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ARTICLE INFO ABSTRACT

Keywords: This paper presents a comprehensive investigation into the fire behaviour of steel beams with reduced web
St§e1 structures section (RWS) connections, which are commonly employed to enhance ductility in seismic design. Despite their
Joints increasing popularity in real applications in steel design for seismic regions, the performance of RWS connections
lssgzc:;al response under fire conditions has not been thoroughly investigated. This study details the results of the first fire test

conducted on an RWS connection, carried out at the fire laboratory of Tampere University. Complementing the
experimental work, a finite element model was developed and validated against the test data, allowing for an
extensive parametric study. Key variables examined include steel grade, load ratio, and geometric properties of
the elliptical cuts in the web. The results reveal that duplex stainless steel grade 1.477 offers the greatest fire
resistance among the materials tested, while carbon steel performs the least well. Furthermore, increasing the
load ratio generally reduces fire resistance, with carbon and austenitic stainless steels being particularly sensitive
to this parameter. Based on these observations, design recommendations are provided to optimize the fire
resistance of RWS connections.

RWS connection

1. Introduction

This paper is concerned with the behaviour of steel moment frames
with reduced web section (RWS) connections under fire conditions. The
reduced web section is achieved by introducing openings in the web of
the steel beams, adjacent to the joint, similar to those which exist in
cellular beams. RWS connections were initially devised in the 1990’s for
use in steel framed buildings in regions susceptible to seismic events,
after it was observed that the common arrangement for fully fixed
connections led to a brittle failure mode during earthquake events. For
example, the Northridge earthquake of 1994 in Los Angles resulted in
the brittle failure of fixed connections in steel moment frames in the
zone where the beam flange was welded to the column face. This led to a
weak, and un-ductile, performance of the connection and frame due to
the formation of a plastic hinge in this critical area.

Following on from similar observations of brittle failures, different
methods for strengthening fixed joints were proposed, including rein-
forcing the joint with externally bonded plates and effectively weak-
ening the beam in line with the strong column/connection, weak beam
principle. Researchers proposed a new type of joint, known as a reduced
beam section (RBS) connection with the aim of moving the plastic hinge
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away from the column during seismic events thus delaying or preventing
overall collapse. In RBS connections, the cross-sectional area of the
beam is reduced at the beam ends by removing some of the top and
bottom flanges (see Fig. 1(a), which is a schematic adapted from [1]).
This reduces the plastic moment capacity in these regions and moves the
critical section away from the column to the reduced beam section,
thereby increasing the ductility of the connection.

Studies have demonstrated that the amount of material reduction in
the flanges as well as the distance between the reduced section to the
column edge are influential to the ductility and strength of the frames
[2]. Engelhardt et al. [3] showed that reducing the flange width by more
than 40-50 % compared with the original cross-section is likely to cause
beam stability problems such as web buckling, torsional buckling, and
local buckling in the compression flange. More studies have been con-
ducted to understand the influence of floor slabs on the behaviour [4] as
well as the effect of panel zone strength ratio on RBS connections [5].
While RBS connections certainly improve the overall survivability of
steel moment frames during an earthquake, they also have some dis-
advantages. They can lead to the beam being susceptible to lateral
torsional buckling failure, which ultimately leads to extensive strength
degradation in the joint. The reduced portion of the flange to support the
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Fig. 1. Schematic view of (a) a typical RBS connection [1] and (b) a
RWS connection.

web can result in local web buckling and also there can be some column
twisting in deep column connections as a result of lateral torsional
buckling of the beam.

In this context, an alternative “beam weakening” strategy is to
employ a reduced web section (RWS) connection, as shown in Fig. 1(b).
In these, the web area is reduced by cutting an opening such as those
found in cellular beams. RWS connections have been the subject of much
fewer research studies compared with RBS connections, although more
information been made available in recent years. Different opening ar-
rangements have been examined including introducing two parallel
slots on the beam web [6], as well as rectangular [7] and circular [8]
openings. It was shown that all of these reduce the stress concentrations
in the connection, leading to ductile behaviour, and also result in greater
distance between the location of the plastic hinge, in the beam, and the
column edge. Design procedures have been proposed [9] in accordance
with AISC 358 [10]. Previous studies have shown that RWS connections
can enhance lateral-torsional buckling resistance compared to plain
beams, due to the redistribution of material and the resulting change in
stiffness and moment gradient near the reduced section [11].

The current paper is concerned specifically with RWS moment con-
nections under fire conditions, for which there is very little performance
information available in the literature. Although the multi-hazard event
of an earthquake, followed by a fire is of course also relevant to this, the
current paper is concerned with single-hazard fire events only, albeit in
structures designed for seismic regions. Fire is one of the key limit states
for steel structures, owing to its high thermal conductivity, and typically
high section factor (H,/A where Hj, is the perimeter of the section and A
is the cross-sectional area). Usually, steel structures are designed to have
fire protection, which is very expensive, to insulate the key areas from
unacceptable levels of structural degradation during a fire. One of the
key areas of a structure during an extreme event is the connections, and
they may be required to undergo large deflections without failure in
order to maintain overall structural stability and resistance. For this
reason, connections have been subjected to significant scrutiny from the
research community in recent years (e.g. [12,13]). Studies such as these
have led to the development of numerical and analytical models (e.g.
[14,15D).

