O 0 3 N W b~ W N~

A B B B S, DB B DB W LW W W W W W W W W NN DD NN DNDDNDNDDN PR = = = = = = = = =
~N O R WD = O 0 0NN R WD RO 0 0NN R WD RO 0 0NN R W~ O

https://doi.org/10.1016/j.engstruct.2022.115142 This is the Pre-Published Version.

Hybrid welded T-section stub columns with Q690 flange and Q355 web: Testing, modelling and design
Jun-zhi Liu®Y; Shuxian Chen®; Tak-Ming Chan® "

2 School of National Safety and Emergency Management, Bejing Normal University, China

b Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China

¢ Chinese National Engineering Research Centre for Steel Construction (Hong Kong Branch), The Hong Kong Polytechnic University, Hong Kong,
China

4 Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China

* Corresponding author: tak-ming.chan@polyu.edu.hk
Abstract

Comprehensive experimental and numerical investigations on hybrid T-section stub columns under compressive load
were performed and are presented in this paper. The hybrid welded T-section stub columns comprise high strength steel
Q690 flange and normal strength steel Q355 web. Material property studies were implemented through tensile coupon
tests. Residual stress in membrane type was measured and recorded and its impact on structural performance was also
assessed. Initial local geometric imperfection measurements were conducted for all the specimens. In conjunction with
experimental studies, numerical investigation was performed to generate more test specimens extending the range of
cross-section dimensions by which test data pool can be supplemented. The Eurocode of EN 1993-1-1, EN 1993-1-5
and EN 1993-1-12, the North American code of ANSI/AISC 360-16 and the Australian code of AS 4100 together with
design approaches of Direct Strength Method and Continuous Strength Method were examined for its applicability for
cross-section classification and compression resistance predictions of hybrid T-sections. Overall, the current specified
limits were applicable for hybrid welded T-section and strength predictions from design codes were comparatively
consistent and reliable. Strength predictions from Direct Strength Method and Continuous Strength Method were
relatively appropriate though overly conservative predictions were provided for cross-section with large slenderness. In
this study, modifications on the Direct Strength Method and Continuous Strength Method are proposed, which is shown
to provide accurate predictions at cross-sectional level in a reliable manner.

1. Introduction

Increasing use of high strength steel (HSS) is witnessed by numerous applications of structural engineering and
architectural design. Numerous advantages are presented by HSS structures such as high strength-to-weight ratio,
reduced dimensions, reduced cost of erection/transportation, and decreased consumption of non-renewable resources
[1,2]. The characteristics of the HSS make them a preferred option by the architect and engineers, particularly for the
application in large-span and high-rise structures [3]. Despite the advantages possessed by HSS, relatively high price
and less ductile mechanical behaviour limit its application. Hybrid section is one of the preeminent alternatives as it
bring about a plenty of advantages including the economy efficiency and improved structural performance [4,5]. The
experimental investigations on local buckling capacity of HSS hybrid section with the flange produced from SM570Q
(nominal yield strength = 460 MPa) and web made from lower yield strength plate SM 400 (nominal yield strength =
235 MPa) was performed by Ito et al. [6]. It is of worthy noting that the hybrid sections exhibit better deformation
capacity than the homogeneous counterparts made up from high-strength steel plates with same strength grade only.
Hybrid girders did not show sudden decrease in terms of moment-inelastic rotation relationship after reaching the peak
load. The local buckling behaviour of hybrid I-section was investigated with strength grade of web varied between 355
MPa and 690 MPa by Bartsch et al. [7]. It was found that hybrid sections generally exhibit better deformation capacity
than the homogeneous counterpart comprising higher strength steel with regard to the normalised strength moment ratio
and rotation capacity. For instance, the specimens of 203 and 204 were featured with normalised moment ratio of 1.19

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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and 1.16 with corresponding normalised rotation ratio of 6.18 and 5.97 respectively whereas their counterpart specimens
of 103 and 104 provide normalised moment ratio of 1.15 and 1.13 with rotation ratios of 5.28 and 3.94 which are
significantly lower than the hybrid sections.

Moreover, welded hybrid steel columns with the flange produced from A514 and A441, and webs made from A36 and
A441 have been investigated by Nagarajarao et al. [8], the A514, A441 and A36 are featured with nominal yield strength
of 460, 345 and 250 MPa respectively. It is however noted that the introduced investigations were focusing on doubly-
symmetric hybrid sections, investigations into singly-symmetric hybrid sections is fairly limited. T-sections are
commonly used in roof truss structures and lattice members of offshore and onshore structures [9, 10]. An example of
the application of the T-section structural members in composite bridge is shown in Fig. 1. The relatively simple section
facilitates its flexibility in modern construction. Local buckling performance of normal strength steel (NSS) T-section
columns have been studied in Chen [11] and interactive buckling of NSS T-section columns was also investigated [12].
Post buckling strength and effective section method for NSS T-section column was examined by Trahair [13]. To study
the member behaviour, experimental investigation into HSS columns in T-shaped sections with nominal yield strength
of 800 MPa was conducted by Cao et al. [14]. Local stability of the HSS stub columns in T-section has been investigated
by Liu et al. [15]. Hybrid T-section stub columns with the flange made of high strength steel Q690 and web made of
Q460 were studied at cross-sectional level by Liu et al. [16], it was found that design specifications in EN 1993-1-12,
ANSI/AISC 360-16 and AS 4100 can be extended to the cross-section classification for hybrid high strength steel T-
section. Besides, HSS aluminum T-section columns under axial load was investigated by Yuan and Zhang [17]. Hybrid
T-sections with the flange made from high strength plate can resist higher induced stress and the less onerous stress can
be addressed by NSS plate in the web, resulting in combined advantage of greater ductility and structural efficiency than
the homogeneous counterpart under flexure loads as beam-column members. Despite the potential advantages of hybrid
T-sections in structural application, limited research has been carried out and no experimental investigations concerning
local bucking of hybrid T-section comprising HSS Q690 flange and NSS Q355 web has been performed. Though,
conclusions have been made in previous studies that current design specifications can be extended to the cross-section
classification for hybrid high strength steel T-section with both flange and web made from high strength steel (greater
than 460 MPa), it is unknown whether the design rules and cross-section classification slenderness limit can be extended
to hybrid T-section comprising NSS web and HSS flange. Moreover, it should be noted that the specified contents for
high-strength steel in design specifications EN 1993-1-12 [18] simply extended the design framework from NSS in EN
1993-1-1 [19]. Though design specifications are provided in EN 1993-1-5 [20] for hybrid girders, no design information
is provided for hybrid T-sections which limit its engineering applications. The main purpose of this paper is to better
understand the local buckling behaviour and the cross-section resistance for welded hybrid T-sections under pure axial
compression. The fundamental information such as the effect of geometric imperfection and residual stress as well as
structural performance at cross-sectional stage paves the path of extension to other loading conditions such as pure
bending with constant moment, moment gradient, combined axial compression and bending in future research. The
applicability of the design specifications for doubly symmetric sections were re-assessed and evaluated for the welded
hybrid T-section.

