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A B S T R A C T   

The behaviour and design of high strength steel (HSS) beams are addressed in the present study. Six in-plane 
three-point bending tests on three different welded I-sections − two homogeneous S690 steel welded I-sec-
tions and one hybrid welded I-section with S690 steel flanges and an S355 steel web, were first conducted. The 
beam tests were carried out in major axis bending and a bespoke restraint system was designed and employed in 
the test programme to prevent lateral-torsional buckling. Following the experimental investigation, a thorough 
finite element (FE) modelling programme was performed, which included a validation study confirming the 
accuracy of the developed FE models in replicating the flexural behaviour of HSS welded I-section beams, and a 
parametric study generating additional FE data on HSS welded I-section beams over a broader range of cross- 
sectional slendernesses, steel grades and loading configurations. The test results obtained in the present study 
and collected from the literature, together with the generated FE data from the parametric study, were used to 
evaluate the suitability of the current Eurocode 3 cross-section slenderness limits for HSS homogeneous and 
hybrid welded I-sections in bending. It is shown that the current Eurocode Class 2 and Class 3 slenderness limits 
are suitable for the classification of the outstand flange (in compression) and internal web (in bending) elements 
of both HSS homogeneous and hybrid welded I-sections subjected to major axis bending, while stricter Class 1 
slenderness limits are considered necessary to achieve sufficient rotation capacity for plastic design. The findings 
from the present study indicate that plastic design can be used for HSS structures, provided the proposed stricter 
Class 1 slenderness limits are employed.   

1. Introduction 

In recent decades, high strength steels (HSS), generally defined as 
those with nominal yield strengths greater than or equal to 460 MPa, are 
gaining increasing use in the structural engineering industry [1–3], 
particularly for heavily loaded structural components in long-span 
bridges, high-rise buildings and stadia. Compared with normal 
strength steels (NSS), the use of HSS enables the selection of smaller 
cross-section sizes for structural components, resulting in reductions in 
weight, as well as enabling more streamlined and elegant structures. In 
addition to material savings, a lighter structure generally requires 
smaller foundations and reduced transportation and construction times 
and costs, thereby contributing to lower CO2 emissions and energy use. 

HSS I-sections are generally fabricated by welding together two 
flange plates and a web plate, enabling the use of different steel grades 
for the flanges and the web. For structural members that resist primarily 

bending moment, hybrid HSS welded I-sections, in which the flange 
plates are made of a higher strength steel than the web, are often more 
cost-effective than their homogenous HSS counterparts since the web of 
a cross-section only contributes a modest amount to the total bending 
resistance; hence, it can be more economical to use a less expensive 
lower strength steel in the web than in the flanges. While there is a 
strong body of research on homogeneous HSS welded I-section [4–10] 
columns, a relatively limited number of studies have been performed on 
the flexural behaviour of HSS homogeneous and hybrid welded I-section 
beams. McDermott [11] tested a total of nine A514 steel (i.e. with a 
nominal yield strength of 690 MPa) I-shaped beams subjected to either 
pure bending or bending with moment gradient, and highlighted the 
potential use of plastic design for HSS structures. Beg and Hladnik [12] 
studied the local stability of welded I-section beams made of HSS with a 
yield strength around 800 MPa, and proposed an analytical expression 
to determine the Class 3 slenderness limit for HSS welded I-sections in 
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bending considering web-flange interaction. More recently, the in-plane 
flexural behaviour of S690 HSS welded I-section beams was investigated 
by Sun et al. [13], confirming the general accuracy of the Class 2 and 
Class 3 slenderness limits set out in EN 1993-1-12 [14] for S690 HSS 
welded I-sections in bending. However, the restrictions regarding the 
plastic design of HSS structures, as specified in EN 1993-1-12 [14], were 
questioned by Bartsch et al. [15] who examined the rotation capacity of 
HSS welded I-section beams experimentally and verified that HSS beams 
were capable of attaining their plastic moment resistances and exhibit-
ing good rotation capacities. Bending tests on HSS tubular elements also 
demonstrated high levels of ductility [16–18]. With regards to hybrid 
welded I-sections, Suzuki et al. [19] carried out a series of physical tests 
on simply-supported beams with an HSS web and NSS flanges, observing 
that the plastic deformation capacity of such hybrid beams was greater 
than that of their homogeneous HSS counterparts. Shokouhian and Shi 
[20] conducted both experimental and numerical investigations into the 
flexural strength of hybrid steel I-section beams with Q460 steel flanges 
and a Q345 steel web subjected to uniform bending moment, and pro-
posed a slenderness based method to determine their flexural strengths 
considering the effects of local buckling, global buckling and the inter-
action between the two. Shokouhian and Shi [21] also studied the in-
fluence of flange and web slenderness on the ductility of beams made of 
HSS homogeneous and hybrid welded I-sections, revealing that stricter 
GB 50017 [22] flange and web slenderness limits are required for these 
beams to achieve a rotation capacity of Rreq = 3, which was adopted as 
the minimum requirement for plastic design in the development of 
Eurocode 3 [23] and AISC 360 [24]. 

The current design provisions given in EN 1993–1-12 [14] for HSS 
structures with steel grades up to S700 generally follow the design of 
NSS structures in EN 1993–1-1 [23], but with some restrictions. In the 
context of cross-section classification and design, the slenderness limits 
for HSS cross-sections are the same as those for NSS cross-sections, but 
plastic design is currently not permitted for HSS structures. The objec-
tives of the present study are, therefore, to evaluate the accuracy of the 
current Eurocode slenderness limits for application to HSS homogeneous 
and hybrid welded I-sections and to assess the potential use of plastic 
design for HSS structures in light of a newly assembled pool of experi-
mental and numerical results. 

The present investigation features experimental, numerical and 
design-oriented studies into HSS beams. A total of six in-plane three- 
point bending tests on HSS homogeneous and hybrid welded I-sections 
are first described in Section 2. Three different I-sections − two 

Fig. 1. Notation and nominal dimensions of the three investigated welded I-sections (dimensions in mm).  

Fig. 2. Tensile coupon test setup.  

Fig. 3. Measured stress–strain curves from tensile coupon tests.  

Table 1 
Chemical composition of S355 and S690 steels used in the present study.  

Steel grade C Si Mn P S N Cu Mo Ni Cr V Nb Ti B Zr Al 
% % % % % % % % % % % % % % % % 

S355  0.165  0.475  1.548  0.013  0.0008  –  0.023  0.01  0.029  0.031  0.001  –  –  –  –  0.042 
S690  0.139  0.284  1.436  0.013  0.0007  0.0029  0.026  0.068  0.029  0.323  0.002  0.022  0.011  0.0016  0.0002  0.031  
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homogeneous S690 steel welded I-sections and one hybrid welded I- 
section with S690 steel flanges and an S355 steel web, were adopted in 
the experimental programme. The beam specimens were bent about the 
major axis and a bespoke restraint rig was employed to prevent out-of- 
plane instability. Following the experimental study, finite element (FE) 
models were established and validated against the test results obtained 
from the present study as well as those collected from the literature [13], 
as described in Section 3. The validated FE models were used to perform 
a series of parametric studies to generate supplementary numerical data 
on HSS homogeneous and hybrid welded I-section beams, covering a 
wide range of cross-section aspect ratios, cross-section slendernesses, 
loading configurations and steel grades. Based on the obtained test and 

FE results, the rotation capacity of HSS homogeneous and hybrid welded 
I-section beams was investigated and the suitability of the current 
Eurocode slenderness limits [14] was assessed. 