The current paper proceeds with a detailed description and analysis
of a new fire test which was conducted at Tampere University in Finland
in collaboration with Brunel University London and University College
London. The principal aims of test were to (i) develop a fundamental
understanding the fire behaviour of these details, and (ii) provide suf-
ficient data so that a numerical model could be validated and then used
to conduct a wider study. Accordingly, the important data recorded
during the test is presented, including the deflections, fire resistance in
minutes, failure mode and temperature profile and gradient at key lo-
cations. This is followed by a description of the FE model that was
developed, and validated using the test data. This is then employed to
conduct a detailed study on the fire behaviour of RWS connections with
different details.
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2. Fire test on an RWS connection

A fire test was designed and conducted on a reduced web section
(RWS) connection to assess how this type of a connection behaves under
fire conditions. This was the first fire test of its type, and therefore the
data is very important not only for observing the behaviour, but also for
validating numerical and analytical models which can be used to explore
many more variables and influential parameters.

2.1. Test specimen and arrangement

Fig. 2 presents a schematic diagram of the test setup in the furnace at
Tampere University. It is observed that the joint specimen consisted of
two identical welded connections forming a double-sided beam-to-col-
umn joint configuration. The vertical member was made using a HEB
160 structural section. Two horizontal beam members comprising IPE
140 structural sections, were welded to the column flanges with 6 mm
filled welds. In the joint region, the cross-section of the horizontal I-
sections was reduced by creating elliptical web openings. The vertical
steel section was reinforced with 8 mm thick web stiffeners and 10 mm
thick web doublers in order to ensure that failure occurred in the beam
sections. These plate thicknesses were selected following some initial
studies on the behaviour of the plates, in order to ensure buckling did
not occur. All of the I-sections and 10 mm steel plates were made from
grade S355J2 carbon steel, in accordance with EN 10025-2:2019 [16],
while the 8 mm plates were made using grade S355MC carbon steel, in
accordance with EN 10149-2:2013 [17].

The testing furnace had a rectangular chamber with internal di-
mensions of 3000 mm x 3000 mm x 4000 mm (height x width x
length). The specimen’s vertical member was bolted to a steel loading
frame located above the furnace, so the joint specimen hung from the
frame; see Fig. 3(a) for a photographic image of the arrangement. An end
plate of 400 mm x 300 mm x 20 mm (length x width x thickness) was
welded to the end of the HEB 160 member, and the plate was fixed to the
frame above the furnace with four bolts. The joint was loaded using two
hydraulic loading jacks fixed to the loading frame, as shown in Fig. 3(b).
Two long steel plates (1470 mm x 220 mm x 10 mm) were welded to
the ends of the horizontal members and bolted to the hydraulic loading
jacks located above the furnace roof. These plates served primarily to
transfer tensile load from the jacks to the specimen and to maintain
alignment during testing. While they were not designed to provide full
rotational restraint, they did offer some resistance to out-of-plane
displacement and helped stabilise the beam ends during heating. The
10 mm thickness was sufficient for these purposes, particularly as the
plates were fire-protected to prevent thermal degradation. This setup
ensured consistent load application while allowing for realistic thermal
and mechanical boundary conditions.

2.2. Instrumentation

Although only one physical test was conducted due to the complexity
and cost of full-scale fire testing, several measures were taken to ensure
the reliability and reproducibility of the results. These include the use of
consistent material properties verified through tensile coupon tests,
detailed instrumentation to capture temperature and displacement data,
and the development of a validated finite element model to extend the
findings beyond the single test case. The joint specimen was heavily
instrumented during the test, with thermocouples and linear variable
differential transducers (LVDTs) to measure temperatures, displace-
ments and deformations, see Fig. 4(b). The data from these devices was
essential for the later validation of the numerical model. The steel
temperatures were measured using 31 thermocouples installed in pre-
drilled holes in the steel sections. The displacements of the horizontal
beam stub ends were measured and monitored by the jacks located
outside the furnace. In addition, joint deformations were measured
using wires and steel screws fixed to the top flange of the IPE sections in
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Fig. 2. A vertical cross-section of the test furnace and schematic of the experimental setup.

6 different locations. A molybdenum wire was attached to a steel screw,
and pulled through two fixed pulleys outside the furnace and connected
to a LVDT. The pulleys changed the direction of the molybdenum wire,
and a 1 kg weight tied at the end kept the wire straight during the
experiment. The elongation of the wire during heating was considered
and eliminated from the measured displacements using a reference wire.

2.3. Material data

Tensile coupon tests were carried out in order to determine the
mechanical properties at ambient temperature. The test pieces were
prepared from the same batch of steel members as the tested joints, as
shown in Fig. 5, and the tests were conducted in accordance with SFS EN
10002-1:2002 [18]. Three test pieces were flame-cut from the beam
flange and web in the longitudinal direction of the IPE and HEB sections.
Three pieces were also cut from the 8 mm and 12 mm thick steel plates
that were employed in the joint configuration. The strains were calcu-
lated from the extension measurements using an extensometer over a
gauge length of 50 mm. The average values for each of the measured
steel material properties are listed in Table 1, where E, fy and f, are the
Youngs modulus, yield strength and ultimate tensile strength, respec-
tively, and ¢, is the ultimate strain.

