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Abstract

Light-weight spatial structures with high demands for aesthetiesctural strength and stability

may very efficiently bebuilt using highstrength steeRectangularHollow Sections(RHS) or

Square Hollow SectionéSHS). Currently, the usef these sectiongs partly hindered by an
underlying overconservatism in design rulésr local buckling of the crossection since most
high-strength steedections are slender witbgards to local buckling. This paper illustrates a novel
approach for the design of thito thick-walled RHS and SHS against elastic and elpkistic

loca | buckl ing. It i ntrodbassedaRé@S&Sesteantezdet B
which was @veloped over the course of an extensive, multinational anfuidéd research
projecti HOLLOSSTAB (20162019). The method further generalizes advanced -s@stonal
definitions of local and global slenderness, ultimately providing a strdvagibd restance
approach that generalizes the concepts of established design methods such as theeDg#ct St
Method. In the GSRM, the slenderness and bucklingtesie are both based on the section elastic
resistance and incorporate the overall applied l@ee.cThis new format is used as the basis for

the derivation of new design rules, which were developed through an extensive parametric study
and mechanical nuel calibration. The presented study also includes an analysis of the underlying
level of the relability of the GSRM design rules and compares its advantages over conventional
design methods faquare and rectangulsectionsespecially for slender cresections loaded

by general direct stresses caused by compression and arbitexiglldending.

1 Introduction

1.1General renarks and scope

In recent years, it was regularly observed that current design standards lack in accuracy and
economy when applied tHigh-Strength Steels and more complex load cases, evénafofirst

sighti well understood sion types such alollow structuralsections(HSS) This has been
observed by several authdos the European code&Eurocod@ 2006, wherea lack ofaccuracy

andi sometime$ also safety of design rules based on the Winter cinetér 1946 and appkd

to the design of box and rectangular hollow sections was noted (sBetelig.et al. 2018 Similar
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observationsilsoapplyto North American staslards(e.g.ANSIAISC 2016andAlSI2016. In all

these standards, albeit due to different reasonsindesuracies are most pronounced in the
presence of combined loading (compression andanrbi-axial bending) This paper describes a

new methodologyfor the crosssectional design checks of SHS and RHS, @Generalized
Slendernesbased Resistance Meith(GSRM). This method was developed over the course of
the EUfunded (RFCS) research project HOLLOSSTARaras et al. 201Q as part of a wider

effort to better understand the behavior and strength of hollow sections and improve the economy
and practicaty of design rules dedicated to these types of section. The method thereby reprises
concepts found in methods such as the ones udediin o ¢ ofd@&eraBbiethod, the Overall
Interaction Concept OIC (Boissonnade et al. 201 Kettler et al. 2009 the Direct Strength
Method i DSM (Schafer 2008 Schafer 2018 and the Continuous Strength MethedCSM
(Gardner, 2008see als#\fsahnand Gardner2013 Yunand Gardner2018&; Fieberet al.2019).

The commonality of these methods is that they make use of @ generalizeddefinition of
slenderness, which issuallydetermined with the aid of dedicated numerical tools, as the main
input parameter for the calculation of strength, which in turn is given as a (direct) function of this
slenderness. The GSRM deveddpduring HOLLOSSTAB is dedicatedpew design rulgbased

on slenderness definitions of this type, which may be applied to gayipas and shapes of hollow
sections and for crossections as well as members.

The presentpaper is structured in a manngrat closely follows the various steps taken in
HOLLOSSTAB for the development and validation of the new GSRM design rules fa& cros
sectional design checks. The first part of the paper briefly describes the physical test campaign and
the numerical parantéc study of the crossectional strength of SHS and RHS carried out within
the project. This work formed the basis for the subsegiormulation, calibration and validation

of the new GSRM design rules, which are described in the second part of tihe Fagky,
guantitative comparisons between the levels of accuracy of current Eurocode 3 AESL3)
design rules and the GSRM ajiwen. The present paper specifically focuses on the development
of GSRM design rules for the cressctional strength afquare or rectangulddSS The reader
may also refer tdleng et al.{(2019 for an analogous treatment of tr®sssectional capacitgf
circular and elliptical hollow sections