2. Experimental programme 

2.1. General 

An experimental study was performed to investigate the major-axis 
flexural behaviour and rotation capacity of HSS homogeneous and 
hybrid welded I-section beams subjected to mid-span concentrated load. 
Specifically, a total of six three-point major axis bending tests, with two 

Table 2 
Key average material properties for S355 and S690 steels from tensile coupon tests.  

Steel grade E fy fu εy εsh εu εf fu/fy εu/εy  

N/mm2 N/mm2 N/mm2 % % % %  –  – 
S355 198,500 404.1 553.5 0.20 1.89 17.22 34.8  1.37  84.6 
S690 212,000 782.5 828.4 0.37 0.96 6.17 17.3  1.06  16.7  

Fig. 4. Configuration of beam specimens and experimental setup for major axis three-point bending tests.  

Table 3 
Average measured geometrical dimensions and cross-sectional properties of beam specimens.  

Beam specimen L Lspan B H tf tw A I Wel Wpl Mel Mpl 

mm mm mm mm mm mm mm2 mm4 mm3 mm3 kNm kNm 

HSS-I-65 × 116 × 8 × 8–3 PB 3200 3000  64.42  116.31  8.40  8.45  1985.8 3.995 × 106 6.869 × 104 7.112 × 104  54.03  64.74 
HSS-I-65 × 116 × 8 × 8–3 PB-R 3200 3000  62.22  116.50  8.40  8.42  1947.5 3.900 × 106 6.695 × 104 6.938 × 104  52.66  63.26 
HSS-I-80 × 136 × 8 × 8–3 PB 3200 3000  79.59  136.67  8.41  8.43  2411.8 6.934 × 106 1.015 × 105 1.044 × 105  79.81  94.20 
HSS-I-80 × 136 × 8 × 8–3 PB-R 3200 3000  79.42  136.75  8.44  8.44  2415.0 6.949 × 106 1.016 × 105 1.046 × 105  79.93  94.36 
HYB-I-80 × 136 × 8 × 8–3 PB 3200 3000  79.71  136.72  8.40  8.08  2370.8 6.893 × 106 1.008 × 105 1.036 × 105  75.53  80.99 
HYB-I-80 × 136 × 8 × 8–3 PB-R 3200 3000  79.61  136.65  8.37  8.18  2376.3 6.877 × 106 1.006 × 105 1.035 × 105  75.34  80.79  
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on each of the three investigated welded I-section profiles (i.e. HSS-I-65 
× 116 × 8 × 8, HSS-I-80 × 136 × 8 × 8 and HYB-I-80 × 136 × 8 × 8), 
were conducted. Three-point bending tests were chosen to investigate 
the bending resistance and rotation capacity of the studied cross- 
sections under a moment gradient; this is a common scenario in plas-
tic designed frames. Each beam specimen was labelled by a unique 
identifier, e.g. HSS-I-65 × 116 × 8 × 8–3 PB, where HSS-I (or HYB-I) 
denotes a homogeneous HSS welded I-section made of S690 steel for 
both its flanges and web (or a hybrid welded I-section with its flanges 
made of S690 steel and web made of S355 steel), 65 × 116 × 8 × 8 are 

the nominal dimensions of the welded I-section in millimetres (i.e. 
flange width B × outer section height H × flange thickness tf × web 
thickness tw) as illustrated in Fig. 1 and 3 PB represents three-point 
bending tests. For repeated tests, the letter “R” is added as a suffix to 
the specimen identifier. All three welded I-section sizes were fabricated 
from 8 mm-thick quenched and tempered S690 steel plates and hot- 
rolled S355 steel plates by means of gas metal arc welding with a 
nominal weld leg length (tweld) of 5.6 mm (i.e. a weld throat thickness of 
4 mm), as shown in Fig. 1. 

Fig. 5. Lateral restraint system for three-point bending tests.  

Fig. 6. DIC setup and speckle pattern for three-point bending tests.  
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2.2. Material testing and geometry measurements 

The chemical composition of the two examined steel grades (S355 
and S690) used in the present study, as provided by the manufacturer, 
are reported in Table 1, which are shown to satisfy the requirements 
specified in EN 10025–2 [25] for hot-rolled S355 steel and EN 10025–6 
[26] for quenched and tempered S690 steel. Prior to the bending tests, 
tensile coupon tests were conducted to obtain the key material proper-
ties and full-range stress–strain responses of the investigated steels. For 
each of the two examined steel grades (S355 and S690), two tensile 
coupons were extracted from the same batch of steel plates used to 
fabricate the beam specimens, along the rolling direction. The geomet-
rical dimensions of the coupon specimens were in compliance with the 
requirements specified in EN ISO 6892–1 [27]. The tensile coupons were 
tested using an Instron hydraulic 250 kN testing machine under 
displacement control, with a constant displacement rate of 0.05 mm/ 
min for the elastic range and a higher rate of 0.5 mm/min for the sub-
sequent post-yield range of the stress–strain curves. A video exten-
simeter was installed to measure the elongation over a gauge length of 
140 mm, and two strain gauges were affixed to each side of the coupons 
at mid-height to measure the longitudinal tensile strain, as shown in 
Fig. 2. 

The measured full-range stress–strain curves for the two steel grades 
are shown in Fig. 3, while the key average material properties for each 
steel grade are reported in Table 2, where E is the Young’s modulus, fy is 
the yield strength, fu is the ultimate strength, εy is the yield strain, εsh is 
the strain hardening strain, εu is the strain corresponding to the ultimate 
strength, and εf is the strain at fracture (i.e. measured over a gauge 
length of 140 mm). It can be observed from Fig. 3 that the stress–strain 
curves for the S690 steel exhibit a shorter yield plateau, a less pro-
nounced level of strain hardening and reduced ductility in comparison 
with the S355 steel; this is also reflected in the key average material 
properties given in Table 2. 

The nominal length of all beam specimens L was 3200 mm, with an 
overhang of 100 mm at each end beyond the corresponding roller 

support, resulting in a span of Lspan = 3000 mm for each tested specimen, 
as illustrated in Fig. 4(a). The average measured geometrical dimensions 
for each beam specimen are reported in Table 3, together with the cross- 
sectional properties calculated based on the measured dimensions, 
where A is the cross-sectional area, I is the second moment area about 
the major axis, Wel and Wpl are the elastic and plastic section moduli 
about the major axis, respectively, and Mel and Mpl are the elastic and 
plastic bending moment capacities about the major axis, respectively. 
Note that, in Table 3, Mel for the hybrid welded I-sections is defined as 
the bending moment at which the stress at the extreme outer-fibre of the 
flange reaches its yield strength, as detailed further in Section 4.6. The 
three investigated welded I-sections are all Class 1 cross-sections under 
pure bending according to the slenderness limits specified in prEN 
1993–1-1: 2018 [28]. 

2.3. Three-point bending tests 

A schematic view of the arrangement of the test rig and the instru-
mentation for the three-point in-plane bending tests is shown in Fig. 4 
(a). Each beam specimen was simply supported between a pair of steel 
rollers, which permitted the beam ends to undergo rotations about the 
axis of bending as well as longitudinal displacements. The tested beam 
specimens were loaded at mid-span using an Instron 250 kN testing 
machine under displacement control at a vertical displacement rate of 
2.0 mm/min. Stiffeners and bearing plates were welded at the mid-span 
and the ends of the beam specimens to prevent web crippling under 
concentrated transverse loading. 