2. Experimental investigation

2.1. Hybrid specimens made from Q690 and Q355

To study the local stability and compression resistance, 15 hybrid T-section stub columns were prepared and tested under
concentric compression load. There are many fabrication routes to form the T-sections, such as directly welding two
separate plates, cutting from the hot-rolled sections, or connecting two angle sections back-to-back through welding or
mechanical fasteners. In this study, the examined T-sections specimens were cut from the hybrid I-sections using a wire-
cutting machine with minimal heat input induced. The hybrid welded I-section were fabricated by welding the HSS
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plates of Q690 and the NSS plates of Q355 through gas metal arc welding (GMAW). The parent plates were cut using
plasma and the thicknesses of the parent plates were 10 mm and 6 mm for Q690 and Q355 respectively. The selected
electrode is in the category of ER70S-6 with nominal yield strength of 470 MPa and ultimate strength of 580 MPa. The
detailed chemical compositions of the parent plates of Q690 and Q355 and the selected electrode are shown in Tables 1
— 2 and Table 3 respectively. It should be noted that the electrode matching in hybrid sections should be complied with
the web strength (lower strength grade), which is also commonly used in practice [5]. A labelling system was adopted
in this study to identify the specimen with dimensions of the cross-section used in this paper. The letter “T” is used to
represent the hybrid T-section stub columns, “690” and “355” after the hyphen indicates the strength grade of the flange
and the web comprising the hybrid specimens. Following the strength grade after the hyphen, nominal dimensions of
the height and the nominal thickness of the web are presented in a form of (H X #w, in mm). For example, a label of “T-
690-355-150 x 6” indicates a hybrid T-section specimen consisting of Q690 flange and Q355 web with outer section
height of 150 mm, and the nominal thickness of the web is 6 mm as shown in Fig. 2. The symbol “#” represents the
identical stub column specimen for repeated testing. The actual dimensions of the studied hybrid sections using
nomenclature in Fig. 2 were measured as shown in Table 4.

2.2. Material testing

The material properties of the parent plates were obtained through carrying out tensile coupon tests. Tensile coupon
specimens were machined from the parent plates longitudinally and transversely by a water jet cutting machine, by
which thermal effect and heat treatment can be excluded. The longitudinal tensile coupons were labelled as “TC-L-1,
TC-L-2 and TC-L-3” whereas the transverse tensile coupons were labelled as “TC-T-1, TC-T-2 and TC-T-3”. The letter
“TC” indicates the tensile coupons, and the letters of “L” and “T “ indicate the longitudinal and transverse direction.
The number following after the hyphen implies the sequence number of the coupon taken from the parent plates. The
dimensions of the tensile coupons were determined according to the specifications of EN 6892-1:2019 [21]. The widths
of 13 mm and 8 mm along the parallel gauge length respectively was designed for specimens extracted from 6 mm and
10 mm thick plates for parent coupons, as presented in Fig. 3.

To conduct the tensile coupon test, Instron 5982, a universal testing system with a capacity of 100 kN was employed.
Experimental arrangement of the tensile coupon test is shown in Fig. 4. The displacement-controlled load was applied
with constant loading rate of 0.05 mm/min at initial stage and a relatively faster speed of 0.08 mm/min was used after
the nominal yield strength [22, 23]. Elastic modulus and the strain development history can be derived based on the
strain records. The obtained stress-strain curves for Q355 and Q690 steel materials are shown in Fig. 5 respectively. The
experimentally tested material properties of the parent plates are reported in Table 5 and Table 6.

2.3. Geometric imperfections

Initial local geometric imperfection, which formed during manufacturing, transportation and handling, was measured
for each welded hybrid T-section stub column. Experimental arrangement of the initial local imperfection measurement
is shown in Fig. 6, similar arrangement has been successfully applied in [24, 25]. The specimen was mounted on a
milling machine platform and a set of three Linear Variable Displacement Transducers (LVDTs) using a specially
developed fixtures moved along the length of the specimen. Two LVDTs were located near the edges of the web or
flange and one LVDT is located at the axial centreline of the plate. To avoid possible local imperfection near ends of
specimen, the measurement was started from a certain distance at about 20 mm from both edges. The amplitude of
imperfection was determined based on the deviation from the measured points and the average values from the edge side
measurements and the maximum amplitudes (wo) of the local geometric imperfection are reported in last column of
Table 4.



142

143
144
145

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

163
164
165

Fig. 1. An example of composite bridge deck comprising steel T-section components [9].

Table 1 Chemical compositions listed in mill certificate for 10 mm thick Q690 parent plates.

Steel plate Chemical composition
C Mn P S Si Cr Mo Nb Ti B CEV
(%) () (%) () (o o ) (0 (%) (%)

10 mm plate 0.14 140 0.019 0.001 027 026 0.15 0.024 0.013 0.002 0.46

Table 2 Chemical compositions listed in mill certificate for 6 mm thick Q355 parent plates.

Steel plate Chemical composition
C Mn P S Si Cr Ni Cu CEV
() () () ) ) ) () (%)
6 mm plate 0.17 134 0.019 0.010 024 021 0.011 0.064 0.44

Table 3 Chemical compositions of the welding electrode ER70S-6 for hybrid sections.

Electrode Chemical composition
C Si Mn P S
(%) (%) (%) (%) (%)
ER70S-6 0.08  1.00 1.50 0.012 0.010

Fig. 2. Notations of the hybrid welded T-section.
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Table 4 Measured geometric dimensions of hybrid T-section stub column specimens.