1.2 Basic concepts of the GSRM

The GSRM, in its application to cressctional dagn checks, is a method that makes use of an

overall definition of the local buckling slenderness, valid for the esesfon as a whole and-de

rived from elastic (numerical) bifurcation analysis. On ligsis, it provides a continuous
representation oftength throughout slenderness ranges. A schematic graphical representation of

the method as appliedtocresse ct i on al resistances (| Bghl buck
In addition to the variables dedweid in detail below, the figure makes use of the following
parameters:

N applied axial compressive force

Nopl plastic compressive capacity of the gross cisEsionNp=Afy
fy yield stress

M applied bending moment

Mel elastic bending moment resistancey MWk fy

Mo plastic bending moment capacity pM Wy fy
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Fig. 1: Graphical representation tife GSRM design approach forcras® ct i on al resistance [/

strength curves inthe@ -1 planeand (b) Aam interaction curves

The following steps and procedures are involved in the GBR#8&d strengthesign of cross
sections:

1. Calculation of a crossectional reference resistanceer,Rassociated with the stress field
stemming from the load case under d¢desation, which is a combination of axial force and
bending defined by a vector lengiWand an anglg in the rm plane, respectively two angles
] y andj z in the nmy-m; space. Owig to the greater ease of representation, tidaine case
is illustrated, seeFig. 1b). While in principle these quantities could be defined in a variety of
different ways, in this plot n and m are the axial force and bending moment normalised with
respect to the corresponding ideal agtic resistances (yielding in all fibres).

~ s x o~ A oA

3 AOMIG- 3 AOAGAI (1)
Where
i b ", on — 2
h h

The reference resistanceeRnust be defined in a uniforrmannerin the GSRM. Both the
plastic resistancegrand the elastiresistance &fulfil this basic requirement. Thereby, s

the load amplification factors for the considered load case needed to reach the theoretical ideal
plastic condition (yielding in allibres, no strain hardening), whilesRlefines the first ield

load (yielding in one extreme fibre of the cragxtion). As will be discussed in more detail in

the paper, for the GSRM the elastic quantigyiRs finally chosen as the reference restgan

2. Calculation of the crossection (local) critical elastibifurcation/buckling load factor, R,
which once again is associated with the same stress resultant profile defined in the previous
item.

3. On the basis of the two values calculated in the gvavious items, calculation of the cress
sectional (local) lenderness, defined as:
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4. Retrieval of the buckling factar. from a predetermined set of equationghe furctions and
equations that determine the values of the buckling facto(for local buckling) orcg (for
global, member buckling) are the key component of a design method such as the GSRM. In
HOLLOSSTAB, they were developed for the creestional as welhs the member buckling
strength of hollow sections of various shape and steel grade.

5. Determinatiorof the buckling strengthf by the following formula:
Yr cY 4

Concerning the above steps and procedures, the folloagluitional comments should be
considered:

i. Rrefand RrL may be calculated by means of available analytical expressions, for very simple
load cases, or through numerical analysis, for more general load cases. In the latter case, it is
fruitful to develop @dicated software tools, as was done in HOLLOSSTAB.

ii. On theother hand, the value otR may be obtained for a simply supported member of length
corresponding to the first buckling wave leng#hils.=1and a uniform stress distribution along
this length it is thus not necessary to consider the particular epdast conditions and stress
distribution along the considered member.

iii. In addition to the mentioned resistance factors, other parameters related to theeciioss
properties are needed to defthe strength curves in both the slender and the stockyesan
For example, in the stocky range, the plastic resistance of thesadssn R is also a
parameter of interest, even though it is not directly used in the slenderness definition of the
GSRM

