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ABSTRACT

The cross-sectional behaviour of steel sections can be shown to be influenced by two extreme
behaviors: the resistance and the instability. These boundaries are accounted for in current
standards through a classification system consisting on rules depending on the cross-section
dimensions. For example, in EN 1993-1-1, classes are defined spanning from stocky sections
(class 1) able to develop their full plastic capacity, to slender sections (class 4) for which the
effective properties are used with the use of the effective width method (EWM). However,
for cold-formed steel sections, characterized by a non-linear material law, the cross-section
resistance can go beyond its plastic capacity due to strain hardening effects. Moreover, with
the emergence of high strength steel (i.e. cross-sections falling into class 4) and more complex
cross-section shapes, the effective width method is becoming too complicated. Many other
reasons and discrepancies are making the cross-section classification too complex and

inconsistent.

The Overall Interaction Concept (OIC) stands as a new design approach that aims at a
straightforward design check of the stability and resistance of steel cross-sections. Based on
the use of a generalized relative slenderness and so-called interaction curves, it can be applied
to any type of cross-section, further includes potential non-linear material behaviour and
covers combined loading cases. The main aim of this thesis is to develop and propose OIC

interaction curves dedicated to steel hollow sections subjected to various load cases.

A test program was carried out as a part of a European project named ‘HOLLOPOC’ to
investigate the cross-sectional behavior of cold-formed hot-finished and hot-rolled square,
rectangular and circular sections. 57 cross-sections tests including simple and combined load
cases were performed. Besides, a finite element model was developed and calibrated on the
basis of the tests, and its accuracy was seen to be sufficient to subsequently undergo an
extensive numerical parametric study for hot-rolled and cold-formed cross-sections, leading to
over than 40 000 numerical results. Based on these computations, design proposals were made
within the context of the Overall Interaction Concept, using an extension of the Ayrton-Perry
approach. Finally, a validation of the proposed formulae was made through a comparison with
existing approach and worked examples were presented, in order to illustrate (i) the
application of the method and (ii) its benefits in comparison to application of current EC3

rules.




Vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...t i
ABSTRARCT .ttt bbbt bbbt bbbt bbbt bbb bbb e s \Y
NOTATIONS ...ttt b bbbt b bt bbb b r e X1V
1. INTRODUCTION ..ottt ettt ne st nne s 22
L1, CONEXE ... e 22
1.2. Scope and objectives Of the theSIS ... 25
1.3, OUtlineg Of the ThESIS ..o 28
2. STATE OF THE ART oottt 30
2.1. Literature review on local BUCKIING...........cccoiiiiiiiiiicccec e 30
2.1.1. Brief hiStOriCal TEVIEW .......ccciiiiiiiieiieiee ettt 30
2.1.2. Elastic behavior of plates under edge cCOMPresSion.........ceecvveeeereeecieecieenereeieeeenn 31
2.1.2.1. Elastic buckling stress of plates.........cccvevierieriiiiiieiie e 33
2.1.2.2. Elastic local buckling coefficient of plates and sections............ccccevvevveruereennee. 38
2.1.2.2.1. Plate buckling coeffiCient...........cccueevierieiciiiiieie e 38
2.1.2.2.2. Cross-sectional buckling ...........cccccueeveviiiiiiiiriiieiiiiesree et svee v 42

2.1.3. Post-buckling behavior and effective width methods..........c.ccceeveiiiiiiiiiiiir 47
2.1.4. Influence of residual stresses and initial imperfections on plate buckling............... 54
2.2. Brief review of plastiC theory ... 56
2.3. Available methods for the determination of buckling loads .............ccccooiiiiinnne. 58
2.3.1. Finite element method ...........ccoceiiiiiiiiniiiiiic e 58
2.3.2. Plastic MECRANISINS ........eiiiiiiieiieieieete ettt st e e 59
2.3.3. Ultimate bUuCKIING CUTVES .......coeiiiiieiieiieeeeeeee et 61
2.4. Actual design SPECITICAIONS........cuoiuiiiiiiiie e 62

vii



2.4.1. Cross-section classification CONCEPL......c.ecivvirrereierireeeiieerrieerreesreeerreeeereesreeeseneas 62

2.4.2. Shortcomings of the classification SyStem..........ccccceereeriririeriereee e 75
2.4.2.1. Classification system background and emergence of non-linear materials....... 75
2.4.2.2. Emergence of high strength steel ...........cccoeeieiiiniiiniieieee e 75
2.4.2.3. Boundary conditions and post-buckling reserves.........c.ccovvevvercieeviiereenreennenn. 76
2.4.2.4. Slenderness defiNition ...........ccecvererierieeienirienieet et 77
2.4.2.5. Gap of resistance between class 2 and class 3.......c.ccccvveveeeivieencieescieecree e, 81
2.4.2.6. Errors and contradictions in table 5.2 of EN 1993-1-1 ......ccccooiiiiiiiiiiiie 83
2.4.2.7. Unconformity in the determination of the class 4 plate slenderness limit ........ 89
2.4.2.8. Other INCONSISTENCIES . .eeuveetierierieeieeiiesteete et eseteseteeteeteesseesneesnaeeseesneesneeenes 91

2.5. Design alternatives in development — Use of modern tools .........cccccoeeiiininnnnnn. 92

2.5.1. Direct strength method — DSM........cccoiiiiiiieiiiiieiececeece e 93
2.5. 1.1, INtrOAUCHION ....oeiieiieiiieieeieete ettt be e eae e e e e ssaeenseenseenns 93
2.5.1.2. Cross-section slenderness definition ............ccevevieveriieniriienenieneeie e 93
2.5.1.3. BaSE CUIVES ..uueiiiieiieiieeie ettt et ettt ettt e a e st e et e st esaeesateemteenneeeneeeneeenee 94

2.5.1.3.1. Sections iN COMPIESSION .....veeevureerrreerreeerireesreeesereeassreeseseeessseesssseesssseesseens 94
2.5.1.3.2.0 BRAIMS ..ttt ettt ettt ettt ettt e e bt e e s bee e ateeea 96
2.5.1.3.3. BeAM-COIUITINS .....eiiiiiiiieiieiiecie ettt et e e e e enee 97
2.5.1.4. Practical and theoretical advantages and limitations of DSM...........cccccceeueenee. 99

2.5.2. The continuous strength method — CSM ........ccccivoiiiiiiiiiiieece e, 101
2.5.2.1. INOAUCLION «..eovviniiiieiieiecieee ettt sttt st et 101
2.5.2.2. Cross-section slenderness definition .............cecceeveieiiinirniieieecee e, 102
2.5.2.3. Strain ratio and material model ............coooiiiiiiiiiiii 102
2.5.2.4. BASE CUIVE .eeiiiiiiiiieeite ettt ettt ettt et e et e st e e s bt e e bt e e sabeeesaeeeeane 105
2.5.2.5. Cross-section bending and compression resiStance. .........ccveveveeeveereerveesveennen. 107
2.5.2.6. Cross-section beam-column TeSiStANCE. .......ceevuververeireriienieereeieesee e eeeeenes 108
2.5.2.7. Simplified CSM for beam-column ............ccccoeveeriiiciiirieiie e 109
2.5.2.8. Practical and theoretical advantages and limitations.............ccecvevvverveeneennen. 109

2.6, SUIMIMIAKY .itiii ittt ettt sttt e st e e sae e e e be e e sab e e e bae e anbee e ssbe e s nbeeesnbeeennbeesnnneeas 110
3. EXPERIMENTAL INVESTIGATIONS ..ottt e 112
3.1, Introduction and OBJECTIVES...........coiiiiiiiiieieiee e 112




I I 11 A o 0o | = o o TSP PTRRPR 112

3.3, Preliminary MeasUreMENTS. ........cuiiieieiieie ettt 116
3.3.1. Cross-sectional dimMENSIONS .........c.cccueeriierieeriiesienieeieeteeeeeeeeseesseeseesseenseesenenns 116
3.3.2. Geometrical IMPErfeCtionS..........cccuerueriiriiiiieniiiereeereee e 118
3.3.3. ReESIAUAL SLIESSES ....veuviiieniiiiieiieitete ettt sttt st et sbe e sae s 120

3.3.3.1. Fabrication process and type of residual Stresses........cveevvevvereeieieecieeneennenns 120
3.3.3.2. Experimental teChNIqUES .........cccceecviiiviiiiiiiecie e 125
3.3.3.3. Residual stresses measurements ........c.ceceereeeieerieenieeriieeieesiee e seeeeeesiee s e 126
3.3.4. Material PIOPETLICS....ccueeeiereieeeiietietieeieeeteesteestteeeteete e seesneeeseesseesneesnseeseasneesnseans 143
3.3.4.1. TENSILE tESLS .ueeuvieiieiiieiieeie ettt ettt ettt e et e et e st eebe e saesnaeenbeeseeenseensaens 143
3.3.4.2. Stub COIUMN tESES....cuieeiieiieiieeieeieeciee ettt ettt ae et s e sseebeesnneenseens 146

3.4, Cr0SS-SECLION TESES .....eiuieiieiieiieie ettt bbbt b et nb e e 152
3.4.1. Testing procedure and TESUILS ..........cceeeiereieciieiierieeie et ete e e sreeve e eesene e 152
3.4.2. Comparison with EC3 predictions and diSCUSSION ...........cccveevrierreerieecreenreenreeeneans 161

3.5. Collection of eXiSting FESUILS.........ccviiiiiice e 167

3.6, SUIMIMIATY ..ottt ettt b e be e et s bttt esh bt e n bt e bt e sbeesbbeanbeesbeesnbe s 171

4. NUMERICAL INVESTIGATIONS. .......ooi ittt 172

AL, GENEIAL ..ottt 172

4.2. Validation against teSt FESUILS ........ccveiiiiiiiiiieee s 172
4.2.1. UAS Western Switzerland Fribourg campaign ...........cccueevvererreeevieeesieesrveesneeenes 172

4.2.1.1. Numerical model — Features and characteristics ...........cceveuereeerieneenieeieenen. 172
4.2.1.1.1. Elements and mMeEShiNG .........ccceereerieriiieiieiterie et 172
4.2.1.1.2. Loading and support CONAItIONS ............cceeereeriercreesienieeieeieeieesresveeneees 176
4.2.1.1.3. Material modeling and residual StreSSes..........ccevvervrverieriercieerieerieeieenen 178

4.2.1.2. Validation: FE results vs. teSt reSUILS ......ccceveriiriiriininieerieeeeeeseee e 180

4.2.2. TU GIaz CAMPAIZN....cccuieerierreeereeereesieeieesseeseesssesseesseesseesseessessssesssessseessssssseessees 186

4.2.2.1. General scope 0f the STUAY ......cccvevieiiiiiiiicie e 186

4.2.2.2. Numerical model — Features and characteristics ...........cceveuerreerieneenieenieenen. 187
4.2.2.2.1. Meshing, geometrical dimensions and imperfections .............cccccceeeurnneen. 187

iX



4.2.2.2.2. Loading and support CONAItioNS .........ccceeeeveeerveerreeerreesiereenreesereesnneenens 188

4.2.2.2.3. Material modelling and residual Stresses.........cecvveeveveiieneenieniereeeeeen. 188
4.2.2.3. Validation: FE results vs. test 1€SUltS .......ccccceerierirriiiieeee e 190
4.3. Numerical ParametriC STUAY ..........ccccoiiriiiiiiieieeee e 192
4.3.1. Meshing, loading and support CONAitions...........c.eeeveereerieereereerieerieieeree e 192
4.3.2. Initial geometrical iMpPerfections..........ccuevcvierieiieeeiieiierie et 193
4.3.2. 1. INIrOAUCTION ..ottt ettt ettt e e e 193
4.3.2.2. Initial imperfection sensitivity StUAY .......cccvvviviieiiiiieriii e 196
4.3.2.2.1. Local imperfect shape for tested cross-sections...........cccceeveeerveeereeerenennen. 196
4.3.2.2.2. Local imperfect shape study on other cross-sections ..............ccceeevervennen. 205
4.3.2.2.3. Imperfection amplitude Study.........ccccvereiieeienieiiieieece e 209
4.3.2.2.4. Final selection of geometrical imperfections and recommendations for FE
1007016 151 1 133V PRSP 211
4.3.3. Load-path SENSIIVILY ....eecvieeiieiieiieerieeste et eseeeteereeteeseeeebeesseessaessseenseessseenseenseas 213
4.3.4. Numerical study of hot-rolled SECtiONS.........c.ceveiirciieiriiieieecie e 222
4.3.4.1. Material law and residual StreSSES ........evverrrirrienieiie e 222
4.3.4.2. Parameters CONSIAETEA .......c.ceruieiireiieieeie ettt 224
4.3.5. Numerical study of cold-formed Sections............cceceerierireiienierie e 227
4.3.5.1. Material law and residual StreSSES ........vevvrrerirrierieiieeiierie et 227
4.3.5.2. Cross-sections and parameters considered...........cccocveeveereercieeciieneenieeneennen. 229
4.4. Determination of R-factors involved in the OIC approach..........cccccovevvveienenenns 230
4.4.1. DetermMINAtION OF RRESIST «vvvvvveeereeeeeeeeeeeeeeeeeeeeeeeeeeeeesaeeeaneeseeeeneeenenenn———————————————————n—onns 230
4.4.2. DeterMINATION OF RGTUB «evveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeesennnns 240
4.5. Gathered experimental data vS. FE reSUltS.........ccooviiiiriiiienieeccec e 243
4.6, SUMIMATY ..ottt b et b et eh e e e s s e e b e e s e e n e s e nn e e b e e e n e 245
5. DESIGN PROPOSAL - OVERALL CROSS-SECTION DESIGN..........cccccvvveinne. 246
5.1. Identification of Key Parameters............coccooviiiiiiiiiiine e 246
5.1.1. Influence of yield stress, geometrical imperfections and residual stresses ............ 246
5.1.2. Influence of material 1aw .........ccoeciiriiiiiiieiee e 247
5.1.3. Influence of cross-section shape and load case ...........cocceeevierieniieiiieciesieeeees 250




1.1.1. Influence of warping and second-order effects ..........ccccevvrviirceiiiciienceeeiee e, 252

5.2. Towards a design proposal: Mechanical background ..............cccccovviiiniiniiinnene. 253
5.2.1. Empirical formulations ...........ccceecieeeieenieniieciieseesteeie et e te e eieeseeere e e e seeenseens 254
5.2.2. Merchant-Rankine formulation ............ccceccverieriiieciienienieeieeeeeeeee e 255
5.2.3. Ayrton-Perry fOrmMAL ..........ccceeviieiieiieiieceieeeseest et eve et e e b e ebeesaeeereens 257
5.2.4. Adopted fOrmulation............ceevieciieriieiieeiieeeseeeee ettt ebe e ens 259

5.3. Determination of iNteraction CUNVES ...........ccoiiriiirieiicisiee e 261
5.3.1. SimPle 1080 CASES.....eevieeiieiieeieeieeeetee ettt ettt ettt et e e eneens 262

5.3.1.1. AXIal COMPTESSION ....veeeeiieiieiieeiieeieeiteeiteeteete et eseeeteeteeseesneesnaeenseenneesneeens 262
5.3.1.1.1. Hot-rolled SECIONS.......eecuieiieiieeiie ettt ettt e e e e 262
5.3.1.1.2. Cold-formed SECHONS. ......eevueereieeiieiieeie ettt eeee et sree e eeeeesseessee e 268

5.3.1.2. Major-axiS DENAING.......c.ccovverireiieriieirieeteeteesteesteeseeesreesseesseeeseeseesseessseasseens 277
5.3.1.2.1. Hot-rolled SECLIONS.......ccceevueriirieriieiiriieierieeiesiee et 277
5.3.1.2.2. Cold-formed SECLIONS.......ccuerveriiriiiriiriieieeiieie ettt s 281

5.3.1.3. MiInor-axis DENAING .......c.ceeeviririieeiiiieiiie et eree e e ereeeereeeereesereeeereessnaeesens 287
5.3.1.3.1. Hot-r0lled SECHIONS. ... .eereieiieiietie ettt 287
5.3.1.3.2. Cold-fOrmed SECHONS. ......eeruerreieeiieiieeeie ettt ettt 290

5.3.2. Combined 10ad CASES ......c.ceveeriieiieiieeie ettt ettt e aeete e te e e e snaesabe e saesnne e 292
5.3.2.1.1. Hot-rolled SECIONS.......eecvieiieiieiieeiieiteeiee ettt ese e e e 292
5.3.2.1.2. Cold-formed SECLIONS.......ccuerieriiriiiriiriieieeiieie ettt st 306

e I TSRS 324
7. SUMMARY AND RECOMMENDATIONS ......ccoiiiiiiiiieese s 344
8. WORKED EXAMPLES ... s 349
8.1 INTFOAUCTION ... bbb bbbt b e 349
8.2. Square hollow section: SHS 250X5........cccciiiiiiiiiiiere e 349

8.2.1. Cross-section and MeMDET PrOPEILICS......cvveerveeerrierreeerreeerireesreeesreesseessseesssees 349

8.2.2. CroSS-SECLION TESISTANCE . ....uvviiierieeiieeeirieetreeeteeesreeestreesreeessseeesseessreeesssessssseesssees 350

xi



8.2.2.1. Eurocode 3 approach ........cccccccveiiiiiiriiieiee ettt e e 350

8.2.2.2. OIC aPPIOACKH. ...ccueiitiieiieiee ettt ettt e 355

8.3. Rectangular hollow section: RHS 200XL100X5 ........c.cociviieriiieenienienieneeie s 356
8.3.1. CroSs-SECION PrOPETLICS. ..c.virterurerrieiieteeitenitetesteete st etesbeesbe st esteeseesbesitenaeeseenaeeaees 356
1.1.2. Cross-SECtiON TESISTANCE .....c.vevveeurerteetertieiteeitetesitete et ettt e bt seeesbeeatesteeneenbeeneesseenee 357
1.1.2.1. Eurocode 3 approach .........c.ccvevuieiiieciieiieiieeie ettt see e 357
8.3.1.1. OIC @PProaCh......ccccuiieiiiieiiee ettt et re e sre e v e e s tae e srraessteeesreneessneas 360

8.4. Summary of results and CONCIUSIONS ..........ccooiiiiiiniii s 361
9. CONCLUSIONS......cooiiieiisiete ettt ettt b et se e ssesene e nnenes 362
0.1, GBNEIAL ... bbb 362
9.2. Personal CONTIIDULIONS ........couiiiiiiiiee e 363
9.3. Suggestions for FUrther StUIES..........c.coiiieiiiiiecececee e 365
10. REFERENCES ... .ottt sttt sae e e e e neeesnee e 368
L1 ANNEXES ...ttt e 377
11.1. Annex 1 — Geometrical diMENSIONS.........cooeiiiiiiieieer e 377
11.2. Annex 2 — Detailed results of tensile teStS .........ccovviiiiiriiiiee e 379
11.3. Annex 3 — Detailed results of residual stresses determination..............c.ccccevernennen. 384
11.4. Annex 4 — Detailed results of geometrical imperfection measurements ................ 394
11.5. Annex 5 — Detailed results of Stub cOlUMN eSS .........ccoeriiiiiniiiieeeeee e 396
11.6. Annex 6 — Detailed cross-section test results and comparison with FE results..... 433
LISTE OF FIGURES ... .ot st e 608
LISTE OF TABLES ... .ottt et 627

xii



xiii



NOTATIONS

Abbreviations:

AISC

CF

CHS

CSM

DSM

EC3

EN

EWM

FE

GMNIA

HF

HR

LBA

LC

LVDT

MNA

OIC

PNA

RHS

SHS

1S

American Institue of Steel Construction
Cold-Formed

Circular Hollow Section

Continuous Strength Method

Direct Strength Method

Eurocode 3

European Standard
Effective Width Method

Finite Element

Geometrically, materially nonlinear analysis with imperfections

Hot-Finished
Hot-Rolled

Linear buckling analysis

Load Case
Linear Variable Displacement Transducer

Materially nonlinear analysis

Overall Interaction Concept
Plastic Neutral Axis
Rectangular Hollow Section
Square Hollow Section

