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Abstract

The behaviour of hot-rolled high strength steel (HSS) tubular sections emdbeined compression

and uniaxial bending is investigated in the present paper both experimentally agricallyn The
experimental programme encompassed a series of material coupon tests, initial igeometr
imperfection measurements, residual stress measurements and 12 tests on stisbstilj@tied to
uniaxial eccentric compression. Numerical models were developed and validated agginst t
experimental results. An extensive parametric study was then performed aingagerate further
structural performance data over a wider range of cross-section slenderngsseisra®s and
applied eccentricitieS he results have been utilised for the assessment of the applicabititevant
Eurocode provisions to HSS cross-sections under combined loading, and conclusions regarding the
applicability of Eurocode interaction curves to S460 and S690 square and rectangular halbms sect

have been presented.

Keywords: Eccentric compression; Eurocode 3; Experiments; High strength steel; Hatdions;

Local buckling; Local imperfection; N-M interaction; Testing



Notation

A Cross-sectional area

A, Cross-sectional area of the coupon
Aesr Effective cross-sectional area

b Section width

CF Compressive flat (coupon)

cov Coefficient of variation

CP Control point

c/te Element slenderness

E Young’s modulus

€ Actual initial loading eccentricity

eon Nominal initial loading eccentricity

e’ Eccentricity generated due to second order effect
ey Eccentricity at ultimate load generated due to second order effect
FE Finite element

fu Ultimate tensile strength

fy Yield strength

h Section depth

HSS High strength steel

I Second moment of area

L Length

Mg, Elastic moment

My, Plastic moment

M, Failure moment

My, exp Experimentally obtained failure moment
My, rg Numerically obtained failure moment
N, Failure load

Ny exp Experimentally obtained failure load

Ny rg Numerically obtained failure load



Rexp/Rprea
Rrg/Rprea
RHS

T

SHS

gconcave
Sconvex
Seng

&

pl
gln

Ratio of experimental to predicted capacity
Ratio ofFE to predicted capacity
Rectangular hollow section

Internal corner radius

Square hollow section

Thickness

Tensile corner (coupon)

Tensile flat (coupon)

Elastic modulus of effective section

Elastic section modulus

Plastic section modulus

Coefficient for prediction of imperfection amplitude
Strain on concave side of cross-section
Strain on convex side of cross-section
Engineering strain

Strain at fracture

Logarithmic plastic strain

Strain at ultimate stress

Elastic local plate buckling stress

Engineering stress

True stress

Mean end-rotation at failure load

Ratio of stresses or strains across section depth
Measured initial local geometric imperfection

Initial local geometric imperfection from Dawson and Walker model



1. Introduction

Over the last few decades, several studies have shown that there are potentialibamfig high
strength steels (HSS) in building and bridge applications (Bjorhovde, 2004; Hasfluid 2005)
However, given that most international structural design standards (CAN/CSBISTHO01; GB
50017-2003, 20Q06ANSI/AISC 360-10, 2010AISI S100, 2012; AS 4100-Al, 2012) either do not
cover high strength steels or adopt design methods identical to those for stoemgih steels, there

is a clear need for the development of comprehensive design guidance for HSS structures.

The European provisions for HSS structural design are set out in EN 1993-1-12, (28619
additional rules for steels with yield strengths beyond 460 N/mich up to 700 N/mfare specified

EN 1993-1-12 (2007) relaxes the requirements imposed on the strain hardening and ductility
characteristics of HSS material, but, other than some specific restrictignglastic design is not
permitted), generally applies the same cross-section and member design rules as for conventional steel
design by referring to EN 1993-1-1 (2014jere is however a clear need to fully verify and further
develop these rules, and to extend the experimental database on HSS structurad bkyoadtthat
available when EN 1993-1-12 (2007) was published (McDermott, 1969; Usami and Fukumoto, 1984;
Rasmussen and Hancock, 1992; Rasmussen and Hancock, 1995; Beg and HladnRicl€X36;al,

1998; Yang and Hancock, 2004; Yasigal, 2009.

Recently, several researchers have investigated the member buckling behaWiggrlohg columns
(Rasmussen and Hancock, 1995; Yan@l, 2004; Shiet al, 2012; Baret al, 2013; Wancet al,

2014), the cross-sectional behaviour of HSS beams (McDermott, 1969; Usami and Fukumoto, 1984
Beg and Hladnik, 1996; Riclest al, 1998; Leeet al, 2012; Wanget al, 2016) and stub columns
(Usami and Fukumoto, 1984; Rasmussen and Hancock, 1992; Beg and Hladnik, 1996; Yang and
Hancock, 2004; Yang and Hancock, 2006; @&aal, 2009; Yooet al, 2013; Shiet al, 2014
Gkantouet al, accepted), and have made recommendations regarding the structural design of HSS
members, including revised slenderness limits, effective width equations anthdalickling design

curves. However, studies on HSS cross-sections under combined axial load and bendamgg mom



(Kim et al, 2014) remain scarce. Similar studies on the structural response of ecceritraziiy
stub columns have been recently reported for stainless steel sectiong{aha@015a; Zhaet al,
2015b; Arrayago and Real, 2015) and composite sections (Fujirebtl, 2004; Sheehaet al,

2012).

A comprehensive experimental programme was undertiakdre Strutures Laboratoryat Imperial
College London, focusing on the structural behaviour of hot-rolled HSS es@umt rectangular
hollow sections (SHS and RHS). The overall programme comprised material cesfmméometric
imperfection and residual stress measurements, stub column tests€idang017), 3-point and 4-

point in-plane bending tests (Waagal, 2016), and tests on cross-sections under combined loading,
which are reported herein. In parallel with the experimental programme, a cainstuidy has also

been conducted. The first step of the numerical study was to develop relidgglesiément FE)
modelscapable of replicating the experimental findings; the second step was to use ittatedal
models to generate further structural performance data over a widerofdiogal slendernesses and
loading (i.e. combinations of axial load and bending moments). Finally, the combined experimental
and numerical results weensed to assess the accuracy of the design rules presented in EN 1993-1-12
(2007), which refer to EN 1993-1-1 (2014), for predicting the cross-section gapabivt-finished

HSS SHS and RHS under combined loading.