2 Experimental campaign

Among the various hollow sectidgpes considered by the research partners in HOLLOSSTAB,
cold-formed and hofinished SHS and RHS, as shownHig. 2, made of mild or higkstrength
steel, were tested at the laboratories of structural enginedriBigndeswehr University Munich
(BWU), Imperial College London (ICL) and Técnico Lisboa (IST). A total of 97 tests on short
columns and beafwolumns were condualéetween the three laboratories in order to provide the
full-scale experimental evidence foetdevelopment of numerical models and GSRM design rules
for the crosssectional resistance of such components. The test methodology and main results
obtained inthe subset of the test campaign of HOLLOSSTAB that was carried out at BWU will
be briefly distssed in the following, thereby exemplifying the procedure generally adopted at all
involved laboratories in the proje@ull details on the experimental camgraion SHS, RHS and
derived hollow section shapes can be found in the published documentatietH@LLOSSTAB
project Taras et al., 2010

Cold-formed SHS and RHS (in addition to several derived sections such as hexagonal sections and
groovestiffened SHS, see aldwffolon et al. 2019awere studied at the structural laboratory of

BWU. Thesecbns d outer di mensi on shosamby keeped ih mindithe ¢ k n e s
general objective of the HOLLOSSTAB project, which was to provide design rules that lead to
improvements particularly for more slender sections, i.e. mainly class 3 and 4sactornding



to Eurocode 3. Of the six RHS /Sk$ted at BWU, four were made of S355 steel, while two were

cold-formed higher strength steel sections with measured values of the yield stress of above
Rpo,=700 N/mm?2.

a) b
Fig. 2: Scopeof this paper: crossectional strength of sqte and rectangular hollow sections (SHS, RHS)
fabricated acc. to ENI0219 (coldformed sections) or EN10210 (kfimished sections) with steel grades from
(normal strength) S355 to (high strength) S770.

The full-scale experimental tests on local buadkliat BWU comprised two test setups: stub
column tests and short bearolumn testsDifferent levels of eccentricity were appliéal obtain
different combinatios of axial compression and bendimoment The ful-scaletestswere
performed in a 10 MMervehydraulic test rig, where the load cells incorporate a linear variable
displacement transducer angrassure transduceseeFig. 3a. A digital image correlation syste
(DIC) produced by GOM was used to monitor deformations and rotations of the specimesssurfa
and of the test rig itsellThese measurements walsocompared tdestdata from inclinometers
and strain gauges applied to the specimen
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Fig. 3: a) test setup for the stidmlumn test, bpoint cloud of the 3D scan datg) 3D results of measuring system of
a SHS specimen



For each specimen, the experimental campaign also included auxiliary tests such as tensile coupon
tests and imperfection measurements. These were carried out in order to have sufficient
information on each test to perform an accurate validation of nurherackels, see the following
section, which in turn were used for an extensive parametric study. Additicm&Ly,scanning
technique was employed to measure the distribution of local geometric imperfections in each test
specimen. The real geometry of tBpecimen including imperfections was then used in the
numerical simulation by laying spline surfacen the cbud points from the 3D scanning
measurement, as is shownHig. 3b. Additionally, the 3D scan data were statistically evaluated

with respect to shape deviations and tolerances from the nominal gedagtBz. demonstrates

an examplef theevaluationof a SHS specimen

3 Validation and calibration of the numerical model

3.1General remarks

The principal aim of the experimental campaign was to provide the basis for the valiofatio
advanced numerical models that use Geometrically and Materiallyl.Mear FEMAnalyses

with Imperfections (GMNIA) to realistically and accurately simulate thealmur of the studied
sections loaded in compression and bending. The development latetiona of these Finite
Element Method (FEM) models was thus performed through comparisons with the experimental
tests. This reverse engineering process, using GMaidlyses with the measured geometrical
shape of the sections and an accurate materiaéimoah lead to very small (<3%) deviations to

the ultimate load of the buckling tests if the meshing and modelling of boundary conditions are
accurate. This type of @NIA, which uses measured input data and was performed during the
reverse engineeringamdo d el v al i dati on phawEASO s nd darhceet € d | H
The proprietary softwareDassault Simulia ABAQUS (201§ was used for all numerical
simulations, mploying linear isoparametric shell elements with reduced integration (element type
S4R).As a result of the model validation, a mesh density with a minimum of 60 elements in
circumferential and 200 elements in longitudinal direction was found to lead¥erging results

of high accuracy.