Upper LVDT at position 1

X1V



28 Upper LVDT at position 2

3S Upper LVDT at position 3
48 Upper LVDT at position 4
1B Bottom LVDT at position 1
2B Bottom LVDT at position 2
3B Bottom LVDT at position 3
4B Bottom LVDT at position 4

Latin letters:

a Length of local panel

a Measured deflection of the strip (only used in section 3.3.3)

a Initial imperfection amplitude (only in section 4.3.2)

B Section width

b Width of local panel

b. Effective width

by width of the flange

d. d, Distance between LVDTs along z-axis and y-axis respectively

dy1, dy> Distance between LVDTs and the centerpoint of the application load

along y-axis

d;, d> Distance between LVDTs and the centerpoint of the application load

along z-axis

ey Excentricity in y-axis direction

e, Excentricity in z-axis direction

E Young’s modulus of elasticity

E, Young’s modulus of elasticity, mean
Ervpr Young’s modulus from LVDTs
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Esc
f
Ju_fiar

ﬁl corner

Sum

Sesm

Iy

Sym

Ju

Smax

Fey
Fre

Fot actual

F pl_nom

Dy

k, ks

Linai

l initial
L
Loy i
Lare 5

Larc_i_or - f

Young’s modulus from strain gauges

Stress

Material ultimate stress of the flat region

Material ultimate stress of the corner region
Ultimate stress, mean

Limiting CSM stress

Material yield stress

Materil yield stress, mean of yield plateau

Material ultimate stress

Ultimate tensile stress

Applied force at ultimate load for experimental tests
Applied force at ultimate load for Finite Element simulations
Plastic load based on actual properties

Plastic load based on nominal properties

Height of the web

Section depth

Moment of inertia about the strong axis
Moment of inertia about the weak axis
Correction factor (only used in section 3.3.4.2)

Plate buckling coefficient

Final length measured by the extensometer
Initial length measured by the extensometer
Length

Arc length at the inner surface

Arc length at the outer surface

Arc length at the inner or the outer surface
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Lare m Arc length at the neutral axis

Lare final final arc length

m Number of sine waves of a panel in the x direction

my, Normalized major-axis bending moment

m, Normalized minor-axis bending moment

Mgy Design value of the acting bending moment

M, Elastic cross-section resistance for pure bending moment

M, Plastic cross-section resistance for pure bending moment

M, Bending moment about the strong axis (y-)

M, Bending moment about the weak axis (z-z)

n Number of sine waves of a panel in the y direction (used only in

section 2.1)

n Normalized axial force, equal to N/ N,
N Axial force

Ny Plastic cross-section resistance for pure axial force
Nea Design value of the acting axial force
N, Ultimate compression load

Ny Compression load

P Compression force

P Elastic local buckling load

P Elastic distortional buckling load

P Elastic global buckling load

P Maximum distortional buckling strength
P Maximum global buckling strength

P Maximum local buckling strength

xvii



Ptest Test load

P, Squash load

r Corner radius

R, External curvature radius

R; Interal curvature radius

R, curvature radius at the neutral axis
R final Final mid-thickness radius of curvature
Rurr Ultimate load multiplier

RrEsist Resistance load multiplier

Rsr4p Critical load multiplier

t Thickness

tr Thickness of the flange

Ly Thickness of the web

w Deflection of local panel

Wy Plastic section modulus

Wei Elastic section modulus

Greek letters:

a Angle of curvature

a Degree of bi-axiality

acs Cross-section imperfection factor

p Factor relative to the instability limit

Bert Critical elastic local buckling magnitude under combined P-M-M
resultant;

By First yield under combined P-M-M resultant

XViil



14 Exponent factor to the level of axial forces n

% B, o Constants determined based on the manufacturing process (only in

section 4.3.2)

Ap Bottom displacement
Oc Corrected stub column end-shortening
OLyDT End-shortening recorded by LVDTs
Aror Total displacement
A, Upper displacement
£ Strain of 235
y
Ecsy CSM strain
&y Failure strain
& Critical strain
&u Material ultimate strain
& Strain at position x
& Material yield strain
n Generalized imperfection factor
O Bottom rotation around y-axis
O Upper rotation around y-axis
. Bottom rotation around z-axis
6y Upper rotation around z-axis
A Relative slenderness
Ao End of plateau slenderness
Aes Cross-section slenderness
Acsm Cross-section slenderness relative to a bending load case

XiX



Acsn

&r

w

09.2

Ocr
Oext

O-m ax

Cross-section slenderness relative to a compression load case
plate slenderness

Clamping coefficient for flange

Clamping coefficient for web

Stress

0.2% proof stress
Critical stress
External stress

Maximum edge stress

Stress due to residual stresses

Ultimate stress

Yield stress

Poisson’s ratio

Variable accounted for in the Ayrton-Perry formula

Buckling reduction factor
Cross-section reduction factor
Buckling reduction factor in case of compression

Fraction of yield stress in tension

XX



xxi



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Introduction

1. Introduction
1.1. Context

The use of hollow structural steel has been increasing in the past few years. Although the
price per ton of hollow sections is much higher than that of open profiles, their aesthetic
appeal and their enhanced static values allow lighter construction and economic structures.
Long-span roof structures and industrial buildings are increasingly designed with structural
hollow sections. Modern architecture is dominated by tubular cold-formed structure, while
industrial structures are dominated by hot-rolled tubular sections. Figure 1 shows some

astonishing tubular structures made around the world.

Figure 1— Australia stadium (Australia), the kelpies (Scotland), Liege Guillemins railway

station (Belgium), Madrid Barajas international airport (Spain), London eye (Britain).
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The increase use of tubular sections is not only due to their excellent architectural aspect but
also to their economic advantages in comparison with open sections. Square, rectangular or

round cross-sections have outstanding static properties which can be presented as follows:

(i) Their excellent behavior towards global buckling, lateral torsional buckling and torsion
is due to their closed shape and the favourable distribution of material around the

longitudinal axis of the section;

(i1)) The use of the internal volume to increase the load bearing capacity of the column by

filling it with concrete;

(iii) The corrosion protection can be applied economically compared to open sections
considering that hollow sections have smaller and smoother surfaces without any sharp

edges.

However, the use of hollow sections present an inconvenient for the case of elements for
which bending is the primary action since the uniform distribution of material around the
longitudinal axis of the section would constitute a handicap compared to open sections ( H
or I ). Indeed, for bending, hollow profiles have generally a high sufficient thickness ( due to
both webs) to absorb shear stresses, but the flange thicknesses are not economically
sufficient to absorb the normal stresses due to bending. Therefore, the hollow profiles are
undeniably the ideal profiles for columns while open profiles are more suitable for the beams.
However, the occurrence of lateral torsional buckling in open sections may change this last

conclusion and make the hollow profiles best suited to be used for both columns and beams.

The buckling behavior of hollow profiles becomes even better when the material is
distributed as far as possible from the longitudinal axis of the section. For an identical area,
one comes to consider that economy will lead to hollow profiles of greater widths and smaller
thicknesses. The resulting thinness of the plates may however lead to another phenomenon of
instability named ‘local buckling’ which is the main issue studied in this thesis. Moreover,
the increase in yield stress plays a similar role as the decrease in plates’ thicknesses and will

also trigger local buckling.

The modern trend is to produce thin-walled hollow sections and high yield strength with
significant interaction between local buckling and global buckling. This thesis is only
concerned with the study of the behavior of hollow cross-section capacities which will endure

either material yielding or local buckling.
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For what concerns local buckling, most of the actual codes rely on the effective width
concept, and the classification system which propose so-called »/¢ limit ratios that each of
the section’s wall should fulfill to be considered as non-affected by early local buckling.
Besides, recently developed alternatives based on the use of more sophisticated tools [1] or

on a continuous relationship between strains and plate slenderness [2] have been suggested.

From a practical point of view, these codes and methods however suffer from a series of
issues and inadequacies. Amongst them, the handling of local buckling may appear as the one
causing most problems; it is indeed usual to adopt a design resistance formula in accordance
with the proneness of the cross-sections to suffer from early local buckling: the earlier the
occurrence of local buckling is expected to occur, the more restricted the design rules. In
Eurocode 3, this is accounted for through an additional step prior to the verification process
that consists in the classification of the cross-section. According to the class of the section',
different sets of formulae are to be used for the design checks of both sections and members,
i.e. plastic or elastic equations. it has been shown [3] that several values of the b/¢ limit
ratios of Eurocode 3 are often misleading, further to suffering from a lack of mechanical
background. Moreover, the concept of classes, as it is defined — discrete and artificial —
generates a gap of resistance at the class 2-3 border, which is mechanically meaningless and

unacceptable.

Recently, improvements have been brought to the European standards, in terms of corrected
b/t tables and of additional rules allowing for a linear transition along the class 3 ranges.
Although reflecting the actual best knowledge in this field, these design rules still deserve
improvements for situations where instability effects are important [4]. Also, in the particular
case of plastic and compact sections, several research works suggest that a rational
exploitation of strain hardening results in a better prediction of observed behavior and
potentially leads to material savings, especially for cold-formed or stainless steel profiles but

also for hot-rolled members [5].

Therefore, the aim of the research works presented herein is to contribute in improving this
situation and proposing a new design approach replacing the actual classification system,

leading to a more mechanical and rigorous approach. This approach would treat accurately

" The class of a section is governed and defined by the class of its worst (i.e. weakest) element: in Eurocode 3,

class 1 stands for “plastic”, 2 for “compact”, 3 for “semi-compact” and 4 for “slender”.
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the occurrence of local buckling and material yielding in short hollow members - in which
only local buckling instability might develop - and would allow for a proper interaction
between stability (buckling) and resistance (material yielding). This approach is named the

Overall Interaction Concept (OIC) and will be presented in the following section.
1.2. Scope and objectives of the thesis

The basis of the Overall Interaction Concept depicted herein lies in the well-known
interaction between the two main phenomena influencing the carrying capacity of structural
members: resistance and instability. The behavior of a real cross-section is therefore
influenced by both aspects, acting as upper bounds of the real behavior, as well as by initial

imperfections (e.g. out-of straightness, residual stresses, non-homogenous material...).

In this context, the accurate treatment of the interaction is a key point for a realistic prediction
of the section’s resistance. No recognized general theoretical background has been
established to organize and unify the handling of this crucial interaction in a global way.
However, recent developments ( [4] & [6] ) have offered a glimpse that such an ambitious
general approach can fill this fundamental gap of knowledge: the “Overall Interaction
Concept”. Despite its formal simplicity, the potential of the OIC is such that all structural
sections and members, whatever the material, could be treated with an identical general,

global, accurate yet simple and sound-based background.

The proposed approach relies on the generalization of the relative slenderness concept, and
on establishing this parameter as the key to rule the interaction. This concept of relative
slenderness is familiar to structural engineers, and is widely used nowadays to deal with
flexural buckling behavior for example. It is suggested within the OIC to drastically enlarge
the field of application of this slenderness-related approach through the generalization of the

idea of relative slenderness as follows:

1 — RRESIST (1)

rel
RS TAB

where R, represents the factor by which the initial loading has to be multiplied to reach
the pure resistance limit, while R,,,, is the factor used to reach the buckling load of the ideal

member (stability limit).
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Figure 2 — Principles and application steps of proposed “Overall Interaction Concept”.

Doing so allows the generalized relative slenderness to take a non-dimensional balance
between the relative influences of instability and resistance, and makes it capable of dealing
with combined loading situations or cross-sectional ( local ) instability effects as well. Once

determined, this A, value is further used in the design procedure to get into a so-called

“interaction curve” (also sometimes referred to as “buckling curve”) and leads to the
determination of a “ y” value ( see Figure 2 ). This y value ( analogous to the one used in
Eurocode 3 ), which may also be called “reduction factor”, represents the penalty due to

instability effects on the pure resistant behavior, and y can obviously only be lower than 1.0.

Then, the final resistance is evaluated as y.R,., ; Figure 2 further illustrates the proposed

approach and its application steps.

This rather simple procedure can be applied to many situations within structural engineering
— e.g. member buckling, cross-sectional resistance... — regardless of the material behavior,

and acts as a general approach to each design situation where instability affects the resistance.

Therefore, the prime aim of this thesis is to investigate the behavior of steel hollow
sections and propose a suitable new design curves for the prediction of their cross-

section capacities, through a new concept termed the Overall Interaction Concept, OIC.
The main goals can be subdivided into further sub-sections consisting in:

(i) A comprehensive literature survey on the local buckling, plastic design history, actual

treatment of the cross-section resistance and existing alternatives;

(i1)) An experimental study of the behavior of cold-formed, hot-rolled and hot-finished

square, rectangular and circular sections under simple and combined loading. The
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identification of a plastic collapse mechanism relative to short members with stocky
sections, from a local buckling instability collapse relative to short members with slender

sections is required;

(ii1) A simulation of the behavior of tested elements by means of finite element calculations,

with the aim of validating the numerical model;

(iv) An extension and use of the validated finite element model to conduct two numerical
parametric studies relative to cold-formed and hot-rolled section that account for the
effect of imperfections, varying material properties, specimen dimensions, residual

stresses distributions and various load cases going from simple ones to combined ones;

(v) An Analysis of the governing parameters affecting the cross-section resistance of hollow

cross-sections;

(vi) A proposal of new design curves relative to the cross-section resistance of hollow
sections going from stocky to slender ones, subjected to simple and combined load cases,

different fabrication processes and different yield limits;
(vii) A comparison of the proposed design approach with existing design recommendations.

The OIC approach is actually at the core of the STSS project (“Simple Tools Sell Steel”,
STSS 2012), whose main objective is to develop and assess new design concepts to predict
accurately the response of members made of standard and high-strength steel up to collapse.
The objectives are to remove the cumbersome complexity of nowadays calculation methods

and to provide efficient design method and tools.

This thesis is concerned with only the cross-sectional resistance of hollow sections and is a
part of European project named ‘HOLLOPOC’ with a financed support being provided by the
‘Comité International pour le Developpement et 1’Etude de la Construction Tubulaire’

(CIDECT).

27



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Introduction

1.3. Outline of the thesis

In order to pursue the objectives described in the previous section, this thesis has been

organized in the following separate chapters:

Chapter two presents the state of the art concerning this PhD topic; a detailed historical
review of local buckling and plastic design is presented. Methods for ultimate buckling load
calculations are listed and described. Then, the current design specifications are presented

with its shortcomings and finally a discussion is made concerning the existing alternatives.

Chapter three reports on a series of 57 cross-section tests subjected to compression and
combined compression and bending. Preliminary measurements were also performed and
described in this chapter. They consist in the measurements of the geometrical dimensions
and imperfections, the material laws, the residual stresses and the testing of stub columns.
The cross-section tests were analyzed and constituted an experimental reference to assess
numerical FE models in chapter four. They were then compared with the exiting design

formulae of EN 1993-1-1.

Chapter four describes finite element models and the simulation of the 57 cross-section tests
with the measured imperfections, material law and residual stresses. The numerical model
was compared and validated against the 57 experimental cross-section tests. In a subsequent
step, the validation was also performed using experimental data from [7]. The validated finite
element model was then used to generate an extensive set of numerical cross-section tests
(more than 40 000 results were computed) with the aim of investigating the physical behavior

of square and rectangular hollow sections.

Chapter five suggests a design model and proposed curves after targeting and analyzing the
governing parameters affecting the cross-section resistance of square and rectangular hollow

sections.

Chapter six illustrates the accuracy of the proposed design formulae and statistical results of

the comparison between FEM, EC3 and proposal calculations are presented.

Chapter seven gives a summary of the proposed design formulae and recommendations for

practical design.

Chapter eight provides some worked examples of the newly developed design curves.
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Chapter nine summarizes the research, presents the original contributions of this work and

gives aspects and suggestions for further investigations.
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2. State of the art
2.1. Literature review on local buckling

2.1.1. Brief historical review

Steel structures are usually composed of flat plate elements and are either fabricated through
rolling into standard shapes or assembled from individual plates by welding, riveting, bolting,

etc.

The buckling of a component plate element can influence the strength of a structural member
in two different ways; from one hand, the buckling may occur before the overall failure, thus,
making the buckled plate ineffective; from the other hand, the buckling may induce a

redistribution of stresses that influences the cross-section and member carrying capacities.

The maximum stress which can be applied to a plate element depends on the width-thickness
ratio of the plate, on the boundary conditions and on the stress distribution. The maximum
reached stress can be smaller or larger than the theoretical elastic buckling stress, depending
on the post-buckling capacity of the constitutive plate element. Cold-formed sections, usually
having high b/t ratios, cannot reach their yield strength due to the high slenderness of plate
components, but they can however reach strengths higher than their elastic buckling strength,
entering thus the post-buckling stage. Rolled sections or built-up sections from thick plates
can usually attain the yield stress of the material, due to their small width-to-thickness ratios.
In practical design, the width-to-thickness ratio is selected in a way of avoiding the buckling
of the plate element below the yield level. The width-to-thickness ratio is not the only factor
affecting the maximum average stress reached; the stress distribution and the plate boundary

conditions also play a crucial role in the occurrence of local buckling.

In 1823, Navier was the first to formulate the correct differential equation of a buckled plate.
His equation is applicable to rectangular plates subjected to equal edge pressure in two
directions. Consecutively, he formulated an equation adapted to the current interest in plate
vibration (sound produced by a vibrating plate) which was forgotten until Bryan in 1888 was
able to solve the plate buckling problem by deriving the following differential equation for a

simply supported rectangular plate subjected to a one direction edge compression:

Ef o*w o*'w O*w B o*w
*ox?

+ + -N, — 2
12(1-0*) | ox* ox’oy’ oyt @
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where E is the modulus of elasticity, v is poisson’s ratio, ¢ is the plate thickness, w is the

lateral deflection of the plate, and N,  is the edge compression load. Later,

Timoshenko ( 1907 ) and H. Reissner ( 1909) analyzed plates with various boundary
conditions and Timoshenko investigated the influence of plate buckling on the column

strength.

Bleich in 1924 gave the first treatment of inelastic plate buckling and Ros and Eichinger
followed him with important contributions in 1932. Later on, the requirements of the aircraft
and shipbuilding industries urged and stimulated further developments on plate buckling

theories.

It was not until 1930 that the post-buckling strength of plates was noticed. Consequently,
empirical approaches were developed for this purpose but were unsuitable for any practical
use. Then, in 1932, Von Karman introduced the concept of the effective width to handle this
problem, and an approximate formula was derived for simply supported plates. In 1947,
Winter made an important contribution for structural engineering in proposing effective
width formulae based on extensive test series. These formulae are still used nowadays in

many design standards.

The buckling of structural steel plates in the strain-hardening range has been studied since
1956. Members with low slenderness can undergo considerable plastic deformation without
local buckling occurrence, thus reaching the strain-hardening range which is subsequently
essential to avoid underestimation of plastic capacities in plastic design. The effect of residual
stresses on the buckling of plates in the elastic and plastic ranges has been intensively studied

since 1962.

2.1.2. Elastic behavior of plates under edge compression

In order to better visualize the plate behavior under edge compression, Figure 3 illustrates the
behavior of a perfectly flat rectangular plate made of an ideal material and subjected to edge
compression in one direction. The loading is applied through rigid end blocks and the edges
are considered to remain straight during loading. A diagram of plate behavior is obtained by
plotting the average compressive stress P /bt versus the average strain & where b is the plate

width and ¢ its thickness.

The line OABC in Figure 3 is a typical load-path for a plate with a large width-thickness ratio
b/t .
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Figure 3 — Behavior of plates under edge compression.

