provides a method to evaluate the critical temperature of the steel beams
failing in lateral-torsional buckling. The buckling resistance moment (Mb,ira) at time f of a laterally
unrestrained member with a Class 1 or Class 2 cross-section should be determined from Eq.(8).

M, gira = ZLT,finl,yky,afy oy 3

where yLt4 denotes the reduction factor for lateral-torsional buckling in the fire design situation, Wpiy
denotes the plastic section modulus, ky denotes the reduction factor for the yield strength of steel. In
Eq.(8), the value of yLt4 should be determined according to the following equations:

1

Xirgi = > = > ©)
¢LT,9 + \/(¢Lr,e ) - (ALT,B )
1 — _
¢LT,9 = E[l + aﬂ’LTﬁ + (ﬂ’LTﬂ)z] (10)
05:0.651/235/fy (11)
- - 05
lLT,e = (ky,e / kE,a) (12)

_ w7
Ao =,/—;‘jﬂy (13)

where keodenotes the reduction factor for the elastic modulus, M« is the elastic critical moment for
lateral-torsional buckling at room temperature.

Figure 14 (a) shows the key coefficient yits and buckling moment of the specimens at elevated
temperatures, as per BS EN 1993-1-2 [23], and the critical temperature (Teecs) is determined and
summarized in Table 4. It can be seen that the variation range of coefficient yrrs is limited in a
temperature range from 200 to 700°C, indicating that the buckling resistance moment at elevated
temperatures was mainly determined by its reduced yield strength.

The relative errors of Tekcs for D-1 and D-4 ranged within +5%, indicating high accuracy.
However, the prediction of Tekcs for D-2, ISO-1, and ISO-2 was 14% higher than the test results. This
discrepancy may be attributed to the calculation method outlined in BS EN 1993-1-2 [23], which does
not account for creep deformation. Consequently, the predicted Teecs values for specimens with
shorter heating durations are relatively accurate, while those for specimens with longer heating
durations are considered unsafe.
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Figure 14. Assessment of the accuracy of BS EN 1993-1-2 [23]: (a) Reduction of the load-bearing capacity; (b)

Temperature increase of the insulated beams.

6.2. Fire Resistance

In BS EN 1993-1-2 [23], the temperature increase Aeat of an insulated steel member during a time
interval At should be obtained from Egs. (14)~(15).

A4 (T, —T.
ATy =—2-2 7 S)Az—(e¢/1°—1)AT (14)
dcpV (1+¢/3) ¢
o= ﬁdpAp /v (15)

cSpS

where A, denotes the appropriate area of fire protection material per unit length; V denotes volume of the
member per unit length; ¢, denotes temperature-independent specific heat of fire protection material.

It should be noted that the Eqs. (14)~(15) are not applicable for intumescent coating, since the
thickness (d;,), density (pp), thermal conductivity (A,) and specific heat (c,) of intumescent coating
continuously change during the heating process. Besides, the value of A, py, c;, of the fire-retardant
coating in our tests are 0.108 W/(m-K), 600 kg/m?, and 1500 J/(kg-K), respectively. Therefore, based on
Egs. (14)~(15), the steel temperature evolution could be calculated, as shown in Figure 14 (b), and the
fire-resistance tercs could be determined, as summarized in Table 4.

It can be seen from Figure 14 (b) that the calculated temperature evolution curve of D-1 matches
well with the test results, whereas the discrepancy of D-2 and ISO-1 is significant. The predictive fire
resistance of specimens ranges from -1% to -5%, indicating a considerably high accuracy. Besides, the
fire resistance predicted by BS EN 1993-1-2 [23] is on the safe side.

Table 4. Assessment of the accuracy of BS EN 1993-1-2 23.

Lables Tcr,t (DC) Tcr,EC3 (QC) tcr,t (OC) tcr,EC3 (OC) (Tcr,ECS'Tcr,l)/ Tcr,t (tcr,ECB'tcr,l)/ tcr,l

D-1 648 615 85 81 -5% -5%
D-2 610 697 103 101 14% -2%
D-3 487 - 53 -
D-4 663 697 - - 5%
ISO-1 610 697 101 100 14% -1%
ISO-2 612 697 - - 14%

Note: D-3 was not used to assess the calculation methods since its premature failure.
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7. Evaluation of ANSI/AISC 360-22

7.1. Critical Temperature

The American specification ANSI/AISC 360-22 [24] presents a method to evaluate the load-
bearing capacity of beams at elevated temperatures. In the calculation process, the temperature over
the depth of the member shall be taken as the temperature calculated for the bottom flange, and the
calculation methods are given in Egs. (16)~(22).