2.4. Test procedure

The experimental fire test was divided into two phases. In the first
phase, the specimen was loaded with the target axial force until the joint
was stable. The target axial force was selected as approximately 25 % of
the joint’s bending moment resistance at ambient temperature, which
was calculated using the material properties obtained from tensile

coupon tests conducted on samples cut from the same batch of steel as
the test specimen. These tests, performed in accordance with SFS EN
10002-1:2002 [18], provided accurate values for yield strength, ulti-
mate strength, and Young’s modulus, which were then used in
conjunction with EN 1993-1-8 [19] to determine the joint’s design
moment capacity. In the second phase, the specimen was exposed to an
1SO-834 standard fire until failure, after which the temperature reduced
to ambient at a natural rate. For the applied axial force, two identical
forces were applied to the IPE beam stub members through loading jacks
and the long steel plates welded to the stubs. These forces resulted in a
combined shear force and bending moment acting on the beam-to-
column joints. The applied axial loading was kept constant throughout
the test. The design bending moment resistance was calculated accord-
ing to EN 1993-1-8 [19] using the steel material properties determined
in tensile coupon tests described previously. Accordingly, the estimated
joint bending moment resistance was 24 kNm and the corresponding
applied jack loading was 20 kN per jack.

2.5. Test results

Fig. 6 presents the target standard time versus temperature response,
in accordance with ISO 834 [20], together with the measured values
during the test through the cross-section of the specimen and in the
furnace. It is clear that the furnace temperature was very well matched
with the target fire curve. As expected, the temperatures in the specimen
were somewhat lower at each time point, but the differences between
the furnace temperatures and the specimen temperatures reduced as the
fire progressed. The results show that the temperatures at different lo-
cations of the IPE cross-section were uniform.

The test was terminated and the burners were switched off 16.5 min
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(b)

Fig. 3. Test furnace arrangements including (a) a photographic image of the
specimen inside the furnace before testing and (b) the loading frame and jacks
outside of the furnace.

after the commencement of the test as the displacements began to in-
crease significantly and very quickly, as shown in Fig. 7. The end dis-
placements of the IPE beam stub members (as measured by LVDTs 7 and
8) and the local joint displacements at the end of the web opening
(LVDTs 1 and 6) are presented in Fig. 7. The four curves show very
similar shape, with very low levels of deflection developing until around
14 min into the fire, when the deflections increased rapidly, indicating
that the joint was beginning to fail. A deflection limit of L/20 was used as
the failure criterion, corresponding to a threshold of 28 mm. The
displacement measured by LVDT 7 exceeded this value at 15 min and 40
s. The test results indicate a rapid increase in deflection beyond this
point, suggesting a loss of stiffness ans validating the use of L/20 as an
appropriate failure criterion. The measured displacements of the other
LVDTs (LVDTs 2-5) were considered insignificant because they
remained below 1 mm throughout the duration of the test. These values
were substantially lower than those recorded at the beam ends and near
the web opening (LVDTs 1, 6, 7, and 8), which exhibited pronounced
deformation and were therefore used for model validation and analysis.
After 15 min of heating, when the specimen began to fail, the web and
flange temperatures at the opening were 703 °C and 692 °C, respec-
tively. The failure mode observed in the test was a Vierendeel mecha-
nism at the opening, as shown in Fig. 8.
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Fig. 4. (a) Specimen design and (b) instrumentation details.

Figs. 9-11 present a more detailed view of the change in tempera-
tures, with time, at various key locations in the beams, column and
beam-to-column interface. Firstly, Fig. 9 presents the variation in tem-
perature measured by the thermocouples located along the top flanges of
the beam members. It is clear that the temperatures did not rise quite as
rapidly for the thermocouples located near the column face, as some
protection was offered in this location. Otherwise, the temperatures
were quite consistent along the beam. A similar phenomenon is also
visible in Fig. 10 which presents corresponding data at locations in the
web near the opening; the results from the thermocouples in the bottom
flange are not presented here for brevity but are similar. As before, the
thermocouples closest to the column face measured the lowest
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Fig. 5. Steel sections and plates from which the test coupons were cut for
material testing.

Table 1
Mechanical properties of the steel components (average values and standard
deviations).

Profile €y fy E fy
% N/mm? kN/mm? N/mm?
IPE140 Web 24.3 458 + 24 208 +1 538+ 5
Flange 23.6 401 + 30 206 + 2 540 + 6
Web 20.8 462 + 15 207 + 4 555+ 3
HEB160 Flange 23.8 446 +9 206 +1 538 + 4
10 mm plate 22.4 553 +1 203+ 3 584 + 2
8 mm plate 19.1 467 £ 2 227 £ 6 546 + 3

900

800

700

600
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temperatures and also took longer to increase in temperature, compared
with the other web/flange locations.

It is interesting to note through comparison between all of the data
presented in Figs. 9 and 10, that the peak temperatures of just over
700 °C were similar in value at the web and top flanges and were also
measured in all locations, at almost identical times (around 16.5 min
after the test began); this was also observed in the bottom flanges. This
indicates that all locations in the steel beam are vulnerable to rapid
elevated temperature spread through the section. Fig. 11 presents the
elevated temperature versus time data at locations at the beam to col-
umn interface, including the various stiffener and doubler plates as
required for seismic design. In this case, the web doubler plate was the
slowest component to reach each level of elevated temperature, most
likely owing to its orientation relative to the application of temperature
and the greater concentration of steel in the joint area.