Specimens L B H br hyw te tw ™o
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
T-690-355-45 x 6 200.1 109.8 449 42.4 26.1 9.66 6.72 0.23
T-690-355-50 x 6 200.2  109.7 50.1 43.5 324 9.68 6.71 0.19
T-690-355-55 x 6 200.1 109.8 54.9 43.1 36.8 9.67 6.70 0.22
T-690-355-60 x 6 200.2  109.8 60.1 43.8 42.7 9.66 6.71 0.28
T-690-355-65 x 6 299.9  109.9 64.9 44.1 47.7 9.67 6.71 0.27
T-690-355-70 x 6 300.1 109.9 69.8 44 .4 52.9 9.68 6.70 0.18
T-690-355-70 x 6# 3002  109.9 69.9 44.5 53.1 9.68 6.70 0.22
T-690-355-75 x 6 3002  109.9 75.1 43.2 57.0 9.66 6.71 0.26
T-690-355-80 x 6 300.1 109.8 80.3 42.8 61.9 9.65 6.72 0.28
T-690-355-80 x 6# 3002  109.9 80.2 42.8 61.8 9.65 6.72 0.26
T-690-355-100 x 6 3002 109.8  100.3 44.8 83.9 9.66 6.72 0.33
T-690-355-120 x 6 400.1 109.8  120.1 44.8 103.7 9.67 6.71 0.42
T-690-355-150 x 6 399.9 1099  149.8 43.8 132.3 9.66 6.71 0.38
T-690-355-170 x 6 4499 1099 170.1 43.3 152.1 9.67 6.72 0.41
T-690-355-200 x 6 5455 109.7  200.3 43.2 182.3 9.66 6.72 0.45
Note: # indicates the repeated test
Table 5 Mean measured material properties from 6 mm thick Q355 parent plates.
. Es Jy Ju €u er Esh
Section
(GPa) (MPa) (MPa) (%) (%) (%)
Longitudinal 220.1 403 564 15.6 31.6 1.36
Transverse 213.2 382 553 17.2 32.0 1.24
Table 6 Mean measured material properties from 6 mm thick Q690 parent plates.
) Es fy fu & &r Esh
Section
(GPa)  (MPa) (MPa) (%) (%) (%)
Longitudinal 216.1 815 843 6.7 18.4 3.52
Transverse 217.4 819 848 6.7 18.3 3.42
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Fig. 6. Setup of local geometric imperfection measurements for HSS hybrid welded T-section.

2.4 Membrane residual stress

Membrane residual stress can be caused by the welding process due to the restraint of unheated area to the heated zone
and elongation along the welding direction. The effect of the fabrication route (e.g., wire cutting the T-section from the
welded I-section) on the structural behaviour of the hybrid T-section stub columns in this study was also examined by
residual stresses investigation. Membrane residual stress may lead to premature failure of the structural members, the
characteristic distributions and its magnitudes were therefore measured and recorded. Sectioning method using wire-
cutting was conducted to measure the membrane residual stress for hybrid T-sections of T-690-355-115 x 6 and T-690-
355-155 x 6 in accordance with the recommendations specified in Ziemian [26]. The strips were marked in the
longitudinal direction concerning the stress gradient. The strain gauges were affixed to the mid-height on both sides of
strips with waterproof tape covered and the coolant was applied to remove the heat. The readings of strain gauges were
recorded prior to the cutting process. The strains were then recorded again when the locked internal strains were released
after cutting. Five times measurements were conducted with the maximum and minimum values deducted and the
average values of the remaining recorded data were used. The strains before and after cutting were recorded and the
differences were considered to be the released inter-locked elastic strain. The magnitudes of membrane residual stresses
were determined by multiplying the measured Young’s modulus, given in Eq. (1).

- (Agext +Ag,, JE, 0

2

where Aeex is the derivatives after removing the initial strain readings from the final srain readings for external strain
gauge, Acinc 1S the same derivatives but for internal strain gauge. The experimentally measured amplitudes and
distribution of the membrane residual stress for two sections of T-690-355-115 x 6 and T-690-355-155 x 6 are presented
in Fig. 7.
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(a) T-690-355-115 x 6 (b) T-690-355-155 x 6
Fig. 7. Test results of the residual stress patterns and amplitudes.
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Fig. 8. Normalised residual stress distributions along the distance from the welding seam in (a) flange (b)web.

The measured residual stresses were plotted in a normalisation form (normalised to yield strength of the parent plates
and distance from welding seam) as shown in Fig. 8. The highest magnitude of membrane residual strain has outreached
the yield strain, attaining 100% of the yield strength (entering the yield plateau) of web plate in the strip next to the
welding region whereas the membrane residual stress near welding for flange are relatively lower approximately equal
to 63% of its yield strength. It should be noted that the residual stress near the weld metal will reach yielding level for
normal strength steels [27]. Two specimens display similar distribution pattern that the largest tensile membrane residual
stresses, as anticipated, were observed near the welding region and the magnitudes show a gradually decreased tendency
both for flange and web away from the welding seam and then change to compressive stress. Based on the obtained
results, a membrane residual stress predictive model for hybrid T-section is proposed to facilitate its application (in sub-
section of 3.2).

2.5. Stub column tests

A total of 15 stub column tests were carried out to investigate the local buckling behaviour and cross-section resistance.
To ensure the applied compressive load could be uniformly distributed to the stub columns, the end sections of the stub
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columns were milled flat prior to the testing. Furthermore, the end fixtures were employed to clamp the end section of
the examined specimens as a precaution against premature buckling at the end. The detailed configuration of the end
fixture is illustrated in Fig. 9(a). The HSS bolts were used to tighten the end of the specimens. The nominal length of
the stub column is determined as three times the largest dimension of the cross-section which is deemed to be sufficient
long to contain representative geometric imperfections and residual stresses during fabrication but suitably short enough
to avoid global buckling [28, 32]. To apply the compressive load, an MTS rock mechanics testing system with a capacity
of 5000 kN was used. Test arrangements comprised four LVDTs with 50 mm range and seven strain gauges adhering to
the mid-height of the specimen by which the end shortening of the stub column specimens can be measured by LVDTs
and the longitudinal strain under axial compressive load can be obtained by strain gauges. Three strain gauges were
affixed to the flange with one in the middle and the other two were located near the edge of outstand flat elements. The
other four strain gauges were arranged on each side of the web plate, with one near the middle of the flat portion and the
other one near the edge of the bottom of the web, as shown in Fig. 9(a) in the axonometric and sectional view. The test
set-up of the investigated stub column specimens is shown in Fig. 9(b). The axial load was realised through
displacement-controlled with a constant loading rate of 0.2mm/min adopted for all the specimens [33]. The pre-loading
test was conducted prior to the formal compressive loading with the loading rate of 0.1mm/min until the 10% of the
approximate yield load, aiming to check whether experimental instrumentations are correct and work well. The strain
gauges were also used to detect the initiation of local buckling, determination of the local buckling load as well as
aligning the stub column specimen to ensure that the compressive load passes through its centroid point. The relationship
of the axial load and longitudinal strain for the typical hybrid T-section stub column specimen is plotted in Fig. 10. Based
on the graph, it was observed that the compressive strains for all the seven strain gauges consistently increase under the
axial compressive load at early elastic stage until the occurrence of local buckling. The compressive strain corresponding
to the location where local buckling occurred start to display an inverse tendency and the dashed cross indicates the
determined local buckling load as shown in Fig. 10. The local buckling load for all the hybrid T-section stub columns
were determined and the results are reported in Table 7, denoted as Nip. Based on the obtained results, the hybrid T-
section columns with slender web were characterised with lower local buckling load prior to the attainment of the yield
load. It is of worthy mentioning that the local buckling failure of the web does not lead to the overall failure of the cross-
section. Under the same loading condition of compressive stress gradient, the web plate with lower strength grade enters
the plasticity stage first while the flange comprising high strength steel remain in elastic stage. The web plate may
experience the either elastic local buckling due to the slender cross sections or local buckling after reaching the yield
load. For hybrid T-section stub columns of T-690-355-70 x 6, T-690-355-80 x 6, T-690-355-100 x 6 and T-690-355-120
x 6, the normalised ratio of N to Nyest is lower than the unity, indicating the local buckling occur before the attaining
of the yield load. Nevertheless, the ultimate cross-sectional resistances still outreach the yield load of the cross-sections,
principally attributed to the element interaction effect from the flange plate, of which the failed web plate was supported
and restrained from the adjacent plate members.