An example of an FEM model validation is showrFig. 4. The RHS specimen deformed shape

in a) was caused by an eccentric compressive load and the deformations were measured by a GOM
(Aramis) DIC system. The corresponding GMNMEAS is able to remduce both the pdsn

and shape of the pebtickling deformations as well as the peak load itself quite accurately, see
Fig. 4b) and c). As the figuralso illustrates, the loashortening and loadbtation paths obtained

from theFE models were typically too stiff up to the peak load and descended more rapidly than

in the experimental observation. For the purposes of the project, these deviationsoadthe
deformation paths @renot of concern, as the peak value of resistancaheasain value against

which the models were validatdelll details on the model validation and calibration may be found

in Taras et al(2019, Toffolon et al(20190.

In summary, the following statistics of the model validation were obtained:
9 for the 12 stubcolumn tests (pure axial compression) conducted at BWU and considered
here, the average of the ratio between the peak load in the validated GWEAS
models and thexperimental tests wasnkx FeMFmax.test0.99, with a standard deviation of



3.2%.

9 for the total of 48 BWU stulgolumn and short beagolumn tests on RHS/SHS and
derived section shapes, an average valuengffem Fmax test0.99 was obtained, with 4.2%
standard deviation.
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Fig. 4: a) GMNIA-MEAS model vs. tegesults, specimen deformed shape measured with B)lCoad
deformation and loadotation plots.

While the experimental campaign carried out in HOLLOSSTAB was extensive, it nevertheless
could not cover the full range of section shapes, material grawk$ anost importantlyi
combinations of compression forces aneéakial bending moments that the new GSRM design
rules need to cover. For this reason, an exhaustive numerical parametric study was carried out,
thus providing the otherwise missing comprelendatabase of test results via numerical tests.

The scope and employed methodology of the parametric study is described in this section, while
the results are mainly illustrated in the context of the development of the GSRM design rules,
where they prowde te basis for comparisons with the new design proposals.

3.2Methodologyi simplified model with equivalent imperfections

In order to make the parametric study efficient, the previously described GIMIEIAS models

had to be simplified with regards to theodelling of imperfections and material laws. Thus, a
more generalized model, with a simplified definition of the matdaal and the geometrical
imperfections, yet the same FEM mesh size and element types as the ones validated through the
calibration to he experimental tests, was developed. In a first step, the geometrical input was



calibrated. Thereby, the GMNIMEAS loaddeformation curves described in the previous
section were compared to different GMNIA calculations with nominal esesgonal geomeg
(outer dimensions) and varyimgyuivalentimperfection amplitudes. The first buckling mode of a
Linear Buckling Analyss (LBA) represents a sensible and wedtablished basis (see e.g. Annex
C of Eurocode 3 Part -6 200§ and is chosen as input for theperfection calibration for the
GMNIA.

A representative example for this calibration is showfign5, where the loadeformation curves

for two different SHS sections are shown and the GMNIBAS curves are gapared to GMNIA
curves obtained from an analysis with anieglent geometric imperfection based on a scaled (by
the indicated value obgfirst buckling mode for local buckling, obtained from an LBA. The same
material model (taken frortensiletests) wasused for both calculations, thus allowing for an
isolationof the effect of imperfections on the obtained peak loads. The imperfection amplitudes in
this figure range from B/400 up to B/150, where B is the external width of the SHS. The figure
illustratesthe moderate sensitivity of the peak load to variationlseof BA buckling mode scaling
factor e.
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Fig. 5: calibration of the imperfection amplitude for a a) SHS 200x200x5 S355 (pure compression), and b) SHS
200%200x8 S355 (comgssion + bending)

Finally, a value of &B/400 waschosen, as this value was taken to be generally more
representative for the local buckling behaviour of these SHS, RHSSShiffl SHSTI sections
than the value ofeeB/200 recommended for design task&urocode design provisionArfnex

C of Eurocode 3 Pd 1-5, 200§. This is also in line with the findings of eQusch and Lindner
(2001) they determined that amplitudes of B/400 are most suitable to representdaiéedo
Winter curves(Winter, 1946 for local buckling in numerical analyse&n assessment of the
reliability level of the design rules the Eurocodewas recently carried out Bchillo et al. 2018
highlighting inhomogeneity caused by the discontinuities in current design rules lfow fawid

box sections of various shapes.