Several stages can be observed; at first, the strain increases with the increasing average stress
P/bt. At this stage, the stress o is distributed uniformly across the width with no out of
plane deflection of the plate. Afterwards, the plate starts deflecting and buckles once the

average stress P /bt reaches a certain magnitude o, (point 4). For plates, the load carrying

capacity continues in a stable manner even after buckling ( due to the redistribution of axial
compressive stresses and tensile membrane action that come with the out-of-plane bending
of the plate in both the longitudinal and transverse directions [8] ). Subsequently, their post-
buckling strengths can be greater than their buckling strengths, especially for slender plates.

The increase in average stress beyond buckling may be quite substantial for high b/¢ ratios.

This property is of great interest to structural engineering as it can be utilized to their
advantage. The post-buckling strength takes place thanks to the restraint of the buckles
provided by the plate spanning in the transverse direction, enabling thus the plate to carry

additional loads beyond buckling.

After buckling occurs, the uniform stress distribution becomes a non-uniform pattern as
shown for portion AB. This non-uniform distribution is accentuated with an increasing

loading leading to greater and gradually stresses redistributions in the stiffer edge directions
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until yielding occurs at these edges (point B). Yielding then spreads quickly until the

ultimate stress o, is reached.

For plates with lower width-to-thickness ratios, the critical stress is close to o, and yielding

develops almost immediately after buckling. The ultimate stress is then only insignificantly

above the critical stress, as shown by the line OA’B’C’ in Figure 3.

For cases in which the width-to-thickness b/t ratio reach really small values, the average

P /bt will be able to reach the yield point o, without buckling and even undergo further

strain at the same stress level as shown by the dash-dot line OB”C” in Figure 3 (Point C”
reflects the beginning of the strain-hardening). The plate will eventually fail at a certain strain

before or after C”, depending on the /¢ ratio.

Plates with different edge support conditions and stress distribution behave in similar
qualitative manner and the main differences lie in the magnitude of the critical buckling

stress, and the amount of post-buckling strength.

2.1.2.1. Elastic buckling stress of plates

The buckling load is defined as the load at which a structure becomes in a state of indifferent
equilibrium and the corresponding structure may assume more than one deflected position
without disturbing equilibrium [9]. Figure 6 illustrates the behavior of a perfectly-flat
rectangular plate with simply supported edges and subjected to a uniformly distributed edge
compression in one direction. Once the buckling stress is reached, it will remain constant and

the plate will be able to deflect in either direction as shown by point A in Figure 6.

Considering a simply supported square plate subjected to a uniform compression stress in one
direction, it will buckle in a single curvature in both directions. However, for individual
elements of a section, the length of the element is usually much larger than the width so that

many waves length shall be developed as seen in Figure 4 and Figure 5 .
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Figure 5 — Behavior of square plates under edge compression.
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Figure 6 — Lateral deflection of a buckled plate.

The buckling phenomenon for a plate under compression in one direction is described by

Equation (2). The solution is obtained with an approach assuming the deflection w to be
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represented by a series, satisfying the boundary conditions. For a simply supported plate, the

following series is assumed:

w= > 3w, sin" in? 3)

m=1,23..n=1,2,3...

m and n in Equation (3) indicate the number of half sine waves, respectively in the x and y
directions of the buckling mode. This shape automatically satisfies the boundary conditions

for the plate, that are, w=0 at x=0 ,x=a, y=0and y=5 .

Substitution of Equation (3) into Equation (2) gives:

m'r? m'n’r*  n'r 12(1-0° m’r’
R L @
a ab b Et a
Therefore
TEC (m*/a’ +n’ /b T’Ef (m  n’a ’
(Nx)cr: 2 ( 2 2 ) = 2 -+ 2 (5)
12(1-v7) m-/a 12(0-v° )\ a mb
Equation (5) can be written as follows:
b an’ ’ 2Et (tY
(N), =|m—+—— —2(—] (6)
} a bm| 12(1-v)\ b
The braked expression is defined as the plate buckling coefficient :
2 2
k= {m L ﬁ”—} 7)
a bm

Noting that the buckling load N, is the product of the buckling stress o, and the thickness ¢,
the critical buckling stress is thus defined as the following equation:

kn’E

T v

In Equation (7), the minimum value in square brackets corresponds to n =1, i.e. only one
half sine wave occurs in the y direction. Therefore, to find the minimum value of m,

Equation (7) is derived in function of m, leading to the following expression:
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Therefore b/a—a/bm* =0 and, thus m=a/b. The solutions of n=1 and m=a/b in
Equation (9) leads to:

k=4 (10)

The value of k is shown in Figure 7 for different a/b ratios. For a/b values comprised
between 0 and 1, considering a value of £ equal to 4 would be too conservative, whereas this

will not be the case for a /b values bigger than 1.0.

a/b
Figure 7 — Buckling coefficient for rectangular plate.

The value of £ equals 4.0 when the ratio a/b is an integer. This would be correct for an

individual plate but no longer fits with group of connected plates.

From Figure 7 and Equation (7), the transition from m to m+1 half sine-waves occurs when

the two corresponding curves have equal ordinates, that is,

(el et

Thus,
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%:Jm(mﬂ) (12)

For a long plate:

112

a
3 m (13)
Equation (13) indicates that the number of half sine waves increases with the increase of
a/b ratios. For a long plate in which a is much greater than the width 5, multiple buckles in
alternate directions develops with a square possible shape, i.e. the length of the half waves
equals approximately the width of the plate. This happens when the buckling of a
longitudinal strip in the plate finds itself resisted by a transverse strip whose curvature is
much less than the longitudinal strips. The resistance is thus much greater than the tendancy
to buckle and the strength of the mode with m =1 is found to be very high. Consequently, the
plate will buckle in a way that the longitudinal and transverse strips are as equal as possible,

i.e. square.

Although the buckling formulae of a plate and a column are identical®, their behavior is quite
different. In the case of an ideal column, as the axial load is increased, the lateral
displacement remains zero until the attainment of the critical buckling load. This is called the
fundamental path. However, when the axial load reaches Euler buckling load, the lateral
displacement increases considerably while the load stays constant. This is called the
secondary path, or also the bifurcation path at the buckling load and represents a neutral
equilibrium. For practical columns having initial imperfections, a smooth transition from the

first to the secondary path occurs (see Figure 8).

A perfectly flat plate behaves similarly to an ideal column only at the fundamental path stage.
The secondary path reached at the critical buckling load reflects the ability of the plate to
carry loads higher than the elastic critical load, and is not considered as a collapse path but
rather as a post-buckling path. In other terms, a slender element plate element does not fail by

elastic buckling, but exhibits significant post-buckling behavior. The axial stiffness in such

2 For a very wide plate, that is, when b/a is very large, a/b tends to zero, and by takin k,;,=/ with the
introduction of the the radius of gyration, equation (6) becomes identical with the Euler column buckling
formula, except for the fact that it is a function of (7-v?), which reflects the effect of plate action due to

Poisson’s ratio.
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plates drops suddenly to a smaller value after buckling but remains relatively constant
afterwards. However for practical plates having initial imperfections, a smooth transition, just

like the practical columns, occurs with a gradual loss of stiffness ( see Figure 8 ).

The unloading occurs after the actual failure load is reached once the yielding spreads from

the supported edges, triggering thus the collapse in both columns and plates.

PP P/Po .
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Figure 8 — Load versus out-of-plane displacement curves.
2.1.2.2. Elastic local buckling coefficient of plates and sections
2.1.2.2.1. Plate buckling coefficient
In general, the plate buckling stress is conveniently given by
2 2
T°FE t
o, = k—z(—j (14)
12(1-0*)\b

k, the plate buckling coefficient, should be determined for each particular case of plate
geometry, boundary conditions, material, and edge loading. So far, it has been assumed that

the plate is free to rotate about the longitudinal edges.

Hill, [10] presented a chart for the determination of £ values in which he gathered different
cases employing various methods — mentioned in Table 1 — using as a background the energy
method of Timoshenko. A chart is presented for the k-coefficient in the formula for the
critical compressive stress relative to flat rectangular plates uniformly compressed in one
direction. The chart presents various combinations of fixed, simply supported and free edges.

Since it would be complicated to include all the possible variations or combinations of edge
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conditions, only the mentioned edge conditions were considered. The curves of Figure 9
represent various approximations to the theoretical value, and it can be seen that for the
case 3 (relative to a stiffened element ), the minimum reached value is lower than 4, when
Timoshenko’s theory of elasticity is used. However, in the case of an unstiffened element, the

minimum reached value in Figure 9 is higher than the value of 0.425 in Figure 10.

Table 1 — Source of k values plotted in Figure 9.

Case Source
1 Solution from Timoshenko’s ‘Theory of Elastic Stability’[9]
Ia Approximate solution using the energy method and the deflection
method
2 Solution from Timoshenko’s ‘Theory of Elastic Stability’[9]
2 Approximate solution using the energy method and the deflection
method
3 Solution from Timoshenko’s ‘Theory of Elastic Stability’[9]
3a Solution from Timoshenko’s ‘Theory of Elastic Stability’[9]
4 Solution following the method employed in ‘Theory of Elastic Stability’
da The. rotation of this curve to that for case 4 is estimated from the
rotations between the curves for cases 3 and 3a and cases 5 and 5a
5 Solution from Timoshenko’s ‘Theory of Elastic Stability’[9]
54 Solution from ‘Buckling of compressed rectangular plates with Built-in

Edges’
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The local buckling capacity of cross-sections is nowadays analyzed approximately by

assuming that the plate elements are hinged along their common boundaries, so that each

plate acts as if simply supported along its connected boundary and free along any

unconnected boundary. The buckling stress of each plate element can then be determined
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with the appropriate use of k-value, and the lowest obtained stress can be considered as the

buckling load of the entire member.

Figure 10 gives the values of the buckling coefficient £ for long rectangular plates with
various common support conditions and loading cases adopted in actual standards. The

buckling coefficient k, and thus the critical stress, are seen to vary considerably.

Case Boundary Condition Type of stress Value of k
[ 5 =2

@ B i Compression 40
e I 5:5. |

E I TFed TE ﬁ
E s ———— Compression 6.97
() ES ES

E3_ Fixed 5

Both edges fixed
=T =
ss. ssbd e Compression 0.425

(© E3™ £

E ET " Fixed tE %
ss. s —— Compression 1.277
(d) 3 £3
co Free | o
One edge fixed, the other free
ET T Fkd TE %
s, s, — Compression 1.277
(e) ES ES
E3_ss 5
One edge fixed, the other simply supported
N
o \}n 55-}\ Shear 5.34
s
4F74T.;1 at
(g) ‘}leed F\xed}‘ Shear 8.98
I Fixed b
e i o=
k:w N.E Bending 239
(h) A
LR ssgx

(l) EF\xed chdi Bending 41.8

L3 Fixed | g

Figure 10 — Values of £ for various boundary conditions.
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2.1.2.2.2. Cross-sectional buckling

Usually, today’s standards assume cross-section elements ( e.g. web, flange ) to be hinged
along their boundaries. However, the edge conditions could differ from one section to another
and is deeply questionable. For example, a rectangular section, made up of four plates with
stiff flanges, would not have a k-value equal to that of a section with simply supported plates.
Actually, stiff flanges would prevent the rotation of the corners and the web plates will
behave as their longitudinal edges were fixed. Therefore, the resistance offered by the
transverse strips in the webs will be considerably higher than a plate with simply supported
edges and the buckling stress will be subsequently higher. However, if the flanges are less
stiff and prone to local buckling just like the webs, then the corners will not be fixed anymore
and will rotate. Hence, in that case, the buckling stress will be the same as that for a plate

with simply supported longitudinal edges.

Therefore, the determination of k-values mentioned in the previous section could however
lead to conservative or unconservative results, since all plates are connected with rigid joints
and buckle simultaneously at an intermediate stress between the lowest and the highest
calculated buckling stresses of each element separately. A number of analyses have been
made concerning the stress at which simultaneous buckling takes place. Figure 11 presents
examples for the determination of the elastic buckling coefficient £ for an I-section under
uniform compression and for a box section under uniform compression, respectively. Such

stresses with these & values lead to economic thin-walled compression members.

1.0

6 T T T T T T T T
z’E ke

12(1=-%2) (b2

niE ko
12(1-v2) (bt

G =
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0.6 F
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Flange local buckling coelficient &,
Flange local buckling coefticient £,
I

| | | | L
0 o1 02 03 04 05 06 07 08 08 1.0 0 01 02 03 04 05 06 07 085 09 10
Outstand width 1w depth ratio by Width to depth ratio by

Figure 11 — Local buckling coefficients for I-section (left) and box section (right)

compression members.
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In particular, Stowell and Lundquist [11] provided charts for the coefficients & for I, Z and
RHS, based on the principles of moment distribution to the stability of thin plates. The

critical compressive stress for the calculation of a rectangular-tube section is given by:

o kn’Et]

cr

n 21— )0

(15)

in which 5 represents a non-dimensional coefficient that takes into account a reduction of the
modulus of elasticity for stresses above the elastic range (i.e., within the elastic range,

n=1). When the stresses are above the elastic range, o, /7 is first evaluated and o, is

determined in a 2™ step by means of a curve given in [11]. As for the k-value, charts were

developed to represent the interaction between elements ( see Figure 12 ).

In general, when an element fails by local instability, one of the constitutive elements of the
cross-section is mainly responsible for the instability, i.e. when the critical value is reached,
this element will need support and restraint from the adjacent elements since it will no longer
be capable of supporting the imposed loads. This restraint will provide additional delay
before buckling occurs, until the cross-section as a whole becomes unstable. Figure 12
represents a chart which provide the k-value for a rectangular section, and in which a dashed
line is drawn connecting the points for which the two elements are equally responsible for the
instability of the section, dividing the chart in two regions ( see red line in Figure 12 ): in one
region, the ‘side wall’ or web is primarily responsible for instability and in the other region
the ‘end wall’ or flange is primarily responsible for instability. Therefore the response of a
cross-section will be governed by one of these two regions depending on the values of the

various cross-sectional ratios.
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Figure 12 — Values of £ for centrally loaded columns of rectangular tube section from [11].

Bleich [12] presented an approximation in order to take into account the interaction between
flange and web and for the calculation of the plate buckling coefficients. Equation (16)

represents the limiting geometrical value for which the web and flange buckles

bt
L /—0'425 =0.326 (16)
ht, 4

simultaneously:
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Bleich introduced a clamping coefficient to represent the web-flange interaction. Thus for

values of b,z /h,t, lower than 0.326, the web is supported by the flanges and the buckling
stress of the whole cross-section can be calculated as the following:

kE |t ’
T "

0.16+ 0.0056(}1“}
b,

2

2 ] and £ = >
105 w T 3 . 4 bf tw
0.425( ht,

with k= (2 +

-~ | ~
\u|§w

For values higher than 0.326, the flanges are supported by the web and the buckling stress of

2
' ] (18)
%
2
: b_f. 1_0.425 bfzw
4

Recently, Seif and Schafer ( [13] & [14] ) presented equations in which the variation in k£ may

the whole cross-section can be calculated as followed,

~

B kf-ﬂ'zE t
or 12(1—1)2)

Ayl

[

2
2
4] and ff =2

w

with k, = [0.65 +
~ 3 ‘

~ W

be expressed as a function of the member geometry and loading conditions while including

the web-flange interaction through simple equations as shown below.

The buckling coefficient & factors suggested for box sections are as follow:
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Figure 13 — Cross-section geometry for use in Equations (19) (20) and (21).
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with b= B—t and h = H —t considered as the centerline web and flange elements.

The primary means of consideration of local buckling in Eurocodes, AISC specifications and
many other codes lies in the use of assumed plate buckling coefficient £ for each element of

the section showed in Figure 10.
In [13], it turned out that for both the web and flange results:

(1) There is a big difference between the assumed k-values in standards and those calculated

with finite strips;

(i1)) The calculated values can be outside expected bounds, such as the example of cross-

sections in which web local buckling is driving the flange local buckling, i.e. the flange

46



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections State of the art

support conditions become worse than simply supported ( which constitutes a lower
bound of the plate buckling coefficients ) because a rotational restraint must be provided
to the web. Therefore, wider ranges of k£ values must be accounted for, if the cross-

section is considered as a whole.

Nowadays, numerical software dedicated to elastic buckling calculations taking the
elements’ interaction into account in a quite accurate way are now available. Thus, the local
buckling stress of a cross-section can be calculated with the use of numerical softwares such

as CUFSM [15] and GBTUL [16] with a very good accuracy.

The edge conditions are also of prime importance for the post-buckling behavior and not only
for the critical buckling stress. As already explained before, if the flanges are stiff enough to
prevent corner rotations, the transverse strips in the webs will be tensile and the lateral
deflections will be retained because of the stiffness brought to the web from the flanges.
However, if the edges are free to rotate, the transverse strips in the webs will not behave in a
similar manner as previously and the plate will be prone to larger deflections at the post-

buckling stage.

2.1.3. Post-buckling behavior and effective width methods

Post-buckling behavior of plates can be analyzed in an exact way by using the large-
deflection theory of plates. Von Karman [17] derived the corresponding differential equations

from this theory in 1910, but were too complicated to find practical applications:

4 4 4 2 2 2 2 2 2
o'w ow 0w t[@o'aw 280‘ ow 60‘8w] (22)

+2 + =— - +
ox* ox*oy* oyt D\ oy’ ox’ Ox0y 0x0y  Ox* oy’
where o is a stress function defining the mid-thickness fiber stress of the plate, and

0__620 0__82_0' , _ 0o
oy’ Yoox? Y Oxoy

Consequently, Von Karman introduced the ‘effective width’ concept as an engineering

simplification of the developed theory.

The physical nature of the post-buckling plate behavior can be explained best by means of a
model. The plate can be imagined as being replaced by a system of straight bars in both the

horizontal and vertical directions, as shown in Figure 14. As soon as the plate starts to buckle,
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the horizontal bars in the grid of the model will act as tie rods to forbid and prevent the
increasing deflection of the longitudinal bars, enabling these longitudinal bars to carry
additional loads because of the additional support provided. The central part— being the

farest from the edges — of the plate will be the first to endure deflections and buckles.

With the loaded horizontal edges remaining straight, the load on the vertical bars closer to the
side edges will be greater than on the bars in the middle, for these bars deflect less. Thus, the
stress distribution on the plate becomes non-uniform, the maximum stress being at the edges
and the lowest stress in the middle. However the longitudinal strips close to the edges will
continue to carry additional load because the extremities of the transverse strips next to the
edges will not be affected by any instability yet, thus enabling the horizontal bars in these
regions to carry additional stress. Consequently, the stress distribution across the width will
become non-uniform with outer bars carrying more stress than the inner bars, as long as the
transverse bars continue to stretch and support the longitudinal ones. The stability of the plate
in the post-buckling range is thus ensured. Eventually, with an increasing axial load, the
redistributions with the corresponding deflections and buckles will be more pronounced and
the stress at the edges will reach the yield point. At this stage, the plate deflection would
increase very rapidly and the plate will be considered to have failed. The yielded edges zones
will try to widen with a reduction of the stress in the middle portion until the plate will no
longer be able to carry additional load. Actually, any increase after the edges yielding is
relatively small, that is why this first yielding is usually considered as the ultimate load. The
redistribution phenomenon is illustrated in Figure 15. This post-buckling phenomenon will be

the most pronounced for wide elements with large /¢ ratios.
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Figure 14 — Buckling of a plate under uni-axial compression.

Equivalent stress
distribution

Stress
intensity

Pt.A

) b=width of plate

Figure 15 — Stress distribution and effective widths b, (points A, B and C are to be referred to
in Figure 3).

The concept of the effective width, proposed by Von Karman was used to calculate the load

carrying capacity of the plate in the post-buckling range. Actually, the non-uniform stress
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distribution across the buckled plate, was replaced by a uniform stress bloc ( see dashed lines
in Figure 15 ) equal to edge stress — which is the controlling stress of the plate — over a width

of b, /2 on either side where b, is called the effective width of the plate. This effective width

can be calculated by equating the non-uniform stress bloc and the uniform one.