A bespoke lateral restraint system was designed and employed to 
prevent lateral and torsional deformations of the beam specimens and 
hence to prevent lateral-torsional buckling (LTB). The lateral restraint 
system was composed of a reaction frame and six lateral restraints, as 
shown in Fig. 4(b). Each lateral restraint comprised two T-shaped plates 
which were used to clamp the section of the beam specimen by means of 
two M30 bolts, and a bracing beam made of two parallel S460 square 
hollow section (SHS) members, as illustrated in Fig. 5. The assembled T- 

Fig. 7. Comparison between test and FE failure modes for HYB-I-80 × 136 × 8 × 8–3 PB.  
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shaped plates were bolted to the bracing beam with an M24 bolt, the 
shank of which was greased to facilitate free rotation. Each lateral re-
straint was connected to the reaction frame via two 35 mm-diameter 
Macalloy bars as shown in Fig. 5, enabling the lateral restraint to be 
adjustable in both length and height. During testing, a ratchet spanner 
was employed to rotate the threaded bars installed in the reaction frame 
in order to adjust the height of the lateral restraints to match the cor-
responding vertical deflections of the beam specimens. The same lateral 
restraint system has also been successfully employed in previous HSS 
frame tests [29]. 

Four strain gauges were affixed to the top and bottom flanges of the 
beam sections, at a distance of 50 mm from the stiffened mid-span 
section, as shown in Fig. 4(a), to monitor the strain development his-
tories during testing. A string potentiometer was attached to the bottom 
flange of the beam at mid-span to record the vertical deformation of the 
beam during loading. Two inclinometers were mounted onto the webs of 
the extended overhangs to record the end rotations about the bending 
axis. The test outputs, including the applied vertical load and readings 
from the strain gauges, string potentiometer and inclinometers were 
recorded at 2-second intervals using the data acquisition equipment 
DATASCAN. 

To gain further insight into the strain development at the mid-span 
region of the beam specimens where inelastic local buckling occurred, 
in addition to the traditional instrumentation described above, a two- 
camera digital image correlation (DIC) system was employed. The DIC 
setup is shown in Fig. 6, where two cameras, with the focal lengths set to 
35 mm, were utilised for the image acquisition. Prior to testing, the mid- 
span region of all beam specimens was painted white and then sprayed 
with a random black speckle pattern, as shown in Fig. 6. Images were 
taken at 2-second intervals and processed using the DaVis version 8.4.0 
imaging software [30]. 

All the tested beam specimens failed by inelastic local buckling in the 
maximum moment region adjacent to the stiffened mid-span, a typical 
example of which is shown in Fig. 7. The normalised mid-span bending 
moment (M)-mid-span rotation (φ) curves for all tested beam specimens 
are plotted in Fig. 8, where the mid-span bending moment M was 
calculated from the applied vertical load, with allowance for the hori-
zontal movement at the supports [18], and the mid-span rotation φ was 
determined as the sum of the end rotations recorded by the two in-
clinometers at the overhangs, as shown in Fig. 4(a). The key test results 
are summarised in Table 4, where Mu is the ultimate bending moment at 
mid-span, φpl is the elastic component of the mid-span rotation when Mpl 
is first attained, determined by Eq. (1), φu is the mid-span rotation at Mu 
and R is the rotation capacity. The rotation capacity R is defined by Eq. 
(2), where φrot is the mid-span rotation when the moment at mid-span 
falls below Mpl on the descending branch. Note that the maximum 
recorded rotation φmax, instead of φrot, was employed in Eq. (2) to 
calculate the rotation capacities of the presented three-point bending 
tests since these tests exceeded their peak moments, but were dis-
continued prior to the bending moment dropping below Mpl; the ob-
tained rotation capacities, as listed in Table 4 may therefore be 
considered to be lower bounds. 

φpl =
MplLspan

2EI
(1)  

R =
φrot

φpl
− 1 (2) 

With regards to beams subjected to four-point bending, the results of 
which have been collected from the literature and generated in the FE 
parametric study described later, the curvature in the constant moment 
region was utilised for calculating the rotation capacity, as given by Eq. 
(3), where κpl is the elastic curvature corresponding to the plastic 
bending moment Mpl and κrot is the curvature when the mid-span 
bending moment falls below Mpl on the descending branch. The curva-
ture is defined based on the assumption that the deformed shape of the 

Fig. 8. Normalised mid-span bending moment-mid-span rotation curves and 
longitudinal strain fields at different representative loads obtained from DIC for 
three-point bending specimens. 

Table 4 
Key experimental results from three-point bending tests.  

Specimen Mu Mu/Mpl φpl φu R 
kNm - rad rad - 

HSS-I-65 × 116 × 8 × 8–3 PB  69.48   1.05  0.11  0.35  >2.14 

HSS-I-65 × 116 × 8 × 8–3 PB-R  67.50  1.05  0.11  0.35  >2.23 
HSS-I-80 × 136 × 8 × 8–3 PB  100.96  1.05  0.10  0.30  >1.93 
HSS-I-80 × 136 × 8 × 8–3 PB-R  100.91  1.05  0.11  0.28  >1.67 
HYB-I-80 × 136 × 8 × 8–3 PB  91.36  1.12  0.09  0.30  >2.50 
HYB-I-80 × 136 × 8 × 8–3 PB-R  90.78  1.11  0.08  0.32  >2.91  
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constant moment region (i.e. the mid-region between two loading 
points) represents a segment of a circular arc (of radius r), resulting in 
the expression of Eq. (4), where DM is the vertical displacement at mid- 
span and DL is the average vertical displacement at the two loading 
points. This definition of rotation capacity for beams in four-point 
bending has been employed in many previous studies [17,18]. 

R =
κrot

κpl
− 1 (3)  

κ =
8(DM − DL)

4(DM − DL)
2
+ L2

M
(4) 

The accuracy of the measurements obtained from the DIC system has 
been confirmed by comparing the displacement and strain histories 
obtained from the DIC system to those measured from the string po-
tentiometers and strain gauges, respectively, at the corresponding 
location of each beam specimen. A more detailed description of the DIC 
validation has been reported by Yun et al. [29]. The longitudinal strain 
fields within the mid-span regions of beam specimens HSS-I-65 × 116 ×
8 × 8–3 PB, HSS-I-80 × 136 × 8 × 8–3 PB and HYB-I-80 × 136 × 8 ×

8–3 PB, obtained from the DIC analyses at two representative load 
levels: (1) the load at which the mid-span bending moment reached the 
elastic bending moment Mel, and (2) the maximum applied load corre-
sponding to Mu, are displayed in Fig. 8, where the development of the 
inelastic local buckling can be observed. Note that the positive and 
negative strains in Fig. 8 represent tensile strains and compressive 
strains, respectively. 

3. Numerical simulations 

3.1. General 

In parallel with the experimental studies, comprehensive numerical 
simulations were performed to investigate the in-plane flexural behav-
iour of HSS homogeneous and hybrid welded I-section beams using the 
finite element (FE) analysis software ABAQUS [31]. The basic modelling 
assumptions and validation of the FE models are described in Section 3.2 

Fig. 9. Illustration of modelling technique for accurately representing the geometry of the welded I-sections.  

Fig. 10. Proposed residual stress pattern [38].  

Table 5 
Residual stress pattern for NSS and HSS steel welded I-sections.  

fr,wt = fr,ft fr,wc = fr,fc a b c d 

Eq. (5) or Eq. (6) From equilibrium 0.1B 0.14B 0.07 h 0.1 h  

Fig. 11. Definition of shape and amplitude of local geometric imperfections 
(not to scale) employed in FE models. 

Fig. 12. Comparison between ultimate bending moments obtained from FE 
models Mu.FE and tests Mu.test. 
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and Section 3.3, respectively, while parametric studies, which were 
carried out to generate further numerical data considering different key 
parameters, are presented in Section 3.4. 

