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Abstract

Comprehensive experimental investigations into the material properties and stub column behaviour of
cold-formed high strength steel (HSS) irregular hexagonal hollow sections (IHexHS) are presented in this
paper. Apart from the tensile coupons taken from the parent plates, tensile coupons extracted from the flat
and corner portions from the cross-sections were also tested in order to measure the effect of the fabrication
process on material properties. The strength enhancement predictive models proposed by previous studies
were compared with the obtained test results from corner coupons with increased strength due to the
cold-forming effect. A total of 20 HSS [HexHS stub column specimens were tested under axial compression
and the cross-section classification from the existing structural steel design codes of EN 1993-1-12,
ANSI/AISC 360-16, AS 4100, AISI S100-16 and design approaches of DSM and CSM were compared and
assessed against the obtained results. It was found that the design provisions of cross-section classification in
current design codes cannot be extended to the HSS ITHexHS stub columns. Based on current codified yield
slenderness limits, the strength predictions from design codes exhibit conservatism without the consideration
of strain hardening and beneficial effect of element interaction whereas cross-sections with intermediate
slenderness values were over-predicted.

Keywords: Irregular hexagonal sections; Local buckling behaviour; Cold-forming effect; High strength steel;
Design methods.

1. Introduction

With the advancement in production technology and welding techniques, high strength steel (HSS), generally
defined by the nominal yield strength equal or greater than 460 MPa, have been produced with acceptable
ductility and weldability [1-2]. In comparison with the normal strength steel (NSS), HSS offers numerous
benefits including higher yield strength and higher strength-to-weight ratio, which enable realization of
lighter structural components with reduced member sizes. The application of HSS also facilitates the scheme
of environmental and ecological sustainable development due to the reduced transportation cost and less
welding work resulting in decreased carbon dioxide emissions. These advantages make HSS popular in the
construction of high-rise buildings and long-span structures. In China, several large-span structures have
been constructed with HSS, such as the public buildings of National stadium (Bird’s nest), CCTV
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headquarters and Phoenix international media center where HSS with nominal yield strength of 460 MPa are
used, as shown in Fig. 1(a). HSS have also been widely applied in bridges, such as the Tseung Kwan O
bridge in Hong Kong in which HSS with steel grade of Q690 is used, as shown in Fig. 1(b).

In terms of the material properties, those for HSS are primarily affected by the chemical compositions, heat
treatment and manufacturing processes [5]. Two types of heat treatment are commonly used to produce HSS
plates, namely thermomechanical rolling and quench and tempering, which lead to increment in material
strength without overly compromising the ductility, weldability and toughness [6]. With the development of
the welding technologies, HSS plates can be welded into different shapes. Sections comprising the individual
HSS plates which were welded separately are called built-up sections (or welded sections). In the past years,
research efforts have been made focusing on conventional tubular profile such as HSS built-up box sections
[7-14]. Local buckling behaviour of the welded box sections made up from HT80 with nominal yield
strength of 690 MPa were studied by Usami and Fukumoto [7]. The welded box-sections fabricated by HSS
plate of BISALLOYS80 with nominal yield strength of 690 MPa were tested under axial compression, by
which the local and overall buckling behaviours have been investigated [8]. Clarin [9] conducted stub
column tests to study the local buckling behaviour of the welded box sections comprising three different
strength grades of DOMEX 420 (nominal yield strength f, = 420 MPa), WELDOX 700 (nominal yield
strength f; = 700 MPa) and WELDOX 1100 (nominal yield strength £, = 1100 MPa). Local buckling
behaviour of the welded box sections made up from the high strength low alloy steel of 18Mn2CrMoBA
have also been studied by Gao et al. [10] with nominal yield strength varying between 745 MPa and 800
MPa. Design provisions from AISC 360 have been compared and assessed on the HSS welded box sections
stub column with nominal yield strength of 800MPa by Kim et al. [11]. Shi et al. [12] carried out
experimental investigations on welded box and I-sections made up from Q460 steel with nominal yield
strength of 460 MPa, demonstrating the deficiencies of the current design provisions to HSS sections. Local
buckling and interaction of the local buckling and overall buckling of the welded box sections made of HSS
were also examined by Schillo and Feldmann [13-14], with S500 and S960 steel with nominal yield strength
of 500 MPa and 960 MPa respectively. In addition to the built-up sections, hot-finished sections of square
hollow sections (SHS) and rectangular hollow sections (RHS) have also been studied focusing on the local
buckling behaviour [15-16].

Compared with built-up or hot-finished sections, cold-formed HSS hollow sections have great potential in
structural engineering due to their ease of fabrication, less energy consumption, lightweight members with
higher strength due to the cold-forming processes. Investigations have been conducted on cold-formed HSS
tubular sections including square hollow sections (SHS), rectangular hollow sections (RHS) and circular
sections (CHS) [17-20]. Apart from these conventional cross-section profile, increasing interests have been
made focusing on the applications of polygonal sections such as HSS hexagonal hollow sections (HexHS)
and octagonal hollow sections (OctHS). Compared with the conventional layout of CHS, polygonal hollow
sections, such as HexHS and OctHS, provide the flat surface which can allow for easier connection
construction with incoming members, particular in the application of the modular integrated construction,
which propose higher requirement on the connection possibility. Meanwhile, HexHS and OctHS resemble
their CHS counterpart more rather than SHS, which indicate that better local buckling resistance and
enhanced confinement can be provided [21-26]. In particular, the application of irregular hexagonal sections
(IHexHS) as part of the polygonal section family was successfully applied in the high-rise buildings of
CITIC tower in Beijing with total height of 528 meters and Gaoyin Finance Building in Tianjin with total
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height of 597 meters as the mega columns connecting the trusses and braces [27]. The material properties
variation and residual stresses distribution have been investigated for HSS cold-formed IHexHS [28].
However, there is no experimental data available for stub column behaviour of HSS cold-formed [HexHS. It
is thereby of vital importance to conduct the investigation for better understanding the structural behavior of
HSS cold-formed IHexHS, by which the safe and efficient design provisions can be determined.

It is known that HSS conventional cross-sections such as HSS RHS and CHS are covered by design codes of
EN 1993-1-12 [29], AISI/AISC 360-16 [30] and AS 4100 [31]. The Eurocode of EN 1993-1-12 [29] is
applicable to the HSS up to strength grade of S700 and the North American code of AISI/AISC 360-16 [30]
encompasses the structural steel design with nominal yield strength up to 690 MPa. Note however that
stringent requirements are specified for hollow sections that only sections with nominal yield strength less
than 485 MPa are allowed to follow the design provisions in this code. AS 4100 [31] covers structural steel
design with nominal yield strength up to 690 MPa except for hollow sections. The provisions stipulate that
the hollow sections with nominal yield strength greater than 450 MPa are beyond the scope of the code,
implying that these design provisions are only applicable to HSS tubular hollow sections with nominal yield
strength not greater than 450 MPa. Furthermore, design specifications of HSS [HexHS are not provided in
existing structural steel design codes. Whether the current structural steel design codes can be extended to
cover the design of HSS IHexHS is unknown. Thus, there is a need to assess the applicability of the existing
design codes for conventional profiled sections to the HSS HexHS in this study.

To address these research gaps, a comprehensive experimental programme was carried out by testing 20 HSS
cold-formed IHexHS stub columns with a spectrum of cross-section dimensions (plate width to thickness
ratio) varying from 3.8 to 34.5. The material properties for each specimen were measured through tensile
coupon tests. The tensile coupons were taken from both the parent plates and the sections of HSS IHexHS.
The measurements of the initial local geometric imperfections were also conducted. The local buckling
behaviour and the cross-section resistance were investigated under axial concentric compression. The
obtained experimental results were assessed against the cross-section classification in the existing codes of
practice. The developed design approaches such as the direct strength method (DSM) [32] and continuous
strength method (CSM) [33] were also discussed and assessed for HSS THexHS.