2. Experimental study

2.1. General

A total of 12 stub column specimens were tested under uniaxial eccentric compresksiytolaasess

their structural behaviour under combined axial load and bending moments. The testexbctions

were SHS 5850x5 in grade S460 steel and SHSx50x5 and SHS 9%90x5.6 in grade S690 steel

Both the S460 and S690 specimens were hot-rolled seamless tubular sections, holtolyed ou
piercing mill to the final shape, after which the S460 sections were normalisedeas the S690

were quenched and tempered. The chemical composition and the tensile material properties of the

tested specimens, as provided by the mill certificates, are presented in Talplé 2 respectively. In



addition to the eccentric compression tests, corresponding material couponniggtsygometric
imperfection measurements and residual stress measurements have also been conducted for each

cross-section, as reported hereafter.
2.2. Material testing

A comprehensive coupon testing programme covering tensile flat, tensile corner and somfisgs
coupons has been carried out on the studied cross-sections. The resulting mapaitiepnaere
used in the analysis of the combined loading test results and in the development of éhieahum
models of the tested specimens. For each cross-section, four flat coupons and one corner coupon were
extracted from the locations indicated in Figure 1 and tested in tension. Additiamalcompressive
flat coupon was also cut from a flat face of each cross-section. Thewest conducted in
accordance with 1ISO 6892-1 (2009). Measured ststisEn curves from the coupon tests are
displayed in Figures 2(a) and 2(b) for the S460 SH&G(%b and S690 SHS %B80x5 specimens
respectively. It can be seen that both grades of material display a siefipsd yield point followed
by a yield plateau; the S690 material generally extibdéss strain hardening and lower ductility than
the S460 material. Key results from the coupon tests (tensile flat (TF)leteosner (TC) and
compressive flat (CF) coupons) are summarised in Table 3, where the mateniattess reported

are the Young’s modulus E, the upper yield strengtf), the ultimate tensile strengff, the tensileo-

yield stress ratig, /f,,, the strain at the ultimate tensile stregsind the plastic strain at fracturg

based on elongation over the standard gauge length quaﬂStqu_c, whereA, is the cross-
sectional area of the coupon (ISO 6892-1, 2009). Further details of the experimergduprcand

results are reported in Waegal.(2017).

It should be noted that the TF results are the average results of the fourfi@nstiepons. Since the

corner coupons are observed to behave very similarly to their flat counterparts in terms of the shape of
the stressstrain curve and the key material parameters, the average results from the flat cdapon tes
(TF results in Table 3) were used in the subsequent data analysis and numedeling of the

combined loading tests.



2.3. Local imperfection and residual stress measurements

For structural elements prone to buckling, the presence of imperfections candtengganfluence

on their behaviour and load-carrying capacity. Typical structural impienfiecfor steel members
include geometric (global and local) imperfections and residual efrdesluding imperfections in

finite element simulations enables accurate modelling of the structigpbnge of the tested
specimens. Since global imperfections are very small compared to the appliediggcémtthe
present study and are only important for member buckling, which is not relevasitiffiocolumns

only local imperfections and residual stress measurements are reported heeeimaXimum
recorded local geometric imperfections for the tested cross-sections, depoted reported in Table

4. The maximum measured longitudinal membrane residual stresses werg, iOtnsion and
0.03Y, in compression and their low values attributed to the seamless fabricatiodyseod@wing

to their very low magnitudes compared to the material yield strength, tdeakstresses were not
explicitly introduced into the FE models. A detailed description of thialigeometric imperfection

and residual stress measuremeasisrovided in Wanget al.(2016) and Wangt al.(2017). Residual
stress measurements on HSS box sections have also been executed by Rasmussen and Hancock
(1995) and Wanget al (2012). Even though the aforementioned studies have focused on welded
sections, in both cases it was concluded that the ratio of the residual stnetseoyield strength for

HSS sections is lower than the corresponding one of their mild steel counterparts.
2.4. Eccentric stub column tests

To investigate the structural behaviour of HSS hollow sections under meinibbmpression and
uniaxial bending, a total of 12 stub columns have been tested under compression fernémtdif
loading eccentricities to generate different ratios of axial load to bemdorgent. The average
measured geometric dimensions of the test specimens, including the lengthspétimaeri, the
section deptlh, the section widtlh, the thickness and the average internal corner radiysare
reported in Table 4, together with the maximum local geometric imperfecg§i@md the nominal

initial loading eccentricitg, ,. In accordance with the technical memorandg@n(Ziemian, 2010),



the length of the tested specimens was set equal to three times thedangestion of the cross-
section, thus enabling a representative pattern of residual stresses and geomefdctiomzeto be

present in the tested member, while preventing global buckling.

The combined loading tests were conducted in a SATEC 2000 kN hydraulic loading machine. A
schematic diagram and a photograph of the test set-up are shown in Figures 3(a) and 3(b) respectivel
The specimens were welded onto end-plates at an offset from the centréude ithee nominal
eccentricities, and then install@to the testing machine by bolting the end-plates to the loading
plates. The top and bottom loading plates were in contact with the loaglitttrough knife edges
which provided pin-ended boundary conditions about the axis of bending adebfided boundary
conditions about the other axis. In terms of the instrumentation, two LVDTspleexed horizontally

at the mid-height of the specimens to measure lateral displacement, thus etiebbegond order
bending moments, i.e. the bending moments due to the deviation of the mid-sentroid from the

line of loading, to be determined. Four strain gauges (two on the concave daeeam the convex

face) were attachet each specimen at mid-height to measure the longitudinal strains, which would
be used for the determination of the actual calculated initial loading dcitgntxs discussed later.