3. Development of the numerical model

A finite element numerical model was developed in order to further
understand the key behavioural aspects of RWS connections in fire. The
model was developed in the Abaqus software [21] and then validated
using the test results previously described. The numerical model was
capable of capturing both the geometrically and materially nonlinear
behaviour of reduced web section connections in fire conditions.

3.1. General details

The RWS connection was modelled using shell elements known as
S4RT in the Abaqus library. The S4RT shell element was used to define
both the beam and column components and it is a 4-noded, thermally-
coupled, doubly-curved element, with reduced integration and finite
membrane strains. This approach balances computational efficiency
with accuracy and helps mitigate shear locking effects, particularly in
regions dominated by bending. The element has four corner nodes, each
with six degrees of freedom, and is suitable for either thick or thin shell
applications. The model was first developed based on the test details as
previously described, as the results are employed for validation of the
approach.

A mesh sensitivity study was performed to identify an appropriate
mesh density to achieve suitably accurate results whilst maintaining
computational efficiency. Following this, the meshing of the numerical
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Fig. 6. Measured furnace and steel beam temperatures at the vicinity of the web opening.
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Fig. 8. Deformed RWS connection after the fire test.

model is specified by sweep technique and a mesh size of 15 mm for the
region near the connection and 20 mm for the other areas was employed.
The analysis was run as a mechanical-thermal two-stage process, similar
to the fire test. Accordingly, an initial mechanical load was first applied
and then the connection was subjected to elevated temperature, based
on the time-temperature response during the testing programme. The
thermo-mechanical analysis was conducted using a nonlinear, incre-
mental, and iterative solution scheme. Automatic time stepping was

800

700 e

D
o
(=]

(¥4
o
(=]

Temperature (°C)
B
=

employed with a minimum increment of 0.1 s and a maximum of 10 s.
Convergence was assessed using both force and displacement norms,
with tolerances set to 1 % to ensure numerical stability and accuracy

throughout the simulation.

3.2. Material properties

The ambient temperature material properties, as given in Table 1,
were employed to represent the steel stress-strain response in the model.
At elevated temperature, the reduction factors as given in Eurocode 3
Part 1-2 [22] were employed to represent how each of the key me-
chanical characteristics such as 0.2 % proof strength, ultimate strength,
ultimate strain and the elastic modulus, vary at different levels of
elevated temperature. The model also adopted the coefficient of thermal
expansion, the specific heat and the thermal conductivity for carbon
steel based on the guidance given in Eurocode 3 Part 1-2 [22]. Ac-
cording to Eurocode 3 Part 1-2, the surface emissivity for carbon steel is
considered to be 0.7, and the convective heat transfer coefficient of 25

W/m?K; these values were employed in the FE analysis [23]. It is
noteworthy that the material properties used in the numerical model
were defined using true stress—strain relationships. These were obtained
by converting the nominal stress—strain data from elevated temperature
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- = Top Flange (4)
Top Flange (5)

Top Flange (6)
Top Flange (7)
———— Top Flange (8)
= Top Flange (33)
10 15 20
Time (min)

Fig. 9. Temperature versus time at various locations along the beams top flanges.
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Fig. 11. Temperature versus time at various locations in the beam/col-
umn region.

data taken from the literature [22-24] using standard relationships that
account for large deformation effects. This ensured that the material
response under significant thermal and mechanical strain was accu-
rately represented in the simulations.

3.3. Boundary and loading conditions

The boundary and loading conditions of the connection were
modelled to simulate the exact conditions of the test specimen discussed
previously this paper. Accordingly, two identical concentrated forces
equal to 20 kN each were applied to the ends of the IPE 140 beam
members. The self-weight of the elements was taken into account in the
simulation. This was maintained at a constant value until the joint was
stable. Then, the heat was applied in accordance with an ISO 834
standard fire and a coupled temperature-displacement analysis was
performed. For the boundary conditions, the displacement at the top of
the column was restrained in all directions, as shown in Fig. 12. To
implement the experimental boundary condition in the finite element
model, the ends of the horizontal beam members were constrained such
that all rotational degrees of freedom (about the x, y, and z axes) were
restricted while allowing vertical translation (along the global z-axis).
This was achieved by applying boundary conditions to reference points
at the beam ends, connected via rigid links to the beam nodes, ensuring
that the ends could displace vertically but remained rotationally fixed.
This setup replicates the experimental condition where the beam ends
were bolted to vertically movable, but rotationally restrained, loading
plates.

3.4. Validation

The finite element model was validated against the experimental
results from the single test specimen. Despite the limitation of having
only one physical test, the model accurately reproduced the observed
behaviour, including temperature profiles, displacement histories, and
failure modes. This validated model was then used to conduct a
comprehensive  parametric  study, thereby enhancing the

Support Uy = Uy = U,=Ug=Ug,=0

Loading Uy = Ugy=Ur,~0 Loading Uy = Ury=Ug,~0

Fig. 12. Image from the FE model illustrating loading and bound-
ary conditions.

generalizability and robustness of the findings. In addition, it is note-
worthy that the default values for parameters in the thermal analysis (e.
g. Boltzmann constant, absolute zero temperature) are adopted in
accordance with the default values given in ABAQUS.