Moreover, true end shortenings of the stub column specimens were derived by removing the inherently contained elastic
deformation of the end bearing plates from LVDTs based on the strain gauge readings [29]. The relationship between
axial load and end shortening curves of the tested specimens are plotted in Fig. 11. Table 7 reports the key test results
including the ultimate axial load N, s, the end shortening at ultimate load dy, yield load Ny and the ultimate to yield load
ratio Nues/Ny. In determination of the yield load Ny, an equivalent yield strength ;" was used which is weighted by
strength and the area of the respective plates of different strength grades. The equivalent yield strength £;* equals to (4,¢
X fort+ Ayw X fyw)/( Aye + A,w), where firis the 0.2% proof strength of the flange and f;,w is the 0.2% proof strength of the
web, A,r and A4, are the area of flange and web respectively. The normalised ratio of ultimate to yield load Ny es/Ny
implies the failure modes of the stub columns. If the normalised ratios are higher than the unity, the investigated
specimens are considered failed by local buckling upon reaching the yield load. Alternatively, the specimens are regarded
failed by elastic local buckling prior to the attainment of the yield load. As observed in Fig. 12, local buckling mode of
T-section under compression is characterised by the buckled web plate in the middle and flange was buckled towards
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Fig. 11. Relationship between the axial load and end shortening of the investigated stub columns.



336

337 Fig. 12. Typical local buckling mode of representative specimens.

338

339

340 Table 7 Summary of the test results of the investigated stub columns.

;j; Specimens Nugest (KN) 0y (mm)  Nywes/Afy, N (KN)  Nip/ Nygest
343 T-690-355-45 x 6 991.2 3.39 1.03 N.A. N.A.
344 T-690-355-50 x 6 1063.1 3.91 1.09 N.A. N.A.
345 T-690-355-55 x 6 1025.9 3.95 1.04 N.A. N.A.
346 T-690-355-60 x 6 1056.8 3.87 1.05 N.A. N.A.
347 T-690-355-65 x 6 1066.1 4.20 1.09 1050.5 0.985
348 T-690-355-70 x 6 1088.9 3.86 1.06 1008.5 0.926
349 T-690-355-70 x 6# 1090.0 3.84 1.06 1010.2 0.927
350 T-690-355-75 x 6 1123.1 3.82 1.08 930.2 0.828
351 T-690-355-80 x 6 1118.7 3.30 1.06 868.8 0.777
350 T-690-355-80 x 6# 1119.1 3.25 1.06 866.5 0.774
353 T-690-355-100 x 6 1160.7 2.30 1.05 891.5 0.768
354 T-690-355-120 x 6 1173.2 2.44 1.01 1002.1 0.854
355 T-690-355-150 x 6 1150.5 2.66 0.93 782.5 0.680
356 T-690-355-170 x 6 1206.8 2.52 0.93 755.8 0.626
357 T-690-355-200 x 6 1132.8 3.74 0.82 610.5 0.539

358  Note: Note: # indicates the repeated test; f;" is the equivalent yield strength which equals to (4,¢ X fyr+A,w X fyw)/( Aye+
359  A,.), where fyris the 0.2% proof strength of the flange and f; is the 0.2% proof strength of the web; N.A. indicates that
360  local buckling load are not applicable for these stocky sections.

361

362 3. Numerical studies
363

364  3.1. General

365

366  In conjunction with the physical compressive tests, extensive numerical simulation investigations were carried out using
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finite element (FE) analysis through a commercially available software ABAQUS. The validation studies encompass (i)
Developing the FE models; (ii) Validating the FE model using the test results; (iii) Conducting the parametric studies
with a larger spectrum of dimensions.