Two inclinometers were attached to the end-plates #bvach end) to record the end-rotation of the
specimens. The applied load was obtained from the loading machine. The stubscalera loaded
under displacement control at a constant displacement rate of 0.2 mm/min and 0.¢h fiamthe

SHS 5&50x5 and SHS 90B0x5.6 specimens respectively. During testing, the load, lateral deflection
at mid-height, longitudinal strains and end-rotations were all recorded -&eoord intervals using

the data acquisition system DATASCAN.

After testing, the strain gauge readings were used to calculate the attalaloading eccentricities
applied to the tested cross-sections, since this has a strong influente dehaviour of the
specimens under combined compression and bending, and is also required for the numerical
replication of the tests. Under uniaxial bending and compression, the relatidrethipen the
momentM and the axial forc& applied to a cross-sectionlis= N(e, +¢’), where the sum of the

initial eccentricitye, and the eccentricity generated due to the second order éféerhprises the



total eccentricity at the mid-height of the specimenthe initial stages of loading, during which the
specimens remain elastic, the theoretical relationships between the applied bending amament
compressie force and the strain gauge readings are given by Equations (1) and (2) respectively
wherekE is the Young’s modulus, I is the second moment of ardlais the area of the cross-sectian,

is the depth of the cross-section angl,,., and e.oncqave are the strains on the convex side and

concave side of the cross-section, respectively.

M — EI (Sconvexh_ gconcave) (1)

EA(e + ¢
N — ( convexz concave) (2)

By substituting the above expressionsvbndN intoM = N(e,+ e’), the relationship between the
strain gauge readings and the initial loading eccentrgitsan be established, according to Equation
(3), wherey is the ratio e.opcave/Econvex @Nde’ is the second order eccentricity recorded by the two
lateral LVDTSs at the mid-height of the specimen.

2aAxA-y)
T xary)

3)

All four SHS 9(x90x5.6 specimens and the S690 SHSHB5 specimen that was loaded under an
eccentricity of 5 mm displayed clear signs of local buckling at failurehawn in Figures 4(b) and
4(c), while the remaining specimens failed with little visible localkting, as can be seen in Figure
4(a). The differences in the observed failure mode can be explained by consideraitptt of the
yield strength and the stress gradient due to the applied loading eccewmiditye cross-section
slenderness. For the same cross-section geometry, the S690 sections have a higbad yieida
similar elastic buckling load to their S460 counterparts and are thus more slendesrangrone to
local buckling occurring prior to yielding. With regards to the stréssilalition, the cross-sections
with the higher loading eccentricities have a steeper stress gradiratviebs, making the webs less
prone to local buckling, which in turn means that they can also providegrestraint against local
buckling to the flanges on the concave side of the cross-section. The load eedstsation

relationships for all the tested specimens are depicted in Figures(sjawhilst the load versus

longitudinal strain curves for typical cases are shown in Figure 6. The kegdeks$ mre summarised



in Table 5, wherd/, is the failure loadeg, is the calculated initial loading eccentricity based on the
strain gauge readings using Equation é3),is the recorded lateral deflection at the failure load,
referred to as the second order eccentridtyjs the failure moment given ¥, = N, (e, + e,")

ande,, is the mean end-rotation at the failure load.
3. Numerical modelling

In parallel with the experimental study, a numerical investigation using theatjgnegpose FE
software ABAQUS (Hibbittet al, 2014) was performed in order to investigate further the structural
response of high strength steel hollow sections under combined loading. Theli@nitent models
were first validated against the test results and subsequently utilised &xethigion of parametric
studies, thus generating additional data over a wide range of cross-section sleratenessling

combinations, based upon which design recommendations could be made.
3.1. Modelling assumptions

The four-noded doubly curved shell element S4R with reduced integration ard nfiembrane
strains was adopted for the discretisation of the modelled geometries abéehashown to perform
well in similar studies (Zhaset al, 2015h Wanget al, 2016). An initial mesh convergence study was

performed, resulting in an average element size equal to the material thickness.

The material stresstrain properties were incorporatedoithe FE models based on the results of the
tensile coupon tests, in the form of an elastic-plastic multi linearecwith the von Mises vyield
criterion and isotropic hardening. Since no significant differencethénstressstrain behaviour

between the flat and corner coupon tests or between the tensile and compressivieproper
observed, the average values of the material properties obtained from the k@nsidadon tests, as

recorded in Table 3, were utilised for the material model. ABAQUS requires the materiatipsajper
be input in the form of a multilinear true strelegarithmic plastic strainot, . — s{’,f) curve. Hencge
the measured engineering stregtsain curves were converted into the true stleggrithmic plastic

strain curves by means of Equations (4) and (5), whgreande,,, are the engineering stress and



strain respectivelyt is the Young’s modulus and oy, andsl”nl are the true stress and logarithmic

plastic strain respectively.

Otrue = Ueng(l + geng) 4)

l O¢
851 =1In(1+ eepng) — g,ue (5)

For modelling convenience and computational efficiency, the effect of the supports and thg loadi
plates was introduced through appropriate boundary conditions and constrailesnly half of the
cross-section was modelled, thus exploiting the symmetry with respect gedhaety, boundary
conditions, applied load and failure mode of the test specimens. At each etielgribes of freedom

of all nodes were constrained to the degrees of freedom of a control pBinh@@e through rigid
body constraints, replicating the experimental conditions in which the ends of the epeeiare
welded to plates, thus preventing any deformation of the end cross-sections. Itigheailidation
against the experimental data, the top and bottom control points (@&Rs)located in a plane
perpendicular to the specimen axis and at a distance of 103 mm (equal to the shi¢khesknife
edges) from the end sections, whil the subsequent parametric studies the CPs were located within
the plane of the end sections of the stub columns. The load was applied incrgrasrdgtirescribed
displacementt the top control point. All other translational degrees of freedom werairesl at
both CPs, whilst all rotational degrees of freedom, except for those alldleige due to the
eccentrically applied load, were also restrained. The eccentricity of ddendpowas introduced by
offsetting the rigid body control points from the centroid of the grctlong the symmetry axis.

Appropriate symmetry boundary conditions were also applied.