An overview and summary of the aforementioned model assumptions and chosen procedure for
the FEM parametric study is givenhing. 6. TherebyFig. 6b) and c¢) schematically represent the
first buckling mode for an exemplary SHS and RHS subjected to differentdémabinations. In



part a) of the figure, a material model specifically developed'dny and Gardne(2017, 2018)

for the stresstrain relationship of heinished and coldormed sections are shown. These were
finally used in the parametric studising the nominal values of the yield stress and tensile strength
for each considered material. The use of these material modelsasl$ioe added advantage that

it manages to reproduce the effects of residual stresses on the buckling strength inlan overa
manner. For a more detailed description of this aspect and of the calibration of the GMNIA model
the reader may refer faras et & (20193.
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(355 -5700) RHS and SHS: mode

HOT-ROLLED STEEL shape and imperfection
1 for compression
SHS: LBA result
(e.g. mode shape
for interaction
My+Mz+N)

&
COLD-FORMED STEEL

RHS

RHS: LBA result
(e.g. mode shape for
pure compression)
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a) b)
e=B/400

f,/E+0.002
Fig. 6: Material model chosen for the EN10219 and EN10210 standardsydssection shapesg) LBA shape for
the local imperfections

4 Parametric studyi overview of input parameters and results

The aim of the numerad parametric study on the local buckling behaviour of slender and non
slender crossections was the realistic determination of the esession capacity under different

load combinations and for various degrees of local slendefr@sthis reason, alge number of
thicknesses and load combinations was considered. The numerical test campaign conducted for
the study of local buckling of SHS and RHS alone therefonsisted of around 30000 numerical

tests (LBA+GMNIA), the parameterf which are showmiTablel in form of a test matrix. All

shown parameters were combined with each other in the numerical test programme.

Tablel: Parameters of the parametric study on local buckling

Thicknes L/L ¢ Steel Local . 4 ' H/B Manufacturing
(mm) ) grade Imperfection ©) ©) ) standard
amplitude
2.0 0.1 S355 B/400 0 0 1 EN10219
2.5 0.15 S460 15 15 1.5 EN10210
3.0 0.2 S550 30 30 2
35 S700 45 45
4.0 60 60
5.0 75 75
6.3 90 90
8.0
10.0
12.0




Thereby,in the table, the following variables are used:

— AQE“ — % O OO06E; % O Qo-&E

An overview of the results of the &nsive parametric study for the local buckling of SHS and
RHS is given irFig. 7. For a graphical representation of the results_khe .. plot was chosen.

This representation shows the obtained wterstrength through the factor, which is the ratio
between tk ultimate strength i} at the crossectional level divided by a reference resistanse R
plotted over a generalized slenderness for the ®@stsonal (local buckling) strength. Each

point inFig. 7 represents a single result obtained from a GMNIA as described above. The results
are marked with colours other than red for special load cases, such as pure compression, pure
bending abot the y and-axis. Two definitions of the reference resistangeaRd thus of [ and

...are chosen for the data representation in this figure:

in Fig. 7a T — (5)
and

(6)

in Fig. 7b a :h (7)
and

)