Fig. 13 presents the deflection versus temperature response obtained
during the physical experiment together with the corresponding values
predicted by the finite element model. The results are compared for the
joint displacements at the end of the web opening (represented by LVDT
6 in the test) and also for the end displacements of the beam members (as
measured by LVDT 7). To determine the accuracy of the FE model in
comparison with the experiment, the RMSE (Root Mean Square Error)
and corresponding R? values for the data from LVDT 7 were calculated
and had values of 4.03 and 0.99, respectively. This is presented in
Fig. 14.

It is clear from the data presented that the FE model provides a
realistic response compared with the experimental values. The response
can be generally divided into two phases. First, up to a temperature of
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around 680 °C, there were very low levels of deflection owing to the
absence of any horizontal resistance to the development of thermal
expansion. Then, once the temperature increased beyond 700 °C, the
behaviour of the connection entered the second phase and the de-
flections suddenly increased significantly. At this temperature, there
was a significant reduction in both the strength and stiffness of the steel
material. The concentration of stresses at the corners of the web open-
ings lead to buckling in the flanges directly above the opening, resulting
in failure. These phenomena, which were observed in the test data, were
very well replicated by the FE model.

In addition, the Von Mises stress distribution and deformations ob-
tained from the finite element model were compared with the corre-
sponding behaviour during the experiment. As shown in Fig. 15(a), the
locations of the maximum Von Mises stresses in the finite element
simulation, represented by the red/orange colours in the figure, corre-
spond well with the location of significant deformations in the experi-
mental specimen. In addition to the stress contour, a temperature
distribution is shown at minute 16 in Fig. 15(b). It is clear that the
overall deflected shape is accurately depicted, in particular in the region
of the web openings. Overall, from the comparisons presented between
the experimental and numerical results, it is concluded that the finite
element model is capable of providing an accurate depiction of the RWS

behaviour in fire.
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Fig. 15. (a) Deflected specimen from the numerical model illustrating the Von
Mises stress distribution and (units: N/m?) and (b) Temperature results (°C)
from thermal model at t = 16 min.

4. Analysis of the behaviour of RWS connections in fire

In this section, the validated numerical model is used for an in-depth
assessment and parametric study of RWS connections under fire condi-
tions. The steel beams analysed in the parametric studies are designed to
form a plastic hinge at a specified distance from the column. According
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to the American Institute of Steel Construction (AISC) recommenda-
tions, this distance is proportional to the depth of the beam. In the
current section, an IPE 360 beam section is selected to examine the ef-
fects of opening properties on the response. This differs from the labo-
ratory test, which used an IPE 140 beam section designed in accordance
with Eurocode 3 Part 1-2 [22], with loadings as given in Eurocode 1 Part
1-2 [25]. The IPE 140 section was selected owing to the loading and
geometric limitations of the laboratory. On the other hand, in the cur-
rent analysis, the IPE 360 with a length of 4000 mm, is selected as it is
considered to be more realistic of a real application. The mechanical
properties of the IPE 360 beam section, including elastic modulus, ul-
timate strength and yield strength are presented in Table 2. These
properties are identical to those of the IPE 140 laboratory beam sample
(see Table 1). Additionally, the material model used in the validated
simulations in Section 3.2 are consistent with those employed herein.
The locations of the loading and support points on the IPE 360 beam are
illustrated in Fig. 16, while Fig. 17 and Table 5 provide geometric var-
iables and specifications. The applied load on the beam in the midspan is
120 kN.

The study evaluates the impact of steel grade and load ratio on the
connection’s behaviour, as outlined in Table 2, while the geometric
properties of the web openings are detailed in Table 5. All analyses
consider the RWS connections exposed to a standard fire, with a heat
transfer analysis performed to estimate temperatures at various points in
the connection. The critical failure temperature is assumed to be uni-
form throughout the entire beam element.

While it is acknowledged that the standard fire is not necessarily
representative of real fire scenarios, it is used here to replicate the
experimental setup. The effects of different fire conditions will be
investigated in future studies, which are beyond the scope of this work.
As shown in Table 3, two load ratios (0.3 and 0.5) and four types of
steel—carbon steel (CS), ferritic stainless steel (FS), austenitic stainless
steel (AS), and duplex stainless steel (DS)—are analysed. The specific
opening configurations will be discussed later.

4.1. Steel grade

This section compares the response of RWS connections made from
four different metallic materials: carbon steel (CS), austenitic stainless
steel (AS), ferritic stainless steel (FS), and duplex stainless steel (DS).
Material properties significantly influence structural behaviour at
ambient temperatures, with stainless steel generally exhibiting greater
ductility than carbon steel. These differences are further pronounced at
elevated temperatures due to variations in strength, stiffness, and
ductility. The materials and their grades chosen are based on Cashell
et al. (2021) and Arrayago et al. (2015) [23,24]. The ambient consti-
tutive relationships for each material are selected based on data from
Eurocode 3 Part 1-1 [19]. Key mechanical properties, including Young’s
modulus (E), yield strength (oy, defined as the 0.2 % proof strength for
stainless steel, 6¢.2), ultimate tensile strength (o), and ultimate strain
(ey), are summarized in Table 4 [23]. The specific grades studied are
$S400 for carbon steel, grade 1.4406 for austenitic stainless steel, grade
1.4477 for duplex stainless steel, and grade 1.4521 for ferritic stainless
steel. Notably, both the austenitic and duplex stainless steels have
significantly higher ultimate strains compared to the carbon steel. In
addition, austenitic stainless steel exhibits not only high ductility but
also significant strain hardening capacity, which contributes to its su-
perior performance at elevated temperatures.