Local geometric imperfections were introducedbithe models in the form of the lowest elastic
buckling mode shape, in line with previous studies (&aa, 2009; Gardneet al, 201t Zhaoet al,
2015b; Wanget al, 2016). In order to investigate the imperfection sensitivity of the modeks, fi
values of local imperfection amplitude were examing¥, 2% and 10% of the section wall
thickness, the maximum measured imperfecidgras given in Table 4 and an imperfection amplitude

(wpw) based on the predictive model developed by Dawson and Walker (Dawson and Walker, 1972;



Gardner and Nethercot, 2004k defined by Equation (6), whefg is the yield strength of the plate

material and,, is the elastic buckling stress of the most slender plate in the cross-sebinijs a

function of its widthto-thickness ratio.

0.5
A (f_Y> ; 6)

O-CT'
The coefficien{s can be determined through regression analysis of measured imperfection tata, bu
due to the limited available imperfection data for HSS sections, the vafue 6f028, as proposed in

Gardneret al.(2010) for normal strength carbon steel hot-finished SHS and RHS, was adopted.

Owing to their very low magnitude (see Section 2iB)vas decided not to explicitly incorporate
residual stresses into the numerical models. A nonlinear static analysis, emxcéamboth material
and geometric nonlinearities, using the modified Riks procedure (Hdtkitt 2014 was performed

in order to trace the full loadleformation response path of the modelled specimens.
3.2. Validation of the FE model

Utilising the modelling assumptions described above, the response of the festadeas was
simulated for the purposes of model validation. Typical comparisons between the test laad FE
versus end-rotation curves for S460 and S690 specimens are shown in Figures 7(&)),and 7(
respectively. As can be observed, the initial stiffness and the overalustfuelsponse are accurately
captured. As anticipated, for the more stocky S460 section shown in Figlreviich failed without
noticeable local deformation, variation in the initial local imperfection #@ng@ does not have
significant influence on the observed response, whereas for the more slender 368Gkeatn in
Figure 7(b), which displayed clear evidence of local buckling, the sensitivityettotal geometric
imperfection amplitude is more pronounced. The failure modes were accuratelydaptall cases

asindicated by the typical comparisons shown in Figures@ga)B(b).

For all specimens, the ratios of the numertoadxperimental ultimate loadsVf pg /Ny exp) and
moments My, rg /My exp) for the different considered imperfection amplitudes are summarised in

Table 6. It can be concluded that, overall, very good agreement between the exiaérand



numerical results has been achieved, with the FE predictions being slightly on theatives side in
most cases. The best agreement was obtained when the measured imperfection amphvede
employed in the FE models, with a mean valud/,of /Ny, .., €qual to 0.92 and mean value of
M., rg /Myexp €qual to 0.98. However, very similar results were also achieved when an initial
geometric imperfection amplitude of50 was employed; this imperfection amplitude was therefore

adopted in the subsequent parametric study, described in Section 3.3.
3.3. Parametric study

Upon successful validation of the FE models against the test results easiwxtparametric study

was performed in orddp generate data over a wide range of cross-section slendernesses and initial
loading eccentricities corresponding to different ratios of axial lod&nding momeist The average
material properties of the tensile flat coupon tests were incorporathd models, whereas an initial
local geometric imperfection amplitud# t/50, which gave the closest agreement with the test
results, was used in all numerical models. Similar to the experimententith of the modelled stub
columns was set to be three times the largest cross-sectional dimensierthe/imiternal radius was

set equal to half the cross-sectional thickness.

The loading eccentricities applied to the modelled stub columns were varied to ganenage of
initial stress ratiogh over the cross-section depth fre75 to 1.00; the stress ratjowas defined, as
in EN 1993-1-5 (2006), as the ratio of the stress on the most heavily comprelesed thie cross-
section to that on the least heavily compressed (or most tensioned) side, asdastiognaterial
behaviour, withp = 1.00 corresponding to pure compression gnd -1.00 corresponding to pure

bending.

Three crossedion aspect ratiosh(b) of 1.00, 2.00 and 2.44, with varying thickness, were
considered. The cross-section slenderness was takends tiagio of the most slender plate element
in accordance with the current cross-section classification practice adofEdd 1993-1-1 (2014).
The cross-section aspect ratio of 2.44 represents the case where the web langehef fan RHS

subjected to pure bending about the major axis, allowing for their respective stresdidistrilawe of



the same non-dimensional plate slenderﬁgssas defined in EN 1993-1-5 (2006) (Waagal,

2016).

The cases of both compression plus major axis bending and compression plus minor axis bending
were considered in the parametric study. In total, 720 analyses of ecdlgntvaded stub columns

were performed using the validated finite element models. Typical elastidnguokbde shapes and
failure modes of the eccentrically loaded stub colufEhmodels are depicted in Figures 9@nd

9(b) respectively. The ultimate load bearing capalijfyand the corresponding moment at mid-height
accounting for second order effedfg were determined for each analysis, while the full moment
versus end-rotation responses for some typical cases are shown in FigureantD(a@b). The

results of the experiments and the FE parametric study are analysed and used theaEsespdan

design provisions in the following section.
4. Analysis of theresultsand design recommendations
4.1. Introduction

Based on the obtained test and FE results, the Eurocode N-M interaction fourd&S SHS and
RHS (EN 1993-1-1, 2014) are assessed in this secTioa test and FE results are compared with the
corresponding codified W4 interaction curves in Figures 13 for Class 1 and 2, Class 3 and Class
4 cross-sections, respectively. In the figures, the axial compressive forchura faid the second
order bending moment at failure have been normalised by their respective resiataueding to the
cross-section class. Depending on the cross-section properties and the applied doaditgns

each specimen was classified in accordance with Table 5.2 of EN 1993-1-1 (2014).

The comparisons between the test/FE results and the Eurocode design predictioresered
numerically in Table 7 for all cross-sections. The assessment is based oitisttgontratio of the
test or FE to the predicted capacity,{,/Rprea OF Rrg/Rprea), Which is graphically defined in

Figure 14.