3.2. Numerical modelling

The measured geometric properties were modelled to replicate each stub column specimen. Mean material properties
were determined based on the obtained results from parent plates and then used in FE models. The tested engineering
stress-strain relationships were converted to true stress and plastic strain which was subsequently input in FE for material
modeling. The reduced integration shell element S4R, a four-noded curved thin or thick shell elements with reduced
integration suitable for complex buckling analysis, was used in FE models for all the specimens. The S4R shell element
has six degrees of freedom per node and was extensively used in previous investigations with accurate predictions [30,
31,40, 41]. To strike a good balance between the computational cost and numerical accuracy, sensitivity study pertaining
the mesh size was conducted with element size selected from /4/30, hw/25, hw/20, hy/15 and hy/10. An element size
equalling to /4./20 was consequently employed in FE analysis as it can reduce computational time but maintain numerical
accuracy. Comply with the boundary condition set-up for hybrid stub columns in the experiment, the end sections of
specimens were fixed against all translation and rotations except for the axial direction at one end to allow for
displacement -controlled load, as shown in Fig. 13. Special attention was paid to the location of the reference point,
which was in line with the centroid of the cross section and was carefully determined with the areas of the web and
flange. Linear elastic buckling eigan value analysis was performed to obtain the lowest elastic buckling eigen mode
under compression which was then taken as the representative distributed profile of initial local geometric imperfection,
as shown in Fig. 14. The measured initial local geometric imperfections were subsequently incorporated into the FE
model by multiplying the first eigen mode. After completion of the linear bucking analysis, non-linear buckling analysis
(GMNIA) were conducted using RIKS step specifying the axial displacement. The geometries of the fillet welds were
considered in the FE models using the method of additional shell elements with varying thickness [15]. To account for
the effect of the membrane residual stress, it was introduced into the FE model as initial state using either command of
‘initial condition’ or ‘keywords’ file. Fig. 15 shows a typical distribution pattern and magnitudes after incorporating the
membrane residual stress in FE model of T-690-355-120 x 6. The predictive model of the residual stress distribution of
hybrid T-section is proposed and the net force is zero. The membrane residual tensile stress at the middle of the top
flange and the top of the web is the same to maintain compatibility. The impact of the membrane residual stresses on the
structural behaviour of the T-sections was executed by comparing the results from FE model with or without inclusion
of membrane residual stresses for all the tested specimens. Fig. 16 shows the comparison of load-end shortening
responses of the representative specimen of T-690-355-120 x 6. It was found that FE models with inclusion of residual
stress led to 2% decrease in ultimate strength with earlier yielding of the cross section on average, but the path of the
deformation curves were almost identical. The comparison of the load ratio of N, rs/Nuest for all the tested specimens
are summarised in Table. 8 based on measured initial local imperfections. It was observed that intermediate and slender
sections were more sensitive to the initial local imperfections. This phenomenon could be principally due to the earlier
local buckling of the web plate occurred prior to the attainment of the yield load. The membrane residual stresses lead
to premature local buckling by superposition of the inter-locking residual stress with the external applied compressive
load for slender sections whereas widespread plasticity after yielding induces stress redistribution, partially
counteracting the impact of the residual stress. Furthermore, the web plate of hybrid T-section comprised mild steel
which was characterised with distinct strain hardening. The plasticity of the web plate section has been fully developed
when the whole cross-section enters the stage of the yield load (reaching the yield load 4 £;"). Overall, the mean value
of the normalised load ratio N, re/Nutest With or without inclusion of membrane residual stresses are 0.98 and 0.99 with
corresponding coefficient of variations of 0.016 and 0.021. It can then be concluded that the effect of membrane residual
stress is negligible. Therefore, it is unnecessary to explicitly include the membrane residual stress in the further
parametric studies for simplicity. Similar conclusions have also been concluded in previous study for welded I-section
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Fig. 18. Comparison of the experimental and numerical load-end shortening responses.
3.3. Validation analysis

Comparison of experimental and FE failure mode for the section T-690-355-200 X 6 is presented in Fig. 17 that excellent
agreement can be observed. Fig. 18 presents the comparison between the experimental and numerical axial load-end
shortening responses of hybrid welded T-section stub columns of T-690-355-50 x 6, T-690-355-80 % 6 and T-690-355-
120 x 6 respectively. It was found that ultimate loads from the experiments can be accurately predicted from the FE
models and the load-end shortening curves correlate well with each other. Furthermore, imperfection sensitivity analysis
was also performed to determine the optimal imperfection magnitude to be incorporated into FE analysis. Four
imperfection values including measured local geometric imperfection value wo, and three imperfection values expressed
by the fraction of the plate thickness #,/10, #/50, as well as #./100 were assessed and compared. FE-to-test load ratios
for the tested specimens are summarised in Table 8. Mean values of Nyre/Nusest Of the tested specimens among four
considered initial local imperfection magnitudes are 0.99, 0.98, 0.99 and 1.00 respectively with corresponding CoVs of
0.021, 0.024, 0.022 and 0.020 respectively. Though the four studied imperfection values yield precise and consistent
predictions, imperfection value of #,/10 was employed as it provides reliable predictions compared with the other three
imperfection magnitudes on conservative side.

3.4. Parametric studies
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The validated FE models developed in sub-section of 3.3 were used to perform parametric studies, with primary aim at
supplementing the database by generating structural performance data covering a broader range of cross-sectional

o =k ’E
SRV (b, /1, )

dimensions. The elastic critical buckling stress for flange in T-section is

2
O =k, 1231 7;) 1) for web plate respectively subject to compression. Therefore, when bihw= (kw/ke)*> the
- V w w

elastic critical buckling stress of flange and web is the same. For the case in this study, the buckling coefficient of kr and
kv are the same, equal to 0.43 for outstand flat element under pure compression. Hence, no interaction will occur as the
br and hy, are the same. The cross-sectional resistance will benefit from the interaction effect from the shorter plate
element with the restraint from the flange when the 4., is larger than the br. The modelled hybrid T-section specimens
were thereafter featured with a fixed flange width equal to 110 mm for consistent comparison. In particular, the yield
strength of the flange and web plate should be accounted for in assessing the cross-section classification. To determine
the slenderness of the flange b¢/te and web plates hw/te, where & = (235/f;)*° and the measured yield strength of Q690
and Q355 were used respectively. The variations of the section slenderness were achieved by changing the length of the
web from 51 mm to 212 mm, resulting in a broader web slenderness range between 6.28 and 37.5 and the aspect ratio
varied from 0.46 to 1.93. The slenderness ratios of the flange plate to web plates are also reported in the Table 9. It
should be noted that for specimens with outer height larger than 64 mm, the web plate governs the overall cross-section
classification with slenderness ratio of 8.8 while the slenderness of the flange is a constant value of 8.2. For the cross-
section with height less than 64 mm (51 mm to 60 mm in Table 9), the flange governs the cross-section classification
and design. The detailed information concerning the parametric studies were reported in Table 9, resulting in 83 FE
models in total. The generated FE results and the experimental test data were used together to evaluate the applicability
and suitability of the current structural steel design codes and the developed advanced design approaches of DSM and
CSM.

Table 8 Sensitivity analysis of the initial local imperfection amplitudes and residual stresses.

Specimens Nupe/Nu gest
Membrane No membrane
Wo tw/10 tw/50 tw/100 i )
residual stress  residual stress
T-690-355-45 x 6 0.98 0.98 0.98 0.99 0.98 0.98
T-690-355-50 x 6 0.99 0.98 0.99 0.99 0.99 0.99
T-690-355-55 x 6 1.00 0.99 1.00 1.00 0.99 1.00
T-690-355-60 x 6 0.99 0.98 0.99 0.99 0.98 0.99
T-690-355-65 x 6 0.99 0.98 0.99 0.99 0.98 0.99
T-690-355-70 x 6 0.99 0.97 0.99 0.99 0.98 0.99
T-690-355-70 x 6# 0.99 0.97 0.99 0.99 0.98 0.99
T-690-355-75 x 6 0.97 0.95 0.96 0.97 0.96 0.97
T-690-355-80 x 6 0.99 0.98 0.99 0.99 0.97 0.99
T-690-355-80 x 6# 0.99 0.98 0.99 0.99 0.97 0.99
T-690-355-100 x 6 0.99 0.99 1.00 1.00 0.97 0.99
T-690-355-120 x 6 0.97 0.97 0.98 0.99 0.95 0.97
T-690-355-150 x 6 1.03 1.03 1.04 1.04 1.00 1.03
T-690-355-170 x 6 0.97 0.97 0.98 0.98 0.94 0.97
T-690-355-200 x 6 1.05 1.05 1.05 1.05 0.99 1.05

Mean 0.99 0.98 0.99 1.00 0.98 0.99
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CoV 0.021 0.024 0.022 0.020 0.016 0.021

Note: # indicates the repeated test

Table 9 Cross-section geometric dimensions selected for parametric study.