This effective width b, may be considered to represent a particular width of the plate which

may be determined as follows:

’E
o, =0

TS -

Von karman formula for the design of stiffened elements may be also determined as follows:

b, =Ct /ﬁ _1or [ £ (24)
g, o,

where

c=—7" 19 (25)

J3(1-0%)

However if b> b, , then b, can be replaced by b and o, by o,

2
I - 6)
31-v7)b/?)
Or also
b=Ct £ (27)
O-L'i'
From Equations (24) and (27), the following relationship can be obtained:
b o
2= | 28
Pt (28)

y

However, Winter [18], conducted extensive investigation on light gage cold-formed steel
sections, and indicated that Equation (24) can be applicable to an element in which the stress

is below the yield stress. Thus, Equation (24) can be written as the following:
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b, =Ct /i (29)
Gmax

is the maximum edge stress of the plate which may be less than the yield stress of

where o,

ax

steel. Moreover, with tests previously conducted by Sechler and Winter, a straight line

relationship could be found between the non-dimensional parameter/E /o, (¢/b) and the

max

term C ( see Figure 16).
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Figure 16 — Experimental determination of effective width [18].

Winter, based on his experimental investigations, developed the following equation for the

term C:

C =1.9{1—0.475(£J i} (30)

O

max

The straight line in Figure 16 starts at a value of 1.9 for \/E /o, (¢/b)=0, which means

that it is the case of an extremely large b/t ratio with relatively high stress. For this
particular case, the experimental determinations agrees well with Von Karman’s original

formula ( see Equation (27) ).

Then, Winter in 1947 presented the following Von Karman modified formula for computing

the effective width b, for plates simply supported along both longitudinal edges:
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o) O

max max

b =1.9¢ L{I—O.MS(éj i} 31)

The effective width in Equation (31) depends not only on the edge stress o,  but also on the
b/t ratio. Equation (31) may be written in terms of the ratio of o, /5, Wwith the use of the

o, expression derived from Equation (27):

b L9 E [ goskiol [ £ (32)
b max b O-max
Leading to the following expression:
b _ | % (1 —0.25 | Zer ] (33)
b Umax Gmax

To sum up, Equations (31) and (33) may be considered as generalizations of Equations (24)

and (28) in two aspects:

(i) By introducing o,,, for o, the equations can be applied to service limit states as well
as to ultimate limit states;

(i1)) Empirical correction factors have been introduced and account for the cumulative effect

of the residual stresses, deviations from planeness.

Later on and after a longtime experience, a more realistic equation was proposed for the

determination of the effective width b:

b, =19 i{l—o.ms[éj i} (34)

O O

max max

The correlation between Equation (34) and the results of tests conducted by Sechler and

Winter is illustrated in Figure 17.
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Figure 17 — Correlation between test data on stiffened compression and design criteria [19].

It should be noted that Equation (34) may be rewritten in terms of the o, /o, ratio as

follows:

be _ | % (1—0.22 %J (35)

b o o

max max

Therefore, the effective width b, can be determined as b, = pb, where the reduction factor p

is given as follows:

1-022/\jo,./0, 1-022/2
b= - <
\/Gmax /O-cr ﬂ

1 (36)

In which p=1 when 4 <0.673 (with A being the plate slenderness).

In Equation (36), 4 is a slenderness factor determined as

o [Tun 120000 ] (1.052)(B) [0
Vo _\/ kn’E _[\/E](tj E o0

cr

In which k, b/t, o

max 2

and E were previously defined. The value of » was taken as 0.3.

The derived formula for steel plates supported along one edge was as follows:

O, O,

max max

%:1.19 Dor {1—0.3 GJ (38)
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Thus the reduction factor p would be given through the following equation,

_1.19(1-0.3/2)

39
p 7 (39)
which is the same as the formula used nowadays in EN 1993-1-1 [20] :
1 0.188
=—|1-——+ 40
P /1( F j (40)

2.1.4. Influence of residual stresses and initial imperfections on plate buckling

The influence of residual stresses on the axial loading required to initiate plate buckling was
first recognized in tests on welded crane girders in 1941. Residual stresses are induced during
the different fabrication processes. Residual compressive stresses in the central region of a
simply supported thin plate can cause a premature buckling and a reduction in its ultimate

strength ( see Figure 18 ).
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Figure 18 — Effective section of a member with residual stresses [21].

Residual stresses cause premature yielding in plates of intermediate slenderness, but have a

negligible effect on the strain-hardening buckling of stocky plates ( see Figure 19 ).

When the compressive residual stress o is nearly uniformly distributed over the width

comp—res

of the plate ( such as in welded plates ), it can be added to the external applied stress, i.e. the
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required stress o,, to produce buckling would approximately be equal to the buckling stress

less the residual stresses.
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Figure 19 — Effect of residual stresses and initial imperfections on plate buckling.

The red and blue curves of Figure 19 show, respectively, the buckling stress of a plate
without residual stresses and of a plate with residual stresses ( [22], [23] & [24] ). It is
interesting to note that for slendernesses larger than indicated by the dashed line BB’, the
blue curve lies below the red curve almost exactly by the magnitude of the residual
compressive stress ( noted o in Figure 19 ). Actually the plate buckling problem becomes
more involved when compressive residual stresses cause local yielding before the buckling

stress is reached.

As for the initial imperfections, the initial curvature of a plate will cause a transverse
deflection as soon as it is loaded. The corresponding deflections will increase rapidly as the
elastic buckling is approached, but slow down beyond the buckling stress. In a thin plate with
initial curvature, the failure and the first yield will occur slightly before they do in a plate
without imperfections, whereas this effect will disappear in thick plates since they are not
affected by initial curvatures. It is only in a plate of intermediate slenderness that the initial

curvature and the residual stresses cause a significant reduction in the resistance.

Now that local buckling, which is one of the two ‘extremes’ behavior characterizing cross-

sections, has been well discussed and detailed, a brief review of plastic theory would be
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presented in the next section since it constitutes the other ‘extreme’ behavior affecting cross-

sections.
2.2. Brief review of plastic theory

Although plasticity has been sometimes briefly mentioned in the previous section, a small
summary on its history will be presented herein, in order to achieve and complete the

necessary knowledge related to it.

The theory of elasticity, with Hooke’s Law (1635-1703), was the initial basis of the design of
steel structures in the nineteenth century. The initial tests in steel beams were conducted to
confirm the elastic behavior of beams. The first yielding was regarded as the limit load. Lyse

and Godfrey [25] considered this fact and wrote:

‘Since the usefulness of beams is determined by the maximum load it can contain without
excessive deflection, the determination of its yield point becomes the most important factor in
testing ... the ultimate load has little significance beyond the fact that it is a measure of the
toughness of the beam after it has lost its usefulness... The yield point strength of the beam

was used as the criterion for its load-carrying capacity’

Ewing [26] was the first to mention the plastic behavior of steel structural members and

identified the full plastic moment of a rectangular cross-section to be equal to bh*> /4 f,-He

wrote:

‘the outer layers of the beam are taking permanent set [yielding] while the inner layers are
still following Hooke’s law... And any small addition to the stress produces a relatively very

large amount of strain’.

It was not known if Ewing carried out any experiments on steel beams but the earliest
recorded experiments on beams were reported by Meyer [27]. Meyer conducted tests on
simply supported beams of rectangular cross-sections and identified a dramatic increase in

the deflection once M , was reached.

Kazinczy [28] was the first to discover the plastic hinge development. He conducted
experimental investigations on beams fixed at both ends loaded by a uniformly distributed
load. Kazinczy proposed a ‘plastic solution’ since he concluded from his tests that the

formation of three plastic hinges defined the ultimate load of the systems considered.
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Kist [29] was the one who proposed the elastic-perfectly plastic material law to use in order

to calculate the ultimate load.

Maier-Leibnitz [30] & [31] observed the ductile behavior of simple and continuous beams
and was the best known of the early researchers on plastic behavior. In 1930, Fritsche was the
first to devise equations for the bending moment M,,; of fully plastic rectangular and H-
shaped cross-sections in the case of pure bending. He also concluded that no strain hardening
is to be expected at low levels of strains, but a strain of 4-5% would be sufficient to activate

99% of M ,. Fritsche later came to the conclusion that the yield stress of mild steel

represents the most critical parameter for the calculation of the ultimate load and was based

on the experimental tests of Meyer [27], Leibnitz [31] & [30] and Schaim [32].

In 1931 and 1932, Girkman [33], based on his own tests, suggested a plastic design method

for indeterminate frameworks and wrote:

‘Apart from the savings in weight that can be achieved, the use of this method makes it
possible to reduce the maximum moments, to even out the differences in the thicknesses of the

cross-sections required and hence to simplify the construction details and reduce their costs’.

Baker and Roderick [34] & [35] conducted further investigations of the plastic behavior of
complete structures. They reported series of experiments at the civil engineering department
of the University of Bristol, England between 1936 and 1939 concerning very small scale
rectangular portal frames of I-sections. The first book on plastic theory of structural steel

work was then published in 1956 and Baker, Horne and Heyman [36] stated:

“...portals subjected to vertical loads had a great reserve of strength beyond the point at
which yield was first developed, and that collapse, the growth of large uncontrolled
deflections, did not occur until a mechanism had formed by the development of three plastic
hinges... the agreement is good... between the observed and calculated collapse loads of the
portals...it was realised, of course, that it was a far cry from calculating the vertical loads
which would cause collapse of a rectangular portal frame to deriving an acceptable method
of designing redundant structures based on collapse, but...incomplete though [the results]

were, they formed the basis of much wartime [World War 2] design’.
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Research into plastic design continued in Cambridge after World War 2 and by the 1950s, the
plastic design method was being accepted by the engineering community and a large number

of published papers written by the Cambridge research was provided [36].

Although the plastic design method was accepted by the 1960s, some critics still remained.
An excerpt from a publication of Stussi in 1962 stated:

‘A statically indeterminate structure remains statically indeterminate also if the limit of
proportionality or the yield strength of the material is exceeded in particular cross-sections.
This means that besides the equilibrium conditions, the deformation conditions also remain
valid even in the post-elastic loading range. The inadequacy of the ultimate load method is
based on the fact that it treats this fundamental fact wrongly and upon closer inspection its

‘simplicity’ is revealed as unacceptable primitiveness.’

Even with such critics, the plastic theory was solid enough and it was mainly in the 1970s
that Massonnet [37] promoted the European recommendations for the plastic design of

structural steel structures.

Now that the two limits consisting in local buckling and plasticity have been well discussed,
methods for determining ultimate buckling loads of cross-sections, known to be affected by

these two extreme limits, will be discussed in the following section.
2.3. Available methods for the determination of buckling loads

Three principal methods for determining the ultimate buckling loads are briefly presented and
discussed in this section. They consist in (i) the finite element method, (ii) plastic mechanism
and (iii) ultimate buckling curves. The most adequate one or also the most adequate

combination of a couple of methods is chosen and justified.

2.3.1. Finite element method

Using the nonlinear theory, the finite element method allows the study of the behavior of an

element, till the failure along with the post-peak stage.

Computational modeling requires sophisticated mechanics to provide accurate solutions. It
would be of great significance to understand the capacities and limitations of the theoretical
model employed. Sensitivities and model inputs such as, solvers, element choice and

discretization, boundary conditions, material models, initial imperfections, initial residual
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stresses and strains all affect the solution in different influences and should be chosen
carefully. However despite the known shortcomings, computational modeling has a really
important role in the future of steel research and design and is used through this study as a

basis for resorting numerical results served for the derivation of design curve.

2.3.2. Plastic mechanisms

A different method for calculating the buckling load of a short column can be obtained by
applying to each side of the profile the method of plastic mechanisms and consider that the
failure load of the short column is given by the sum of the failure loads of the four sides of
the tube. In this method, the ultimate load of a monoaxially compressed plate is given by the
intersection of a curve showing the elastic behavior of the sheet in the post-critical phase
(taking, optionally, into account the geometric imperfection in the establishment of the
equation of the curve) and a curve representing a kinematically admissible plastic
mechanism. As shown in Figure 20, this method leads to an approximate value of the failure

load of the plate.

Elastic /
74
\ ,I

) . . .
,/,’\ Ela;ttc w‘th {mnal

e imperfection

e w
W,

0

Figure 20 — Stress-deflection curve for a plate subjected to mono-axial compression.
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Kragerup korol - Sherbourne

Figure 21 — Plastic mechanism.

Figure 21 represents two simple mechanisms proposed respectively by Kragerup [38] and

Korol and Sherbourne [39] [40]. Other mechanisms may be found in the literature.

Introducing the buckling reduction factor (case of a pure compression), defined by:
In=T7 (41)

The failure mechanisms of Figure 21 have the following equations:

Kragerup mechanism:
1 2w w ?
ZN:E 11—+, [1+4| — (42)
Korol and Sherbourne mechanism:

=1-0.3552 +0.056| 2 2—0.003 wY (43)
Aw t t t

The Korol and Sherboune mechanism was seen however to provide more accurate results

compared to the Kragerup mechanism.

One must recognize that the method of plastic mechanism is simple to provide reliable
quantitative assessment of the failure load. However, various criticisms can indeed be made

to this method, including:

(1) The brutal passage from the elastic behavior to the plastic one;
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(i1)) The membrane effect that appears when the plate deflection becomes large is neglected.

2.3.3. Ultimate buckling curves

Among the three proposed approaches for the calculation of the buckling failure load of a
structural element, only that based on buckling curves allows simple, fast and accurate
calculation. Its analytical formulation has the advantage of being able to be incorporated into

the study of complex problems.

For instance, many important, theoretical and experimental works were performed in
Cambridge in the field of plate local buckling. Also, extensive developments have been
conducted to derive buckling curves for different loading conditions and types of sections
taking into account the cross-section as a whole and not plates separately. Figure 22 shows
the resulting curves from Cambridge research with symbols O, P, Q referring to different

types of welding. More details can be found in [41], [42], [39] & [43].

X
A
\\ N\ \\
N \\ N\ \
\ Von Karman
£,=400 N/mni
350
300 Euler
250
Cambridge : O
0.5+ P ~_
=
\\\\\
0 0.5 1.0 1}5 > Y

Figure 22 — Plate local buckling curves.

Accordingly, it would be convenient to adopt the buckling curve method for the calculation

of local buckling failure loads of structural elements, while using non-linear numerical
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software with a validated numerical model as a basis for the derivation of accurate design

curves, with adequate model numerical inputs.

2.4. Actual design specifications

2.4.1. Cross-section classification concept

Rules concerning local buckling are required for the design of structural steel members.
Therefore, in any specification, the combination of cross-sectional dimensions and yield
strength are taken into account in order to determine limits at which local buckling can be
expected to occur for a designer. In other words, to prevent premature local buckling,
slenderness limits for the plate elements in members have been established. The intention is
to have a capacity controlled by the overall strength of the particular element and not by local
buckling. Therefore, the local buckling rules play an important part in the design of structural

steel members.

In this section, the main local buckling rules and issues concerning cross-section slenderness
and cross-section resistance are analyzed and pointed out from a selected list of
specifications. The intention here is to show the various local buckling rules and point out the
diversity among several specifications. The list includes major codes in the world ( the

notation in parentheses indicates the adopted abbreviation used for each design standard ):
(1) Eurocode 3, ( EC3 ), 1993, Common Unified code of practice for steel structures;

(i1) AISC-LRFD, ( AISC LRFD ),1994, Specification for structural steel buildings;

(ii1) BS 5950 Part 1, ( BS 5950 ), 2000, Structural use of steelwork in building;

(iv) DIN 18800 Teil 1, ( DIN 18 800 ),1990, Steel structures, Design and construction;
(v) AS 4100, ( AS4100), 1998, SAA Steel structures Code.

The comparison will only be focused on I-shapes and rectangular sections as shown in Table

2. A wider study can be found in [44] & [45].
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Table 2 — Studied elements and load conditions.

Section Element Case no.
Flange in compression 1
Web in axial compression 2
I-shape Web in bending 3
Web in combined axial compression and 4
bending
Hollow section Flange in compression 5

Before starting the comparison of the actual limits of each specification, the formats adopted

along with the plate definition width deserves clarifications.

As already mentioned, the solution for the elastic local buckling stress o, is given by:

2 2
O = kr b 2= 4 2 (44)
12(1-0*)(b/1)" (/1)

The equation is simplified by substituting 4°> = kz°E / (12(1—02)). To prevent a plate from

buckling before it reaches its yield stress, o, should be smaller than o,

cr

therefore,

A2
o, <
YT (bt

(45)

with 4 being the constant A* = k7 E / (12(1—1)2)) found in Equation (44). Equation (45)

can be rearranged in terms of the geometrical slenderness limit »/¢, with H a constant to be

determined:

b _ H b
< — <H 46
or tJGy (46)

T,

Hence, there are different formats in which a slenderness limit can be expressed. Table 3

gives the format used by the various specifications. Five formats are presented:

(1) The p-format gives actual b/t ratios for steel of 235 MPa yield strength used within the

Eurocode 3;
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(i) The o-format defines b/t depending upon the yield strength in US customary units (ksi),
used within AISC-LRFD;

(ii1) The y~format gives actual b/t ratios for steel of 275 MPa yield strength used within
BS 5950;

(iv) The u-format gives actual b/¢ ratios for steel of 240 MPa yield strength used within the
DIN 18800;

(v) The a-format gives actual b/¢ ratios for steel of 250 MPa yield strength used within
AS 4100.

In addition conversion factors are presented in Table 4, which enable ‘movement’ from one

specification’s format to another.

Table 3 — Format of local buckling rules.

Format # Maximum b/t Dimensions Used in specifications
235
1 B.|— /, [MPa] EC3
/,
o 1, [ksil !
2 , LKs1 AISC
fy bl
275
3 N e /, [MPa] BS 5950
/
240 240
4 U = Jf, [MPa] DIN 18800
VO, l.lo,
250
5 ra f, [MPa] AS 4100

’E
"This format is AISC-LRFD 1994 format. However, AISC 2005 specification is characterized by ‘0 |—

Jy

which is similar to the 1994 version but with replacing E by 29 000 ksi (=200 000MPa).
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Table 4 — Conversion factors.

Conversion factors

As for the plate width definitions, Figure 23 shows the definition of an element width as used

in the various specifications. Most specifications use a variety of letters to identify the plate

width, but within this study b is the adopted terminology used to define the plate’s width.

Table 5, presents a brief general overview (only for hot-finished sections ) of the adopted

width definition of plate elements in all the selected design specifications.

Table 5 — Definition of width of plate elements in selected design specifications.

I-H section

Mid-thickness

Mid-thickness

flange Flat width width width Flat width Clear width
I'H‘f;%“‘m Flat width Flat width Flat width Flat width | Clear width
le)f ‘g:gge Flat width Flat width Flat width Flat width | Clear width
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1 | | =]
b b
-
b b b b
b
Full Mid-thickness Clear Flat
width width width width

Figure 23 — Definition of plate widths.

Kettler [7] performed a comparison study between the different definitions of plate-widths in
order to analyse the relation between these width-definitions, based on hot-rolled I-sections
and hot-finished or cold-formed RHS. The following values have been chosen based on the

investigation shown in Figure 24 and Figure 25, i.e.:

_ S _0.8 and =08 (47)
C

cmid —thickness clear

It should be noted that a value of 1 of the investigated ratios would indicate that the

slenderness limits of the different design codes can be compared to each other directly.

As for the hot-finished sections and cold-formed RHS ( when the web is decisive ), the

following value has been adopted:

cﬂat
C

=0.9 when the web is decisive (48)

clear
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For cold-formed RHS sections, when the flange is decisive, the following value has been

adopted:

S 0.8 when the flange is decisive (49)
C

clear

The definitions of flat or clear width were not significantly different for hot-finished sections
( flat width given by /-3¢, external radius 1.5¢ ), but would however result in rather large
differences for cold-formed RHS ( since the flat width is given by /4 —5¢, with an external
radius of 2¢ for a thickness comprised between 6mm and 10mm ), ( see Figure 26 ). The
ratios defined in Kettler [7] will be adopted also herein, for the following comparison study.