3.2. Basic modelling assumptions 

The four-noded shell element S4R with reduced integration and 
finite membrane strains was used for all simulations in the present study; 
this element has been shown to be capable of modelling the buckling 
behaviour of plated structural elements and has been successfully 
employed in several previous studies on I-sections subjected to different 
loading conditions [32–34]. The FE models were validated against the 
three-point bending tests performed in the present study, as well as the 
four-point bending tests reported in [13]. The measured stress–strain 
curves transformed into true stress-logarithmic plastic strain curves for 
incorporation into ABAQUS [31], were used in both cases. 

The measured average cross-sectional dimensions of the welded I- 
sections of each beam specimen were carefully modelled using the 
following technique: (1) the nodes at each end of the web, offset from 
the centreline of the flange by half the flange thickness to avoid overlap 
between the flange and web plates, were coupled to their corresponding 
nodes at the mid-thickness of the flanges using *MPC BEAM constraints, 
and (2) each web-to-flange fillet weld zone, with the shape of each fillet 
weld assumed to be a right-angled triangle, was represented by five 
equal-height web elements, which were assigned different thicknesses 
according to the measured dimensions, as shown in Fig. 9. The nominal 
weld leg length of 5.6 mm was employed in the validation FE models. In 
the transverse direction, a mesh size of approximately (B + H)/40 was 
adopted in the flange and web plates; the same mesh size was also 

Fig. 13. Typical comparisons between moment-deformation curves obtained from tests and FE models.  

Table 6 
Summary of key material properties for S355, S460 and S690 steels employed in 
parametric studies.  

Steel grade E fy fu fu/fy εu εsh  

N/mm2 N/mm2 N/mm2  –  –  – 
S355 210,000 355 490  1.38  0.17  0.017 
S460 210,000 460 540  1.17  0.09  0.030 
S690 210,000 690 770  1.12  0.06  0.030  

Fig. 14. Full-range stress–strain curves for S355, S460 and S690 steels 
employed in parametric studies [42]. 
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assigned uniformly in the longitudinal direction of the modelled beam 
specimens, such that the element aspect ratio was close to unity. The 
mesh size was selected based on a prior mech sensitivity study, where 
mesh sizes ranging between (B + H)/100 and (B + H)/20 were exam-
ined. A mesh size of (B + H)/40 which provided accurate results at 
reasonable computational cost, was finally selected to discretize the FE 
models. 

Welding induces residual stresses into fabricated structural steel 
sections, typically leading to the earlier onset of yielding and a reduction 
in load-carrying capacity. Residual stresses in both NSS and HSS welded 
I-sections have been investigated in a number of previous studies 
[35–37]. Recently, Yun et al. [38] collected available residual stress data 
on welded I-sections from the literature and proposed predictive models 
for the residual stress pattern in both NSS and HSS welded I-sections, as 
shown in Fig. 10. Table 5 summarises the parameters employed in the 
proposed model, where fr,wt and fr,ft are the maximum tensile residual 
stresses in the web and the flanges, respectively, fr,wc and fr,fc are the 
maximum compressive residual stresses in the web and the flanges, 
respectively, while stress distribution dimensions a, b, c and d are 
defined in Fig. 10. 

The maximum tensile residual stresses can be determined from Eq. 
(5) or Eq. (6), which correspond to the mean or upper characteristic (i.e. 
95 percentile) values from the analysed experimental database [38], 

respectively. Note that for welded I-sections whose flange plates are 
flame-cut, the tips of the flanges are left in residual tension; the bene-
ficial effect of the tensile residual stresses induced by flame-cut was, 
however, not considered in the proposed model. 

fr,wt
(
fr,ft

)

fy
= − 0.5 ×

̅̅̅̅̅̅̅̅
fy

235

√

+ 1.32⩽1 (5)  

fr,wt
(
fr,ft

)

fy
= − 0.5 ×

̅̅̅̅̅̅̅̅
fy

235

√

+ 1.5⩽1 (6) 

It was recommended by Yun et al. [38] that the proposed residual 
pattern, using the mean value of the maximum tensile residual stress (i. 
e. Eq. (5)) is used for the validation of FE models (to match test results), 
while the proposed residual pattern with the upper characteristic value 
of the maximum tensile residual stress (i.e. Eq. (6)) is employed for 
parametric studies (to provide safe-sided capacity data). This approach 
is adopted in the present study. The proposed residual stress pattern is 
also deemed suitable for the prediction of residual stress distributions in 
hybrid welded I-sections consisting of steel plates of different steel 
grades. For hybrid welded I-sections, the maximum tensile residual 
stresses in the web fr,wt and the flanges fr,ft should also be determined 
using Eq. (5) or Eq. (6), but with the value of fy taken as the greater yield 
strength of the constituent plates. In cases that the calculated maximum 
tensile residual stress exceeds the yield strength of the corresponding 
plate, the maximum tensile residual stress should be taken equal to the 
yield strength of that plate. The membrane residual stresses determined 
from the proposed pattern [38] were incorporated into the developed FE 
models as an initial stress condition using the ABAQUS command 
*INITIAL CONDITIONS. 

Initial geometric imperfections were introduced into the developed 
FE models by modifying the nodal coordinates of the perfect geometry. 
Local geometric imperfections were assigned to the FE models in a si-
nusoidal shape with a half-wavelength Lb,cs [39], as shown in Fig. 11. 
The local imperfection half-wavelength Lb,cs was set equal to the elastic 
local buckling half-wavelength of the welded I-section in compression, 
which was determined using the finite strip software CUFSM [40], 
ensuring that an integer number of half-wavelengths were fitted within 
the member length. The magnitudes of the local geometric imperfections 
were taken as the tolerance-based values recommended in Annex C of 
EN 1993–1-5 [41]. Specifically, the magnitude of the local web imper-
fection δw was taken equal to 1/200 of the clear height of the web hw (i.e. 
hw = H − 2tf − 2tweld) when the elastic local buckling stress of the web 
plate in pure compression σcr,w was less than or equal to that of the 
flange plates σcr,f (i.e. the web plate was more susceptible to local 
buckling compared to the flange plates), while the magnitude of the 
local flange imperfection δf was taken as 1/50 of the clear width of each 
flange outstand bf (i.e. bf = (B - tw)/2 - tweld) when σcr,f < σcr,w, which 
indicates that the web plate was less susceptible to local buckling than 
the flange plates. By assuming the web-to-flange junctions of the welded 

Table 7 
Ranges of variation of parameters considered in parametric studies.  

Loading configuration Material combination 
(Flange / Web) 

B H tf tw tweld Lspan 

mm mm mm mm mm mm 

Three-point bending  

S690 / S690 
S460 / S460 
S355 / S355 
S690 / S355 
S690 / S355 

100 100/150/200/300  3.4–17 0.6tf  5.6 15H 

Four-point bending   

S690 / S690 
S460 / S460 
S355 / S355 
S690 / S355 
S690 / S355 

100 100/150/200/300  3.4–17 0.6tf  5.6 15H  

Table 8 
Summary of existing bending tests on homogeneous and hybrid welded I-section 
beams.  