Cross-section Element Slenderness ratio Aspect Height
dimensions slenderness ratio

h, /te
b/ te

B tw te hw/te  bite o H (mm)

(mm) (mm) (mm)

110 6 10 6.28- 8.03 0.74,0.76,0.79, 0.81, 0.83, 0.86, 0.46- 51,52,53,54,55,56,57,

37.5 0.88, 0.90, 0.93, 0.95, 0.98, 1.07, 1.93 58,59, 60, 64, 66, 68, 70,
1.12,1.16, 1.21, 1.26, 1.31, 1.35, 72,74,76,78, 80, 82, 84,
1.40, 1.45,1.49, 1.54, 1.59, 1.64, 86, 88,90, 92,94, 96, 98,
1.68,1.73,1.78, 1.82, 1.87, 1.92, 100, 102, 104, 106, 108,
1.97,2.01, 2.06, 2.11, 2.16, 2.20, 110, 112, 114, 116, 118,
2.25,2.30,2.34,2.39, 2.44, 2.49, 120, 122, 124, 126, 128,
2.53,2.58,2.63,2.67,2.72,2.77, 130, 132, 134, 136, 138,
2.82,2.87,2.92,2.97,3.02,3.07, 140, 142, 144, 146, 148,
3.12,3.17,3.22,3.27,3.32,3.37, 150, 152, 154, 156, 158,
3.42,3.47,3.52,3.57,3.62,3.67, 160, 162, 164, 166, 168,
3.72,3.77,3.82,3.87,3.92,3.97, 170, 172, 174, 176, 178,
4.02,4.07,4.12,4.17,4.22,4.27, 180, 182, 184, 186, 188,
4.32,4.37,4.42,4.47,4.52 190, 192, 194, 196, 198,

200, 202, 204, 206, 208,
210,212

4. Evaluation of the current design codes and design approaches

4.1. General

The applicability and suitability of the existing design provisions in design codes of EN 1993-1-1 [19], EN 1993-1-5
[20], EN 1993-1-12 [18], ANSI/AISC 360-16 [34] as well as AS 4100 [35] against 15 experimental data and 83 FE
results were assessed and compared. In addition to the design codes, design method of DSM, which can take account
for the element interaction effect and CSM which is a deformation-based design method considering both strain
hardening and interaction effect were also evaluated.

4.2 Cross-section classification
In the design framework of Eurocode EN 1993-1-1 [19], four cross-section classes were included in the classification

framework. Classl, 2, and 3 sections are referred to the sections which can achieve the yield load whereas Class 4
sections are those sections which cannot attain the yield load due to local buckling. For Class 4 sections, partial section
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of the structural element cannot resist the external load due to the occurrence of local buckling, the width b of the cross-
section is thereby reduced to the effective width of berr. EN 1993-1-12 [18] simply extends the design specifications for
normal strength steel to high strength steel design with strength grade up to S700. In the later section, design codes of
EN 1993-1-1 and EN 1993-1-12 are referred as EC3. Different from Eurocode EC3, ANSI/AISC 360-16 [34] and AS
4100 [35] specify the cross-section under compression into two sections, namely non-slender and slender sections,
allowing for structural steel design with nominal yield strength up to 690 MPa. Table 10 reports the codified cross-
section yield slenderness limits for out-stand elements from various design codes. The experimental and numerical
results were normalised to the corresponding squash load Afy*, and subsequently plotted against the ratios of b/(tekcs3),
b/(teaisc) and b/(teasai00) in Fig. 19. In the classification framework of the design codes, the classification of the cross
sections highly depends on its slenderest constituent plate element and then being used to compare with the width-to-
thickness ratio b/t with codified slenderness limits, where b is the clear width of the plate element. Different material
parameters such as eecs = (235/£,)", eaisc= (E/fy)"™*, and easai00 = (250/f;)* are used to account for the differences of the
material strengths in various codes respectively. The average yield strength measured from the tensile coupon tests for
flange and web were used respectively for each constituent plate members with different strength grades. Fig. 19 shows
that the current codified slenderness limits in these design codes for slender/non-slender outstand flat elements are
generally applicable for hybrid welded T-section under compression. Compared with ANSI/AISC 360-16, slenderness
limits of EC3 and AS 4100 provide more reliable classification.

To deal with the plate elements subject to local buckling, effective width method is adopted in these design codes.
Notwithstanding the concept of the effective width is considered in design codes to address the section susceptible to
elastic local buckling, the equations to derive the effective width is different. EN 1993-1-1 [19] relates the effective
width bt to the width b by using a cross-section slenderness parameter specified in EN 1993-1-5 [20], given in Eq. (2)

_ bt ,
" 284s,04k, 2)

where ks is the buckling factor which is equal to 0.43 for out-stand elements in this study. Then the effective width can

A

be calculated following Eq. (3)

1 0.188
beff,EC3:b(Z__ — )<b (3)

p ﬂ/p

The equations to determine the effective width in structural steel design codes of ANSI/AISC 360-16 [26] and AS 4100
[29] are given in Eq. (4) and Eq. (5),

1492, s 0492, s’

,AISC )<

bgasc =b( b ( b )2 4)
t t
where Ap aisc is the limiting width-to-thickness ratio specified in ANSI/AISC 360-16
14
)<b (5)

b =b———
eff,AS4100 (b 1 (& ps4100)

Direct strength method (DSM) was originally developed for open section cold-formed structural members which need
to find the governing buckling stress among various elastic bucking mode including elastic local buckling, global
buckling, and distorsional buckling through numerical tools [36]. The obtained elastic buckling stress fer from the
corresponding governing buckling mode are used to derive the non-dimensional cross-section slenderness 4, = (fy/fer)*>.
Using the determined cross-section slenderness, the cross-section resistance from DSM can be derived using Eq. (6).
Different from DSM, continuous strength method (CSM) employs a base curve by which the cross-sectional slenderness
parameter 4, = (f;/for)™ can be related to the deformation capacity (ecsm/ey) [37]. Experimental investigations including
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columns and beam tests have been performed to construct the base curves corresponding to carbon- and stainless-steel
materials [38, 39]. The hybrid sections comprise HSS flange and NSS web, it is therefore reasonable to adopt the base
curve for flange and web respectively. The base curve applicable to HSS structural components was developed and
proposed in Lan et al. [40] which was employed in this study for flange, as shown in Eq. (7). Concerning the NSS web,
base curve corresponding for the hot-rolled steel should be used [41, 42] given in Eq. (8). The CSM limiting stress fism
can be calculated from Eq. (9),