2. Test specimens

A total of 20 HSS cold-formed IHexHS stub column specimens under axial compression were prepared. HSS
plates of Q690 with two nominal thicknesses of 6 mm and 10 mm were used for preparing the HSS
cold-formed IHexHS specimens. The cold-formed HSS IHexHS in this study were fabricated by welding two
half-sections through Gas Metal Arc Welding (GMAW) in longitudinal direction with each half-section
featuring one corner of 90 degrees and the other two corners of 135 degrees through press-braking, as shown
in Fig. 2. To avoid the cracking along the bending area due to the highly concentrated stress during
press-braking, the designed inner radius-to-thickness ratios were carefully designed to meet the requirements
proposed in cold-formed steel specification in EN 10219-2 [34]. The inner corner radius to thickness ratio is
three for all the investigated IHexHS and no cracks were observed at the surface of the specimen. The 1.2 mm
electrode of ER110S-G category (fy = 860 MPa, fi = 920MPa) in accordance with the specification AWS
A5.28/5.28 M [35] was used to achieve the overmatched condition.
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The dimensions of the cross-section for HSS cold-formed IHexHS were measured using the symbols shown
in Fig. 2. The detailed definition of the symbols of the cross section are illustrated in Fig. 3, where H is the
height of the cross section, B is the outer width of the IHexHS, By is the longer edge length of the IHexHS,
br is the clear width of the vertical flat portion with welding bead excluding the corner regions, B is the
shorter edge length, b is the clear width of an inclined short flat side excluding the corner portions, ¢ is the
nominal thickness of the cross section, r, and rjare the outer and inner corner radius of the cross section
respectively. The specimen label system including detailed information about the nominal cross section
geometry is utilized throughout the paper. Following the cross-sectional shape of the specimen “IHex”, the
nominal dimensions (Bt x t) of the HSS IHexHS is denoted after the hyphen with nominal aspect ratio given
after geometries, and the symbol of “#” is used to indicate the repeated tests. For example, the specimen of
“IHex-125 x 6-1.80#” indicates a repeated specimen with nominal edge length Br of 125 mm, nominal
thickness of 6 mm and nominal aspect ratio of 1.80. The measured dimensions of the specimens are
presented in Table 1. The thickness ¢ of the HSS cold-formed IHexHS was conventionally measured at the
end sections using the digital Vernier caliper and the thickness along the specimen length was measured
using an ultrasonic measurement gauge with measured locations shown in Fig. 4. The measured data were
averaged and presented in Table 1.

3. Material properties

3.1. Tensile coupon tests

To acquire the material properties of the HSS cold-formed IHexHS, tensile coupon tests were conducted on
tensile coupons extracted from both the parent plates and the cross-sections of IHexHS from three critical
locations, namely the flat portion and the corner portions (one with 90 degree and the other is 135 degree).
Twelve tensile coupons were machined longitudinally and transversely from the parent plates with six for
each thickness plate respectively. Fifteen flat- and twenty corner tensile coupons were taken from the flat
portion and corner portions of HSS cold-formed IHexHS as shown in Fig. 2. To limit the cold-forming effect,
the flat coupons were extracted from corner regions at a distance of at least 37. Analogous to the specimen
labeling system, the tensile coupons were labelled in a form of “IHex-nominal edge length By x nominal
thickness #-nominal aspect ratio-corner angle” for corner coupons and “IHex-nominal edge length Bp x
nominal thickness #-nominal aspect ratio” for flat coupons. For instance, IHex-160%6-1.90-90 indicates a
corner coupon taken from the corner portion of HSS cold-formed IHexHS of “IHex-160%6-1.90".

The tensile coupon tests were conducted in accordance with EN 6892-1: 2019 [36] and an in-house
electromechanical high force universal testing system of Instron 5982 testing machine with a capacity of 100
kN and an optical non-contact video extensometer was used to record the full engineering stress-strain
relationship. Test arrangement for the tensile coupon tests for flat coupons and corner coupons are given in Fig.
5 and the detailed testing procedure for tensile coupon tests are referred to [28]. The dimensions of the tensile
coupons were carefully designed in accordance with the codified specifications in EN 6892-1: 2019 [36].
The parent coupons were featured with 13 mm and 8 mm width along a gauge length of 50 mm for 6 mm
and 10 mm thick plates respectively. In addition, the flat- and corner tensile coupons were machined with 4
mm width along the gauge length of 25 mm from the sections with the plate thicknesses of 6 mm. With
regards to the tensile coupons taken from sections with the plate thickness of 10 mm, the width of the
specimen was 8 mm along the gauge length of 50 mm. Special attention was also paid to the corner coupons,
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and a pair of specially developed grips with two pins was utilized to apply the tensile load through the holes
drilled at the distance of 20 mm from the end of the coupon with diameter of 10 mm.

Some of the failed tensile coupons with fracture in the parallel gauge length are presented in Fig. 6. The
measured material properties for parent plates are summarized in Table 2, where Es, indicates the elastic
modulus of the parent steel plate, f;,, is yield strength, f., is the ultimate strength, &, is strain-hardening
strain, eup is strain at ultimate strength, er, is elongation at fracture and v is Poisson’s ratio. Test results of the
material properties of the flat- and corner coupons taken from the sections are summarized in Table 3 and
Table 4. Apart from the basic material properties, 0.05% proof strength for flat and corner coupons are also
provided in Table 3 and Table 4. The letters “f” and “c” in the subscript indicate that the material properties
are obtained from flat coupons and corner coupons respectively.

3.2. Assessment of the material properties and ductility requirements

The determined stress-strain curves from the parent plates are plotted in Figs. 7—8. The stress-strain curves of
the flat coupons and corner coupons taken from the HSS cold-formed IHexHS of IHex-125%x6-1.60 is
presented in Fig. 9 to illustrate the effect of the press-braking process on the material strength. It can be
observed that both yield strength and ultimate strength from the corner coupons are improved significantly
compared with the flat coupon due to the excessive strain hardening. The ductility is decreased with lower
elongation at fracture and ultimate strain. Moreover, ultimate strength is slightly higher for the corner coupon
with an angle of 90 degrees, which may attribute to the more severer plastic deformation subject to
press-braking compared with the counterpart with 135 degrees.

Ductility requirements for structural steel design are set out in Eurocode EN 1993-1-1 [37] for the steel with
nominal yield strength not greater than 460 MPa, the ductility requirements are specified as follows,

i) fulfy > 1.10
ii) £r> 15%
iii) eu/gy > 15

In addition to the EN 1993-1-1 [37], ductility requirements are also specified in UK National Annex to EN
1993-1-1 [38]. The requirements are more stringent in the UK National Annex for plastic design which
requires the ratio of ultimate strength to yield strength no less than 1.15, and the fracture strain should be no
less than 20 times the yield strain. For higher strength steel up to S700, relaxed requirements are stipulated in
EN 1993-1-12 [29]. These requirements are provided as follows,

i) fulfy > 1.05
ii) £r> 10%
iii) eu/gy > 15

Likewise, the UK National Annex to the EN 1993-1-12 [39] specifies more stringent requirements than the EN
1993-1-12 [29], the requirement on the ratio of ultimate strength to yield strength is same as the one set out in
EN 1993-1-1 [38], the requirement on the ratio of the ultimate strain to yield strain is differentiated in elastic
design and plastic design, given as follows,
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1) fulfy > 1.10
ii) er > 10%
iil) €u/gy > 20 (plastic), eu/ey > 15 (elastic)