Cross-section 
type 

Loading 
configuration 

Steel 
gradeflange  
(web) 

Number 
of tests 

References 

Homogeneous 3 PB S690 4 Present 
study 

4 PB S700 10 [12] 
4 PB S690 6 [13] 
3 PB S355/S690 10 [15] 
4 PB Q345a 3 [20] 
3 PB/4PB SM490b/ 

HSB800b/ 
HSA800b 

21 [43] 

3 PB/4PB S700/S960 8 [44] 
3 PB Q550a 6 [45] 
4 PB Q460c/Q890c 5 [46] 

Hybrid 3 PB S690(S355) 2 Present 
study 

3 PB S690(S355) 10 [15] 
4 PB Q460a (Q345a) 3 [20] 
3 PB/4PB HPS485Wd 

(Q235e/ Q345a) 
13 [47] 

Note. a Specified according to GB/T 1591–2008 [48]; b Specified according to 
JIS G3106-1999 [49]; c Specified according to GB/T 16270–2009[50]; d Speci-
fied according to ASTM A709 / A709M-18 [51]; e Specified according to GB/T 
700–2006 [52]. 
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I-sections remained at 90 degrees, the local imperfection amplitude of 
the non-critical plate (i.e. the plate with the higher elastic local buckling 
stress) can be defined, as illustrated in Fig. 11. The use of tolerance- 
based imperfection amplitudes would be expected to yield slightly 
conservative resistance predictions in comparison to experimental 
results. 

Suitable boundary and loading conditions were employed in the FE 
models to mimic the corresponding test setup, as described in Section 
2.3 for the three-point bending tests and reported in [13] for the four- 
point bending tests. All degrees of freedom of the upper (i.e. for the 
loading points) or lower (i.e. for the support points) flange nodes over a 
region corresponding to the location of the bearing plates (or wooden 
blocks [13]) employed in the tests were coupled to a corresponding 
reference point, where the boundary and loading conditions were 
assigned, as detailed in Fig. 7. Stiffeners were also modelled at the 
loading and support sections where concentrated loads were applied in 
order to prevent localised web crippling failure, as employed in the tests. 
The stiffeners were tied to their corresponding cross-sections using *TIE 
constraints, and their material properties were assumed to be the same 
as those of the corresponding flange plates. The out-of-plane displace-
ment degree of freedom of the nodes located at the cross-sections where 
lateral restraints were provided was also constrained to prevent lateral- 
torsional buckling. The modified Riks method was employed for the 
geometrically and materially nonlinear analyses (GMNIA), enabling the 
post-ultimate response of the modelled specimens to be tracked. 

3.3. Validation of FE models 

The developed FE models were validated against the results from the 
three-point bending tests described in Section 2.3 and the four-point 
bending tests reported in [13] in terms of ultimate bending moments, 
full moment-deformation histories and failure modes. The ultimate 
bending moments derived from the FE models Mu.FE are plotted against 
the results from the three-point and four-point bending tests Mu.test in 
Fig. 12, indicating good agreement, with the mean value of the ratio of 
Mu.test/Mu.FE being 0.98 and the corresponding coefficient of variation 
being 0.02. The experimental moment-deformation curves and failure 
modes were also well replicated by the FE models, as illustrated by the 
typical examples displayed in Figs. 13 and 7, respectively. It can thus be 
concluded that the established FE models are capable of replicating the 
flexural behaviour of the homogeneous and hybrid HSS welded I-section 
beams subjected to major axis bending. 

3.4. Parametric studies 

Upon the validation of the developed FE models, parametric studies 
were conducted with the aim of expanding the experimental data pool 
for homogeneous and hybrid welded I-section beams over a wide range 
of cross-section aspect ratios, cross-section slendernesses, steel grades 
and loading configurations. Regarding the geometry of the modelled I- 
sections, the flange width B was kept constant at 100 mm, while four 
outer section heights H of 100, 150, 200 and 300 mm were considered, 

Fig. 15. Influence of material grade on normalised ultimate bending moment Mu/Mpl of welded I-section beams in three-point bending.  
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resulting in cross-section aspect ratios ranging from 1.0 to 3.0. The web 
thickness tw of each modelled I-section was set to be 0.6 of the corre-
sponding flange thickness tf (i.e. tw = 0.6tf), which represents a typical 
web-to-flange thickness ratio for standard hot-rolled UB and IPE pro-
files. A total of 20 flange thicknesses tf, varying from 3.4 mm to 17 mm, 
was considered for each aspect ratio in order to achieve a broad spec-
trum of cross-section geometries and flange slendernesses that cover all 
four classes (i.e. Class 1–4) according to the slenderness limits set out in 

prEN 1993–1-1: 2018 [28]. The weld leg length tweld of all the modelled 
welded I-sections was set equal to 5.6 mm. Three steel grades (S355, 
S460 and S690) were considered in the parametric studies, allowing the 
following five combinations of flanges/webs to be studied: (1) homo-
geneous S690 steel welded I-sections; (2) homogeneous S460 steel 
welded I-sections; (3) homogeneous S355 steel welded I-sections; (4) 
hybrid welded I-sections with S690 steel flanges and S460 steel webs; 
and (5) hybrid welded I-sections with S690 steel flanges and S355 steel 
webs. The bilinear plus nonlinear hardening material model developed 
by Yun and Gardner [42] was utilised to represent the full-range 
stress–strain curves of the S355, S460 and S690 steels. The basic mate-
rial properties (i.e. E, fy and fu) for the S355, S460 and S690 steels used 
in the parametric studies were taken as the nominal values given in prEN 
1993–1-1: 2018 [28], as listed in Table 6, while the full-range stress–-
strain curves – see Fig. 14, as well as the other key material properties 
such as εu and εsh, were derived using the predictive model set out in 
[42]. It should be noted that the structural responses of FE models with 
predicted stress–strain curves [42], based on measured yield and tensile 
strengths (see Table 2), and full measured stress–strain curves, were very 
similar. 

The span of each beam model was set at 15 times its outer section 
height H, and each beam model was loaded in both three-point bending 
and four-point bending. In order to prevent lateral torsional buckling, 
uniform and symmetrical lateral restraints were provided along the 

Fig. 16. Influence of material grade on rotation capacity of welded I-section beams in three-point bending.  

Fig. 17. Definition of rotation capacity R0.95 employed in the present study.  
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length of the beams at intervals approximately equal to the length that 
corresponds to a non-dimensional lateral torsional buckling slenderness 
λLT value of 0.2 under pure bending. The laterial restraints were applied 
at the top and bottom web-to-flange juctions of the sections in order to 
avoid any influence on the local buckling behaviour of the beam spec-
imens. The ranges of variation of parameters considered in the para-
metric studies are listed in Table 7, leading to the simulation of a total of 
800 welded I-section beams; the generated FE results are presented and 
analysed in the following section. 

4. Analysis of results and design recommendations for HSS 
homogeneous welded I-section beams 

4.1. General 

Current structural steel design standards use the concept of cross- 
section classification to consider the influence of local buckling on the 
behaviour and design of cross-sections. Four discrete behavioural classes 
(i.e. Class 1–4) are typically defined [28]. A Class 1 cross-section can 
develop its plastic moment capacity Mpl in bending and is deemed to 
have sufficient rotation capacity to allow full redistribution of moments. 
A Class 2 cross-section is also able to reach its plastic moment capacity 
Mpl but with lower rotation capacity in bending. For a Class 3 cross- 
section subjected to bending, local buckling occurs after attainment of 
the elastic moment Mel, but before the plastic moment Mpl is reached. 
Hence, the bending resistance of a Class 3 cross-section is limited to its 
elastic moment capacity Mel, or to a linearly interpolated moment 

between Mel and Mpl [28]. Finally, for a Class 4 cross-section in bending, 
local buckling occurs prior to the elastic moment being reached; this is 
accounted for through the effective width method. The classification of a 
plate element within the cross-section is based on its width-to-thickness 

ratio (bf/tf or hw/tw), material (through ε =
(

235/fy

)0.5
), boundary 

conditions and stress distribution. The overall class of a cross-section is 
defined as the class of the most slender plate element in compression. 