A similar study can also be found in [46].
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o

0,65
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0,60 0,65 - — : . — -
0 200 400 600 800 1000 0 200 400 600 800 1000
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Figure 24 — Ratio of flange widths definitions-flat width (EN,DIN) over mid-thickness

width(BS)-I-sections,b-ratio of flange width definitions; flat width (EN,DIN)over clear-width
(AS 4100),I-section [7].

—— HEAA
—s—HEA

Clat | Celear

0,75 '
| —»—HEB
0,70 —a—HEM
! : ——IPE
0,65 ————————————r —
0 200 400 600 800 1000

section depth H [mm]

Figure 25 — Ratio of the web widths defiinitions; flat width over clear-width ; I-sections [7].
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Figure 26 — a) Ratio of widths definitions; flat-width over clear-width,hot-finished RHS, b)
Ratio of widths defintions; flat width over clear-width; cold-formed RHS [7].

Table 6 summarizes the terminology adopted in each design standard in order to refer to
cross-sections. They consist of 4 classes, sometimes grouped in 3 in some specifications.
Class 1, also called a plastic design cross-section, is one which can both reach its plastic
moment capacity and has enough rotation capacity to permit redistribution of moments. A
class 2 section, also called a compact section, is one which can just reach its plastic moment
capacity but has a rapid drop-off in capacity at that point. A class 3 section, also called a non-
compact section, is one which is able to reach only the yield-moment capacity. In these

definitions it is understood that any moment capacity includes the effect of axial force

present.
Table 6 — Denomination of cross-section classes in each specification.
Specification Types of classes
Eurocode 3 Class 1 Class 2 Class 3 Class 4
AISC-LRFD Compact Non-compact Slender
DIN 18800 P-P E-P E-E
BS 5950 Plastic Compact Semi-compact | Slender
AS 4100 Compact Non-Compact Slender

The rules for local buckling provided by each specification can be found in [47], [48], [49],
[50], [20] & [46]. There is a difference in the capacity specifications between the

international design codes. The common thing between them all is that the cross-section
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capacity is defined based on the slenderness ratios of the single elements constituting a
section. Some specifications make a distinction between hot-rolled and welded sections. BS
5950 includes however a wider variety of fabrication processes for which different
slenderness limits are defined. The British Standard BS 5950 [49], Australian Standard AS
4100 [48] and the American code AISC-LRFD [47] allow for a linear interpolation (slightly
under linear one for BS 5950 only) for the transition of the mono-axial bending moment
resistances from plastic to elastic. The European standard EC3 [20] and the German DIN
18800 [50] define two classes with either full plastic capacity or only elastic capacity.
Concerning slender sections, all codes have similar design specifications for the calculation

of effective widths, based on the Winter-formula presented previously.

Table 7 presents the information relative to each of the five specifications in a comparative
numerical form for cases 1, 2, 3 and 5 with each format specified in Table 3 ( only for hot-
rolled cases ). However, the case of a web in bending and compression is treated separately in

a graphical comparative form in function of the degree of axial forces n=N/N  (ie n=0

corresponds to a load case of pure bending and n=1 to a case of pure compression ) in each
of the 4 following formats: S, J, 7, u. The slenderness limits were thus defined in a similar
way to the AISC-LRFD, through the definition of the slenderness limit for webs as a function

of the level of axial compression. Thus, the following relations were assumed:

_(n+1)
a——2 (50)
and
v =2n-1 (51)

with o defined as the fraction of web in compression and y the fraction of yield stress in

tension.

In Figure 27 and Figure 28, results are presented for all 4 four classes together, whereas
Figure 29 to Figure 32 present each group of class separately for each of the four formats, for

sake of a better visualization.

In all the comparative figures, the conversion factors in Table 4 are used along with the

correction width definition ratios according to [7].
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For the case 4 of a web in bending and compression, EC3 and DIN 18800 seemed to be
grouped together against BS 5950 and AISC-LRFD which show more generous web
slenderness limits for classes 1 and 2. As for the class 3, the AISC-LRFD is shown to differ
considerably from the three other standards with a generous linear relationship between the
web slenderness and the degree of axial load. However, AS4100, EC3 and DIN 18800 curves
are showing a ‘crossing’ for high degrees of axial loads and the DIN 18800 who had the most

generous web slenderness limit, becomes the one with the most strict slenderness limit.

In Table 7, the differences became smaller once the conversion factor and the width
correction ratios were used. However, AS 4100 seemed to provide almost for all studied
cases the strictest slenderness limits, whereas AISC-LRFD provides the most generous limits,
expect for the case 1. In case 2, the limit slenderness values are very close to each other
according to investigated specifications. In case 3, i.e. the comparison for stiffened elements
under flexural compression, the limit specified in LRFD is considerably more generous than

the other specifications’limits.

—A— EC3_Class 1 1000 —A— EC3 Class |
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Figure 27 — Numerical comparison of local buckling rules, a) case 4 f-format all classes, b)

case 4 o-format all classes.
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Figure 28 — Numerical comparison of local buckling rules, a) case 4 y-format_all classes, b)

case 4 u-format all classes.

Through this section, it can be clearly seen that there are non-negligable differences between

various standards adopting the cross-section classification system. This is mainly due to the

absence of a solid background behind the cross-section classification system. The following

section will list and explain additional shortcomings of this system in order to better

understand the need for a new uniform consistent design approach.
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Table 7 — Numerical comparison of local buckling rules (case 1, 2, 3, and 5).

Case Specification / i ! ! ¢
Class 1 Class 2 Class 3 Class 1 Class 2 Class 3 Class 1 Class 2 Class 3 Class 1 Class 2 Class3 | Class1 Class2  Class 3
EC3 9 10 11 52.5 58.4 64.2 10.4 11.6 12.7 9.3 10.4 114 10.9 12.1 13.3
AISC LRFD - - 10.4 - - 95 - - 12 - - 10.8 - - 12.6
1 BS 5950 9.7 10.8 13 56.8 63.2 94.7 9 10 15 8.1 9 13.5 9.4 10.5 15.7
DIN 18800 8.7 9.6 124 63.3 70.3 90.7 10 11.1 144 9 10 12.9 10.5 11.7 15.1
AS 4100 9.3 - 132 542 - 96.3 8.6 - 153 7.7 - 13.7 9 - 16
EC3 33 38 42 192.7 221.8 2452 30.5 35.1 38.8 342 394 43.6 40 46.1 50.9
AISC LRFD - - 433 - - 253 - - 40.1 - - 45 - - 52.5
2 BS 5950 - - 433 - - 252.6 - - 40 - - 449 - - 524
DIN 18800 30.8 357 36.4 180 208.1 212.6 28.5 33 337 32 37 37.8 374 432 44.1
AS 4100 24 - 36 144.5 - 216.8 229 - 343 25.7 - 38.5 30 - 45
EC3 72 83 124 420.3 484.6 723.9 66.6 76.7 114.6 74.7 86.1 128.7 87.3 100.6 150.3
AISC LRFD 109.6 - 166.1 640 - 970 101.3 - 153.6 113.8 - 172.4 132.9 - 201.4
3 BS 5950 86.5 108.2 129.8 505.2 631.5 757.9 80 100 120 89.8 112.3 134.7 104.9 131.1 157.3
DIN 18800 61.7 71.3 128.2 360 416.3 748.2 57 65.9 118.5 64 74 133 74.7 86.4 155.3
AS 4100 65.6 - 92 395 - 554 62.5 - 87.7 70.2 - 98.4 82 - 115
EC3 33 38 42 192.7 221.8 2452 30.5 35.1 38.8 342 39.4 43.6 40 46.1 50.9
AISC LRFD 325 - 40.8 190 - 238 30.1 - 377 33.8 - 423 39.4 - 49.4
5 BS 5950 - - 433 - - 252.6 - - 40 - - 449 - - 52.4
DIN 18800 30.8 357 36.4 180 208.1 212.6 28.5 33 337 32 37 37.8 374 432 44.1
AS 4100 24 - 36 144.5 - 216.8 229 - 343 25.7 - 38.5 30 - 45
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case 4 o-format class 1
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2.4.2. Shortcomings of the classification system

The classification systems of various standards have been discussed in the previous section.
A comparison between information relative to each specification was presented and
commented. However, this section classification system is known to be a useful but artificial
way with no scientific justified background and has a lot of shortcomings. This section
discusses the most important ones in order to justify the need for a new design proposal

which is the target of this work.

2.4.2.1. Classification system background and emergence of non-linear materials

The resistance of structural cross-sections obviously remains a continuous function of the
slenderness of the constituent plate elements. However, the cross-section classification
system relies on the assignment of cross-sections to artificial discrete classes, which is
contradictory to the idea of a continuous function of the plates’ slenderness, since it would

lead to a simplified too conservative approach ( see Figure 33 ).

MRd . .
Continuous transitions

A Gap of resistance
Mp| \ \_\\/

i ~ O\
Y A TR | S
Class } \
ONENORRORNO
| | ‘ > b/t

Figure 33 — Eurocode 3 cross-section classes.

Moreover, the basic philosophy of the classification system relies on bilinear ( elastic,
perfectly-plastic ) material behavior. With the emergence of non-linear materials such as
aluminium, stainless steel and high strength steel, the framework of the cross-section
classification will not fit anymore with their response. Thus, a most continuous way would
bring even greater consistency for such non-linear materials for which the cross-section

classification will not be able to accurately predict their corresponding behavior.

2.4.2.2. Emergence of high strength steel

Over time, steel has not stagnated with a particular change occurring in the yield stress
increasing in such a way that high strength steel emerged and will be futurely followed by
ultra-high strength steel. Since metallurgists have not been able to increase the modulus of

elasticity at reasonable costs, such materials will become from one hand class 4 cross-
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sections and from another hand non-linear materials will not fit with the cross-section
classification system anymore. Firstly, class 4 cross-sections will require endless tedious
calculations with iterations and secondly, the stability will control the strength. If one wants
to take full advantage of such changes in the steel performance, new methods for predicting
the cross-section resistance and stability should be developed and employed to improve and
create new structural steel shapes and increase the power of the analytical tools. Many other
problems will arise from such a radical change in performance such as the weldability fatigue

and fracture problems, as well as the impact of ductility losses on the design assumptions.

2.4.2.3. Boundary conditions and post-buckling reserves

The classification system in Eurocode 3 and the Winter approach for class 4 cross-sections
are based on plate’s theory. In other words, the cross-section depends on the most slender
constitutive plate, treated separately with pinned end conditions. This approximation does not
represent accurately the real behavior of the entire cross-section, since it may lead to
conservative results and even unconservative results. In EN 1993-1-1, the boundary
conditions were represented through a plate buckling coefficient & which is discussed in
details in section 2.1. As a complement to what have been discussed, Seif and Schafer [13]
determined the plate buckling coefficients through a conversion of buckling stresses
determined by a finite strip analysis of various types of sections. They compared the assumed
finite strip k-values with the k-values defined in the AISC and it turned out that the finite strip
k values fall in a wide range and the use of a single value k-value, as defined in most of the
standards, is found to be quite approximate. Some cases may fall close to the k-value defined
in standards, but in other cases, it may be significantly higher or lower than the assumed & in
the standards. Figure 34 shows an example of the computed plate buckling coefficient of 4,
( plate buckling coefficient of the web ) of rectangular hollow sections subjected to a strong
bending moment with the computed k-value corresponding to the AISC and the mean value
resorted from the finite strip analysis. This case shows clearly that the plate buckling
coefficient is overestimated in the AISC and most importantly the calculated k-value with the
finite strip analysis are scattered through a considerable range. The actual impact of the -
value should be taken in the context of each specification and the lack of a consistent rational
basis for the assumed k-values employed in any specification would lead to inaccurate
prediction of local buckling phenomenon and most importantly to unsafe cases sometimes.

The k-value impact would however be minimized if GMNIA calculations were made since
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many effects will be added, such as cross-section plasticity, geometrical imperfections,

residual stresses etc...

100

— kaisc
— mean k FSM

50

count

1 M ﬁH s
0 10 20 30
plate buckling coefficient (k)

40

Figure 34 — Plate buckling coefficient (of the web) from the AISC and from the finite strip

analysis for the rectangular hollow sections subjected to a strong bending moment [13].

Moreover, and since the classification system has a target of avoiding the occurrence of local
buckling, the beneficial post-buckling reserves would be totally ignored, leading to

considerable non optimal use of material.

2.4.2.4. Slenderness definition
The plate relative slenderness A, used in the Eurocode 3 to determine the class limit is

defined as follows:

ﬂp: LZ ’ 2fy 25 b/t (52)
o, i E (z) 284k
12(1-07) \b
. 7’E tY . . . . .
with o, = km y being the elastic local buckling stress of a plate of width b.
-0

The k-factor is given in the standards, and is considered as the parameter which takes into
account the boundary conditions of the corresponding plate with its stress distribution. These
k-factors are derived through a superposition of the various buckling curves of a plate and the
corresponding minimum value of this superposition is considered as the relative k-value

( see Table 8 and Figure 35 ).
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Table 8 — Determination of the plate buckling coefficient for particular cases.

Boundary conditions

T A U e
-c m - |1 4.00 6.97 0.426 1.28

—-C | to | -1 23.9 39.52 - -

A bending

1 Knin=23.9

min

20

compression

10

0 1.0 2.0 3.0 a/b [-]

Figure 35 — k,,;» values for two types of stress distributions on a simply supported plate.

By setting limits on the plate slenderness, it would be possible to calculate and determine the
corresponding b/t ratios for each section class. That way, the classification of a cross-
section would be based on the slenderness, the steel grade, the stress distribution and the

boundary conditions.

The A, value corresponding to the border between class 3 and 4 has been based on the

Winter formula, while the 4, values corresponding to the border of class 1-2 (xlp =0.5 ) and

78



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections State of the art

2-3 (/1[, =0.6) look like they were determined arbitrarily, seemingly with little physical

background.

Concerning the determination of A, relative to the class 3-4 border, two Winter formulae

were defined as the following for the case of a plate simply supported ( see Table 9) .

The original Winter formula:

A, —-0.05(3+y)
2
/117

p= (33)

and the Modified Winter formula:

4, —0.055(3+y)
p= IE
14

(54)

Table 9 — ﬂ,p values relative to the class 3-4 border.

Plate boundary conditions

— —

Winter Modified Winter Winter

A 005(4y) | 4, -0055(3+y) | A, -0.188
2 2 2

Stress distribution 1

— [T - 1 0.724 0.673 0.749

—-c mw +C -1 0.887 0.874 -

Back-calculated border limits based on the b/t ratios from one hand and on the ﬂ,p values

from another hand have been performed to show the inconsistency in the plate slenderness
definitions. The results are shown in Table 10, which is divided in two parts ( delimited by

grey rows ) and consist in:
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(1) First part: assuming the existing b/t ratios in the EN 1993-1-1, and calculating the

corresponding plate slenderness relative to each b/¢ value. It can be clearly seen that

none of the back-calculted values correspond to the 4, =0.5 for the border class 1-2,

neither 4, =0.6 for the border class 2-3 and nor the 4, values corresponding to Winter

equations;

(i) Part two: assuming the plate slenderness values 4, and calculating the corresponding

b/t ratios for each 4,. Again, none of the back-calculated values correspond to the b/t

ratios defined in the En 1993-1-1, table 5-2.

Table 10 — Comparison of b/t ratios with relative plate slenderness values 4, .

border class 1-2 => 4,=?

border class 2-3 => 4,=?

border class 3-4 => 4,=?

9e => 1, =0.486

#0.5

10 => 2, =0.539

#0.6

14 => 2, =0.755

#0.749

33e=> 4, =0.581

#0.5

38e=> 4, =0.669

#0.6

42e => 1, =0.739

#0.673%*

72e=> 2, =0.519

#0.5

83 => 1, =0.598

#0.6

124g=> 1, =0.893

#0.673%*

/1p class]=0-5=>
border class 1-2?

jqv class]=0-6=>
border class 2-3?

ES
/Ip classi=var =>
border class 3-4?

2@
:
{

2@
:

13.88¢
9.268¢ 11.12¢ (/1 20749)
, =0.
#9¢ #10¢&
#l4e
41.04¢
(4,=0.724)
28.4¢ 34.08¢ 3801
21e
#33¢ #38¢ (ﬂ, =0673)
, =0.
Both #42¢
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123.14¢
(4,=0.887)
69.42¢ 83.301¢

#=72¢ #83¢

121.36¢
(4,=0.874)

Both #124¢

*var is relative to the winter equation. In cases where two values are calculated, the first one is relative to the
original Winter formula and the second value to the modified Winter formula
**the comparison is based on the modified Winter formula

2.4.2.5. Gap of resistance between class 2 and class 3

Another problem of the classification system is the presence of a discontinuity between two
classes (in some standards ). The European design code for structural steel EN 1993-1-1
defines 3 situations of stress distributions: steel sections classified as ‘plastic’
(class 1 and 2 ), ‘elastic’ (class 3) and effective (class 4). ‘Plastic’ cross-sections are
equivalent to ‘compact’ cross-sections of other standards, capable of reaching their full
plastic section capacity and ‘elastic’ cross-sections are equivalent to semi-compact cross-
sections capable of reaching only the elastic capacity. This condition will result in a
significant discontinuity at the border between class 2 and class 3 cross-sections ( see Figure
36); such discontinuity has no physical meaning and could lead to conservative and
uneconomical cross-section capacities for class 3 cross-sections. However, British standard
BS 5950-1, Australian standard AS 4100 and American code AISC-LRFD overcame this
shortcoming by allowing for linear interpolations (slightly under linear with BS 5950-1) for
the transition of the mono-axial bending moment resistances from plastic to elastic. This is
shown in Figure 37 and Figure 38 for the case of stiffened element of an RHS subjected to a
minor-axis bending. As for the Furopean standards, Lechner and Kettler ( [46] & [7])
proposed a linear transition between class 2 and class 3. The interaction criterion for hollow

sections is shown in Figure 39.
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MM,

Figure 36 — Comparison of class 3 cross-section resistances according to various standards

for a hot finished RHS under major-axis bending — a) flange decisive — b) web decisive [7].

Hot finished Profiles
1.0 BN EN 1993-1-1
BS 5950-1
— AS 4100*
— 0.8
= * £Or Cpiy/Colear=0.-90
. 0.6
o
= e
=) M
EI 0.4 PPani
=
0.2
0.0

30 35 40 45

c/(te) [-]

Figure 37 — Comparison of class 3 cross-section resistances according to various standards

for a hot finished RHS under major-axis bending — Flange decisive [7].
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Hot finished Profiles
1.0 B BN 1993-1-1
— BS 5950-1
— 0.8 - - AS 4100*
/% \ * for cﬂat/ Cclearzo'go
= 0.6 \
= v
< 04 N \ bl
20 \ \ \
1

2 0.2 Note:
~ c refers to flat widths of flange M

0.0 c=b-3t for hot fnished profiles ely

80

90

100 110

c/(te) [-]

120 130

Figure 38 — Comparison of class 3 cross-section resistances according to various standards

for a hot finished RHS under major-axis bending — Web decisive [7].

MRd A
Mpl,Rd
A 4
Mel,Rd
v
|
Class 1 Class 2 i

Removed

Added

>
c/t

Figure 39 — Design proposal for cross-section resistance of tubular sections [7].

2.4.2.6. Errors and contradictions in table 5.2 of EN 1993-1-1

Villette [51] presented a deep analysis concerning the cross-section classification system and

the slenderness limits presented in table 5.2 of EN 1993-1-1 and showed many serious errors

and paradoxes concerning the way the cross-sections are being classified. Three paradoxes

will be presented in this sub-section and more details can be found in Villete [51].