In Fig. 10, the material properties obtained from the tests are compared with the requirements set out in the
design codes. It is observed that both flat coupons and corner coupons meet the requirements of the strength
ratio specified in EN 1993-1-12 [39], except for two coupons which featured with f./f; lower than 1.05.
Comparison of the elongation at fracture against the limit values set out in design codes are plotted in Fig. 11.
Most of the coupons meet the requirement except for two coupons exhibiting elongation of fracture lower than
10%. The elongation of fracture from corner coupons are significantly lower than flat coupons due to the
cold-forming effect as discussed in previous sub-section of 3.1. Concerning the strain at failure, corner
coupons cannot meet the requirements either from Eurocode or its UK National Annex due to the reduced
ductility caused by press-braking, as shown in Fig. 12. The variations of f./f; with the yield strength f; for both
flat coupons and corner coupons along with the empirical equation relating the ratio of fi/f; to f; are plotted in
Fig. 13. The empirical relationships were proposed by Fukumoto [40], Langenberg [41] and Garnder and Yun
[42], as given by Egs. (1) — (3) respectively.

i:0.83+—203'8 (1)
f f
y y
% =[1-0.72¢“ "V ]* )
y
L 14130y 3)
fy fy

The empirical equation provided by Gardner and Yun [42] generate reasonable predictions for flat coupons
whereas the expression provided by Fukumoto [40] and Langenberg [41] over-predicts the ratio of ultimate
strength to yield strength. It is observed that all these three expressions yield non-conservative predictions
for corner coupons which display lower ratio of fi/fy. Ultimate strain is another important material parameter
to represent the ductility, and the ultimate strain is also necessary in design methods such as CSM. Hence, the
ultimate strain obtained from the experimental tests were also compared with the predictive equations
proposed by Gardner and Yun [42] and Liu et al. [2]. It is seen that the proposed model by Liu et al. [2]
accurately predicts the ultimate strain of flat coupons and the empirical model from Gardner and Yun [42]
provides underestimated results for flat coupons, as shown in Fig. 14. Both predictive equations generate
over-conservative results for corner coupons, implying that suitable equation to represent the ultimate strain of
the corner coupons which underwent excessive plastic deformation and strain hardening needs to be
developed.

3.3. Strength enhancement due to press-braking

Upon the tensile coupon test results, it is noticed that manufacturing process of press-braking significantly

M-6/17



259
260
261
262
263

264

265

266

267
268
269

270

271

272
273

274

275

276
277
278
279
280
281
282
283
284
285
286
287

improve the yield strength and ultimate strength of the corner coupons. To have efficient and accurate design,
explicitly accounting the enhanced material properties is necessary. The applicability of the current design
methods for predicting the improved strength due to press-braking was assessed and compared against the
test results. Predictive equations for the enhanced yield strength were provided by Karren [43] and later
adopted in the AISI S100-16 [44], as follows,

B

f =—"—f

y,C (r| /t)a y (4)
f fo,

B, =3.69(-%) — 0.819(-%)? —1.79 (5)
f, f)
f

a= 0.192(f—“)-0.068 (6)

y

Pham et al. [45] modified the coefficients of the predictive equations which were applicable to HSS
cold-formed steel with nominal yield strength of 450 MPa. The modified coefficients are given by Egs. (7) —

®)

B —1.588(1%)— 0.218(-1)? 0,038 %
fy fy
f

ar=0228(-*)-0068 )

y

The modified predictions taking the extended corner regions proposed by Gardner et al. [46] were also
compared and assessed. Predictive equations with modified coefficients are given by Egs. (9) — (10)

B, = 2.9(i) —0.752(i)2 -1.09 ©)
fy fy
f

a:o.zs(f—“>—o.011 (10)

y

The measured yield strength for corner coupons were compared with the predicted enhanced yield strength due
to press-braking. Statistical analysis and the comparison values using these design methods are tabulated in
Table 5. The predicted yield strength was normalised to the yield strength of the parent plates. The normalised
predicted values were compared with the normalised test results and plot in Fig. 15 along with two trendlines
of 10%. Compared with the methods proposed by Pham et al. [45] and Gardner et al. [46], AISI S00-16 [44]
provides the most accurate predictions with mean value of £, ,red/fy equals to 0.98 and the corresponding CoV of
0.019. The mean values of f;, pred/fy provides by the method of Pham et al. [45] and Gardner et al. [46] are 1.05
and 0.87 with CoV of 0.015 and 0.016 respectively. It is of worthy noted that over-conservative predictions are
obtained based on the method from Gardner et al. [46] and over-predicted strength are generated from Pham et
al. [45] method. To accurately predict the enhanced strength for the corner region of HSS cold-formed IHexHS
subject to press-braking, a predictive model is proposed with modified coefficients as follows in Egs. (11) —
(12). The predicted results with improved accuracy can be observed in Fig. 15.
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4. Geometric imperfection
4.1 Initial local geometric imperfection measurement

The initial geometric imperfections are known to be caused by manufacturing, transportation and installation.
Measurements of initial local geometric imperfections were carried out for all the investigated HSS
cold-formed [HexHS prior to testing. The experimental set-up used in this study was similar to that used by
Schafer and Pekoz [47]. Each specimen was mounted to the bed of a milling machine as a measuring
platform and its location was fixed to avoid any movement. Three Linear Variable Displacement Transducers
(LVDTs) with an accuracy of 0.001 mm were affixed to the milling machine head with a clamper and two
were positioned near the corners and one at the centerline of each surface, resulting in a total of eighteen runs
per section, as shown in Fig. 16. To limit the effect of the end flaring and release of the residual stress effect,
the LVDTs moving along the specimen the length started and finished at 50 mm away from the specimen
ends, which was successfully applied in Chen et al. [48] and Liu et al. [49, 50].

4.2. Discussions on measurement results

The recorded data from the mid-portion of the flat surface was used to deduct the average data from the
corners. The maximum value among all six surfaces were taken as the initial local geometric imperfection
amplitude (wo) and amplitudes for all the 20 specimens are given in Table 6. A typical distribution of the
initial local geometric imperfection for HSS [HexHS stub column of IHex-160x6-1.90 is presented in Fig. 17.

The obtained imperfection values are also plotted against the cross-section slenderness,l_p, as shown in Fig.

18(a). The cross-section slenderness was determined in accordance with the EN 1993-1-5 [51], taken as that
of the slenderest constituent plate element. It is of worthy noted that the initial geometric imperfection values
exhibit a tendency to increase as the cross-section slenderness increasing. EN 10219-2 [34] specifies the
maximum out of flatness tolerances 0.8%28 for cold-formed tubular sections, where B is the outer width of
the cross section. The limit value was thus derived for both shorter and longer edge lengths, denoted as mgn-s
and oen-L respectively. The variations of the wo/men-s is plotted against the cross-section slenderness since the
more stringent tolerance limits were derived based on shorter edge length. It is seen in Fig. 18(b) that except
for one specimen fail to meet this fabrication requirement, all the remaining specimens satisfy the design
provisions. Moreover, the measured initial imperfections are also compared with the recommended
imperfection amplitude /200 set out in EN 1993-1-5 [51], denoted as wgc3-s. Based on the comparisons
shown in Fig. 18(c), the specified imperfection value can generally be applied to represent the initial
imperfection geometric imperfection amplitude for HSS cold-formed IHexHS stub columns. A predictive
model for the initial local geometric imperfections is proposed based on the obtained test results using the
form proposed by Dawson and Walker [51], as shown in Eq. (13), where f;; is the elastic local buckling stress
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for the plate with the largest slenderness in a cross section. The coefficient of £ is a constant and estimated to
be 0.09 for the HSS cold-formed IHexHS through regression analysis, as shown in Fig. 19.