Table 2
Mechanical properties of the IPE 360 beam section.

Elastic Modulus
(GPa)

Ultimate Strength
(MPa)

Yield Strength
(MPa)

Flange 206 540 401
Web 208 538 458
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Location of the applied load

Support points

Fig. 16. IPE 360 beam with a reduced web-section (RWS).
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Fig. 17. Deflection versus temperature for beams made from various materials,
for load ratios (a) 0.3 and (b) 0.5.

It is noted that sensitivity to load level varies not only between
material types but also between grades within the same category. For
example, among austenitic stainless steels, grade 1.4571 has been shown
to exhibit greater sensitivity to load-induced degradation than grade
1.4301, due to differences in alloy composition and strain-hardening
behaviour. While this study focused on grade 1.4406, future work
should investigate such intra-category variations to refine fire design
recommendations.
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Table 3

RWS joints examined in the parametric study.
Model Material type Load ratio
RWS-CS-0.3 Carbon steel 0.3
RWS-FS-0.3 Ferritic stainless steel 0.3
RWS-AS-0.3 Austenitic stainless steel 0.3
RWS-DS-0.3 Duplex stainless steel 0.3
RWS-CS-0.5 Carbon steel 0.5
RWS-FS-0.5 Ferritic stainless steel 0.5
RWS-AS-0.5 Austenitic stainless steel 0.5
RWS-DS-0.5 Duplex stainless steel 0.5

Table 4

Mechanical specifications of elastoplastic material models [23].
Material type E Gy Oy €y

(MPa) (MPa) (GPa) (%)

Carbon steel (CS) 206,000 400 540 20
Ferritic stainless steel (FS) 213,000 324 520 28
Austenitic stainless steel (AS) 203,000 302 653 67
Duplex stainless steel (DS) 209,000 652 854 41

Table 5
Details of geometric variables for the reduced cross-section area of the RWS
connection with elliptical cut.

Model a b h d
(mm) (mm) (mm) (mm)
Series A
RWS-0.2-0.8-0.4 72 288 144 360
RWS-0.3-0.8-0.4 108 288 144 360
RWS-0.4-0.8-0.4 144 288 144 360
RWS-0.5-0.8-0.4 180 288 144 360
RWS-0.6-0.8-0.4 216 288 144 360
Series B
RWS-0.4-0.5-0.4 144 180 144 360
RWS-0.4-0.6-0.4 144 216 144 360
RWS-0.4-0.7-0.4 144 252 144 360
RWS-0.4-0.8-0.4 144 288 144 360
RWS-0.4-0.9-0.4 144 324 144 360
Series C
RWS-0.4-0.8-0.2 144 288 72 360
RWS-0.4-0.8-0.3 144 288 108 360
RWS-0.4-0.8-0.4 144 288 144 360
RWS-0.4-0.8-0.5 144 288 180 360
RWS-0.4-0.8-0.6 144 288 216 360
Table 6
Failure criteria for beams in bending according to BS 476.
Cross-Section L d L/20 L/30 12/(9000d)
(mm) (mm) (mm) (mm) (mm/min)
IPE360 4000 360 200 133.3 4.94

Fig. 17 compares the deflection versus temperature of RWS con-
nections subjected to a standard fire at load ratios of (a) 0.3 and (b) 0.5.
This deflection has been recorded in the mid-span of the mid-height of
the section. The results show that, for both load ratios, beams made from
duplex stainless steel exhibit the highest fire resistance among the four
materials tested, followed by austenitic stainless steel, ferritic stainless
steel, and then carbon steel which was the first to fail. A closer analysis
of the graph in Fig. 17 indicates that when the load ratio increases from
0.3 to 0.5, the difference in fire resistance between austenitic and ferritic
stainless steel becomes negligible. Although austenitic stainless steels
generally retain mechanical properties better at elevated temperatures,
the specific ferritic grade used in this study (1.4521) demonstrated
comparable fire resistance under the higher load ratio. This may be
attributed to its relatively high yield strength and the influence of load-

10

Journal of Constructional Steel Research 236 (2026) 109938

induced deformation, which can diminish the performance gap between
the two grades. In contrast, carbon steel consistently shows the lowest
performance in both load ratio scenarios. This is attributed to the lower
sensitivity of austenitic stainless steel beams to deformation under load
due to their high ductility. Based on these findings, it is reasonable to
consider using stainless steel of any family examined here, including the
more economic and price-stable ferritic grades, for RWS connections to
achieve optimal fire resistance. Although it is not the focus of the current
paper, this improved performance at elevated temperatures for the
stainless steel connections, is in addition to what is likely to be a
significantly better performance under seismic conditions.