L \
M, (T)=C,| F,(T)S, +(M (T)-F, (T)Sx)[l— . (bT )j <M (T) L,<L(T) (e
M,(T)=F,(T)S, <M (T)  L,>L,(T) (17)

where

2

) 2
F(ry=5"ED 1 o.078-7 [ﬁj

Ly x70 rts (18)
I
ET) | J Je Y F @Y
L(r)=195, LD [ Je | Je | g6 £ (19)
F\ Sk \\Sh E(T)
F,(T)=F,(k,-0.3k,) (20)
M,(T)=F,(T)Z, 1)
¢ =0.6+——<3.0 22)
250

where Fu(T) denotes the critical lateral-torsional buckling load of the beam at T °C, L«(T) denotes the
limiting unbraced length for the limit state of inelastic lateral-torsional buckling at T °C, L» denotes
the effective length (Lv=5600mm for our cases), E(T) denotes the elastic modulus at T °C, Fy(T) denotes
the yield strength at T "C, Sx denotes elastic section modulus, ho denotes distance between the flange
centroids, | denotes torsional constant, the value of coefficient ¢ for our cases is c=1, Zx denotes plastic
section modulus, kp and ky denote retention factor of proportional limit and yield strength, C» denotes
the lateral-torsional buckling modification factor for nonuniform moment diagrams (Cv=1.15 for our
cases),

In ANSI/AISC 360-22 [24], the key factor calculating the L«(T), which determines the failure mode
of the beams. Figure 15 (a) shows the variation of L:(T) with temperature, it is seen that this value
increases with the temperature except for the range from 400 "C to 540 °C. Besides, the L«(T) of the
specimens is always higher than 5600mm, indicating an inelastic lateral-torsional buckling of the
beams. The load-bearing capacities of the beams at elevated temperatures are illustrated in Figure 15
(a), where an increase segment between 300 °C to 400 °C was found, which is due to the sudden
increase in L:(T). Since the ANSI/AISC 360-22 [24] adopted the lower flange temperature to conduct
the calculation. Therefore, T2+ of the test results were compared with calculation results (Te,anst) from
ANSI/AISC 360-22 [24], as summarized in Table 5.

It has been observed that the relative errors of ANSI/AISC 360-22 [24] range from 1.5% to 19.6%,
indicating potentially unsafe predictions. Additionally, a trend similar to that of BS EN 1993-1-2 [23]
was observed, where predictions for specimens D-1 and D-4 were accurate, while predictions for
other specimens were significantly unconservative. This discrepancy may also be attributed to
potential creep deformation.
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Figure 15. Assessment of the accuracy of ANSI/AISC 360-22 24: (a) Reduction of the load-bearing capacity; (b)
Temperature increase of the insulated beams.

7.2. Fire Resistance

The calculation method for insulated steel members with contour protection schemes in
ANSI/AISC 360-22 [24] is given in Eq. (23).

A T, -T.
AT =—L £ S At
d”c w +cpppdp (23)
"\F ) 288

where coefficient W denotes weight (mass) per unit length. Figure 15 (b) compares the calculation
results with the test results of the average temperature. It is seen that the ANSI/AISC 360-22 [24]
generates a considerably higher result for D-1 and ISO-1, but a slightly higher result for D-2, this
phenomenon was attributed to the application range of ANSI/AISC 360-22 [24] was for uniformly
heated specimens. It was emphasized in ANSI/AISC 360-22 [24] that when applying this method to
steel beams supporting floor and roof slabs, the approach will overestimate the temperature rise in

the beam.
Table 5. Assessment of the accuracy of ANSI/AISC 360-22 [24].

Lables Tert CC) T24 (CC) Texanst (CC) (Tex, anst -T2-4)/ T24 (Tex, anst =Tert)] Tert
D-1 648 665 675 1.5% 4%
D-2 610 621 743 19.6% 22%
D-3 487 586 -
D-4 663 715 743 3.9% 12%

I1SO-1 610 657 743 13.1% 22%

1SO-2 612 689 743 7.8% 21%

Note: D-3 was not used to assess the calculation methods since its premature failure.

8. Conclusions

This paper carried out full-scale fire resistance tests on simply-supported insulated steel beams,
and some conclusions could be obtained as follows:

(1) Test results indicated that the steel beams subjected to three-sided fire exhibited a non-
uniform temperature distribution. The difference between the lowest temperature on the upper
flange and the highest temperature at the midpoint of the web reached 300 °C when the average
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cross-sectional temperature was 600 °C. This non-uniform temperature distribution presents a
challenge in engineering applications, as it complicates the prediction of the mechanical behavior and
fire resistance of the beams.

(2) It was found that the critical temperature (Te) and fire resistance (t«) of the specimens with
fire-retardant or intumescent coatings were lower than the values predicted by GB 51249-2017. The
discrepancies in GB 51249-2017 for Ter and te range from 0% to 8.4% and from 6% to 41%, respectively,
indicating an unsafe design methodology. Furthermore, the fiber cement board may not be effective
for the fire protection of beams, as it can become brittle at elevated temperatures and is prone to
breakage and detachment when the beams begin to bend.

(3) Fire-retardant coatings and intumescent coatings exhibit superior protective properties
compared to fiber cement board, with only a minor difference in critical temperature between the
two types of coatings.

(4) Creep deformation can significantly reduce the critical temperature of steel beams. Research
indicates that beams subjected to shorter heating durations exhibit a critical temperature that is 8.6%
higher than that of specimens exposed to longer heating durations. Furthermore, the heating curves
have a limited impact on the critical temperature, provided that the beams are protected from fire
and their heating durations are comparable. In contrast, if these conditions are not met, creep
deformation will affect the critical temperature.

(5) The accuracy of the design methods outlined in BS EN 1993-1-2 and ANSI/AISC 360-22 was
evaluated based on the test results. It was found that both specifications provided accurate
predictions on the critical temperature for D-1 and D-4, that has shorter heating durations, but
unconservative predictions for other specimens with longer heating durations. This phenomenon
was attributed to the ignorance of creep deformation in both specifications, emphasizing the
importance of considering the creep deformation in the fire safety design of steel beams.
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