/A for 4, <0.776
No =1 015 1 6)
DM - o8 ) o8 1,4 for 4 >0.776
p p
0293 min(15. 950y for 2, <0.68
& ﬂ’p A 8}’
—= (7)
& |g-229 1 for 4. > 0.68
1.014 1.014 :
ﬁp ﬁp '
023 < min(15,. 9% for 1, <0.68
Eem _ 4y & (8)
& |g-0222) 1L for A_>0.68
1.05 1.05 :
ip /IP !
Ee,. fore, <e,
f;sm = f;/ for gy < gcsm < gsh (9)
/:v + Esh< gcsm - gsh) for gsh < gcsm < Clgu

where E; is Young’s modulus, &y and &, are the strains at the yield and ultimate stresses, & is the strain hardening strain
defined as the end of the yield plateau after which the strain hardening initiates, Cie, represents the strain at the
intersection point. The other material coefficients C; is used to define the strain hardening modulus of Es, as given in
Eq. (10).

_ )

Cye, —¢,

E

sh (10)

CSM material model proposed in Chen et al. [1] for HSS was used for flange and material model for hot-rolled carbon
steel of Q355 steel in Yun and Gardner [42] was applied to the web steel. The required parameters in determination of
the material model for HSS and NSS materials are summarised in Table 11 and Table 12 respectively. Using the obtained
CSM limiting stress, the stub column resistance predictions can be determined as given in Eq. (11).

Sfoam A for 1, <0.68

N =
o ‘tﬂfyA for 4, >0.68 (11)

y

Note that in the determination of the cross-section slenderness parameter 4,, it comes to an issue that two different
strength grades were essentially included in hybrid sections. Therefore, comparisons between the normalised cross-
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section resistance and two different cross-section slenderness are compared in Figs. 19(b)-(c). It can be concluded that
the specified limit value of DSM is non-conservative if 4, is calculated based on the lower strength grade from the web
whereas most data locate on the left side above the unity when 4, is based on flange. The limit value of CSM based on
web strength is more appropriate for classification of hybrid T-section stub columns that overly conservative predictions
were obtained using flange strength.

Table 10 Slenderness limits between slender and non-slender plate elements in compression.

Design standards and methods Yield slenderness limits 573
EN 1993-1-1 and EN 1993-1-12 b/t<14egcs
ANSI/AISC 360-16 b/t<< 0.64¢a1sc
AS 4100 b/t< 14easa100
DSM A, =0.776
CSM A =0.68
Table 11 CSM material model for HSS materials.
Eu Esh Cl C2
. +0.55(e, —¢,)
e, +03(e —¢ b * u__sh
0.85<f/f,<0.9  0.8(1- ﬁ) 0.2£+0.2 h Ay &,
1 fu £,
1
0.9< f/fa 1-= 0.02
1
Table 12 CSM material model for NSS material.
Eu Esh Cl C2
e, +0.25(¢ —¢
1i/f2=0.85 o.m-%) 0.1?—0.055 sh (&~ ) N.A?
u u gu

Note: a indicates that the material parameter of C; is not applicable for normal strength steel material
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Fig. 19. Assessment of slenderness limit (a) Slenderness limits in design codes (b) DSM with slenderness obtained based.
on strength from the web (c) DSM with slenderness obtained based on strength from the flange

4.3 Cross-section resistances

The relationship between the normalised load ratios and the corresponding plate slenderness are depicted in Figs. 20—
22. Key results, including the mean (test and FE)-to-predicted ratios of Nu/Ny,pred, the corresponding coefficient of
variations (CoVs) are shown in Table 13. The mean value of Nu/Ny,pred Obtained from design codes of EC3 and AS 4100
are 1.04 and 1.05 which is relatively higher than the 1.01 from AISC 360-16. Compared with EC3 and AISC 360-16,
AS 4100 provide comparatively conservative predictions. All design codes yield rather accurate and consistent
predictions which may be extended to cover compressive design of hybrid T-sections with Q690 flange and Q355 web.
Nupsm® is the compressive resistance based on flange strength, and N, psm is determined based on the web strength. The
mean values of Ny/N,pred obtained from DSM and DSM" are 1.02 and 1.16. The corresponding CoV from DSM is 0.040
which is lower than 0.113 from DSM". The mean values of Ny/N,preq obtained from CSM and CSM™ are 1.06 and 1.26
with CoVs of 0.069 and 0.160 respectively. For the sections with cross-section slenderness greater than 0.776, overly
conservative results were derived based on current DSM design approach, as shown in Fig. 21. In comparison with DSM,
CSM provide more accurate predictions for stocky sections as seen in Fig. 22 as anticipated taking account for strain
hardening. Predictions for sections with 4, larger than 0.68, the degree of conservatism is increasing as cross-section
slenderness increases. Analogous to the DSM”, the CSM" based on flange strength provides overly conservative results
for sections with 4, larger than 0.68 and the predictions for sections with 4, smaller than 0.68 are comparatively reliable,
as shown in Fig. 22. The over-estimated cross-sectional resistance predictions from DSM and CSM indicate that the



627  modifications on design curves need to be further conducted for hybrid welded T-section stub columns under pure
628  compression.
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638 Fig. 21. Comparisons of strength predictions (a) DSM and (b)DSM".