83



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections State of the art

Villette considered a monosymetric I section subjected to a major-axis bending. All
calculations presented herein were made by considering the yield limit to be 235 MPa. The

first paradox consisted in the following:

(i) The plastic analysis may be authorized through the simple reduction of the web thickness

of an I section subjected to a major-axis bending.

This paradox is clearly shown and demonstrated through Table 11 and Figure 40. Once the
web thickness is increased by 25% the section surprisingly do not verify the class 1 criteria,
although it was verified with the same section having a smaller web thickness. Figure 40
illustrates the shift in the plastic neutral axis between both considered sections with the
relative class 1 criteria verified for the section having the smaller web thickness but not for

the other, making it classified as a cross-section of class 2.

Table 11 — Application of table 5.2 of EN 1933-1-1 for two dissymmetric sections subjected
to a major-axis bending with different web thicknesses (highlighted in red).

Class 1 Class2 Class 3 Sl
class
‘,. /) € ./) € ./) 1
Verified Verified Verified

@ © | Q.

Not Verified Verified Verified
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Cross-section
with
web thickness=6 mm

Class 1 criteria
c/t=166.6 < 36/0=166.79

©

With
¢c=1000 mm
t=6 mm

!

k’NA1=215.8 mm

~ PNA2-PNA1=56.8 mm

25% increase in the
web thickness
will forbid a plastic analysis

Cross-section
with
web thickness=7.5 mm

PNA2=272.6 mm

Class 1 criteria
¢/t =133.3>36/0=132.02

O

With
¢=1000 mm
t=7.5 mm

Figure 40 — Verification of class 1 criteria for two dissymmetric cross-sections differing in

their web thicknesses, and subjected to a major-axis bending moment.

The second paradox consists in the following:

(ii) Two I sections subjected to a major-axis bending moment M, with the web thickness

being the only difference, will lead in some cases to a higher cross-section capacity for

the section having the thinner web thickness.

This case is presented and illustrated in both Table 12 and Figure 41. Three cross-sections
have been considered in which the web thickness was increased ( highlighted in red in Table
12). The first cross-section with a web thickness of # = 6 mm, belonged to class 2. When
considering a higher web thickness equal to 7 mm for the second section, the cross-section
was thrown into the class 3, while a further increment of the web thickness ( this time

7.5 mm ) threw back the cross-section into the class 2.
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Table 12 — Application of table 5.2 of EN 1933-1-1 for three dissymmetric sections subjected
to a major-axis bending.

Class 1 Class2 Class 3 Seetion
class

(% :

Verified Verified

©  © :

Not Verified | Not Verified Verified

Not Verified Verified Verified

o

Cross-section Cross-section Cross-section
with with with
web thickness=6 mm web thickness=7 mm web thickness=7.5 mm
e — I —
kNA1—247.9 mm PNA2=331.9 mm PNA3=309.83 mm
iiiiii I R
PNA2-PNAI=84 mm S I N B
e e TPNA2-PNA3=22.1 mm
e — e —
Class 2 criteria Class 2 criteria Class 2 criteria
c/t=185.8<41.5/0=186.6 c/t=159.2 > 41.5/0=139.38 c/t=148.6 <41.5/0=149.3
With With With
c=1115 mm c=1115 mm c=1115 mm
t=6 mm t=7 mm t=7.5 mm

t [mm]
Increasing web thickness

Section 1 Section 2 Section 3

The bending resistance can be
decreased with an increased web
thickness

Figure 41 — Verification of class 2 criteria for three dissymmetric cross-sections differing in

their web thicknesses, and subjected to a pure major-axis bending moment.
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And finally the third paradox consists in the following:

(iii) Every I section sufficiently dissymmetric and subjected to a major-axis bending moment
is supposed to be a class 1 cross-section, but the thinness of its web can throw it into the

class 4

In current practice, if a cross-section fulfils a certain criterion relative to a specific class, the
criteria corresponding to the higher classes are supposed to be also fulfilled. Table 13 shows a
number of examples showing that this is not the case and a contradiction is clearly
highlighted. The computations corresponding to each class criterion are also represented in
Table 13. The inaccuracy of the class 1 definition is particularly illustrated in the first
example of a cross-section for which any practitioner with common sense will not accept a
plastic analysis for such section and would even refuse to use such section. But according to
the EN 1993-1-1, the class 1 and 2 criteria are well verified and the class 3 criterion based on
an elastic distribution is not. So the cross-section would be considered as having two classes
which is completely absurd and wrong. The same contradiction is seen in the following 3
cross-section examples with more reasonable dimensions, and for which any practitioner
would make the mistake of considering them as class 1 cross-sections. The web thickness is
unsatisfying to benefit from the full elastic capacity, but is completely adequate for the
allowance of a plastic analysis. The fifth example shows a similar contradiction, but this time

between the class 2 and class 4 criteria.
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Table 13 — Application of table 5.2 of EN 1933-1-1 for 5 dissymmetric sections subjected to

a major-axis bending.

Class 1 Class2 Class 3 Sl
class
42
c/t=440<36/a=535| c/t=440<41.50 =617 | ¢/t =440> ————=85
0.67+33y
& 0
Q o 1 or 47
Verified Verified 4
Not Verified
42
c/t=200<36/a=205| c/t=200<41.5¢=236| c/t=200>———=96
- ; 0.67+33y
. 4’)
@ o 1 or 47
Verified Verified g
Not Verified
42
c/t=180<36a=200 | ¢/t=180<41.5/a =231 ¢/t=180>——"—=102
0.67+33y
3 0
Q o 1 or 47
Verified Verified 4 i
Not Verified
42
c/t=167<36/a=170 | c/t=167<41.5/a =196 c/t=167>———=107
0.67+33y
52 0
Q o 1 or 47
Verified Verified ”
Not Verified
42
= = = - c/lt=167T>———=113
c/t=153>36/a=136 | c/t 153541.5/0: 157 0.67+ 33
. r)
Q @ 2 or 47

Not Verified

Verified

%

Not Verified

In summary, the main conclusion resorting from such analysis is that the two criteria relative

to the class 1 and 2 based on a plastic stress distribution are incompatible with the criteria

relative to the class 3 and 4 based on an elastic stress distribution. All criteria should ideally

be based on a same type of stress distributions with different class limits, since these three

presented paradoxes showed that:

(i) The plastic analysis can be allowed through a simple reduction of the web thickness of

an [ section subjected to a major-axis bending moment;
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(i1)) The bending capacity of an I section can be seen to decrease with an increase of its

corresponding web thickness;

(iii) An I section, subjected to a major-axis bending, can be found to belong at the same time
to the class 1 and 4 and also with a possibility of belonging at the same time to the class

2 and 4.

Accordingly, the cross-section classification system needs to be improved or even removed to

allow for a suggestion of a more accurate and consistent design proposal.

2.4.2.7. Unconformity in the determination of the class 4 plate slenderness limit

Computations relative to class 4 cross-sections are presented based on two approaches; the
first approach rely on the application of the EN 1993-1-1 and the second is relative the EN
1993-1-5. The corresponding limits based on the two defined approaches have been

calculated for stress distributions ratios y going from 1 to -2 [52].
With the application of EN 1993-1-1, the following values could be found:

(1) For w =1, i.e. pure compression, the limit class 3-4 will be equal to 42¢;
(i) For w =—1 i.e. pure bending, the limit class 3-4 will be equal to 124¢ ;

(i) For —1<y <1 , i.e for a combined load case with compression, the limit class 3-4 will

42¢

be equal to ——;
0.67+0.33y

(iv) For w <—1 , i.e. for a combined load case with tension, the limit class 3-4 will be equal
to 62¢(1-y )/ .
With the application of EN 1993-1-5, the following values could be found:

A cross-section is considered fully effective when p =1 with relative plate slenderness being

equal to

P I IL SR (55)

" No, - 28.45\/Z

The ratio b/t can be calculated with the use of Equation (55):
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?: 0.673x28.4x & [k, (56)

where k_ depends on the stress distribution of the plate

Therefore,

(1) For w =1, i.e. for a pure compression, k_ will be equal to 4 and the limit class 3-4 will

be equal to 38¢;

(i1) For y =-1, i.e. for a pure bending, k_ will be equal to 23.9 and the limit class 3-4 will

be equal to 94¢ ;

(iii) For O0<y <1 , i.e for a combined load case without tension, k, will be equal to

8.2 and the limit class 3-4 will be equal to 55¢

1.05+y J1.05+y

(iv) For —1<y <0 , i.e. for a combined load case with compression, k, will be equal to

7.81-6.29y +9.78> and the limit class 3-4 will be equal to

19£4/7.81-6.29y +9.78y> ;

(v) For y <-1,1i.e. for a combined load case with tension, k_ will be equal to 5 .98(1 —;//)2

with the limit class 3-4 being equal to 43¢ (1-y/).

The following curves shown in Figure 42 represent the comparison between the two
approaches. It is clearly seen that the approach relative to EN 1993-1-5 would provide
ineffective portions in the cross-section plates deemed to be considered fully effective
according to EN 1993-1-1. There is thus a discontinuity in the transition between class 3 and

class 4.
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| (A8 iy

——————————— 140¢

ffffffffff 124¢

————————— 94¢

Table 5.3.1
EN 1993-1-1

————— 63¢

54¢

42¢
38¢

-2 -1 0 1

Figure 42 — Plate slenderness limits for class 4 categories, based on the EN 1993-1-5, Table
4.1-4.2 and the EN 1993-1-1, table 5.3.1.

2.4.2.8. Other inconsistencies

Many other inconsistencies and shortcomings are attached to the cross-section classification

system and should be evaluated and studied from scratch since no mechanical or physical
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background exists behind them. Some shortcomings can be cited here and explained briefly

herein. They consist in:

(i) No difference is made between fabrication processes. Only the definition of the plate
width differs with the adoption of a b—3¢ value for the hot-rolled and b —5¢ for the cold

formed sections;

(i1)) The determination of the effective section for class 4 cross-sections, require tedious long

calculations with iterations;

(ii1) In a same element, a section can have different classes depending on the load case

combination,;

(iv) No method is defined for the determination of effective section properties of the class 4

circular sections;

(v) For cross-sections submitted to combined loading, the EC3 plastic interaction equations

presents some approximations discussed in section 4.3.3;
(vi) The inclusion of element interaction is absent.

All the shortcomings listed in this section emphasize the necessacity of alternative design
approaches for the classification system. Accordingly, the next section will present the most

important existing alternatives in development with their relative aspects.
2.5. Design alternatives in development — Use of modern tools

In this section, the two main alternatives will be presented and discussed. They consist in (i)
the DSM: Direct Strength Method [1] & [53] and (ii) the CSM: Continuous Strength Method
[2]. The DSM is based on the assumption that the strength can be predicted from the ratio of
the yield strength to the elastic critical load in conjunction with a strength curve for the entire
cross-section. As for the CSM, it is a deformation-based approach based on a continuous
relationship between cross-sectional slenderness and cross-section deformation capacity and
a rational exploitation of strain hardening. These two approaches are considered to be the
actual leading approaches in steel design and the inspiration of nowadays research
developments. Therefore, a detailed presentation is essential for a better understanding of

these existing two approaches.
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2.5.1. Direct strength method — DSM

2.5.1.1. Introduction

The Direct Strength method is basically designed for cold-formed steel and does not rely on
effective widths method but is rather based on an accurate member elastic stability. It was
formally adopted in 2004 as Appendix 1 to the North American Specification for the design
of cold-formed steel structural members [54]. Therefore, the elastic buckling load in local

P, distortional P _,, and global buckling load P, ( derived using computational tools, such

crl ® crd ? cre

as CUFSM [15] or GBTUL [16] ) along with the load that causes first yield is used in a series

of simple equations providing the corresponding section or member strength.

The DSM is essentially an extension of the use of column curves for global buckling but with
consideration of other instabilities such as local and distortional modes with an appropriate

consideration of post-buckling reserves and interaction in these modes.

A brief explanation of the cross-section slenderness with base curves for beams, columns and
beam-columns is presented in the following section along with the corresponding advantage

and limitations of the DSM.

2.5.1.2. Cross-section slenderness definition

As opposed to the effective width method, the direct strength method does not use a strength
curve for each element of the section but for the entire cross-section. However, it is based on
an empirical study, just like the effective width method. The Winter curve is again adopted as
the relevant type curve. Nevertheless, the determination of the non-dimensional plate

slenderness 4, presents a small difference; while the effective width approach describes 4,

as a function of stresses, the direct strength method calculates this value on the basis of

internal forces.

Therefore, in the case of cross-sections subjected to compression, the cross-section

slenderness would be as the following:

A =Aesn = 4| (7

where N, is the squash load and N,, the critical elastic local column buckling load.
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For the case of cross-sections subjected to bending, the cross-section slenderness would be as

the following:

My
ﬂ't = /ICS,M = M (58)

cr

where M, is the yield moment and M, the critical elastic local buckling moment.

2.5.1.3. Base curves

Generally, the DSM is unable to distinguish between the support conditions of individual
elements of the cross-section neither between different types of sections. As a result, only one
conservative strength curve shall be used for all cross-section element types and for all cross-
section types. Concerning the local buckling strength, the direct strength expressions are used
to provide such type of strength including interaction with global buckling strength. However
in this study, only local buckling is considered, thus short elements are assumed to be fully
laterally braced and the global buckling strength is simply the strength at first yield (7, = P,

ne

and M, =M ). Therefore, in the following sub-sections, only the strength curves relative to

local buckling will be presented.

2.5.1.3.1. Sections in compression

For columns, the beginning of the DSM was traced to research when Hancock et al. [55]
collected research and demonstrated that for a large variety of cross-sections the measured
compressive strength in a distortional failure correlated well with elastic distortional mode
slenderness. Hancock attributed his findings to Trahair’s work on the strength prediction of
columns undergoing flexural-torsional buckling. Therefore and as already said, the DSM is
an extension of existing methods to new instability limit states with adequate consideration of
instability interactions and post-buckling reserves. A much wider set of cold-formed steel
cross-section and tests (267 columns [56], [57], [58] & [53]) which included failures in
local, distortional and global flexural or flexural-torsional modes were gathered and used for
the development of the direct strength method beyond the previous findings concerning
distortional buckling. Figure 43 presents the gathered data in the direct strength format. For

the local failures the normalization of P,, is to P, the maximum strength due to global

test

buckling ( i.e. local-global interaction ), while for distortional buckling the normalization of

test

P isto P, the squash load of the column.
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Figure 43 — Comparison of the Direct Strength Method predictor curves with test data for

columns.

The nominal axial strength P,

.

,» for local buckling is:

Fe ford, <0.776
0.4
1-0.15 (PM}
B, = B, » (59)

Pcrl 0.4 ne
P ford, >0.776

ne

However if the following cross-sectional slenderness is introduced ( as discussed in the

previous section ):

A =Aes y = — (60)

where N, is the critical elastic local column buckling load and N the yield load.

Equation (59) becomes:
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N, Jordes , <0.776
ﬂ’CS,N
208 Y fordesy >0.776

CS,N

2.5.1.3.2. Beams

(61)

The first mention of the direct strength method was relative to the development of the method

for beams. Schafer [58] & [53] collected a large database of sections to explore distortional

buckling in C and Z section beams and local and distortional buckling in deck sections with

multiple longitudinal intermediate stiffeners in the compression flange. Meanwhile, Hancock

and related researchers at the University of Sydney demonstrated that distortional buckling

failures for a wide variety of failures were well correlated with the elastic distortional

slenderness ([59] & [55]). The performance of the DSM against experimental data

( 569 beam tests ) is graphically provided in Figure 44.

1.5
Local
Distortional
e Local
1~
®  Distortional
]Mtest
My
0.5
0 T T T T
0 1 2 3 4
7\'max - My /Mcr

Figure 44 — Comparison of the DSM predictor curves with test data for beams.

Note for the beams of Figure 44, all of the M

test

first yield, M , because all the employed test data were for laterally braced members.

The nominal flexural strength M _,, for local buckling is:

nl >

values are normalized against the moment at
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M, ford, <0.776

M 0.4
1-0.15] —<
Mnl = Mne (62)
M

M”l 0.4 ne
M ford, >0.776

ne

However if the following cross-sectional slenderness is used (as discussed in the previous

section):

/11 = //LCS,M = My (63)

cr

where M, is the critical elastic local buckling moment and M | the yield moment.

Equation (62) becomes:
M, Jordes, <£0.776
0.15
Md:m = (l_ogj (64)
//LCS,M

A Y fordeg, >0.776

2.5.1.3.3. Beam-columns

The DSM proposed beam-columns equations are the same as for simple load cases, but

replacing £, and P, with B and S, to obtain the nominal capacity f,:

B,=1(8..5,) (65)

In other terms, if we consider the P-M-M space defined in z-x-y and in Cartesian or spherical

coordinates ( see Figure 45 ), then:

Ml
X=—m— ;= 1z = 66
i, y (66)

and the nominal capacity 4, would be equal to:

B, =X +y*+z’ (67)
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with

Oy, =tan” (y/x) and ¢, =cos™ (z/f3)

Thus the nominal local strength S, would be:

For 4,<0.776
ﬁnl = ﬁne
For 4, >0.776
0.4 0.4
B = 1_0'15(&J {&] B,
y ﬂ)’
where 4, = b, ;

crl

B, = Critical elastic local buckling magnitude under combined P-M-M resultant;

B, = First yield under combined P-M-M resultant.

Figure 45 — P-M-M space.

(68)

(69)

(70)

That way, the radial distance S, will be able to capture the combined loading and buckling

collapse with only minor changes in the DSM equations. Some improvements need to be

applied to these equations, mainly the introduction of inelastic bending reserve capacity into
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the f, prediction. More details on the Direct Strength Method for beam-columns can be

found in ( [58], [53] & [60] ).

Now that main DSM aspects relative to local buckling have been presented, advantages and

limitations will be listed in this section for a clear overview on DSM characteristics.

2.5.1.4. Practical and theoretical advantages and limitations of DSM

Advantages:
A good number of practical advantages exist with the use of the DSM, mainly:

(1) No effective width calculations with long iterative procedures as DSM uses gross cross-

section properties;

(i1) Elastic buckling analysis can be achieved by means of computer softwares with the use
of freely available tools like CUFSM and the calculations are directly integrated into
DSM in a simple way;

(ii1)) DSM provides a general method for the design of cold-formed steel members with much
broader extensions than traditional limited specification methods. The main focus is on
correct determination of elastic buckling behavior rather than effective widths

determinations;

(iv) DSM includes the interaction of elements within a cross-section. A simple example for
columns, included in Figure 46, shows the importance of the consideration of the
interaction of elements. To better visualize this effects, the strength prediction of the
EWM and the DSM are compared as a function of the web slenderness of a C section
column. Both methods seemed to provide similar overall reliability levels, but a closer
look into Figure 46 demonstrates some errors in the strength predictions with the EWM.
As web slenderness increases, the EWM solution becomes conservative. This behavior is
due to the fact that for such C-sections, the flange keeps almost the same width when the
web depth increases, i.e. the local web/flange interaction is essential and the detrimental
behavior expressed with the EWM is mainly due to the fact that the EWM uses the
element approach, so that the web and flange are considered totally independent.
However, DSM, which include element interaction, has a good reliability over the full
range of web slenderness, thus accurate strength prediction should include element

interaction [53];
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Figure 46 — Test-to-predicted ratio for the Effective Width Method (left) and the Direct
Strength Method (right) for all lipped columns [1].

(v) Design for distortional buckling of beams and columns is derived, thus DSM includes

all stability limit states;

(vi) DSM encourages cross-section optimization and provides a good simple basis for

rational analysis extensions.