Existing experimental results on HSS welded I-section beams have 
been collected from the literature and are summarised, along with the 
test results from the present investigation, in Table 8. These results, 
together with the numerical data generated from the parametric studies, 
are used in Sections 4.2 to 4.4 to assess the influence of material grade, 
cross-section aspect ratio and loading configuration on the ultimate 
bending resistances and rotation capacities of welded I-section beams 
subjected to major axis bending. The accuracy of the current cross- 
section slenderness limits for outstand plate elements in compression 
and internal plate elements in bending, as specified in Eurocode 3 
[14,28], are then evaluated in Section 4.5. Finally, design recommen-
dations for hybrid welded I-section beams are considered in Section 4.6. 

4.2. Influence of material grade 

In Fig. 15, the ultimate bending moments Mu obtained from the 
three-point bending tests and numerical investigations in the three-point 

Fig. 18. Influence of cross-section aspect ratio on normalised ultimate bending 
moment Mu/Mpl and rotation capacity R0.95 of S690 steel welded I-section 
beams in three-point bending. Fig. 19. Influence of moment gradient on normalised ultimate bending 

moment Mu/Mpl and rotation capacity R0.95 of S690 steel welded I-sec-
tion beams. 

Y. Zhu et al.                                                                                                                                                                                                                                     



Engineering Structures 275 (2023) 115275

13

bending configuration are normalised by the cross-section plastic 
bending moment Mpl, and plotted against the normalised cross-section 

slendernessλp,cs =
(

fy/σcr

)0.5
, where σcr is the elastic local buckling 

stress of the full cross-section, determined using the finite strip software 
CUFSM [40]; simplified analytical expressions are also available for 
determining the elastic local buckling stress of full structural cross- 
sections [53], considering plate element interaction effects. The nor-
malised ultimate bending moments Mu/Mpl of the S690 steel beams and 
S460 steel beams in three-point bending are compared with those of the 
S355 steel beams in Fig. 15(a) and (b) respectively. The rotation ca-
pacities of the beams are plotted in a similar manner in Fig. 16. 

It can be observed from Figs. 15 and 16 that the data points for the 
HSS steel beams (both S690 and S460 steels) generally follow the same 
trend as those of the S355 steel beams, especially for beams with slender 
cross-sections, the failure of which is generally triggered by local 
buckling at strains below εsh (i.e. strain hardening is not experienced). 
Slightly lower normalised ultimate bending moment capacities were 
achieved for the stocky (λp,cs ≲ 0.35) S460 steel beams, compared with 
the corresponding stocky S355 steel beams. The stocky S690 steel beams 
were able to reach their plastic bending moment Mpl, but with the lowest 
normalised ultimate bending moment capacities. Similarly, the HSS 
beams exhibited somewhat lower rotation capacities compared with 
those of the S355 steel beams, as depicted in Fig. 16. The decrease in the 
normalised ultimate bending moment capacities Mu/Mpl and the rota-
tion capacity R0.95 (R) for HSS beams with stocky cross-sections relates 
to their lower level of strain hardening, as indicated in Table 6. Note that 
throughout this section, rotation capacities have been determined from 

the numerical simulations using a reduced bending moment 0.95Mpl 
instead of the plastic bending moment Mpl and denoted R0.95 (instead of 
R), as depicted in Fig. 17; the purpose of this is to provide a more stable 
measure of rotation capacity and avoid anomalies in the results, since 
the moment-rotation (curvature) curves for stocky beams are typically 
characterised by a long plateau (particularly in four-point bending) 
when the cross-section bending moment is in the region of the full plastic 
bending moment Mpl before descending. It is the length of the plateau 
region that dictates the ability of a cross-section to redistribute moments 
(rather than the specific value of moment attained), and hence this 
approach is deemed to be appropriate. The same approach has been 
employed previously by [16,54–56]. 

4.3. Influence of cross-section aspect ratio 

The influence of the cross-section aspect ratio on the normalised 
ultimate bending moment capacity Mu/Mpl and rotation capacity R0.95 
of S690 steel welded I-sections is discussed in this section. The nor-
malised ultimate bending moments Mu/Mpl and rotation capacities R0.95 
of the S690 steel beams in three-point bending, obtained from the 
parametric studies, are plotted against the flange slenderness ratio bf/tfεf 
in Fig. 18(a) and (b), respectively, where bf is the outstand width, tf is the 

flange thickness and εf =
(

235/fy,f

)0.5
, in which fy,f is the yield strength 

of the flange. The numerically derived data are categorised according to 
their aspect ratios; the EC3 Class 1 and Class 2 slenderness limits for 
outstand flanges in compression specified in [14] are also indicated in 

Fig. 20. Examination of EC3 Class 2 slenderness limit for outstand elements of 
homogeneous beams in compression. Fig. 21. Examination of EC3 Class 2 slenderness limit for internal elements of 

homogeneous beams in bending. 
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Fig. 18(a). In addition, the rotation requirement of three (Rreq = 3), 
which was used in the development of EC3 [16,57,58], is also plotted in 
Fig. 18(b). 

It can be seen from Fig. 18 that lower normalised ultimate bending 
moment capacities and rotation capacities are achieved for cross- 
sections with higher aspect ratios for a given flange slenderness; this is 
caused by the decreasing ability of the web to provide restraint against 
local buckling to the flange with increasing aspect ratio [53]. This 
observation echoes the numerical results for the other investigated HSS 
homogeneous and hybrid welded I-sections, and also mirrors the find-
ings for square and rectangular hollow section (i.e. SHS and RHS) 
members in bending reported by Wang et al. [17] and Zhou and Long 
[59]. 

4.4. Influence of moment gradient 

The influence of moment gradient on the flexural behaviour of 
welded I-sections is examined by comparing the parametric FE results of 
the S690 steel beams in three-point (3 PB) and four-point (4 PB) 
bending, with the latter providing the most severe case of uniform 
bending (i.e. no moment gradient) between the loading points. The 
normalised ultimate bending moments Mu/Mpl and rotation capacities 
R0.95 are plotted against the non-dimensional cross-section slenderness 
λp,cs in Fig. 19(a) and (b), respectively. It can be observed from Fig. 19(a) 
that for any given cross-section, the beam in three-point bending ach-
ieves a higher normalised ultimate bending moment capacity Mu/Mpl 
than that in four-point bending, due to the beneficial effect of the 

moment gradient. For a beam in three-point bending, the moment 
gradient within the beam allows the stiffer cross-sections (due to the 
lower level of plasticity experienced) of the specimen surrounding the 
mid-span section where the maximum moment arises to delay the 
development of local buckling. For a beam in four-point bending, on the 
other hand, the central part between the two loading points where 
constant moment is applied and experiences essentially the same level of 
plasticity along the full length, and hence such restraint to delay local 
buckling is not available. Similar findings were observed for both the 
homogeneous and hybrid welded I-sections, and have been reported by 
other researchers on SHS, RHS [17] and elliptical hollow section (EHS) 
beams [16,60,61]. As shown in Fig. 19(b), the beams with stockier cross- 
sections in four-point bending generally display higher rotation capac-
ities than their counterparts in three-point bending. 

4.5. Assessment of EC3 slenderness limits for the classification of HSS 
homogeneous welded I-sections 

In this subsection, the suitability of the current codified slenderness 
limits in EN 1993–1-12 (EC3) [14] for the classification of HSS outstand 
plate elements in compression and HSS internal plate elements in 
bending is assessed using the experimental results from the literature 
and the present study, as summarised in Table 8, together with the 
generated FE results. 