639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662

663

664
665
666
667
668
669
670
671

2.0 20

¢ Test data
o FE data
1.5 4
D
a
TR YO 9
=3
==
0.5 4 0.5
¢ Test data
o FE data
0.0 . . . . . . . 0.0 . . . . . . .
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0
(]; /fu)o,s 0(‘ /f&)o 5
(a) (b)

Fig. 22. Comparisons of strength predictions (a) CSM and (b) CSM".
4.4. Proposed modified design approaches of DSM and CSM

The present design approach of DSM provided either conservative or non-conservative predictions for non-slender and
slender sections. The normalised load ratio of cross-sectional resistance under pure compression to the yield load (Ny =
Af,") are plotted against the slenderness of DSM with the original DSM design curve added in Fig. 23. It was observed
that the current horizontal plateau of the limit value of unity cannot represent and capture the strain hardening behaviour
of the non-slender hybrid T-section stub columns, particularly for sections with lower cross-section slenderness. A linear
expression is proposed to replace the traditional limit value of the unity and compare with the test and FE data in Fig.
23 for non-slender sections. As can be seen in Fig. 23, the strain hardening and cross-sectional resistance of non-slender
sections can be fully exploited by the newly proposed linear equation, as given in Eq. (12). Likewise, the obtained cross-
sectional resistances of slender sections were normalised to the yield load and is plotted in Fig. 24 against the section
slenderness. The original DSM curve overly predicted the cross-sectional resistance for hybrid T-section with cross-
section slenderness ranging between 0.64 and 0.94 and subsequently provided conservative results for slender sections,
with degree of conservatism increasing as cross-sectional slenderness increases. Hence, modified design equation is
proposed for slender sections and compared against the test and FE data. Based on the comparison with the design
predictions using the proposed modified DSM, notable improvement in cross-sectional resistance predictions can be
seen in Fig. 25 and Table 13. The mean value of Nu/Ny,pred Obtained from modified DSM is 1.01 with corresponding
CoV of 0.013. The reliability analysis was also conducted for the modified DSM and the required partial factor was
equal to 1.0, indicating the proposed modified DSM is reliable.

(1.102—0.164ﬂ,p)fyA for ﬂp <0.64
N, o = 0.125 1 (12
piNprer (- 7, 0336 ) 7, 0336 fyA for ﬂ“p >0.64 )
P P

In addition to the proposed modified DSM, design approach of CSM was also modified for its applicability for the cross-
sectional resistance design for hybrid T-section stub columns under concentric compression. The base curves for high
strength and normal strength carbon steel were compared and assessed with structural performance data from non-
slender hybrid T-sections, as shown in Fig. 26. It can be generally concluded that the existing base curve for NSS can
accurately capture the deformation capacity of the investigated hybrid T-section. The CSM design curves for NSS and
HSS were also compared and are plotted in Fig. 27. It was observed that the existing design curve provide over-
conservative predictions. A new design curve is proposed based on regression analysis, as shown in Eq. (13). The
applicability of the proposed modified CSM for hybrid T-section stub columns was assessed by comparing the
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experimental and numerical results with the design predictions by the modified CSM, as shown in Fig. 28 and Table 13.
The mean value of No/Ny,prea Obtained from modified DSM is 1.00 with corresponding CoV of 0.013. The reliability
analysis was also conducted for the modified CSM with required partial factor equal to 1.0, indicating the proposed
modified CSM is reliable. It should be noted that the slenderness used in proposed design approaches were determined
based on the lower strength steel from the web plate, and the proposed slenderness limit value for DSM and CSM is
0.64.
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703
704 5. Reliability analysis
705

706  The reliability analysis was carried out in accordance with Annex D of EN 1990 [43] using the first order reliability
707  method (FORM). The CoV of geometric properties was taken as 0.05 in [44]. The key statistical parameters need for
708  conducting the reliability analysis regarding the design codes and design methods are summarised in Table 13. In Table
709 13, kqn indicates the design (ultimate limit state) fractile factor, b indicates the mean value of the correction factor, Vs,
710 indicates the coefficient of variation of the tests and FE simulations relative to the resistance model, V; is the combined
711  coefficient of variation incorporating both model and basic variable uncertainties and ymo is the required partial factor.
712 Based on the statistical results in Table 13, it was concluded that CSM requires higher partial factor than DSM. Design
713 approach of DSM provides more accurate predictions than the design codes except for AISC 360-16, despite the higher
714 required partial factor, which are greater than the specified 1.0 in EN 1993-1-1 [19]. The cross-section resistance design
715  based on higher strength steel of flange yield unreliable predictions, particularly for design approach of CSM, which
716  needs partial factor to be 1.21. The proposed modified design approach of DSM and CSM generate reliable predictions
717  with determined partial factor equal to the unity.

718

719

720  Table 13 Comparisons of test and FE results with predicted strengths.

Number of Nu Ny Nu Nu Ny Ny Nu Ny Ny
Specimen /Nupcs  /Nuaisc  /Nuasaioo  /Nupsm /Nupsm™  /Nacsm /Nucsm™ /Nupsmprop  /NucsMiprop
Test:15  FE:83
Mean 1.04 1.01 1.05 1.02 1.16 1.06 1.26 1.01 1.00
CoV 0.014 0.023 0.019 0.040 0.113 0.069 0.160 0.013 0.013
kdn 3.194 3.194 3.194 3.194 3.194 3.194 3.194 3.194 3.194
b 1.04 1.05 1.01 1.02 1.14 1.05 1.21 1.01 1.01
Vs 0.014 0.020 0.023 0.040 0.112 0.070 0.158 0.029 0.012
£ 0.053 0.055 0.056 0.065 0.123 0.086 0.166 0.059 0.052
VMO 0.93 0.96 1.01 1.02 1.05 1.12 1.21 1.00 1.00

721
722
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6. Conclusions

Experimental and numerical investigations into the local buckling behaviour and cross-section resistances of hybrid T-
section stub columns are reported in this paper. The design codes as well as the design approaches were assessed and
evaluated. The presented studies allow the following conclusions to be made:

(a) It was found that the codified slenderness limits for outstand flat elements specified in EN 1993-1-1, ANSI/AISC
360-16 and AS 4100 are generally applicable and can be extended for hybrid T-section comprising Q690 flange and
Q355 web under pure compression.

(b) All design codes provide consistent but conservative cross-section resistance predictions. AS 4100 provides relatively
conservative predictions than the other two design codes. AISC 360-16 yields more accurate predictions with the
normalised load ratio close to the unity and become slightly unsafe side when the slenderness is increasing.

(c) The yield slenderness limit based on web strength for design approach of DSM show non-conservative cross-section
classification. The yield slenderness limit provided from CSM is closer to limit where the structural performance data
converge to the unity. Suitable cross-section yield limit value for DSM and CSM is proposed with 1, = 0.64.

(d) CSM provide more accurate results compared with DSM, due to the consideration of strain hardening for non-slender
sections. However, over-conservative results are provided when 4, is greater than 0.68 and the degree of the conservatism
is increasing as the slenderness increases.

(e) For cross-section resistance predictions from DSM and CSM, section slenderness 4, determined using the web
strength provide more accurate results than the one derived based on flange strength.

(f) Modifications on the design approaches of DSM and CSM are proposed. The modified DSM and CSM were
compared and assessed with the experimental and numerical data. Notable improvements and enhanced reliability have
been demonstrated in a reliable manner.
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