Limitations:

Many limitations of DSM exist as well, such as:

(1) There is a limited number and geometry of pre-qualified members;

(ii)) DSM can be overly conservative if very slender elements are used, because the neutral

axis shift is ignored and the DSM performs an analysis conducted on the entire-section
as a whole, not for the elements in isolation, i.e. DSM will predict a low strength for the
entire member if there is a very slender element in the cross-section which could drive
the elastic buckling stress of the cross-section to approach zero. However the EWM will
only consider a low strength for the slender element, i.e. that only the element itself will
have no strength, allowing thus the rest of the elements to carry additional load.
However, one should keep in mind that such cross-sections will have serviceability
problems, and the addition of appropriate stiffeners in the slender element will improve

the DSM predicted strength;

(ii1)) The DSM strengths equations are empirical, just like the effective width equation and the

columns curves but with a quite bigger range of cross-sections investigated;
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(iv) The derived DSM curves do not account for strength increase due to cold-work of

forming;

(v) No definitive provisions for inelastic reserve: however, a first proposal for inclusion of

inelastic reserve is presented in [61].
(vi) No web crippling provisions and no provisions for members with holes;

(vii) Significant research remains to extend DSM to structural hot-rolled steel. A proposal for
hot-rolled and welded cross-section in compression and bending is made in [62].
Structural steel is characterized with thickness variations inexistent in thin cold-formed
section thus creating unique cross-section stability modes. Moreover, inelastic buckling
is more pronounced in structural steel and the influence of residual stresses and strain

hardening must be taken into account in a proper way.
2.5.2. The continuous strength method — CSM

2.5.2.1. Introduction

The continuous strength method was designed as an alternative to the concept of cross-
section classification mainly for materials exhibiting a non-linear behavior. A more accurate
material modeling and continuous non-dimensional numerical measure of the deformation
capacity is proposed, instead of the currently classification technique suitable for materials
with a stress-strain response resembling the idealized elastic-perfectly plastic material model.
The strength is limited by either material yielding of the gross section, with a plastic or
elastic-plastic distribution of stresses, or yielding of an effective section, neglecting thus the
strain hardening effect of non-linear materials. A replacement of the behavioral classes has
been proposed by Gardner ([2] & [63]) and consists of a continuous measure of the
deformation capacity of the cross-section. A relationship between the cross-section
slenderness and the cross-section deformation capacity has been proposed on the basis of stub
column tests, so that the strength of the corresponding cross-section may be then determined
using this deformation capacity and a material model reflecting the non-linear nature of

materials.
So, two key features represent the basis of the continuous strength CSM:

(i) A base curve defining the strain level of a cross-section in function of its slenderness;
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(i1)) A material model, reflecting the strain-hardening capacities of the studied material.

A brief explanation of the cross-section slenderness, the key role of strain ratio and the
material model of the CSM is followed, to then present the CSM base curve of I sections and

box sections and the way to derive the compression and bending resistance of a cross-section.

2.5.2.2. Cross-section slenderness definition

The cross-section slenderness is defined in a non-dimensional form as the square root of the

ratio of the yield stress f, to the elastic buckling stress of the section. However, for cross-

section with interactive connected plates, the elastic buckling stress of the entire cross-section

o, . can be used to allow for the plates’ interaction. Therefore, the elastic buckling stress

can be determined by either the approach adopted in the direct strength method ([14] &

[13]) (to account for the plates’ interaction) or also as recommended in the Eurocodes [64].

The Eurocode approach is prooved to be conservative according to [65] and the DSM
approach from Seif and Schafer ( [13] & [14] ) accounting for the total cross-section element
interaction for local buckling will result in a stockier cross-section and favorable results.
However, the Seif and Schafer ([13] & [14] ) method is not yet presently recognized in
Eurocodes and not adapted for combined load cases. Therefore, the Eurocodes method may
be adopted to avoid these instances and stay on the safe side with the consideration of a most

slender element as the leading element in the cross-section capacity determintation [65].

2.5.2.3. Strain ratio and material model
The strain ratio ¢, /&, representing the cross-section deformation capacity is defined in a

normalized way and taken as the ratio of the strain at the ultimate load and the yield strain.
The strain ratio can be determined from collected stub column and beam test results. The

following graphs represent the gathered data for both stub and beam test results.
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Figure 47 — Comparison of stub columns test with Eurocodes [2] & [63].
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Figure 48 — Comparison of beam test results with Eurocodes [2] & [63].

To make the transition between slender and non-slender sections, a linear regression based on

the test data indicated a value of A4, =0.678, for which

N,

u,test

/ Ao, , equals unity. Therefore,

this slenderness value marks the interest of applicability of the CSM, since no strain

hardening can be developed beyond this limit.
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Earlier versions of the CSM employed the Ramberg-Osgood material model, which led to
complex resistance equations incorporating many factors. This is the reason why CSM
employed a material law which was a compromise between hot-rolled and cold-formed
material laws since bi-linear, elastic-perfectly plastic material laws were out of the question
due to their conservatism and no strain hardening consideration. This law was composed of

an elastic portion followed by a linear hardening material stage as shown in Figure 49.

The adopted model consists of an initial linear region with its corresponding Young’s

modulus E, ending up to a stress point defined as ( fy,gy) where f is taken as the material
0.2% proof stress and ¢ is the corresponding elastic strain &, = E/ f,. A strain-hardening

region follows defined by its corresponding slope E,, , determined from the line passing from

h o

the 0.2% proof stress to a maximum point (&,,., fi. ) With &, taken as 0.16s, where &, is

the ultimate tensile strain, and f,  is taken as the ultimate tensile stress. A value of

max

E, =E/100 combined with the condition f,/f, >1.1 (based on EN 1993-1-5 and EN

1993-1-1) leads to the proposed combined critieria of £, :

Ey /7]

E 10 71

With By <0.01
E
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Figure 49 — CSM elastic, linear hardening material model.
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The end shortening at the ultimate load &, divided by the stub column length L is used to

define the failure strain of the cross-section ¢, for stub columns where the ultimate test load

N, exceeds the section yield load N,. The deformation capacity &, is then defined as

g, —0.002 for sake of compatibility with the adopted material law avoiding thus over-

predictions of capacity ( see Figure 50 ).

u

Ep =— &, = Kuymax

E..n =&, —0.002 &, =&, —0.002

(&

Figure 50 — Stub column load end-shortening response ( N, >N, ) (left), beam moment-

curvature response ( M,>M,;) (right).

In cases of slender sections where failure occurs before reaching the yield limit, elastic local
buckling will be followed by a stable post-buckling stage, resulting in a high deformation
capacity but a peak load below the yield load leading thus to over-predictions when using the
former CSM strain ratio definition. Therefore the deformation capacity is thus defined for

slender cross-sections with the following equation:

Eem _ Nu (72)

2.5.2.4. Base curve
Test data on stainless steel and carbon steel stub and 4 point bending tests were gathered from
a wide variety of experimental programs and plotted in Figure 51, in the CSM format, i.e. as

a function of the normalized deformation capacity ¢, /&, versus cross-section slenderness

A

D
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A similar function form to the one given by Equation (74) was suggested ( see Equation (73))

and the relationship between normalized critical elastic buckling strain &, /&, and plate

slenderness was adopted for the definition of the CSM curve which was then fitted to the test
data and the values 4 and B were determined and accounted for the effects of inelastic
buckling, imperfections, residual stresses and post-buckling response. Equation (75) was thus
proposed and passed through the identified limit point (0.68, 1) between slender and non-

slender sections.

& A
T 0
y P
& 1
P 4
y p
&, 025
c = 2{346 (75)
y P

With e < min[lS, 0.1, ]

Ey Sy

Two upper bounds were attached to the proposed CSM equation; the first one limits the
cross-section deformation capacity to a value of 15 which is in accordance to the material
ductility recommended in EN 1993-1-1 and also to prevent excessive strains. The second

upper bound for the cross-section deformation capacity was set to 0.1¢, /&, related to the

proposed stress-strain material model and ensures that the material strength is not over-

predicted.
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Figure 51 — Base curve-relationship between strain ratio and slenderness.
2.5.2.5. Cross-section bending and compression resistance

Once the normalized deformation capacity of the cross-section ¢, / £, is established through

on the design base curve, the CSM proposed material model can now be used to determine
both compression and bending resistances.

Compression resistance

The cross-section compression resistance is given by Equation (76) where A4 is the gross

cross-section area f, =~ is the limiting stress determined from the strain hardening material
( see Equation (77) ):

A
Ncsm,Rd = f;Sm (76)
Vo
8csm
f;':m = fy + Eshgy { £ - IJ (77)
¥

Bending resistance
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M., can be calculated with conjunction of the material material through Equation (78) —

assuming that plane sections remain plane and normal to the neutral axis in bending — where f

is the stress in the section with a maximum outer fibre value of f, , y being the distance

from the neutral axis and dA4 is the incremental cross-sectional area:

M, = frdd (78)

Detailed derived CSM equations for minor and major-axis bending can be found in [63].

2.5.2.6. Cross-section beam-column resistance

The proposed CSM interaction formulae for hollow sections under major or minor-axis

bending with compression is given by the following two equations:

r a, /b,
MEd,y S MR,cxml,y = Mavm,y 1 - [%j (79)
r a 1/b,
N z
MEd,z S MR,csml,z = Mcsm,z 1 - [N_Ed} (80)

while the expression for biaxial bending with compression is given by the following

equation:
Peom Besm
M
L +( wl.E J <1 (81)
MR,c:m,y MR,csm,z
where N, M, and M, are the CSM compression and bending (major and

minor axes ) resistances, which act as the end points of the interaction curves and are

calculated as mentioned in the previous section. M and M are the reduced CSM

R,csm,y R,csm,z

bending resistances about the major and minor axes due to the existence of the axial load

N

Ed *

Note that the ‘1’ in the subscript signifies resistances determined on the basis of the proposals

of Liew and Gardner [66].
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2.5.2.7. Simplified CSM for beam-column

A simplified CSM approach is proposed, in which for hollow sections under uniaxial bending
plus compression, the bi-linear form of the Eurocode interaction curves is maintained, but

with N, M and M, . replacing Ao,,, M

csm 2 csm,y

2, and M, as shown in Equation (82)

and Equation (83), where M and M are respectively the reduced CSM bending

R,csm,y R,csm,z

resistances about major and minor axes due to N, .

M, <M,. =M, G (82)
Y R,csm,y csm,y (1 . O.SCZW) csm,y
o osm =y ) (83)

Ed,z — R,csm,z csm,z - csm,z
(l —-0.5a f)

The interaction formula for hollow sections under biaxial bending plus compression is shown

in Equation (84) in which «_, and g, are taken from EN 1993-1-1, but based on the CSM

csm

end points, i.e. a,,, =B, =1.66/(1—l.13n2 ) in which n

csm

=N,,/N,, . It is proposed that

csm csm

Equations (82) and (84) apply when the cross-section slenderness 4, is less than or equal to
0.6. For A, greater than 0.6, the linear interaction given by Equation (85) is proposed to

ensure compatibility with increasingly elastic end points as the cross-section slenderness

approaches A, =0.678, where the CSM axial and bending resistance are equal to Ao,,

Mel,y and M,. [67].
Qg Besm
M M
Edy T <1 (84)
MR,csm,y MR,csm,z
M
Neg , Mray M. <1 (85)
N csm csm,y csm,z

The approach of using the CSM compression and bending resistances as the end points for
the Eurocode interaction curves was shown to provide accurate predictions of the resistance

of stainless steel cross-sections under combined loading [67].

2.5.2.8. Practical and theoretical advantages and limitations

Advantages
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A good number of practical advantages exist with the use of the CSM, mainly:

(i) The strain hardening effects are taken into account in design unlike all other design
approaches limiting the cross-section resistance to the yield load. The main focus is on
the correct determination of the strain reached to be able to calculate the corresponding

stress;

(i) Being based on the strain capacities, the CSM allow for an accurate determination of the
relative stress, since a stress could be constant in a material law (i.e. elastic plastic
material law ), i.e. a stress value could have many strain deformation values, but a strain
can never be constant in a material law, and leading the design through deformations at

first would be way more accurate than leading it starting with stresses;
(ii1)) CSM encourages cross-section optimization with the provision of a good simple basis.
Limitations

(i) The CSM strengths equations are empirical based on a curve fitting of the strain curve

with gathered results;

(i1) No shear provisions, no web crippling provisions and no provisions for members with

holes are available.
2.6. Summary

Literature review has been conducted in this chapter. The plate buckling background has been
deeply reviewed, along with the possible methods to get and an adequate buckling curve. An
overview of the history of plasticity was also presented. Besides, many current design
methods were introduced, compared and commented and in particular the shortcomings of
the classification system were listed and detailed. Then, existing alternatives were also

introduced and discussed.

All of these sections and sub-sections would be of a great importance for the derivation of the
OIC design curves, since an adequate method has been selected, after getting a strong basis
and overview on the local buckling and plasticity background. Most importantly, the
described existing alternatives would constitute a strong inspiration for the OIC since the new

design approach will include many of the offered features of the DSM and the CSM.

In summary, this state of the art would serve the author through the following listed aspects:
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(@)

(i)

A deep understanding of local buckling background is of a prime importance since it is
one of the aspects which should be treated in this work. Therefore, derived Von Karman
and Winter formulae would be used and extended since they constitute a basis of the

existing first developments regarding local buckling;

Since the main target of this work is to propose interaction buckling curves, the methods
of treating and getting the ultimate buckling loads were presented and the most practical
simple, yet accurate method was seen to be the method of the interaction buckling curves

which will be developed and derived using numerical results in next chapters;

(ii1) It would be also important for the author to get an overview of the actual treatment of

local buckling in various standards. It turned out that there are non-negligible differences
amongst the classification systems of these specifications and a better solid and accurate

basis was needed for a better uniformity among various codes;

(iv) A better understanding of the need to remove the actual classification system in itself

was presented through listing its various shortcomings. It was clearly seen that there are
lots of discrepancies, inconsistencies and inaccuracy through the use and application of

the cross-section classification system;

This chapter could not be completed without presenting the actual alternatives of the
classification system. The most important two research advances were presented: the
DSM and CSM. Many aspects included in both alternatives would be very useful for the

author to derive the OIC interaction design curves relative to hollow steel sections.
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3. Experimental investigations

3.1. Introduction and objectives

This chapter mainly summarizes experimental activities led towards the cross-sectional
resistance of tubular profiles and the development and validation of associated finite element
models. A series of tests on short tubular profiles is first described, as well as complementary

measurements relative to:

(i) Material properties;

(i) Residual stresses;

(ii1) Geometrical imperfections.

Then, a total of 12 stub columns and 45 cross-sectional tests with various loading conditions
are presented with the test set-up and the testing procedure. The tests have been conducted on
square, rectangular and circular sections, and cover several fabrication modes. The complete
set of results is provided in Annex 5 and Annex 6. At the end of this chapter, comparisons are
made with EC3 predictions and a collection and analysis of experimental data in literature are

presented.
3.2. Test program

The experimental program was carried out on a wide variety of cross-sectional shapes ( RHS,
SHS, CHS ) with various dimensions and local plate slenderness in order to investigate the
influence of local buckling on the plastic, elastic-plastic or slender cross-section capacity of
the tubular sections. The main aim of this test series was to examine the cross-sectional
behavior of structural hollow sections and to provide an experimental reference to the

assessment of numerical models.

The test program comprised 57 tests involving 12 different section shapes with various
fabrication modes ( cold-formed, hot-finished and hot-rolled ), selected so that their cross-

sectional behavior span from plastic to slender:
(i) RHS 200x100x4, S355, cold-formed;
(i1) RHS 220x120x6, S355, cold-formed;

(ii1) RHS 250x150x5, S355, hot-finished;
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(iv) RHS 200x100x5, S355, hot- finished;
(v) SHS 200x200x5, S355, hot- finished;
(vi) SHS 200x200x5, S355, cold-formed;
(vii) SHS 200x200x6, S355, cold-formed;
(viil)SHS 200x200x6.3, S355, hot- finished;
(ix) CHS 156x6.3, S355, hot-rolled;

(x) CHS 159x6.3, S355, cold-formed;

(xi) CHS 159x5, S355, hot-rolled;

(xii) CHS 159x7.1, S355, hot-rolled.

Nine 3.5 m and 6 m beams ( for a total of twelve elements ) were delivered at the Structural
Engineering Laboratory of the University Of Applied Sciences Of Western Switzerland —
Fribourg. Each beam was divided into 700 mm length short specimens and pieces of each
parent beam were kept for the residual stresses measurements, tensile tests coupons and stub
column testing ( see Figure 52 ). The test program is summarized in Table 14.

‘ 625 mm ‘ 625 mm 150 mm 700 mm 700 mm 700 mm
\ | T | \

] Stub column [ Test specimen Test specimen Test specimen

Residual stresses
3500 mm

Figure 52 — Partition of a 3500 m beam.

Measurements of cross-sectional dimensions and of geometrical imperfections were made,
and tensile tests were carried out to determine the material stress-strain behavior. Stub
column tests were also performed for all cross-section types. As for the main cross-sectional
tests, six load cases (LCs) were differentiated. Mono-axial and bi-axial bending with axial
compression load cases were considered through the application of eccentrically-applied
compression forces. Different M /N ratios have been adopted, in order to vary the
distribution of stresses on the flanges and webs — thus the failure modes — and the following

load cases were adopted:
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(i) LCI1: pure compression N;

(i) LC2: major-axis bending M (50%) + axial compression N (50%) 5

(iif) LC3: bi-axial bending M, (33%)+ M (33%)+ axial compression N (33%);
(iv) LC4: minor-axis bending M_(50%)+ axial compression N (50%);

(v) LCS: bi-axial bending M, (25%)+M_ (25%)+ axial compression N (50%) ;

(vi) LC6: bi-axial bending M, (10%)+ M (10%)+ axial compression N (80%) .

3 The percentages reported here are relative to the (expected) amount of cross-sectional resistance respectively

mobilized by each interal force.
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Table 14 — Test program for cross-sectional tests.