f
Opqn = B (f—y)o'St (13)

cr

5. Stub column tests
5.1 Test setup and procedure

A total of 20 HSS cold-formed IHexHS stub columns were tested under axial compressive load in order to
examine the local buckling behaviour and cross-sectional resistance. The test set-up and instrumentation for
the compression tests are shown in Fig. 20. The axial compressive loading was applied using a universal
servo-controlled testing machine from POPWIL with the capacity of 25000 kN. Four 50 mm range Linear
Variable Displacement Transducers (LVDTs) were positioned vertically to measure the axial end shortening
of the stub columns. Moreover, a total of 10 strain gauges were adhered to the mid-height of each specimen
at both flat and corner portions to measure the average compressive strain in the longitudinal direction and to
detect the initiation of local buckling, if any. The location of the strain gauges for each specimen was
arranged to explicitly reflect the difference of flat portion and corner portion under compression due to the
distinct material properties across the section due to the press-braking process, as shown in Fig. 20(a). Prior
to the compressive testing, section ends of the stub column specimens were milled flat to ensure a uniformly
distributed load by well contacted fix boundary condition between the specimen and the hardened end plates
[19, 21]. To prevent the premature local buckling failure at the section ends due to the highly concentrated
loads, a pair of end stiffeners with 30 mm thick and 25 mm in height were designed to accommodate the stub
column specimens and clamp tightly the end of the specimen using several high strength bolts as shown in
Fig. 20(a) in the axonometric view. All the stub column tests were performed under displacement controlled
at a constant loading rate of 0.05%L mm/min, which is similar to the loading speed applying for the tensile
coupon tests. Initial loading tests (pre-loading) were performed for each stub column specimen prior to the
compression tests up to 10% of the anticipated yield load to ensure the loading system and instrumentations
working well. To eliminate the possible gap between the specimen and the bearing plate, initial load with an
approximate value of 20 kN was applied to the specimens. Any possible gaps between the specimen and the
bearing plate can be eliminated through the rotation of the spherical bearing on the top of the testing machine
as shown in Fig. 20. Note that the LVDTs readings necessarily contain both the end shortening of the stub
column specimen and the elastic deformation of the end plates as well as the bearing plate of the testing
machine. The true end shortening of the stub column specimen was thus obtained using the strain gauge
readings as well as the LVDTs readings by which the effect from the involved elastic deformations from end
plates can be removed. The basic theory of this method is that the deformation of the end plates is elastically
proportional to the applied axial load, the elastic coefficient can be determined from the readings from the
LVDTs and strain gauges.

5.2 Test results

The obtained axial load-end shortening curves for HSS cold-formed IHexHS are plotted in Fig. 21. Key
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experimental test results of the IHexHS stub column tests including the ultimate axial load N,, the end
shortening at ultimate load d,, yield load N, and the ultimate to yield load ratio N,/N, are reported in Table 7.
The ratio of ultimate load to yield load Nw/Nywas used to characterize whether the specimens are failed by
cross-section yielding or local buckling. If the ratio of Nw/Ny is greater than the unity, the specimen is
considered to fail by cross-section yielding, otherwise, the specimen fails by local buckling prior to the
attainment of the sectional yield load. For those sections failed by cross-section yielding such as the specimens
of  IHex-70x6-1.45,  IHex-70x6-1.50,  IHex-70x6-1.55,  IHex-70x6-1.60,  IHex-150x10-1.70
IHex-160%10-1.50 and IHex-170%10-2.00, the load-end shortening curves exhibit pronounced deformation
capacity and ductility as shown in Fig. 21. For those sections failed by local buckling, including the stub
column specimens of IHex-125%6-1.80, IHex-125%6-1.60, IHex-150%6-1.80, IHex-160x6-1.90,
IHex-165%6-1.85, IHex-185%6-2.15 and [Hex-225%6-2.15, the load-end shortening curves are accompanied
with relative sharp drop after achieving the ultimate resistance with limited deformation capacity and less
ductility. This observation primarily attributes to the local buckling of the slender plate members which
triggers the premature failure of the sections leading to the early drop in load-end shortening curves. The
relationship of the normalised load N./Af; and normalised end shortening (8./L) curves for all the investigated
stub columns are plotted in Fig. 22, where N, is the ultimate load from the test, 4 is the gross area of the
cross-section, fy is the measured yield strength from flat portion, 8. is the measured end shortening, L is the
length of the stub column specimen. It is observed that the stocky sections exhibit superior normalised
load-carrying capacity with significantly larger normalised deformations whereas the slender sections feature
limited deformation capacity with normalised resistance decreasing as the width to thickness ratio increase. It
is anticipated that materials within the slender sections are not fully utilised due to the occurrence of local
buckling and the cross-section capacity of those non-slender sections benefit from the strain hardening at
large.

Fig. 23 and Fig. 24 plot the load-axial strain curves for the HSS cold-formed IHexHS stub columns of
IHex-170%10-2.00 and IHex-150x10-1.70. The initial parts of the curves are also highlighted to demonstrate
the distinct structural behaviour under the axial compression with different material property characteristics.
As shown in Figs. 23-24, the load-axial strain curves corresponding to the strain gauges distributing near and
at the cold-bent corner portion show higher stress levels in comparison to the load achieved from the other
strain gauges under the same strain. The load-axial strain curves corresponding to the strain gauge of No. 1,
No. 2, No. 6 and No. 7 displays relatively higher load level among the curves which may be principally due
to the involvement of higher level of cold-forming effect whereas the curves corresponding to the strain
gauge No. 9 and No. 10 for specimen 170x10-2.00 show relatively lower stress level, possibly due to the
effect of the welding and its heat affected zone induced material softening. The failure mode of the stub
column specimens is characterized with the typical “inward-outward” deformed mode as shown in Fig. 25.

6. Assessments on cross-section classification and cross-section strength

6.1 Assessment on cross-section classification

Note that the current design codes of practice such as EN 1993-1-12 [29], AISC 360-16 [30], AS 4100 [31]
and AISI S100-16 [44] do not provide design provisions for the HSS cold-formed IHexHS. Previous studies
demonstrate that plate buckling theory for internal compression elements have been successfully applied for
octagonal sections [21, 53]. Hence, the specified limits for the internal plate element under compression
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specified in structural steel design codes were evaluated and assessed for theirs’ applicability to HSS
cold-formed IHexHS.

To deal with the cross-section subject to local buckling, cross-section classification is effectively used and
specified in the design codes. Four cross-section classes are categorized in Eurocode EN 1993-1-1 [37],
while two classes namely, non-slender (corresponding to Class 1-3) and slender sections (Class 4) are
stipulated in AISC 360-16 [30] and AS 4100 [31]. To take the differences of the material strengths into
account, material related parameters of ercs = (235/£;)"°, earsc= (E/f;)", and easaio0 = (250/f;)" are used in
these three codes respectively. Different from these three codes, design standard of AISI S100 [44] and
AS/NZS 4600 [54] adopt parameter A, as the cross-section slenderness, where Ap = (fy/fcr)0.5. EN 1993-1-5
[51] specifies the effective width equations applicable to the sections undergoing local buckling, a
cross-section slenderness limit of 0.673 is stipulated. It is thereby also assessed and compared. In addition to
the design standards, design approaches such as DSM and CSM, which can be applied to arbitrary cross
sections without iterated process in determining the effective area of the sections susceptible to local
buckling, are also assessed. DSM specifies that cross-section with slenderness limit A, greater than 0.776
cannot reach the yield load, whereas limit value of 0.68 is provided by CSM.

To harmonize the comparisons between various design codes, the yield slenderness limit values from design
codes and design approaches are standardized by normalized plate slenderness value Aim = (b/2)(f;/E)*, the
transformed yield slenderness limits are provided in Table 8. Similar yield slenderness limits are provided by
EN 1993-1-1, AISC 360-16 and AS 4100 with 1.405, 1.400 and 1.414 respectively. AISI S100-16 and
AS/NZS 4600 give smaller yield limit value of 1.280. Though the cross-section slenderness regulated in AISI
S100-16 and DSM are the same, different slenderness yield limit is provided by DSM with 1.34. Likewise,
the slenderness limits of CSM with A, = 0.68 is transformed to Aim = 1.29. The obtained test results were
employed to normalize the cross-section yield load Afy, where fy is the 0.2% proof strength obtained from the
flat coupon taken from the cold-formed sections. The normalized strengths are subsequently plotted against the
governing normalized plate slenderness Aim within the cross-sections in Fig. 26. As shown in Fig. 26, the
current codified yield slenderness limits from structural steel design code are not suitable and cannot be
extended for their application to HSS cold-formed IHexHS. The intersection of the yield slenderness limits in
design codes with the unity are significantly beyond the point where the data points converge to the unity.
Similarly, the converted yield slenderness from DSM and CSM also show overly estimated cross-section
classification.