4.2. Assessment of the Eurocode interaction curve for Class 1 and 2 cr oss-sections

The interaction curves for determining the resistance of Class 1 and 2ZCtasss-sections under
combined axial load and bending are provided in Clause 6.2.9.1(5) in EN 1993-1-1 (2014% and ar

presented in Equations (7) and (8) for major axis and minor axis bending respectively.

MN,y,Rd = 1\417l,y,Rd(1 —-n)/(1-0.5a,) bUtMN,y,Rd < Mpl,y,Rd (7

My ;ra = Mpyzra(1 — 1) /(1 — 0.5a5) bUtMy , g < My Ras (8)

wheren = Ngg/Npi ra, Ngq IS the design axial compressive |0ak; r4 is the cross-section yield

load @Af,), My rq is the reduced cross-section moment resistance to allow for the presence of axial
load, M,,; rq is the cross-section plastic moment capadtty,f,), a,, = (A — 2bt,,)/A buta,, < 0.5

anda; = (A — 2bt;)/A butar < 0.5. The subscripty andz in Equations (7) and (8) denote the

major and minor axis, respectively.

The codified NM curves are compared with the test and FE results obtained for the Class 1 and 2 (i.e.
those that can develop their full plastic moment capacity) SHS and RHS preswion plus major
axis bending (Figure 11(a)), and RHS in compression plus minor axis bending (Fig{iny. IThe

test and FE results may be seen to generally follow the trend of the Eurocode@iartexquation,
though predictions are very conservative in the case of the stocky cross-s@otiorge ratios),
particularly for the S460 steel. This conservatism stems principally from tHecheaxq strain
hardening in the Eurocode interaction equations, and is therefore most pronounced forasmse
sections that are most resistant to local buckling (i.e. low local slendearebdience have high
deformation capacity and for material that exhibits a high degree of straieniveg, which is more
prominent in lower strength steel grades. It should be noted that at the highgberaient end of
the interaction curves, some of the S690 tests and FE results fall marginallyMjglolhis was also
observed by Wangt al. (2016), and again, attributed principally to the lower degree of strain
hardening that the higher grades of steel exhibit. For the S460 RHS specimens updessiomand

minor axis bending, there is an apparent change in the response of the stockiewér.e/tt)



specimens at the higher axial load levels (see Figure 11(b)). In facesihense of the specimens
does not change significantly, but the value of the second order moment atMgilisrsensitive to
where the peak load arises on the rather flat-llzaeral deflection curves. Overall, the graphical
comparisons indicate that the existing interaction curves are generally agplcaigh strength steel

material, and similar conclusions are reached from the numerical comparisons presented in Table 7.

4.3. Assessment of the Eurocode interaction curve for Class 3 cr oss-sections

The linear NM interaction expression for Class 3 cross-sections specified in EN 1992014) (s

given by Equation (9).

(9)

Ngg  Mygq M, gq <1

Nra  Meyyra  Meizra
whereM,, r, is the elastic moment capaciti(; f,) of the cross-section and all other symbols are as

previously defined.

The FE results for Class 3 cross-sections are compared against the Eurocoddr@diaetion NM
equation in Figure 12. The interaction equation may be seen to yield gendelbjdeapredictions
and without excessive conservatisky£/R,.q=1.15), but improved predictions and reduced scatter
are achieved using the linear transition (see Figure 15) betweafy,thadM,, for Class 3 cross-
sections Rrg/Rpreq=1.09) proposed by Taras al. (2013); the application of this proposal to HSS is

therefore supported in the present paper.
4.4, Assessment of the effective width equationsfor Class 4 cross-sections

For Class 4 cross-sections under combined axial load and bending, the lihkantBiaction

expression given by Equation (10) is provided in EN 1993-1-1 (2014).

Ngq My gq + Nggeny My pg + Nggen,

<1 (10)
Aefffy Weff,y,minfy Weff,z,minfy

where A.sr is the effective area of the cross-section when subjected to uniform compression,

Werrmin 1S the effective section modulus (corresponding to the fibre with the maximum elastic stress)



of the cross-section when subjected only to bending about the relevant axdg,igtite shift in the
relevant neutral axis of the effective cross-section under pure compression igvtech for doubly

symmetric sections as examined herein); all other parameters are as previously defined.

The FE results for Class 4 cross-sections are compared against the Eurocoddrdiaetion NM
equation in Figure 13, where the data points have been normalised based on their reffeatiiee

secton properties calculated according to EN 1993-1-5 (2006). The results shown in Figure 13 closely
follow the design predictions, indicating that both the effective section proparteéesnteraction

curve are appropriate for HSS.
5. Conclusions

A comprehensive study into the structural behaviour of hot-rolled high stretegih(S460 and S690)
hollow sections under compression and uniaxial bending has been reported. Upon the estcution
twelve tests on eccentrically loaded stub columns, together with complemergasyiraments of
geometric and material properties, an extensive numerical programme was conduatéddr ito
generate additional data over a wide range of cross-section slendsamasdoading eccentricities,
generating different proportions of axial compression and bending moment i&. falie results have
been utilised for the assessment of the design provisions specified in EN 192®814) for cross-
sections under combined compression and uniaxial bending moment. The Eurocode imtewaatio
for Class 1 and 2 sections generally provides safe side predictions, but wastdobadather
conservative for the stockier cross-sections and lower steel grade. The ritleeaction curve for
Class 3 sections gives accurate, though again slightly conservative design predictienthentse of
a linear transition betweeM,, and M, , as proposedby Taras et al. (2013), reduced this
conservatism. The effective width equations were shown to be geneailabje to S460 and S690
square and rectangular hollow sections subjected to compression and uniaxial b@mdmad.the

design provisions of EN 1993-1-1 (2014) are deemed suitable for high strength steel sections.



Acknowledgements

The research leading to these results has received funding from the Résmar¢br Coal and Steel

(RFCS) under grant agreement No. RFSR CT 2012-00028.