4.2. Load ratio

Fig. 18 compares the bottom flange temperature versus mid-span
vertical deflection for RWS beams made from the four different steel
materials as before, considering two load ratios. The results indicate that
the load ratio (LR) significantly impacts the fire behaviour of RWS
connections, with fire resistance generally decreasing as the load ratio
increases, regardless of steel grade or loading type. The results demon-
strate that carbon steel and austenitic stainless steel RWS connections
are more sensitive to changes in LR compared with duplex and ferritic
stainless steel beams. Specifically, carbon steel and austenitic stainless
steel show the largest reductions in fire resistance, at 14 % and 11 %,
respectively. In contrast, the fire resistance of ferritic and duplex
stainless steel decreases by approximately 6 % to 7 %. When the LR
increases from 0.3 to 0.5, the fire resistance temperature drops by
around 100 °C for carbon steel and 90 °C for austenitic stainless steel,
while for ferritic and duplex stainless steel, the reduction is around 50 °C
for both.

4.3. Opening properties

In the RWS designation for series A, B, and C, the first number rep-
resents the initial distance of the reduced area from the support as a
proportion of the beam’s depth, the second number indicates the length
of the reduced area relative to the beam’s depth, and the third number
denotes its depth. For instance, model RWS-0.4-0.8-0.2 corresponds to a
beam with an elliptical web cut where a = 0.4d, b = 0.8d, and h = 0.2d.

The models are analysed in three series. With reference to Fig. 19, in
Series A, the elliptical cut length (b) and depth (h) remain constant,
while the initial distance (a) varies. In Series B, a and h are fixed, and b
changes; in Series C, a and b are constant, and h varies. The results in
Fig. 20 compare steel beams with RWS connections across different
reduced cross-section variables. These graphs reveal three distinct
phases in the temperature-deflection response of the beam connections.
Initially, deflections increase gradually and linearly with temperature.
Around 650 °C, a sharp reduction in the material’s mechanical proper-
ties causes a rapid increase in deflections and their rate of development.
Beyond 700 °C, deflections continue increasing until failure occurs at
approximately 250 mm.

Fig. 20(a) presents the increasing deflections at mid-span for beams
with RWS connections with different a values, varying between 72 mm
and 216 mm. The analysis shows that a beam with a = 72 mm is to a
small degree, the most vulnerable during elevated temperature expo-
sure, experiencing greater deformations at lower temperatures
compared with the other arrangements. These deflection-temperature
curves (Fig. 20(a)) indicate a significant deflection increase at approx-
imately 650 °C, marking it as the critical failure temperature. At a mid-
span vertical deflection of approximately 200 mm, the temperature for
model RWS-0.2-0.8-0.4 is 705 °C, while other Series A models are
around 715 °C. As deflection increases, the temperature difference be-
tween RWS-0.2-0.8-0.4 and the other models grows slightly, by less than
5 °C at 250 mm.

Series B examines the effect of varying the elliptical cut length (b) on
fire resistance, as shown in Fig. 20(b). The results show that Series B
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Fig. 18. Effect of load ratios on steel types for (a) CS, (b) FS, (c) AS and (d) DS.

models also experience a marked deflection increase at 650 °C. At de-
flections of around 200 mm, temperatures range from approximately
710 °C (RWS-0.4-0.9-0.4) to 720 °C (RWS-0.4-0.5-0.4). The analysis
suggests that reducing b slightly improves fire resistance, although it is a
marginal effect. Series C investigates the influence of the elliptical cut
depth (h). As shown in Fig. 20(c), deflections again increase sharply at
around 650 °C. At 200 mm deflection, temperatures range from
approximately 710 °C (RWS-0.4-0.8-0.6) to 725 °C (RWS-0.4-0.8-0.2).
The results indicate that reducing h does slightly enhance fire resistance,
with temperature differences between models remaining minimal
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beyond 200 mm deflection. It is also noteworthy that although the mid-
span deflection curves in Fig. 20(c) appear similar across different
elliptical cut depths, a closer examination reveals that specimens with
deeper cuts (e.g., 0.6d) experienced earlier failure and lower critical
temperatures. This indicates that cut depth significantly influences fire
resistance, not through peak deflection magnitude, but through the rate
of deformation and time to failure.
Whilst RWS are not considered in design codes, BS 476 Parts 20 and
21 [26,27], provide failure criteria to define bending failure in solid
steel connections (i.e. not RWS). It is assumed that the arrangement has
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Fig. 19. Schematic view of the RWS connection and the geometric variables
relating to the web opening.

failed if either of the following criteria are met: (1) if the beam deflection
exceeds one-twentieth of its free span length (L), or (2) the deflection
exceeds one-thirtieth of L, and the deflection rate surpasses 1.2/9000d.
Table 6 summarizes these criteria for the IPE 360 beam models. The
results presented herein confirms that all IPE 360 beam models meet the
first BS 476 failure condition, as deflections exceed 200 mm.

Variations in parameters such as the distance from the centre of the
reduced area to the support (a) and the length of the reduced area (b)
have minimal impact on the critical temperature of the beam, which
remains around 650 °C. However, the elliptical cut depth (c) does in-
fluence the fire performance, with greater depths leading to lower
critical temperatures. For instance, a beam with an elliptical cut depth of
0.2d has a critical temperature of approximately 685 °C, whereas
increasing the depth to 0.6d reduces it to about 627 °C. This reduction is
due to the corresponding decrease in cross-sectional area.