6.2 Cross-section strength under compression

As briefly introduced in sub-section of 6.1, the effective width method is used in EN 1993-1-5, ANSI/AISC
360-16, and AS 4100 for cross sections subjected to local buckling failure prior to the attainment of yielding.
The original dimension of the side width & (slender member susceptible to local buckling) of the
cross-section is reduced to the effective width of b.r resulting in an effective compressive resistance Aeffy,
where A is the effective area of the section. Similarly, the other two steel design codes also specify the
systematic classification and design system to consider the sections experiencing local buckling. Though the
effective width concept is used in these three design codes, different equations are used to determine the
effective width of the Class 4 or slender plate elements subject to local buckling, as given in Egs. (14) — (15),
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(14)

{1 for 2, <0.673
o

beff,ECS_ o o’
(1-022/24,)/2, for 2,>0673

where /1p is the plate slenderness specified in accordance with EN 1993-1-5 [51], where ks is the buckling

factor taken as 4 for internal plate element in compression.

- b/t

Ap=————————— 15
" 2845k, (1

The effective width method specified in design code of ANSI/AISC 360-16 [30] adopts the limiting width to
thickness ratio A, aisc instead of plate slenderness, which is equal to the flat width (excluding the corner
portions) to thickness (b/f). The expressions are given as follows,

bf‘f,AISC — 1'38ﬂ“p,AISC _ 0'38ﬂ’p,AISC2

€

b A A

The effective width method stipulated in AS 4100 [31] use material related coefficient of easaioo = (250/£;)"
and width to thickness ratio b/t.

(16)

beff,ASAlOO _ 35

b b/ (tasum00)

In terms of design approach DSM, the sections can attain the yield load when the cross-section slenderness

(17)

are within the range of A, < 0.776, whereas cross-section strength were determined using the equations given
in Eq. (18).

fA for 4, <0.776
N =
o™ OB L og n for07765 4 (18)
20 /I . y p
p p

To assess the strength predictions from CSM against the experimental results, the base curve available for the
commonly used tubular sections SHS/RHS were employed in this study. CSM material model for HSS
cold-formed steel proposed by Chen et al. [S55] was adopted. The base curve for HSS have been evaluated by
Lan et al. [56], as given in Eq. (19).

Eosm _ Of?:' <min(15, Clg”) for 2, <0.68
& A° & P
y p y (19)
£ 0.219, 1
S =(1-—15) = for 0.68 < 1
gy ﬂ/pl 014 lpl 014 p

where (&csm/€y) 1s the deformation capacity, €csm is the CSM limiting strain, €y is the yield strain equal to f,/E.
To calculate the cross-section strength from CSM, the CSM limiting stress fesm needs to be derived based on
CSM strain, as follows in Eq. (20) where E is Young’s modulus, £; is the yield stress, &, and &, are the strains
at the yield and ultimate stresses, respectively, & is the strain hardening strain defined as the end of the yield
plateau after which the strain hardening initiates, Cig, represents the strain at the intersection point of the
third stage of the model and the actual stress-strain curve. Moreover, material coefficient, C; used in the
material model defining cut-off strain to avoid over-predictions of material strength.
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E.ccm fore,, <e,
fcsm = (2’0)
f,+ By (egn — &) fore, <&y, <Cg,
The hardening modulus of Ey, can be determined according to Eq. (21) with material coefficient C».
f —f
E,=—0— 2n
C,e, —¢,

For the relatively compact sections with cross-section slenderness lower than 0.68, the cross-section strength
is determined as CSM limiting stress multiplied by gross area A, whereas the deformation capacity of (€csm/€y)
is used for cross-section with slenderness greater than 0.68. The equation of cross-section strength from
CSM is as follows in Eq. (22),

csm

f_ A for ip <0.68
N =

esm = Eesm. f,A for A, >0.68 (22)

&y

The test results were normalized with the predicted strength from design codes and design approaches with
all partial factors set to unity for direct comparison. The normalized strength ratios are plotted against the
corresponding plate slenderness A, and compared with effective width equation codified in three structural
steel design codes. As shown in Fig. 27, for the compact sections failed by cross-section yielding, all three
design codes generate over-conservative predictions due to the neglect of strain hardening. Compared with
EN 1993-1-5 and AISC 360-16, strength predicted from AS 4100 provides more reliable results on safe side.
Similarly, the design approaches of DSM and CSM also show inappropriate predictions for slender sections
experiencing local buckling, as shown in Fig. 28. Key test results with the statistical analysis of the
cross-section resistance prediction comparisons, including the mean test-to-predicted compression resistance
ratios Nu/Nu,pred, the corresponding coefficient of variations (CoVs) are shown in Table 7. Table 7 shows that
11 out of 20 specimens are failed by local buckling. The predictions from the design codes are consistent and
slightly conservative. The mean values of Ny/Nuy,pred Obtained from design codes of EN 1993-1-12, AISC
360-16, AS4100, AISI S100-16 and design approaches are 1.03, 1.02, 1.05, 1.03, 1.03 and 1.04 with
corresponding CoVs of 0.059, 0.067, 0.041, 0.059, 0.060 and 0.034 respectively. The values of the mean
test-to-predicted and the corresponding CoVs are also evaluated for specimens failed by local buckling and
cross-section yielding separately with statistical analysis results reported in Table 7. The results show that all
design codes tend to underestimate the cross-section strength, whereas the cross-section predictions for
slender sections are markedly unconservative except for AS 4100 whereas CSM provides conservative
predictions. EN 1993-1-12, AISI S100-16 and DSM give close predictions for slender sections, and CSM
generate more accurate results for non-slender sections as anticipated since it can account for the materials
strain hardening.

7. Conclusions

A total of 20 cold-formed HSS IHexHS stub columns were tested to investigate the local buckling behaviour
and the cross-section resistance. Initial local geometric imperfections were measured prior to the
compression tests and the material properties were studied by which the predictive strength enhancement
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models were assessed and evaluated against the test results from corner coupons. The applicability of the
existing design codes and design approaches for HSS cold-formed IHexHS were assessed and compared
against the obtained test results. Cross-section strength determined in accordance with the design codes and
the design methods were compared with the test results. Based on the experimental study presented in this
paper, the following conclusions can be drawn:

(a) The flat coupons and corner coupons generally meet the requirements of the strength ratio fu/fy lower than
1.05 as specified in EN 1993-1-12. Almost all coupons except for two coupons meet the requirement of
elongation of fracture higher than 10%. The corner coupons cannot meet the requirements of strain at failure
due to the press-braking process. Increased strength from corner coupons can be accurately predicted using the
proposed predictive model.

(b) The initial local geometric imperfections are practically proportional to the cross-section slenderness and
a predictive model of initial local geometric imperfection is proposed.

(c) The current codified yield slenderness limits in structural steel design codes cannot be extended for
application to HSS cold-formed IHexHS stub column under pure compression.

(d) Based on current codified yield slenderness limits, all structural steel design codes provide
over-conservative predictions for cross-section strength due to the neglect of strain hardening.

(e) Based on current codified yield slenderness limits, compared with EN 1993-1-12 and AISC 360-16,
strength predicted from AS 4100 provides more reliable results on safe side for slender sections. Though the
design approaches of DSM and CSM show inappropriate predictions for slender sections experiencing local
buckling, CSM yield more accurate results for compact sections.
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(a)

(b)

Fig. 1. Typical engineering applications of HSS (a) Phoenix International Media Center [3] (b)
Tseung Kwan O bridge [4]
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Fig. 2. Cross section of the HSS cold-formed irregular hexagonal hollow section.
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Fig. 3. Detailed geometry and symbol definitions of the HSS cold-formed irregular
hexagonal hollow section.
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Fig. 4. Measurements of the thickness of HSS cold-formed irregular hexagonal hollow

section.