References

AISI S100 (2012) North American specification for the design of cold-formed staaturd

members. Washington DC, USA. American Iron and Steel Institute Standards.

ANSI/AISC 360-10 (2010) Specification for structural steel buildings. Chickigmis. American

Institute of Steel Construction.

Arrayago | and Real E (2015) Experimental study on ferritic stainless steel RHSHshaross-

sectional resistance under combined loading. Structures-496BlIsevier.

AS 4100-Al (2012) Amendment no.1 to AS 410998 steel structures. Sydney, Australia.

Australian Standard.

Ban H, Shi G, Shi Y and Bradford MA (2013) Experimental investigation of the lbberekling
behaviour of 960 MPa high strength steel columns. Journal of Constructional StesicRe38: 256

266.

Beg D and Hladnik L (1996) Slenderness limit of Class 3 | cross-sectionsofnbidé strength steel.

Journal of Constructional Steel Research 38(3):-201.

Bjorhovde R (2004) Development and use of high performance steel. Journal obiCmrsf Steel

Research 60(3): 39300.

CAN/CSA-S16-01 (2001) Limit states design of steel structures. Rexdale, OG@niada. Canadian

Standard Association.

Dawson RG and Walker AC (1972) Post-buckling of geometrically imperfect platesial of the

Structural Division 98(1): 734.



EN 1993-1-1: 2005 +A1 (2014) Eurocode 3: Design of steel structures. Part 1-1: Gelesraind

rules for buildings. Brussels, Belgium. European Committee for Standardization (CEN).

EN 1993-1-12 (2007) Eurocode 3: Design of steel structures. Part 1-12: Additibeslfor the
extension of EN 1993 up to steel grades S 700. Brussels, Belgium. European t€enianit

Standardization (CEN).

EN 1993-1-5 (2006) Eurocode 3: Design of steel structures. Part 1-5: Plated aiftralgorents.

Brussels, Belgium. European Committee for Standardization (CEN).

Fujimoto T, Mukai A, Nishiyama | and Sakino K (2004) Behavior of eccailyitoaded concrete-

filled steel tubular columns. Journal of Structural Engineering 130(2):22@3

Gao L, Sun H, Jin F and Fan H (2009) Load-carrying capacity of high-strengtthatesdctions I:

Stub columns. Journal of Constructional Steel Research 65(49248

Gardner L and Nethercot DA (2004) Numerical modeling of stainless steetiusal componentsA

consistent approach. Journal of Structural Engineering 130(10)-16386.

Gardner L, Chan TM and Abela JM (2011) Structural behaviour ofiedlighollow sections under

combined compression and uniaxial bending. Advanced Steel Construction 7({1)336

Gardner L, Saari N and Wang F (2010) Comparative experimental study of hot-rallezbldn

formed rectangular hollow sections. Thin-Walled Structures 48(7):5€95

GB 50017-2003 (2006) Code for design of steel structures. China Architecture dinguitress.

Beijing, China. In Chinese.

Gkantou M, Antoniou N, Theofanous M and Baniotopoulos C (accepted) Compressive behaviour of

high strength steel cross-sections. Proceedings of the Institution of Civil Engineers.

Hibbitt, Karlsson and Sorensen Inc ABAQUS (2014) ABAQUS/Standard user’s manual volume IIII

and ABAQUS CAE manual. Version 6.14. Pawtucket, USA.



Hoglund T, Collin P, Miller C, Schroter F and Miazzon A (2005) Chapter-5Examples and
applications. In use and application of high-performance steels for steel struatteesational

Association for Bridge and Structural Engineering (IABSE).

ISO 6892-1 (2009) British Standard: Metallic materials - Tensile testing.1Paethod of test at

ambient temperature. The Standards Policy and Strategy Commiittee.

Kim DK, Lee CH, Han KH, Kim JH, Lee SE and Sim HB (2014) Strength and ads&ltess
evaluation of stub columns fabricated from 800 MPa high-strength steel. Jou@ahsifuctional

Steel Research 102; HA1120.

Lee CH, Han KH, Uang CM, Kim DK, Park CH and Kim JH (2012) Flexural strengthaation
capacity of I-shaped beams fabricated from 800-MPa steel. Journal of Structureddging 139(6):

1043-1058.

McDermott JF (1969) Plastic bending of A514 steel beams. Journal of the Striiwsaln 95(9):

1851-1871.

Rasmussen KJR and Hancock GJ (1992) Plate slenderness limits for highhssterf sections.

Journal of Constructional Steel Research 23(1)983

Rasmussen KJR and Hancock GJ (1995) Test of high strength steel columns. @&burnal

Constructional Steel Research 34(1):-22.

Ricles JM, Sause R and Green PS (1998) High-strength steel: implicatioaseofirand geometric

characteristics on inelastic flexural behavior. Engineering Structures 20(433%23

Sheehan T, Dai XH, Chan TM and Lam D (2012) Structural response of concrete-filled eBigttal

hollow sections under eccentric compression. Engineering Structures 432314

Shi G, Ban H and Bijlaard FS (2012) Tests and numerical study of ultra-néglytst steel columns

with end restraints. Journal of Constructional Steel Research 7@ 436



Shi G, Zhou W, Bai Y and Lin C (2014) Local buckling of 460 MPa high strength steel welded

section stub columns under axial compression. Journal of Constructional Steel Research7000: 60

Taras A, Greiner R and Unterweger H (2013) Proposal for amended rulesrfdrembuckling and
semi-compact cross-section design. Technical Report. Consolidated Versiacuwhéhts of the

Same Title Submitted to the SC3 Evolution Group 1993. Paris.

Usami T and Fukumoto Y (1984) Welded box compression members. Journal of Structural

Engineering 110(10): 2452470.

Wang J, Afshan S, Gkantou M, Theofanous M, Baniotopoulos C and Gardner L (2016) Flexural
behaviour of hot-finished high strength steel square and rectangular holldensedournal of

Constructional Steel Research 121-809.