4.5.1. Class 2 and Class 3 slenderness limits 
To assess the applicability of the current EC3 Class 2 slenderness 

Fig. 22. Examination of EC3 Class 3 slenderness limit for outstand elements of 
homogeneous beams in compression. 

Fig. 23. Examination of EC3 Class 3 slenderness limit for internal elements of 
homogeneous beams in bending. 
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limits for S690 steel outstand elements in compression and internal (i.e. 
web) elements in bending, the test and numerical ultimate bending 
moments for the S690 steel welded I-section beams are normalised by 
the cross-section plastic bending resistances Mpl, and plotted against the 
flange slenderness (bf/tfεf) and web slenderness (hw/twεw) ratios in 
Figs. 20 and 21 ((a) for three-point bending and (b) for four-point 
bending), respectively. The results for the S355 and S460 steel welded 
I-section beams, together with the current EC3 Class 2 slenderness limits 
(i.e. bf/tfεf = 10 for outstand elements in compression and hw/twεw = 83 
for internal elements in bending), are also plotted in Figs. 20 and 21 for 
comparison purposes. It can be seen from Figs. 20 and 21 that the S355, 
S460 and S690 data points generally follow the same trend, and the 
current EC3 Class 2 slenderness limits are therefore deemed suitable for 
the classification of S690 steel welded I-section beams. It should be 
noted though, that for all steel grades, the data points for the cross- 
sections that are within the slenderness limits often fall below Mpl in 
the case of four-point bending; as discussed in Section 4.4, this is related 
to the reduced restraint against local buckling afforded to the critical 
cross-section in the case of uniform bending (compared to three-point 
bending) and hence the reduced ability to benefit from strain hard-
ening to enable capacities beyond Mpl to be achieved. 

The current EC3 Class 3 slenderness limits for S690 steel outstand 
elements in compression and internal (i.e. web) elements in bending are 
also assessed in Figs. 22 and 23, respectively, where the test and nu-
merical ultimate bending moments are now normalised by the cross- 
section elastic bending resistances Mel. The comparisons shown in 
Figs. 22 and 23 confirm the suitability of the current EC3 Class 3 

slenderness limits for S690 steel welded I-sections subjected to major 
axis bending. 

4.5.2. Class 1 slenderness limits 
To assess the current EC3 Class 1 slenderness limits, the rotation 

capacities from both the experiments (R) and FE models (R0.95) are 
plotted against the flange slenderness (bf/tfεf) and web slenderness (hw/ 
twεw) ratios in Figs. 24 and 25 respectively, together with the current 
EC3 Class 1 slenderness limits (i.e. bf/tfεf = 9 for outstand elements in 
compression and hw/twεw = 72 for internal elements in bending) and the 
rotation capacity requirement of Rreq = 3 for Class 1 cross-sections. Note 
that the use of R (instead of R0.95) was retained for the experiments since 
rotation capacities were typically reported in the literature using this 
measure. It can be seen from Figs. 24 and 25 that the current EC3 Class 1 
slenderness limits appear somewhat unconservative for both NSS and 
HSS welded I-sections. Note that when the outstand flange slenderness 
limits are being assessed (i.e. in Fig. 24), the data points corresponding 
to the cross-sections where the web is Class 2 or above are shaded in 
grey, since both the flange and web must be Class 1 for plastic design to 
be applied. The same approach is used when assessing the web slen-
derness limits in Fig. 25. Lower slenderness limits of bf/tfεf = 8 for 
outstand elements in compression and hw/twεw = 60 for internal plate 
elements in bending are thus proposed to provide improved predictions 
of when Rreq = 3 can be achieved for both NSS and HSS welded I-sec-
tions. The slightly stricter proposed slenderness limits are considered to 
be essential for HSS due to the lack of historical precedent in applying 
plastic design to HSS structures. The rotation capacities of the newly 

Fig. 24. Examination of EC3 Class 1 slenderness limit for outstand elements in 
compression in homogeneous welded I-section beams. 

Fig. 25. Examination of EC3 Class 1 slenderness limit for internal elements in 
bending in homogeneous welded I-section beams. 
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classified Class 1 cross-sections are plotted against their flange and web 
slenderness ratios in Figs. 26 and 27, together with the proposed Class 1 
slenderness limits for outstand flanges (in compression) and internal 
elements (in bending), which provide predictions of when Rreq = 3 can 
be achieved. Note that the data points shaded in yellow indicate tests 
carried out in the present study that were terminated prior to reaching 
the full rotation capacity R. 

4.6. Analysis of results and design recommendations for HSS hybrid 
welded I-section beams 

In this section, the structural performance of HSS hybrid welded I- 
section beams subjected to major axis bending is discussed and the 
applicability of the EC3 design rules to these sections is evaluated based 
on the established test and FE results. 

4.6.1. Bending resistance 
The elastic bending moment Mel of the investigated HSS hybrid 

welded I-sections in major axis bending is defined herein as the bending 
moment at which the stress at the extreme outer-fibre of the flanges 
reaches the material yield strength fy,f (i.e. the strain at the extreme 
outer-fibre of the flanges reaches the yield strain of the flange plates εy,f). 
The strain and stress distributions throughout the depth of an HSS 
hybrid welded I-section at the defined elastic bending moment Mel are 
shown in Fig. 28, assuming a linear strain distribution and elastic- 
perfectly-plastic material behaviour for both the flanges and the web. 
From the presented stress distribution, Mel can be determined from: 

Mel = Wel,f fy,f +Wel,wfy,w +Wpl,wfy,w (7) 

where Wel,f and Wel,w are the elastic section moduli associated with 
the flanges and the elastic portion of the web, respectively, as given by: 

Wel,f =
Bt3

f

/
3 + Btf

(
H − tf

)2

H
(8) 

and 

Wel,w =
1
6
twH2

el.w (9) 

Wpl,w is the plastic section modulus associated with the plastic 

Fig. 26. Examination of the proposed Class 1 slenderness limit for outstand 
elements in compression in homogeneous welded I-section beams. 

Fig. 27. Examination of the proposed Class 1 slenderness limit for internal 
elements in bending in homogeneous welded I-section beams. 

Fig. 28. Strain and stress distributions for an HSS hybrid welded I-section in 
major axis bending at the defined elastic bending moment Mel. 

Y. Zhu et al.                                                                                                                                                                                                                                     



Engineering Structures 275 (2023) 115275

17

portion of the web, as given by: 

Wpl,w = 2tw⋅
(

H
2
−

Hel.w

2
− tf

)

⋅
(

tf −
H
2
+ Hel,w

)

(10) 

fy,f and fy,w are the yield strengths of the flange and the web plates, 
respectively, and Hel,w is the height of the elastic portion of the web, as 
illustrated in Fig. 28 and given by: 

Hel,w =
fy,w

/
Ew

fy,f
/

Ef
H (11) 

where Ef is the Young’s modulus of the flange plate and Ew is the 
Young’s modulus of the web plate. 

Similar to homogeneous welded I-sections, the plastic bending 
moment Mpl for the investigated HSS hybrid welded I-sections in major 
axis bending is defined as the moment at which the cross-section is fully 
yielded, i.e. the flange plates and the web plate are at their corre-
sponding yield strengths. 