(a)

(b)

Fig. 5. Test set-up for tensile coupon tests (a) Test set-up for flat coupon specimen (b) Test

set-up for corner coupon specimen.
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(b) Corner coupons from the sections

Fig. 6. Failed tensile coupon specimens taken from the HSS cold-formed irregular hexagonal
hollow sections.
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Fig. 7. Measured material stress-strain curves of Q690 high strength steel longitudinal and
transverse tensile coupons extracted from 6 mm thick parent plate.
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Fig. 8. Measured material stress-strain curves of Q690 high strength steel longitudinal and

transverse tensile coupons extracted from 10 mm thick parent plate
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Fig. 9. Typical measured material stress-strain curves of tensile coupons extracted from HSS
cold-formed [HexHS stub column of I[Hex-125x6-1.60.
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Fig. 14. Assessment of the variation of &, with for both flat and corner coupons taken from HSS
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Fig. 16. Set-up of the local geometric imperfection measurement for HSS IHexHS stub column
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Fig. 17. The distribution of local geometric imperfections along the length of I[HexHS stub
column specimen [Hex-160x6-1.90.
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(b) Experimental arrangement

Fig. 20. Test set-up for HSS cold-formed [HexHS stub column under concentric compression
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Fig. 21. Load-end shortening curves of the cold-formed HSS IHextHS stub columns.
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Fig. 22. Normalized load-end shortening curves of the cold-formed HSS IHexHS stub columns
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Fig. 23. Comparison of load-strain relationship of HSS IHextHS stub column specimen
IHex-170%10-2.00 (a) Complete load-strain curves (b) Initial part of load-strain curves

F-17/24



7000
6000 —
5000
g 4000
- No.6
=
8 3000 - No1
=
2000 - — Strain gauge no.l - - - - Strain gauge no.6
——— Strain gauge no.2 - - - - Strain gauge no.7
— Strain gauge no.3 - - - - Strain gauge 1n0.8
1000 7 Strain gauge no.4 ----- Strain gauge 1n0.9
— Strain gauge no.5 —-— - Strain gauge no.10
0 : : : : : : :
-0.020 -0.015 -0.010 -0.005 0.000
Strain
7000
6000 —
5000 —
%\ 4000
= -
g 3000 - N
A . . s
— Stramn gauge no.l - - - - Strain gauge no.6
2000 + — Strain gauge no.2 - - - - Strain gauge no.7
] — Strain gauge no.3 Strain gauge no.8
1000 — Stramn gauge no.4 —-- - Strain gauge no.9 L
Strain gauge no.5 —---- Strain gauge no.10 \
0 : : : : :
-0.0075 -0.0050 ) -0.0025 0.0000
Strain

Fig. 24. Comparison of load-strain relationship of HSS IHextHS stub column specimen
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Fig. 25. Experimental failure modes of the representative cold-formed HSS IHextHS stub
columns
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Fig. 26. Assessment of slenderness limits in the design codes and design approaches for HSS

cold-formed [HexHS stub column in compression.
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Fig. 27. Assessment of the effective width methods in design codes for HSS cold-formed
IHexHS stub column in compression.
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Fig. 28. Assessment of the design approaches DSM and CSM for HSS cold-formed [HexHS
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Table 1 Dimensions of the HSS irregular hexagonal stub column sections.

Section Edge Side Edge Side Section  Thickness  Length Inner b/t b/t Area

length width length width depth radius

Bs bs BL b|_ H t L T A

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 6 O (mm)
IHex-70x6-1.45 74.9 41 67.6 47.7 153.7 5.86 375 18.0 6.9 8.1 2348.4
IHex-70x6-1.50 69.5 35.6 66.9 47.0 145.4 5.87 375 18.0 6.1 8.0 2210.1
IHex-70x6-1.50# 69.2 35.2 66.6 46.8 145.2 5.88 375 18.0 6.0 8.0  2208.2
IHex-70x6-1.55 60.6 26.7 68.8 48.9 134.7 5.87 348 18.0 4.5 83 20193
IHex-70x6-1.55# 60.3 26.2 68.5 48.5 134.3 5.86 348 18.0 4.5 83  2019.1
IHex-70x6-1.60 56.0 22.1 67.2 47.3 126.6 5.90 260 18.0 3.7 8.0 1889.7
IHex-125%6-1.80 91.4 57.5 125.1 105.2 234.5 5.88 475 18.0 9.8 179 3434.1
IHex-125%6-1.80# 91.2 57.4 125.0 105.1 234.4 5.89 475 18.0 9.7 17.8 34335
IHex-125%6-1.60 128.1 94.2 125.7 105.9 287.1 5.90 750 18.0 159 179 43227
IHex-150%6-1.80 110.4 76.5 148.6 128.8 284.9 5.88 575 18.0 13.0 219 41727
IHex-160x6-1.90 111.9 78.0 158.6 138.7 297.0 5.87 600 18.0 133 236 43281
IHex-160x6-1.90# 111.5 77.8 158.1 138.5 296.8 5.90 600 18.0 132 234 43279
IHex-165%6-1.85 120.0 86.0 164.3 144.4 314.0 5.87 635 18.0 147 246 45885
IHex-185x6-2.15 102.9 69.0 183.4 163.5 309.1 5.88 625 18.0 11.7 27.8  4409.7
IHex-185x6-1.90 133.1 99.2 185.4 165.5 353.8 5.90 715 18.0 16.8 28.1 51585
IHex-225x6-2.15 124.2 90.3 222.9 203.0 378.7 5.90 765 18.0 153 344 53944
IHex-225x6-2.15# 124.0 90.1 222.6 203.1 378.8 5.89 765 18.0 153 345 53922
IHex-150x10-1.70 115.6 59.0 151.1 118.0 281.4 9.83 575 30.0 6.0 120 6919.1
IHex-160x10-1.50 159.6 103.0 153.1 120.0 345.7 9.84 875 30.0 105 122 8719.1
IHex-170x10-2.00 97.6 41.0 170.3 137.2 275.2 9.82 585 30.0 42 140 6583.1

Note: # indicates the repeated test
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Table 2 Mean test results of the flat coupon specimens taken from the HSS parent plates.

Section Esp % fyp fup Eup &fp &shp
(GPa) (Mpa)  (Mpa) (%) (%) (%)

6 mm plate 2141 0.29 768.5 816.2 6.45 14.95 1.98
10 mm plate  216.1 0.30 791.3 825.6 6.55 16.18 2.32

Table 3 Test results of the material properties of the flat coupon specimens taken from the sections.

Section Es fy fu u Efex &f fo.05
(GPa) (MPa) (MPa) (%) (%) (%) (MPa)
IHex-70%6-1.45 217.1 767 809 6.1 143 15.1 767
IHex-70x6-1.50 203.5 776 818 6.5 16.1 158 769
IHex-70%6-1.55 211.2 772 822 6.1 156 15.3 772
IHex-70%6-1.60 198.1 774 816 6.6 158 16.2 771
IHex-125x6-1.80 206.5 768 825 6.4 161 164 774
IHex-125%6-1.60 205.1 773 824 6.5 16.4 16.1 770
IHex-150%6-1.80 204.6 772 821 6.6 163 15.6 765
IHex-160%6-1.90 211.2 775 825 6.7 156 15.2 771
IHex-165%6-1.85 201.2 777 829 6.2 148 155 772
IHex-185%6-2.15 224.4 782 836 6.4 176 18.1 773
IHex-185%6-1.90 213.1 772 828 6.6 153 151 765
IHex-225%6-2.15 211.7 780 831 6.4 172 17.6 774
IHex-150x10-1.70  211.1 776 817 5.8 16.3 16.8 775
IHex-160%x10-1.50  206.5 775 826 6.2 15.3 15.2 770
IHex-170x10-2.00  202.6 779 827 6.5 163 158 768
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Table 4 Test results of the material properties of the corner coupon specimens taken from the sections.