Wang J, Afshan S, Schillo N, Theofanous M, Feldmann M and Gardner L (2017) Mgattepetties
and compressive local buckling response of high strength steel square and racthotiow

sections. Engineering Structures 130:-2915.

Wang YB, Li GQ and Chen SW (2012) The assessment of residual stresses in weldectigh st

steel box sections. Journal of Constructional Steel Research-B®.93

Wang YB, Li GQ, Chen SW and Sun FF (2014) Experimental and numerical study on thieulreha

of axially compressed high strength steel box-columns. Engineering Structures®%B: 79

Yang D and Hancock GJ (2004) Compression tests of cold-reduced high strengtiectiees$.sl:

stub columns. Journal of Structural Engineering 130(11): 117721

Yang D and Hancock GJ (2006) Numerical simulation of high-strength steel bopsdskbalumns

failing in local and overall buckling modes. Journal of Structural Engineering 132(454211

Yang D, Hancock GJ and Rasmussen KJ (2004) Compression tests of cold-reduced high strength steel

sections. II: long columns. Journal of Structural Engineering 130(11)-1782.



Yoo JH, Kim JW, Yang JG, Kang JW and Lee MJ (2013) Local buckling in the stub columns
fabricated with HSA800 of high performance steel. International Journal df Streetures 13(3):

445 458,

Zhao O, Rossi B, Gardner L and Young B (2015a) Behaviour of structumalestaisteel cross-

sections under combined loadindPart I: Experimental study. Engineering Structures 89:2486.

Zhao O, Rossi B, Gardner L and Young B (2015b) Behaviour of structural stastdetscross-
sections under combined loadirgPart 1l: Numerical modelling and design approach. Engineering

Structures 89: 24259.

Ziemian RD (2010) Guide to stability design criteria for metal struct@sed. New York. John

Wiley & Sons.



List of Tables

Table 1. Chemical composition of tested specimens

Table 2: Mechanical properties as stated in mill certificates

Table 3: Average measured material properties from coupon tests

Table 4: Mean measured dimensions of eccentric stub column specimens

Table5: Key results for eccentric stub column tests

Table 6: Comparison of numerical and experimental results for the different consideredection
amplitudes

Table 7: Assessment of Eurocode design predictions based on utilisation ratios of the test or FE to the

predicted capacities

List of Figures

Figure 1: Locations of tensile flat and tensile corner coupons and definition of cross-section symbols

Figure 2: Measured stresstrain curves for tensile flat, tensile corner and compressive flat coupons:

a) S460 SHS 50x50x5, b) S690 SHS 50x50x5

Figure 3: Experimental set-up including instrumentation: a) Schematic diagram o$eesp.b)

Photograph of test set-up

Figure 4: Failure modes of eccentrically loaded stub columns: a) S460 SHEB&ED{,=20.22

mm), b) S690 SHS 50x50xB,E£5.58 mm), ¢) S690 SHS 90x90x5¢5%5.37 mm)

Figure5: Load versus end-rotation curves from eccentrically loaded stub column tests: a) S460 SHS

50x50x5, b) S690 SHS 50x50x%5, ¢) S690 SHS 90x90x5.6

Figure 6: Typical load versus longitudinal strain curves from eccentrically loaded stub column tests
Figure 7: Comparison between typical experimental and numerical load versus end-rotation curves:

a) S460 SHS 56G0x5 (¢,=20.22 mm), b) S690 SHS 80x5.6 (,=25.49 mm).



Figure 8: Comparison between typical experimental and numerical failure modes: a) S460 SHS

50x50%5 £,=20.22 mm), b) S690 SHS 90x90x5¢§%5.37 mm)

Figure 9: Typical numerical elastic buckling and failure modes for eccentrically loaded stub column:

a) Elastic buckling modes, b) Failure modes

Figure 10: Typical numerical moment versus end-rotation curves: a) S4603HS50
b) S460 SHSY=-0.50

Figure 11: Assessment of N-M interaction curves for Class 1 and 2 cross-sectionsS &n8HRHS

bending about the major axis, b) RHS bending about the minor axis
Figure 12: Assessment of N-M interaction curve for Class 3 cross-sections

Figure 13: Assessment of effective section properties and interaction curves des @l cross-

sections

Figure 14: Definition of utilisation ratio of the test or FE to predicted capacities

Figure 15: Bending resistances for different cross-section classes, inclutlisgation of linear

transition for Class 3 cross-sections (after Tatas, 2013)



Table 1: Chemical composition of tested specimens

Cross-section C Si Mn P S Cu Cr N Mo V Ti  Nb B Al
(%) (%) (W) (%) (k) (%) (%) (%) (%) (%) (%) (%) (%) (%)
S460 SHS 50%0x5 015 0.37 153 0.7 001 0.02 007 0.06 0.03 0.10 0.03 001 - -
S690 SHS 5050x5 0.15 0.28 150 0.10 002 0.02 067 0.12 021 0.07 0.04 0.31 0.003 0.30
S690 SHS 90%0x5.6  0.15 0.29 1.53 0.10 0.01 0.04 0.69 0.10 0.21 006 0.04 027 0.003 0.21
Table 2: Mechanical properties as stated in mill certificates
. fymill fu mill gf
Cross-section ’ ’
(N'mm?)  (NImm?) (%)
S460 SHS 5050x5 473 615 26.5
S690 SHS 50%0%5 797 838 22.4
S690 SHS 9090x5.6 789 825 16.6
Table 3: Average measured material properties from coupon tests
Cross-section Label E fy fu Eu ° fully
(N/mn®) (N/mn®) (N/m %) (%)
TF 211100 505 620 149 310 1.23
S460 SHS 50%x50x5 TC 208000 481 631 12.7 260 131
CF 219000 505 - - - -
TF 204200 759 790 75 217 104
S690 SHS 50%x50x5 TC 209000 782 813 6.9 180 1.04
CF 220000 813 - - - -
TF 205700 774 790 74 201 1.02
S690 SHS 90x90%5.6 TC 224000 754 784 9.0 180 1.04
CF 215000 798 - - - -
Table 4: Mean measured dimensions of eccentric stub column specimens
. €on L h b t T Wo
Cross-sect :
rossecTon (Mm)  (mm)  (mm) (mm) (mm) (mm) (mm)
5 149.98 50.03 49.86 4.94 3.00 0.054
10 150.01 49.86 50.16 4.98  3.00 0.054
S460 SHS 50505 20 14995 5032 5011 490 3.00 0.054
30 149.97 50.07 50.36 495 3.00 0.054
5 149.91 50.24 50.60 5.03 3.00 0.076
10 149.96 50.27 50.39 4.94  3.00 0.076
S690 SHS 50x50x5 15 14984 5045 5052 496  3.00 0.076
20 149.98 50.16 50.36 4.97  3.00 0.076
5 269.07 89.56 89.81 568 450 0.089
10 269.00 89.84 90.10 565 463  0.089
S690 SHS 90x90x5.6 25 268.96 90.21 9065 572  4.88  0.089
30 269.02 90.57 90.08 559 463  0.089