The plots clearly illustrate that quite different valuescére obtained depending on the definition

of Rret. Fig. 7a) at first glance seems to indicate a relatively compact scatter band pn-thased
representation. However, the differences between vatioualues at a particular slenderness are

still pronaunced, and a simple lowbound curve would underpredict many capacities by up to
50%. The most common load cases, such as pure compression or bending moments, are positioned
in the higher range of the scatter band for this type of representatibrthepure compression

case showing a similar pattern to the pure bending case. This implies thsitiedfeesign rules

based on R would mostly be governed by less common cases with high load eccentricities.
Different results are obtained if the csesecton reference resistance is given by, Rith the
corresponding changes in the definitions of slenderness and-Bpwckfactor. At first, the scatter

in the correspondingig. 7b) appears wider, since very highwas ofc. are reached, mainly due

to the high difference betweeniRnd Ry in bi-axially bent sections. However, as was observed
during the development of GSRM design rules in HOLLOAB Tmuch clearer patterns emerge

if Rel is chosen as reference resmta. Very advantageously for the development of practical
design curves, a degoper ifptrinoud awiot b si Wiandtee rpo s s
results follow the pattern of thdgbted Winter curve. Conveniently, the standard cases of pure
compres®n and pure bending are near the lower bound of resistances. For this reason among
others, R~=Re was finally chosen in HOLLOSSTAB for the representation of the results of the
numeri@l parametric study and of the design rules developed from it.

1C



—— EC3-1-1lcurveb

ALL
n=0 my=0 mz=1
n=1 my=0 mz=0
n=0 my=1 mz=0
== Euler
- Winter domain

il

/R
Rer,t

b
—
15

2.0

a)

1.6

1.2 1

o
I 081
=
ALL
) n=0 my=0 mz=1
0.4 n=1 my=0 mz=0
i n=0 my=1 mz=0
| ---- Euler
=== Winter domain
1 — EC3-1-1curveb
00 +F—T——T—T 71— T
0.0 0.5 1.0 1.5 2.0
3 _— . /Rst
an Rer,L b)

Fig. 7: Overview of all results of the parametric study on the esessional (local buckling) strength for celd

formed RHS & SHS; a) representation of the GSRM buckling knockdown factor ugiag ieference resistance; b)

representan using R

5 Development and calibration of GSRM design formulae

The spread of plasticity that sets on after the exceedance of the yield stress in the outermost fibre

is a dominant factor in any stability problem in the elaglastic transitional rareg For this ream,
even though the GSRM eliminates the concept of esestonal classes as currently foundiost
design codes, it is still necessary to distinguish between sections that may reach and exceed the

elastic resistance eRand those that Wireach the pdaload before this point is reached.

(Incidentally, this is an additional advantage of the choice.adRhe reference resistancer R

the GSRM).The development and calibration of new, GSRMe design formulae was thus
carried out ér two distinctranges. In the following sukection5.1, the GSRM design curve for

the elastic range will be derived from the theory of plate buckling and theat@libof modified
Winter formulae, familiar 'om plate buckling cases as defineanost international standardsd

Eurocode 3 Part b, 20086.

For

t he

Apl astico

provided in5.2as a simplified and calibratdinear function.

5.1Wintertype ruks in the elastic range
Early studies on plate buckling investigated the simplified model of a thin plate (high width to

thickness ratio) supported on both sides and subjected to a congpéartencompression load.

range

Thereduction factof and the platslendernessl can thus be defined as follows:

11

of

9)
(10

s |

en



This formula makes use of the following parameters:

Beft effective width according to theurocode 3 Part b (2006)definition.
critical stress according to tiieirocode 3 Part 5 (2006)definition.

Using the termsl and”, the plate buckling knoelown factor according to Winter reads:
m —p = (1)

where the coefficient 0.22 was finally chosen after different calibrations and propdsatsr(
1946. The Eurocode method for platediling applies the findings oWinter and assesses
separately’ for each plate of the crosection (each considered to have simplified, hinged
boundary conditions), introducing the paramé&tgas the ratio between the stress along each plate.
The reduction factor and the plate slenderness are defined as foll&wsocode 3 Part 5
(2006)

T — p TELUL-— (12

[ — (13

The chosen approach for the GSRM design rules developed in HOLLOSSTAB makes use of the
basic struct urae, gentralihig it to descéibe thé bemawowr of the entire-cross
section as observed in the edeoderaesstaddshe pdugtisni c a l
factors refer to the crossection properties (geometry and steel grade) and to theecppéd.