The analysis shows that fire resistance remains largely unchanged
when the initial distance of the reduced area from the column (a) varies
between 0.3d and 0.6d, indicating that a minimum distance of 0.3d is
suitable for fire resistance design. As deflection increases, Series A
models exhibit similar behaviour. While the elliptical cut length (b) has
little impact on fire resistance, it may offer slight improvements. Like-
wise, although the elliptical cut depth (c) is not a dominant factor, it
should be considered when optimising fire resistance in RWS beam
connections.

5. Design implications for RWS connections in fire

Although RWS connections are not yet explicitly covered in major
design codes, the findings from this study provide a foundation for
developing practical design guidance. Based on the validated numerical
model and parametric studies, the following quantitative recommen-
dations are proposed:

e Critical temperature threshold: The onset of significant structural
degradation consistently occurred around 650 °C, regardless of ge-
ometry or material. This value can be used as a conservative
benchmark for fire design of RWS connections.

e Elliptical cut depth (h): The depth of the web opening has the most
significant influence on fire resistance. To delay failure, it is rec-
ommended that h < 0.4d, where d is the beam depth. Deeper cuts (e.
g., 0.6d) led to earlier failure at temperatures as low as 627 °C.

o Distance from column (a): The distance between the reduced section
and the column face should be a > 0.3d. Increasing this distance
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Fig. 20. Comparison of steel beams with RWS connections made from different
reduced cross-section variables for (a) series A, (b) series B and (c) series C.

beyond 0.4d had minimal additional benefit in terms of fire
resistance.

e Material selection: Duplex stainless steel consistently outperformed
other materials, maintaining structural integrity up to 850 °C. For
critical connections in fire-prone or seismic regions, duplex stainless
steel is recommended, followed by austenitic and ferritic stainless
steels.

e Load ratio sensitivity: Fire resistance decreases with increasing load
ratio. For carbon steel, increasing the load ratio from 0.3 to 0.5
reduced the critical temperature by approximately 100 °C. Designers
should aim to limit the load ratio to <0.3 where possible.

These findings can inform preliminary design checks and support the
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development of simplified design rules for RWS connections under fire
conditions. Future work should aim to integrate these recommendations
into performance-based fire design frameworks and validate them
against additional experimental data.

6. Conclusions

This paper presents an in-depth analysis of the fire behaviour of steel
beams with reduced web section (RWS) connections. The first fire test on
these arrangements is discussed in detail and the key results and ob-
servations are presented. A finite element model is also developed to
supplement the fire test data, and is employed to understand the relative
influence of key parameters such as steel grade, load ratio, and opening
properties on the behaviour. The main conclusions from this research
include:

1. The deflection-temperature of steel beams with RWS connections can
be categorized into three distinct phases. A notable finding is that the
critical temperature, where significant structural failure begins, is
consistently around 650 °C for most models. However, the elliptical
cut depth (c) has a relatively large effect on this critical temperature,
with deeper cuts leading to lower critical temperatures and, conse-
quently, earlier onset of structural failure.

2. The observed failure mechanism—characterised by vertical shear
and localised bending at the web opening—is consistent with known
Vierendeel-type behaviour, but this study provides the first detailed
validation of this mechanism in RWS connections under fire
conditions.

3. The progressive development of mid-span deflection and the asso-
ciated temperature thresholds confirm the applicability of estab-
lished fire design principles to RWS connections, while also
highlighting the importance of local geometry in influencing failure
timing.

4. It is noteworthy that the critical temperature of approximately
650 °C observed in the carbon steel RWS connection aligns with the
limiting temperature specified in Eurocode EN 1993-1-2 for typical
load levels. This consistency supports the applicability of existing fire
design guidance to RWS connections and reinforces the reliability of
the simulation results.

5. The results show that while the distance from the reduced area to the
column (a) and the elliptical cut length (b) have minimal impact on
the critical temperature, they do influence the overall fire resistance
of the beam. Notably, the elliptical cut depth (c) has a significant
effect, as deeper cuts lead to earlier failure. For optimal fire resis-
tance, it is recommended to maintain a distance (a) of at least 0.3d
and to carefully consider the depth of the elliptical cut.

6. Based on the findings, several recommendations are made for the fire
design of steel beams with RWS connections. To enhance fire per-
formance, it is recommended to prioritize the use of duplex stainless
steel and consider limiting the elliptical cut depth. Additionally,
maintaining a sufficient distance between the reduced area and the
column is crucial for ensuring structural stability under fire
conditions.

Overall, this research presented herein advances the understanding
of RWS connections under fire conditions. Nevertheless, it is recom-
mended that future research should explore the influence of different,
more realistic fire scenarios and should also see to further refine the
design recommendations for different structural configurations. In
addition, while this study provides valuable insights into the fire per-
formance of RWS connections, it is acknowledged that the experimental
programme was limited to a single carbon steel specimen due to prac-
tical constraints. Future research should aim to include additional fire
tests, particularly on stainless steel joints, to further validate and
generalize the findings presented herein. Finally, given that RWS con-
nections are generally employed in seismic zones, the influence of
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employing stainless steel for improved seismic behaviour should also be
studied; this work is currently ongoing.
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