Table 5: Key results for eccentric stub column tests

: €o Nu eu, Mu Py
Cross-section (mm) (kN) (mm) (kNm) ©
4.83 333.8 8.70 4.5 6.98
9.70 297.3 9.28 5.7 7.62
S460 SHS 5080<5 20.22 226.6 8.72 6.6 7.19
33.02 181.4 10.32 7.9 8.39
5.58 530.8 1.12 3.6 1.02
S690 SHS 5050%5 10.26 459.5 0.98 5.3 1.80
13.65 398.7 1.67 6.0 2.25
19.32 338.2 6.34 8.7 5.20
5.37 1289.5 0.61 7.6 0.46

1025 11953 0.55 12.9 0.62
25.49 864.0 3.12 24.9 2.04
29.80 819.6 2.12 26.2 4.85

S690 SHS 9090x5.6

Table 6: Comparison of numerical and experimental results for the diffevesitdered imperfection

amplitudes

wo ©Opw £/100 t/50 t/10
eO,n
(mm) | Nure Myrpg| Nyre Myre| Nure  Myre | Nyre  Myre | Nure Myrg

Cross-section

Nuexp Muexp| Nuexp Muexp| Nuerp Muexp| Nuexp Muexp| Nuexp  Muexp
5 092 093 | 092 093 | 092 093 | 093 094 | 094 0.9
10 091 093 | 091 092 | 091 093 | 091 0.93 | 0.90 0.53
20 092 095 | 092 09| 092 095 | 091 095 | 091 0.92
30 087 086 | 087 08 | 087 086 | 087 0.86 | 0.86 0.8
5 094 095 | 094 09 | 094 095 | 094 095 | 0.95 0.9
10 089 097 | 089 097 | 089 097 | 089 0.97 | 0.89 0.9
15 093 101| 093 101 | 093 101 | 093 101 | 093 1.01
20 094 084 | 094 084 | 094 084 | 094 0.84 | 094 o0.84
5 093 101| 093 101 | 093 101 | 093 101 | 0.92 0.97
10 0.89 1.00 | 0.89 1.00 | 089 100 | 089 100 | 0.89 0.97
25 09 109 | 09 112 | 096 112 | 096 1.09 | 0.95 094
30 094 121 | 094 123 | 094 123 | 094 121 | 0.93 1.06
Mean 092 098 | 092 098 | 092 098 | 092 0.98 | 092 0.91
Ccov 0.03 0.0 | 003 0.12 | 0.03 0.12 | 0.03 0.10| 0.03 0.15

S460 SHS 50%0x5

S690 SHS 50%0x5

S690 SHS 9090x5.6




Table 7: Assessment of Eurocode design predictions based on utilisationfrétiesest or FE to the

predicted capacities

Rexp/Rpred or RFE/Rpred
Cross-section Aspect ratio Bending axis No. oftestor Clasgsland?2 Class 3 Class 3 Class 4
FE results (linear transition)
S460 SHS-tesl 1.00 N/A 4 1.29 N/A N/A N/A
S690 SHS-tesl 1.00 N/A 8 1.07 N/A N/A N/A
S460 SHSFE 1.00 N/A 72 1.11 1.11 1.07 1.11
S690 SHSE 1.00 N/A 72 1.05 1.11 1.07 1.10
S460 RHSFE 2.00 major 72 1.16 1.19 1.13 1.10
S690 RHSFE 2.00 major 72 1.07 1.19 1.12 1.08
S460 RHSFE 2.00 minor 72 1.05 1.08 1.05 1.12
S690 RHSFE 2.00 minor 72 1.02 1.08 1.05 1.11
S460 RHSFE 2.44 major 72 1.10 1.23 1.13 1.10
S690 RHSFE 2.44 major 72 1.03 1.23 1.13 1.09
S460 RHSFE 2.44 minor 72 1.03 1.09 1.05 1.16
S690 RHSFE 2.44 minor 72 1.02 1.09 1.05 1.13
Mean 1.05 1.15 1.09 1.10

Ccov 0.09 0.07 0.05 0.04
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Figure 1. Locations of tensile flat and tensile corner coupons and definition of cross-section symbols
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Figure 2: Measured stresstrain curves for tensile flat, tensile corner and compressive flat coupons
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Figure 3: Experimental set-up including instrumentation
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Figure4: Failure modes of eccentrically loaded stub columns
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Figure5: Load versus end-rotation curves from eccentrically loaded stub column tests
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Figure 6: Typical load versus longitudinal strain curves from eccentrically loaded stub column tests
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Figure 7: Comparison between typical experimental and numerical load versus end-rotation curves
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Figure 8: Comparison between typical experimental and numerical failure modes



a) Elastic buckling modes b) Failure modes

Figure 9: Typical numerical elastic buckling and failure modes for eccentrically lostdédcolumn

models
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Figure 10: Typical numerical moment versus end-rotation curves
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Figure 11: Assessment of WA interaction curves for Class 1 and 2 cross-sections
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