Thus, in order to use the Winter formulation and fit it to the results of the parametric’samy,

_I"are rewritten as.. and_ in the GSRM:

=P — (14

Thereby, the parameter A waalibrated to the results of the extensive numerical paransétidy

on local buckling. In this calibration, it was seen to be conducive to good results to define A as a
function of¢ and€¢ , in partial reference to the Eurocode approfchandC are the stress
ratios in the two plates adjacent to the corner withhighest compressive stress in the section
(seeFig. 8) and are defineds follows:

06 Po—0>n " - i Ay (15)

0 ofp—" 1 - h 0§ (16)

12



Fig. 8: Definition and graphic representation ofand|

¢ andS¢ may be determined in a simplified manner, discounting the presence of the typical

capacity of SHS and RHS

és used in th GSRM formulation for the crosectional

rounding at the edge$ 8HS and RHS sections, or more precisely, without significandnging

the accuracy of the method. This is justified by the small difference in the actual stress state and
the increased use of ease of the formulatibnan initial step, dormulation for the parameter A

was sought that describes the cases with cesspn and mona x i al -pl @ame@®i)n bendi
correspequa® 1,0 @urea | |

about

ei
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axi
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compression in one of the plateBpr coldformed EN 10219 and hotfinished sectionsEN

10210, the followirg linear functions were determined through calibration and the final choice of

practical, easyo-use functions and coefficients.

Fig. 9: a) exemplary calilation (moneaxial case) for hetinished sections; b) overview of the GSRM design curve

The validation of these calibrated functions for an exemplary combined, M#ld case for het
finished sections is shown kg. 9a). InFig. 9b), the resulting range of possible design curves for
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Once the calibration for the momaxial cases was a@hed, the formulation was expanded to
account for different stress ratios in-the #fn
axial bending, with the results given in Equ9)and @0). Theadditional multiplier as a linear

function of¢ covers the biaxial load case and is expressed as a variation of the formulation found

in Eurocode 3 Part b (2006)for linear stress fields in an individual plate:

0 T& ¢ ULT8t¢u —— (coldformedsections) (29
' & 1 8t § —— (hotfinished sections) (20

The point where the slender range ehahdisis de
calculated as follows:l ™ W& v ©.

5.2Bilinear resistance function in the plastic (stocky) range
For the plastic stocky range, twoffdrent formulations were developed in HOLLOSSTAB: a
simplified bilinear function formulation and a method based on the Continuous Strength Method
(CSM). The brmer is based on a simple expansion of the previously used;sises$ design to
the stocky rage, while the latter is a strabased approach. In this paper, only this approach is
described in more detail. For more details on the alternative -G&ddapproach and generally
on the development of design rules in both the elastic and plastic see@aras et al(2019) In
the simplified, stresbased method, a bilinear relation was chosen to represent the resistance in
the stocky range, where theosssectional capacity exceedsstR Two fAanchor o point
for this purpose:

p at _I [

| aa I m
The proposed formulation for the prediction of the cresstion capacity for the stocky range is
as follows with the values for[ and the maximum value (seeEqu.21) taken to represent the
data with acceptable safety and accuracy. Thus, in summary, in the stocky range the GSRM design

proposal reads as follows:

For b F:... p | P — (21)
where [ m®; | — p® (22)

Fig. 10illustrates the method and the resulting location ofGB&RM design values of the cress
sectional (local buckling) strength, Rdesignfor all crosssectiors and load combinations studied
during the numerical the parametric stuttyFig. 11aand h the results of the parametric study

in terms of GMNIA resistance divided by the GSRM peédi for the resistancecR are plotted

over the GSRM slenderness definitidime same is also done for the predictions of the GSRM in
Fig. 11c and d The figures show that the method captures the general position of the GMNIA
results in thé@ /7 plot, particularly in the slender range. The GSRM results appear to be
positioned somewhat lower than the GMNIA results throughostaiderness ranges, indicating

a degree of conservatism, although the degree of conservatism is noassasged in this type

of representatiorf-or this purpose, the ratios between strength predictions were determined in the
next section.
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