The normalised ultimate bending resistances Mu/Mpl are plotted 
against the non-dimensional cross-section slenderness λp,cs in Fig. 29(a) 
for the hybrid beams composed of S690 steel flanges and an S355 steel 
web, as well as the S355 steel and S690 steel homogeneous beams, in 
three-point bending. The equivalent graph for the hybrid beams 
composed of S690 steel flanges and an S460 steel web, as well as the 
S460 steel and S690 steel homogeneous beams in three-point bending is 
shown in Fig. 29(b). Note that the non-dimensional cross-section slen-
derness λp,cs for hybrid beams is defined by Eq. (12): 

λp,cs =

̅̅̅̅̅̅̅
Mel

Mcr

√

=

̅̅̅̅̅̅̅̅̅̅̅̅
Mel

σcrWel

√

(12) 

where Mel is the elastic bending moment calculated from Eqs. (7)- 
(11), σcr is the elastic local buckling stress of the full cross-section 
determined using the finite strip software CUFSM [40] and Wel is 
cross-sectional elastic section modulus. It can be observed from Fig. 29 
that the data points for the hybrid beams generally follow a similar trend 
to that of the homogeneous beams, especially for the beams with more 
slender cross-sections, for which failure occurred prior to the maximum 
strain within the critical region of the beam specimens reaching the 
strain hardening strain εsh. For the beams with stockier cross-sections, 
where capacity benefits are derived from strain hardening, the nor-
malised ultimate bending resistances Mu/Mpl for the hybrid beams are 
more similar to those of the homogeneous beams made of the higher 
steel grade (i.e. the steel grade of the flange plates of the hybrid beams), 
since the strain hardening contribution is largely dependent on the 
material characteristics of the flange plates. 

4.6.2. Rotation capacity 
The rotation capacities of the investigated homogeneous and hybrid 

beams under three-point bending are plotted against the non- 
dimensional slenderness λp,cs in Fig. 30. Similar to the behaviour 
observed for the normalised bending resistances, the rotation capacities 
of the HSS hybrid beams generally follow the same trend as that of the 
homogeneous beams, especially for the beams with the more slender 

Fig. 29. Comparison of normalised ultimate bending resistances Mu/Mpl for homogeneous and hybrid welded I-section beams under three-point bending.  
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cross-sections. The hybrid beams with the stockier cross-sections (i.e. 
with λp,cs lower than about 0.4) exhibit lower rotation capacities 
compared with their homogeneous counterparts made of the lower steel 
grade (i.e. S355 or S460 steel). Compared to the HSS homogeneous 
beams, the HSS hybrid beams subjected to the major axis bending 
experience gradual plastification of the web (i.e. initiating from the 
outer-fibre of the web plate) prior to the yielding of the flanges, which 
reduces the ability of the web to provide rotational restraint to the 
flanges against local buckling. The rotation capacities of the HSS hybrid 
beams are thus also somewhat lower than those of the counterpart ho-
mogeneous beams made of the higher steel grade; this is more pro-
nounced for the hybrid beams that have a higher yield strength ratio of 
fy,f/fy,w, as seen in Fig. 30(a). It is recommended that for HSS hybrid 
welded I-sections, the yield strength of the flange plates should be no 
higher than twice the yield strength of the web (i.e. fy,f ≤ 2fy,w) [41], 
since hybrid girders with greater ratios of fy,f/fy,w show significantly 
reduced rotation capacities. 

4.6.3. Assessment of EC3 slenderness limits for the classification of HSS 
hybrid welded I-sections 

The test and numerical ultimate bending moments of the hybrid welded 
I-section beams Mu are normalised by the cross-section elastic bending 
moment capacities Mel (calculated according to Eqs. (7)-(11)), and plotted 
against the flange slenderness (bf/tfεf) and web slenderness (hw/twεw) ratios 
in Figs. 31 and 32 respectively. The Class 3 slenderness limits for outstand 
flanges in compression and internal webs in bending set out in EN 1993–1- 
12 [14] are also plotted in Figs. 31 and 32 respectively. The comparisons 
show that the current EC3 Class 3 slenderness limits for HSS welded I- 

sections are also applicable to HSS hybrid welded I-sections. 
Similarly, the current EC3 Class 2 slenderness limits set out in EN 

1993–1-12 [14] are examined in Figs. 33 and 34, where the test and 
numerical ultimate bending moments Mu for the HSS hybrid beams in 
major axis bending are now normalised by the cross-section plastic 
bending moments Mpl. Again, the comparisons confirm the suitability of 
the current EC3 Class 2 slenderness limits for HSS hybrid welded I- 
sections in major axis bending. 

Finally, the rotation capacities from the experiments (R) and FE 
models (R0.95) of the HSS hybrid beams are plotted against the flange 
slenderness ratio bf/tfεf in Fig. 35 and the web slenderness ratio hw/twεw 
in Fig. 36. The proposed more strict Class 1 slenderness limits for HSS 
homogeneous welded I-section beams are also plotted in Figs. 35 and 36. 
The comparisons reveal that the proposed Class 1 slenderness limits are 
also suitable for the classification of HSS hybrid welded I-section beams 
in major axis bending. 

5. Conclusions 

Testing, finite element modelling and design aspects of high strength 
steel (HSS) beams have been described in this paper. An experimental 
programme, which included a total of six in-plane major axis three-point 
bending tests on both HSS homogeneous and hybrid welded I-sections, 
was carried out. The test setup, including the use of a bespoke restraint 
system to prevent lateral torsional buckling and the employment of DIC to 
monitor the strain histories of the most heavily loaded regions of the beam 
specimens, as well as the test results have been carefully presented and 
analysed. The test results obtained from the present study, as well as those 

Fig. 30. Comparison of rotation capacities R0.95 for homogeneous and hybrid welded I-section beams in three-point bending.  
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Fig. 31. Examination of EC3 Class 3 slenderness limit for outstand flanges in compression in HSS hybrid beams.  
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Fig. 32. Examination of EC3 Class 3 slenderness limit for internal plate elements in bending in HSS hybrid beams.  
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Fig. 33. Examination of EC3 Class 2 slenderness limit for outstand flanges in compression in HSS hybrid beams.  
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Fig. 34. Examination of EC3 Class 2 slenderness limit for internal plate elements in compression in HSS hybrid beams.  
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collected from the literature, were subsequently employed in a parallel 
numerical modelling programme for the validation of FE models. An 
extensive parametric study was then carried out to generate additional 
structural performance data for the assessment of the influence of the 
material grade, cross-section aspect ratio and moment gradient on the 
flexural behaviour of HSS welded I-sections. The obtained test and FE re-
sults were also used to evaluate the applicability of the current EC3 cross- 
section classification limits [14] to both HSS homogeneous and hybrid 
welded I-sections subjected to major axis bending. It was confirmed that 
the current EC3 Class 2 and 3 slenderness limits are suitable to classify the 
outstand flanges (in compression) and internal webs (in bending) of both 
HSS homogeneous and hybrid welded I-sections. To satisfy the rotation 
capacity requirement of 3, stricter Class 1 slenderness limits for outstand 
flanges in compression (i.e. bf/tfεf = 8) and internal webs in bending (hw/ 
twεw = 60) were proposed; the use of the new limits is considered to be 
essential to allow the plastic design of HSS homogeneous and hybrid sys-
tems. Although the present study is focussed on the behaviour and design 
of HSS welded I-section beams subjected to in-plane major axis bending, 
research has been carried out on HSS welded I-section beams susceptible to 
lateral torsional buckling [20,21,62–64] and subjected to minor axis 
bending [13], leading to improved design rules. It should be noted that the 
present study is limited to structural behaviour and design of HSS beams 
made of non-slender welded I-sections; there remains scope for further 
research on HSS beams made of slender welded I-sections and on the 
development of the deformation based approach [65] to both HSS and 
hybrid I-section members. 
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