Section Esc fy.c fuc Euc Efex.c Efc fo.0s.c
(GPa)  (MPa) (MPa) (%) %) (%) (MPa)
IHex-70%6-1.45-90 197.7 825 871 1.7 106 115 761
IHex-70x6-1.45-135 198.6 823 853 1.8 104 112 758
IHex-70%6-1.50-90 195.4 818 862 1.5 11.3 109 721
IHex-70x6-1.50-135 197.3 815 854 1.8 106 10.3 730
IHex-70%6-1.55-90 195.6 806 858 1.5 9.6 105 677
IHex-70x6-1.55-135 199.8 807 822 1.5 10.2 10.7 766
IHex-70%x6-1.60-90 193.7 812 857 1.7 9.8 101 672
IHex-70x6-1.60-135 201.3 820 869 2.5 115 106 760
IHex-125%6-1.80-90 200.2 814 865 1.6 10.9 105 720
IHex-125%6-1.80-135 198.3 806 856 1.7 11.6 109 727
IHex-125%6-1.60-90 199.9 819 872 1.5 105 109 735
IHex-125%6-1.60-135 209.3 808 860 1.6 102 95 731
IHex-150%6-1.80-90 192.2 843 898 1.6 10.8 11.8 772
IHex-150%6-1.80-135 195.6 840 885 1.8 123 14.2 778
IHex-160%6-1.90-90 202.7 821 868 1.5 115 107 743
IHex-160%6-1.90-135 208.3 809 847 1.5 108 112 650
IHex-165%6-1.85-90 208.7 805 851 1.6 109 105 662
IHex-165%6-1.85-135 201.3 801 845 1.8 115 11.2 732
IHex-185%6-2.15-90 203.5 827 880 1.7 11.6 119 745
IHex-185%6-2.15-135 202.0 818 871 1.9 121 116 660
IHex-185%6-1.90-90 201.5 822 885 1.8 122 118 733
IHex-185%6-1.90-135 198.5 819 876 1.6 115 11.2 742
IHex-225%6-2.15-90 196.2 818 868 1.7 122 135 759
IHex-225%6-2.15-135 195.6 809 849 1.6 135 13.2 741
IHex-150%10-1.70-90 198.8 802 845 1.9 11.9 125 743
IHex-150%10-1.70-135  199.5 810 863 1.8 13.1 148 757
IHex-160%10-1.50-90 197.5 824 879 1.6 105 10.8 738
IHex-160x10-1.50-135  203.5 821 878 1.7 106 11.2 742
IHex-170%10-2.00-90 198.5 825 872 1.8 10.2 10.6 735
IHex-170%10-2.00-135  202.4 822 871 1.9 11.8 126 726
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Table 5 Measured material properties from corner coupon specimens and the predicted values using different methods.

Specimen Experimental results AISI [44] Pham et al. [45] Gardner et al. [46] Proposed

fy fu f, fy.c, Alsi Jons fy.c.pham M fy.c.Gardner fyccamer  Fycpro M

(MPa)  (MPa) f_y (MPa) f—y (MPa) f, (MPa) f, (MPa) f,
Ed. (4), Eq. (4), Eqg. (4), Eq. (4),
(5), (6) (1), (8) (9), (10) (11), (12)

IHex-70x6-1.45-90 825 871 1.06 802 0.97 855 1.04 708 1.06 814 0.99
IHex-70x6-1.45-135 823 853 1.04 780 0.95 847 1.03 696 1.06 791 0.96
IHex-70%x6-1.50-90 818 862 1.05 800 0.98 854 4.04 707 1.05 811 0.99
IHex-70%x6-1.50-135 815 854 1.05 793 0.97 852 1.05 703 1.04 804 0.99
IHex-70%x6-1.55-90 806 858 1.06 812 1.01 859 1.07 714 1.03 824 1.02
IHex-70x6-1.55-135 807 822 1.02 759 0.94 839 1.04 684 1.03 770 0.95
IHex-70x6-1.60-90 812 857 1.06 802 0.99 855 1.05 708 1.04 813 1.00
IHex-70%x6-1.60-135 820 869 1.06 807 0.98 857 1.04 711 1.05 818 1.00
IHex-125x6-1.80-90 814 865 1.06 810 1.00 858 1.05 713 1.04 822 1.01
IHex-125x6-1.80-135 806 856 1.06 810 1.00 858 1.06 712 1.03 821 1.02
IHex-125x6-1.60-90 819 872 1.06 813 0.99 859 1.05 714 1.05 824 1.01
IHex-125x6-1.60-135 808 860 1.06 812 1.01 859 1.06 714 1.04 824 1.02
IHex-150x6-1.80-90 843 898 1.07 813 0.96 859 1.02 714 1.08 825 0.98
IHex-150x6-1.80-135 840 885 1.05 800 0.95 854 1.02 707 1.08 811 0.97
IHex-160x6-1.90-90 821 868 1.06 804 0.98 856 1.04 709 1.05 815 0.99
IHex-160x6-1.90-135 809 847 1.05 792 0.98 851 1.05 703 1.04 803 0.99
IHex-165x6-1.85-90 805 851 1.06 804 1.00 856 1.06 709 1.03 815 1.01
IHex-165x6-1.85-135 801 845 1.05 801 1.00 855 1.07 708 1.03 813 1.01
IHex-185x6-2.15-90 827 880 1.06 812 0.98 859 1.04 714 1.06 824 1.00
IHex-185x6-2.15-135 818 871 1.06 813 0.99 859 1.05 714 1.05 824 1.01
IHex-185x6-1.90-90 822 885 1.08 826 1.00 864 1.05 721 1.05 838 1.02
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IHex-185x%6-1.90-135 819 876 1.07 818 1.00 861 1.05 717 1.05 829 1.01
IHex-225%6-2.15-90 818 868 1.06 809 0.99 857 1.05 712 1.05 820 1.00
IHex-225x%6-2.15-135 809 849 1.05 795 0.98 852 1.05 704 1.04 806 1.00
IHex-150%10-1.70-90 802 845 1.05 800 1.00 854 1.07 707 1.03 811 1.01
IHex-150%10-1.70-135 810 863 1.07 813 1.00 859 1.06 714 1.04 825 1.02
IHex-160x%10-1.50-90 824 879 1.07 815 0.99 860 1.04 715 1.06 826 1.00
IHex-160x10-1.50-135 821 878 1.07 818 1.00 861 1.05 717 1.05 829 1.01
IHex-170x%10-2.00-90 825 872 1.06 804 0.97 856 1.04 709 1.06 815 0.99
IHex-170x10-2.00-135 822 871 1.06 807 0.98 857 1.04 711 1.05 818 1.00
CF1-145x6-1.75-C5 827 872 1.05 801 0.97 855 1.03 714 0.86 843 1.06
CF1-145%6-1.75-C7 846 895 1.06 805 0.95 856 1.01 707 0.84 830 1.08
CF2-145%6-1.75-C3 840 885 1.05 800 0.95 854 1.02 710 0.84 816 1.08
CF2-145%6-1.75-C6 843 898 1.07 813 0.96 859 1.02 707 0.85 811 1.08
CF2-220%6-2.00-C4 798 849 1.06 812 1.02 859 1.08 714 0.89 825 1.02
CF2-220%6-2.00-C7 818 868 1.06 809 0.99 857 1.05 713 0.87 823 1.05
CF2-145x10-1.75-C4 802 845 1.05 800 1.00 854 1.07 712 0.88 820 1.03
CF2-145x10-1.75-C7 810 863 1.07 813 1.00 859 1.06 707 0.88 811 1.04

Mean 0.98 Mean 1.05 Mean 0.87 Mean 1.00

CoV 0.019 CoV 0.015 CoV 0.016 CoV 0.019
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Table 6 Measured initial local geometric imperfection

Section A wo(mm)  oens (MM)  oent (MM)  ©ecas (MM)  ©o/MENs — ©0/®ENI  Mo/®EC3S
IHex-70%6-1.45 0.26 0.21 0.33 0.38 0.21 0.64 0.55 1.02
IHex-70%6-1.50 0.26 0.22 0.28 0.38 0.18 0.79 0.58 1.24
IHex-70x%6-1.50# 0.25 0.18 0.28 0.37 0.18 0.64 0.49 1.02
IHex-70%6-1.55 0.27 0.15 0.21 0.39 0.13 0.71 0.38 112
IHex-70x%6-1.55# 0.26 0.16 0.21 0.39 0.13 0.76 0.41 1.22
IHex-70%6-1.60 0.26 0.25 0.18 0.38 0.11 1.39 0.66 2.26
IHex-125%6-1.80 0.57 0.26 0.46 0.84 0.29 0.57 0.31 0.90
IHex-125%6-1.80# 0.57 0.25 0.46 0.84 0.29 0.54 0.30 0.87
IHex-125%6-1.60 0.57 0.28 0.75 0.85 0.47 0.37 0.33 0.59
IHex-150%6-1.80 0.70 0.31 0.61 1.03 0.38 0.51 0.30 0.81
IHex-160%6-1.90 0.75 0.42 0.62 111 0.39 0.68 0.38 1.08
IHex-160%6-1.90# 0.75 0.44 0.62 111 0.39 0.71 0.40 1.13
IHex-165%6-1.85 0.78 0.51 0.69 1.16 0.43 0.74 0.44 1.19
IHex-185%6-2.15 0.89 0.35 0.55 131 0.35 0.64 0.27 1.01
IHex-185%6-1.90 0.89 0.55 0.79 1.32 0.50 0.70 0.42 111
IHex-225%6-2.15 1.10 0.62 0.72 1.62 0.45 0.86 0.38 1.37
IHex-225%6-2.15# 1.10 0.58 0.72 1.62 0.45 0.81 0.36 1.29
IHex-150%10-1.70 0.38 0.26 0.47 0.94 0.30 0.55 0.28 0.88
IHex-160%x10-1.50 0.39 0.25 0.82 0.96 0.52 0.30 0.26 0.49
IHex-170%x10-2.00 0.44 0.22 0.33 1.10 0.21 0.67 0.20 1.07

Note: # indicates the repeated test
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Table 7 Summary of the HSS cold-formed IHexHS stub column test results.

Specimens Nt (KN) Ou Nutest Failure Nu, test Nu test Nu test Nu test Nu test Nu test

' (mm) IAf, mode / Nugcs /Ny.aisc INuasaioo /Nuaisi / Nupsm / Nucsm
IHex-70%6-1.45 1923 5.90 1.05 Yielding 1.07 1.07 1.07 1.07 1.07 1.03
IHex-70%6-1.50 1895 6.03 1.10 Yielding 111 111 111 1.11 1.11 1.07
IHex-70%6-1.50# 1894 6.12 1.10 Yielding 112 1.12 112 1.12 1.12 1.07
IHex-70%6-1.55 1711 7.78 1.09 Yielding 1.10 1.10 1.10 1.10 1.10 1.05
IHex-70x6-1.55# 1710 7.82 1.09 Yielding 111 111 111 1.11 1.11 1.06
IHex-70%6-1.60 1587 6.39 1.08 Yielding 1.08 1.08 1.08 1.08 1.08 1.03
IHex-125%6-1.80 2643 3.63 0.99 Local bucking 1.01 1.01 1.01 1.01 1.01 1.00
IHex-125%6-1.80# 2642 3.75 0.99 Local bucking 1.01 1.01 1.01 1.01 1.01 1.00
IHex-125%6-1.60 3233 3.40 0.96 Local bucking 0.98 0.98 0.98 0.98 0.98 0.97
IHex-150%6-1.80 3103 3.13 0.95 Local bucking 0.98 0.97 1.01 0.98 0.97 1.00
IHex-160%6-1.90 3102 2.67 0.92 Local bucking 0.96 0.95 1.00 0.96 0.94 1.00
IHex-160x6-1.90# 3108 2.73 0.92 Local bucking 0.96 0.94 1.00 0.96 0.94 1.00
IHex-165%6-1.85 3277 2.80 0.92 Local bucking 0.97 0.95 1.01 0.97 0.94 1.02
IHex-185%6-2.15 2987 2.44 0.87 Local bucking 0.95 0.93 1.01 0.95 0.94 1.02
IHex-185%6-1.90 3671 2.98 0.91 Local bucking 0.99 0.99 1.05 0.99 1.01 1.09
IHex-225%6-2.15 3499 3.61 0.83 Local bucking 0.97 0.94 1.05 0.97 1.01 1.10
IHex-225%6-2.15# 3420 3.55 0.81 Local bucking 0.95 0.92 1.03 0.95 0.99 1.08
IHex-150%x10-1.70 5794 8.61 1.07 Yielding 1.09 1.09 1.09 1.09 1.09 1.07
IHex-160%10-1.50 6991 8.23 1.03 Yielding 1.04 1.04 1.04 1.04 1.04 1.03
IHex-170x10-2.00 5404 6.27 1.05 Yielding 1.07 1.07 1.07 1.07 1.07 1.05
Mean 1.03 1.02 1.05 1.03 1.03 1.04

CoV 0.059 0.067 0.041 0.059 0.060 0.034
Mean” 1.09 1.09 1.09 1.09 1.09 1.05

CoV" 0.022 0.022 0.022 0.022 0.022 0.016
Mean‘8 0.98 0.96 1.01 0.98 0.98 1.03

CoV'® 0.021 0.031 0.020 0.021 0.031 0.041
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Note: # indicates the repeated test, ¥ indicates the specimen failed by cross-section yielding, - indicates the specimen failed by local buckling.

Table 8 Summary of the cross-section yield slenderness limits for internal plate elements under compression

Design standards Yield slenderness limits Mim

and methods

EN 1993-1-1 [37] b/t<42eecs, €gcy=4/235/ f,, E=210GPa 1.405
ANSI/AISC _ _
360-16 [30] b/it<1.40eaisc, €nsc=4E/f,, E=200GPa 1.400
EN 1993-1-5 [50] ﬂTp= b/t <0.5+./0.085-0.055y/, y =1, &¢, =4/235/ f,, k=4, E =210 GPa 1.279

28.4s-/k
AS 4100 [31] b/t<35gas4100, €asar00=+/250/ f,, E=200GPa 1.414
AISI S100-16
[41] (71, <0673 f,=4—"F__(Ly E-=
. < s 4— —)°, E =200 GPa 1.280

AS/NZS 4600 12(1-v?) (b)
[53]
DSM [32] f [ f, <0.776, E =200 GPa 1.470
CSM [33] f / f, <0.68, E =200 GPa 1.290
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Number of Nu,test Nu,test Nu,test Nu,test Nu,test Nu,test Nu,test Nu,test Nu,test Nu,test Nu,test
Specimen INuecs  /Nuaisc  /Nuasaoo /Nupsm  /Nupsm™  /Nuycsm  /Nucsm®  /Nuasce  /Nupang  /Nuasce  /Nuasce”
Test:13  FE:140
Mean 1.03 1.02 1.03 1.03 1.06 1.04 1.04 1.02 1.05 1.05 1.04
CoV 0.043 0.048 0.042 0.045 0.030 0.025 0.030 0.052 0.031 0.031 0.039
Kd,n 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157
b 1.009 1.002 1.011 1.006 1.059 1.036 1.049 0.994 1.043 1.040 1.026
Vs 0.044 0.048 0.042 0.047 0.030 0.025 0.030 0.053 0.031 0.032 0.039
Vi 0.094 0.096 0.093 0.095 0.088 0.087 0.088 0.098 0.088 0.088 0.092
YMo 1.15 1.15 1.14 1.18 111 1.13 1.12 1.18 1.13 1.13 1.14

T-9/8



	2-Text
	3-Figures
	4-Tables