Test # Specimen Fa;)b;izz;ison L[enmgt]h Load case

1 RHS_LCl1_S355CF_200x100x4 Cold-formed 700 N

2 RHS_LC1_S355CF_220x120x6 Cold-formed 700 N

3 RHS_LC1_S355HF 250x150x5 Hot- finished 700 N

4 RHS LC1_S355HF 200x100x5 Hot- finished 700 N

5 SHS LC1_S355CF_200x200x5 Cold-formed 700 N

6 SHS_LC1_S355CF_200x200x6 Cold-formed 700 N

7 SHS LC1_S355HF_200x200x5 Hot- finished 700 N

8 SHS_LC1_S355HF_200x200x6.3 Hot- finished 700 N

9 CHS_LC1_S355CF_159x6.3 Cold-formed 700 N

10 CHS_LC1_S355HF_159x6.3 Hot-Rolled 700 N

11 CHS_LC1_S355HF_159x5 Hot-Rolled 700 N

12 CHS_LCl1_S355HF_159x7.1 Hot-Rolled 700 N

13 RHS_LC2_S355CF_200x100x4 Cold-formed 700 N+ M,
14 RHS_LC2_S355CF_220x120x6 Cold-formed 700 N+M,
15 RHS LC2 S355HF 250x150x5 Hot- finished 700 N+ M,
16 RHS_LC2_S355HF_200x100x5** Hot- finished 700 N+M,
17 SHS_LC2_S355CF_200x200x5 Cold-formed 700 N+ M,
18 SHS LC2_S355CF_200x200x6 Cold-formed 700 N+M,
19 SHS_LC2_S355HF_200x200x5 Hot- finished 700 N+ M,
20 SHS LC2 S355HF 200x200x6.3 Hot- finished 700 N+ M,
21 CHS_LC2_S355CF_159x6.3 Cold-formed 700 N+ M,
22 CHS_LC2_S355HF 159x6.3 Hot-Rolled 700 N+ M,
23 CHS_LC2_S355HF_159x5 Hot-Rolled 700 N+M,
24 CHS_LC2_S355HF_159x7.1** Hot-Rolled 700 N+ M,
25 RHS_LC3_S355CF_200x100x4 Cold-formed 700 N+ M, + M.
26 RHS_LC3_S355CF_220x120x6 Cold-formed 700 N+ M, +M,
27 RHS_LC3_S355HF _250x150x5 Hot- finished 700 N+ M, +M.
28 RHS_LC3_S355HF_200x100x5 Hot- finished 700 N+ M, +M,
29 SHS LC3_S355CF_200x200x5 Cold-formed 700 N+ M, +M.
30 SHS_LC3_S355CF_200x200x6 Cold-formed 700 N+ M, +M,
31 SHS LC3_S355HF 200x200x5 Hot- finished 700 N+ M, +M.
32 SHS_LC3_S355HF_200x200x6.3 Hot- finished 700 N+ M, +M.
33 CHS_LC3_S355CF_159x6.3 Cold-formed 700 N+ M, +M.
34 CHS_LC3_S355HF_159x6.3 Hot-Rolled 700 N+ M, +M.
35 CHS_LC3_S355HF_159x5 Hot-Rolled 700 N+ M, +M,
36 CHS_LC3_S355HF 159x7.1 Hot-Rolled 700 N+ My +M.
37 2_SHS_LC1_S355CF_200x200x6* Cold-formed 700 N

38 2_SHS_LC2_S355CF_200x200x6* Cold-formed 700 N+M,
39 2_SHS_LC3_S355CF_200x200x6* Cold-formed 700 N+ M, +M,
40 RHS_LC4_S355CF_220x120x6 Cold-formed 700 N+ M, +M.
41 RHS LC5 S355CF_220x120x6 Cold-formed 700 N+ M, +M.
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42 RHS LC6_S355CF_220x120x6 Cold-formed 700 N+ M, +M.
43 RHS_LC4_S355CF_200x100x4 Cold-formed 700 N+ M, +M.
44 RHS_LC5_S355CF_200x100x4 Cold-formed 700 N+ M, +M.
45 RHS_LC6_S355CF_200x100x4 Cold-formed 700 N+ M, +M.
46 RHS_Stub_S355CF_200x100x4 Cold-formed 600 Stub
47 RHS_Stub_S355CF_220x120x6 Cold-formed 680 Stub
48 RHS_Stub_S355HF_250x150x5 Hot- finished 750 Stub
49 RHS_Stub_S355HF 200x100x5 Hot- finished 600 Stub
50 SHS_Stub_S355CF_200x200x5 Cold-formed 600 Stub
51 SHS_Stub_S355CF_200x200x6 Cold-formed 600 Stub
52 SHS_Stub_S355HF_200x200x5 Hot- finished 600 Stub
53 SHS_Stub_S355HF_200x200x6.3 Hot- finished 600 Stub
54 CHS_Stub_S355CF_159x6.3 Cold-formed 480 Stub
55 CHS_Stub_S355HF_159x6.3 Hot-rolled 480 Stub
56 CHS_Stub_S355HF_159x5 Hot-rolled 480 Stub
57 CHS_Stub S355HF 159x7.1 Hot-rolled 480 Stub

* The rectangular cross-section 200x200x6 has two test specimens for the first three load cases.
** No available results recorded.

It should be noted that recorded data from two experimental tests
(RHS_LC2 S355HF 200x100x5 and CHS LC2 S355HF 159x7.1) could not be retrieved
due to unexpected technical and electrical difficulties with the recording software, which

explains that no results corresponding to these two tests will be presented.

3.3. Preliminary measurements

3.3.1. Cross-sectional dimensions

The cross-section dimensions such as the depth H, the width B, the thickness ¢ and the
diameter D were measured before welding end plates at the specimens’ ends ( see Figure
53). It is indeed of a prime importance to have the actual cross-sectional dimensions for sake
of an accurate test vs. FE modeling comparison. The measurements were performed using
tools such as calipers, micrometers and measuring tapes. The depth H, the width B and the
diameter D were measured several times along the specimen length ( see Figure 53 ). As for
the specimens’ thicknesses, they were measured at both ends of each element. The tabulated
values as well as a comparison with the tolerances of the relevant codes ( EN 10210-2 [68]
for hot formed sections and EN 10219-2 [69] for cold formed sections ) can be found in
Annex 1, Annex 5 and Annex 6. An illustrative example of the measured cross-sectional

dimensions for the profile RHS 200x100x5 HF is presented in Figure 54.
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3.3.2. Geometrical imperfections

Measurement of geometrical imperfections was achieved by means of an aluminium
perforated bar containing 9 equally-spaced variable displacement transducers (LVDTs), the
bar being displaced sideways on each specimen’s plate in order to get 3D geometrical plate
representations ( see Figure 55) ([3] & [7]); after having measured all 4 faces of a
specimen, all information have been gathered in a recomposed specimen that contains the
measured local geometrical imperfections (see Figure 56). The measured grid was
introduced in a code specially developed for adapting the measured grid to the FE desired
mesh, through a double interpolation in both directions of the constitutive plates of each
profile. The objective was to provide accurate data for the FE models in a later stage of the
investigations. The aluminium bar supporting the LVDTs was designed so as to be able to
move the LVDTs themselves within the bar, and to let the possibility to adjust the position
according to the desired height corresponding to the end plate dimensions. An example of the
measurement procedure of local imperfections is shown below, along with a general
imperfect shape of the specimen SHS LC2 200x200x6 CF with the contour plots of its
imperfect plates separately. All measured data with general imperfect shapes can be found in
Annex 5 and Annex 6 along with a set of illustrative figures of the measuring procedure for

the three types of sections ( square, rectangular and circular ).

Figure 55 — Geometrical imperfections measurement — LVDTs detail.
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Figure 56 — Measured local flange and web geometrical imperfections of specimen

SHS_LC2_200x200x6_CF.
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3.3.3. Residual stresses

3.3.3.1. Fabrication process and type of residual stresses

Residual stresses are defined as self-equilibrated stresses present in materials under uniform
temperature conditions without external loading. Their origin is related to the section
production process and is associated with differential cooling and/or non-uniform plastic
deformation, i.e. such stresses will always be produced if regions of a material are
inhomogenously deformed in such a permanent manner that strain incompatibilities occur.
The premature yielding is therefore considered as the cause of the general influence of
residual stresses on structural members, leading to a loss of stiffness and a reduction in load-
carrying capacity since the stress state will be composed of loading stresses in addition to

residual stresses.

The resultant force and the resultant moment produced by the residual stresses must be zero
since they are self-equilibrated stresses. There are three recognized types of residual stresses

that equilibrate over different scales:

(1) Type I macroscopic residual stresses act and equilibrate over the macro-scale. They are
nearly constant in magnitude and direction across large areas (i.e. across several grains)
of a material. The type I stresses have the greatest effect on the structural behavior;

(i1) Type II is nearly constant in magnitude and direction across microscopic areas (i.e. one
grain or part of a grain) of a material and are equilibrated across small parts of a grain;

(ii1) Types III micro-residual stresses act over the micro-scale and are related to more local
stress disturbances caused between and within the metal grain structure. Neither their
magnitude nor their direction are constant across submicroscopic areas of material (i.e.

several atomic distances within a grain) and are equilibrated across small parts of a grain.

Further details on these distinctions and on the origin of residual stresses are given in

[70] & [71].

Several factors such as manufacturing process, cross-section shape and thickness may cause
different residual stress distribution. In roll-forming of closed-form sections, the residual
stresses are mainly created during the fabrication process and are associated with plastic
deformations and differential cooling. The main stages causing the formation of residual

stresses include:

120



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Experimental investigations

(i) First stage: the sheet coil is flattened; the sheet material used for cold forming can be
either hot-rolled or cold-reduced; sheet material is then rolled onto a coil for storage and
transportation. Subsequently, the material is uncoiled and leveled for further processing.
The process of coiling and uncoiling the sheet material induces additional plastic
deformation altering the through thickness residual stresses distribution;

(i1) Second stage: roll forming, i.e. the sheet is bent progressively along the width direction;

(ii1) Third stage: welding of the bent strips to form a circle or a square section;

(iv) Fourth and last stage: sizing to finalize the exact shape.

Usually, the roll-formed hollow sections do not receive post-forming stress-relieving heat
treatment, resulting in locked-in residual stresses approaching the yield stress of the material.
Their distribution is known to be complex both around the section and through the section
thickness. The cold-formed non stress-relieved sections and the common structural sections

are distinguished by flexural through thickness stresses.

Aforementioned in the third stage above, a cold-formed square or rectangular hollow section
can be formed by rolling an annealed flat strip directly into a square hollow section, which is
then welded at the edges ( press bending ). Also, bending an annealed flat strip into a circular
hollow section first can create a cold-formed hollow section, which is then welded at the
edges. This process is completed by further rolling into a square hollow section ( roll
bending ). Differing levels of plastic deformation resulting in different residual stress patterns
will result from the two cold-forming techniques. The cold-rolling process is actually
preferable due to its more effective production. More details concerning the differences in

residual stresses with these two fabrication process are discussed in [72].

The residual stresses formed in hot-rolled sections are normally due to differential cooling
rates due to variation in material thickness. The faster cooling regions of the section, such as
the corners, are left in residual compression and the slower cooling regions such as the webs

and flanges are left in residual tension ( see Figure 57 ).
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Figure 57 — Cold-rolled (left bottom) and hot rolled fabrication process.

Regarding the particular cases of circular sections, and in hot-rolled fabricated sections, the
residual stresses will mainly be flexural (thermal) stresses caused by uneven cooling
between the inner and outer surface. As for the cold-formed circular sections, they will also
be exhibiting flexural stresses, due however to plastic deformation and not thermal
conditions. The longitudinal stresses present in both fabrication processes will mainly be
flexural and not membrane due to the section polar shape enabling a ‘theoretical’ even
cooling in each inner or outer surface alone, leading subsequently to the elimination or

neglect of the membrane residual stresses.

A summary of the main sources and sub-sources of Type I residual stresses are presented in

the following table [71]:

Table 15 — Main and sub-sources of Type I residual stresses.

Elastic-plastic loading Bending, torsion, tension, compression
Machining Grinding, turning, milling, planning, drilling
Joining Welding, soldering, brazing, adhering
Forming Rolling, pressing, forging, spinning
Heat-treating Quenching, transformation, hardening, case hardening
Coating Spraying, plating, galvanizing
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Key and Hancock [73] studied the influence of residual stresses components on the axial
compression behavior of thick carbon steel hollow sections. Their measurements were able to
show the complex through-thickness residual stress distribution. The measured residual
stresses components in both the longitudinal and transverse directions were included
progressively in the finite strip analysis of stub column behavior. Key and Hancock [73]

proposed models for the through-thickness variation as shown in Figure 58.
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Figure 58 — Analytical models for through-thickness residual stresses; (a) analytical model

for panel removal residual stress, (b) analytical model for layering residual stresses.

Key and Hancock [73] concluded that the longitudinal membrane residual stresses
component had a negligible influence on the section behavior, whereas flexural residual
stresses which varied linearly through the plate thickness affected the results and the ultimate
load as well as the axial stiffness. The addition of the layering residual stresses induced a

small influence on the ultimate load, but the axial stiffness was reduced at an early stage.
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Finally the addition of the measured transverse residual stresses resulted in a small decrease
in ultimate load, but around a 9% decrease in the axial stiffness. Therefore, the two kind of
residual stresses affecting the most, the ultimate load capacity and the axial stiffness of stub

columns are the bending and transverse residual stresses [74].

Cruise and Gardner [75] investigated residual stress distributions on hot-rolled pressed
braked and cold-formed stainless steel sections, where the highest magnitude was found in
the cold-rolled box sections. Jandera et al. ( [76] & [77] ) studied the influence of bending
and membrane residual stresses on global and local buckling through GMNIA calculations.
Jandera et al. ([76] & [77]) found that the inclusion of residual stresses can lead to an
increase in load-carrying capacity of non-linear material, mainly due to the tangent modulus
which was increased in some regions of the stress-strain curve. This was applied to the cases
where column failure strains coincided with these increased tangent modulus regions. Tong et
al. [72] performed an experimental investigation on longitudinal residual stresses for cold-
formed thick-walled square hollow sections in which they [72] concluded that non-linear
stress distributions were present along the thickness, and two patterns have been proposed
based on the test results obtained from his study for the cold-formed thick-walled square
hollow sections with two different forming processes ( rolling a flat strip directly into a
square or rectangular shape and rolling a flat strip into a circular profile first than continuing
with a square or rectangular section ). Schafer and Pekoz [78] collected and studied available
experimental data on press-braked and roll-formed specimens for which residual stresses
were idealized as a summation of flexural and membrane types, with a pragmatic choice [78].
They presented statistical results for both membrane and flexural stresses. An approximation
of the magnitude of residual stresses was done through the use of a Cumulative Distribution
Function (CDF). They also showed the significant qualitative effect of the flexural residual
stresses on the structural response of an element and concluded that the primary importance
of residual stresses is in how load is carried, not in final magnitude since residual stresses are
self-equilibrated. It’s rather the early yielding on the face of the plates which has a strong
influence on stress distributions and on analysis of the way the load is carried in the plate.
Schafer and Pekoz [78] finally proposed a direct probabilistic simulation considering both
distribution and magnitude of residual stresses as random quantities. However, this approach

requires a large amount of analyses.

The residual stresses distributions are rather complex due to the interference of a multitude of

factors affecting their distribution. It is therefore difficult to obtain the distribution of residual
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stresses using analytical methods. Consequently, experimental approaches are the most

reliable method to get the closer to real distribution information.

3.3.3.2. Experimental techniques

Although various techniques have been developed, cheap, simple and reliable methods for the
quantitative determination of residual stresses states do not however exist. Principally,

techniques may be classified as either destructive or non-destructive ( see Table 16 ).

Table 16 — Residual stresses measuring techniques.

Method Resiudal stresses determined Character

Mechanical 1* kind Destructive

Electrical 1* kind Destructive
X-ray diffraction 1%, 2" kind Non-destructive
Neutron diffraction 1%, 2™ kind Non-destructive
Ultrasonic 1%, 2™ 3 kind Non-destructive
Magnetic 1%, 2", 3" kind Non-destructive

Non-destructive methods include X-ray, neutron or electron diffraction, ultrasonic methods
and magnetic methods. The first two methods are based on the measurements of lattice
strains of specific atomic planes. The X-ray measures residual stresses on the surface, but is
available until 1 mm penetration whereas the neutron diffraction method measures the
residual strain within a volume of sample; therefore it is valid for larger penetrations up to
50 mm. Ultrasonic techniques rely on variations of velocity of ultrasonic waves, which can be
related to the residual stresses state. Magnetic measuring methods are based on the interaction

between magnetization and elastic strain in ferromagnetic materials.

Destructive methods rely on the measurement of deformations due to the release of residual
stresses upon removal of material from the specimen. The principal destructive technique
used to measure residual stresses in structural members is sectioning. This method has been
extensively used to analyze residual stresses in structural carbon steel, aluminium and
stainless steel sections and is adopted in this study. Hole drilling and layer removal are other
well-known destructive techniques as well as some others in development which include the

contour and deep hole methods. The hole drilling method provides depth measurements, and
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the contour method provides area maps of residual stresses. More details concerning the

destructive and non-destructive techniques are described in [70], [79], [77], [76] & [80].

The equipment available within the structural laboratory of civil engineering in Fribourg is

suitable to the sectioning technique which is further discussed in the following section.

3.3.3.3. Residual stresses measurements

An experimental program to examine the residual stresses in carbon steel sections from
different production routes has been carried out. Comprehensive residual stresses
distributions have been obtained for 12 sections ( 5 cold-formed, 4 hot-finished and 3 hot-
rolled ), with a total of 4 000 readings taken. The sectioning technique was used to quantify

the longitudinal residual stresses distributions.

The strip-cutting method has been adopted to measure both flexural stresses and membrane
residual stresses. It consists in a destructive technique relying on the measurement of strains
linked with the release of residual stresses after the cutting of small strips within the cross-
section; material relaxation generates either elongation or shortening of the strips due to
membrane stresses and a curvature due to flexural ( through thickness ) stresses, which are
linked to the initial residual stresses. Membrane residual stresses generally dominate in hot-

rolled and fabricated sections whereas flexural residual stresses lead in cold-formed sections

Residual stresses which occur along the length of the member are known to be the most
influential on structural behavior. However, significant residual stresses can also exist in the
transverse or circumferential direction. This technique is suitable for elements in which the
longitudinal stresses are dominant, but can also be used to measure the transverse stresses
through the cutting of transverse strips. Several experiences already performed proved that
the sectioning method is suitable, economical and accurate enough for this type of
measurements, provided that a rigorous and methodic technique is adopted to obtain reliable

results.
Specimen preparation

Residual stresses from all twelve parent members were measured; in this respect, a segment
of the parent beam was specifically kept to measure residual stresses, and was cut into small
strips along the cross-section. Sufficient material on either side of the segment was kept to

ensure a representative stress distribution and prevent any relaxing of stresses due to the
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neighborhood of the specimen edges, i.e. Saint-Venant’s assumption was respected. Prior to
cutting, the strips were marked on the cross-section by two 100 mm* spaced circular marks
('see Figure 59 ) and measurements of length variation were achieved, with an accuracy of
+/- 3 mm. An ‘invar’ bar with a 100 mm basis served as a reference for each measure. The
extensometer was calibrated on this bar before each measurement. The length and the

curvature were measured respectively before and after cutting.

Figure 59 — Strip length and curvature measurements.

Sectioning was performed on an automated milling machine as shown in Figure 60. Hooke’s
law, along with geometrical equations for the curvature determination was used to get both
flexural and membrane residual stresses distributions. A set of released strips from cold-

formed section is shown in Figure 61.

All the hot-finished sections had a welding on their edges, i.e. the sections were formed at
room temperature with subsequent heat treatment. Hot-finished sections are treated the same
as the hot-formed sections, provided that the hollow sections formed ‘cold’ are fully annealed
in a subsequent heat treatment. However, the different manufacturing processes result in
several key differences from physical to mechanical properties. Unfortunately, the difference

between hot-rolled and hot-finished sections could not be investigated in this study, because

* Strips were short enough to ensure a better curvature measurement.
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all the corresponding square and rectangular sections were hot-finished, and all the
corresponding circular sections were hot-rolled. However, a comparative study on cold-
formed, hot-formed and hot-finished structural hollow sections is presented in [81]. It is
found that the cold-formed sections had the highest longitudinal stresses, exceeding the
corresponding nominal yield stress. The hot-formed ones had the smallest residual stresses.
The distributions of residual stresses in the hot-finished sections were extremely similar to
those in the cold-formed sections, but the values were much smaller. Therefore, the hot-
formed sections had the least locked-in residual stresses, followed by the hot-finished then

cold-formed sections.

Two European product standards for the manufacturing of tubes are available; EN10219-1
[69] which covers cold-formed sections and EN10210-2 [68] which covers hot-finished
sections. EN10210 include more than one fabrication process. However, Wardenier states
that “the standard EN10210-1 applies to hot-finished hollow sections formed hot with or
without subsequent heat treatment or formed cold with subsequent heat treatment to obtain
equivalent metallurgical conditions to those obtained in the hot-formed product”. So, these

three fabrication processes are covered by the same product norm ( [69] & [68] ).
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Figure 60 — Strip-cutting process.
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Figure 61 — Cross-section released strips after cutting.

Several assumptions and corrections are included in the determination of the residual stresses
with the sectioning method. Firstly, the analysis and calculations are simplified by ignoring
the transversal stresses effect, which are known to affect the results ([82] & [77]).
Obviously, the lower the transverse stresses are, the more accurate the results will be. The
second assumption concerns the process and the way the strips were cut; during the cutting,
additional residual stresses are created due to the heating generated by the saw. The strip

width should be large enough in order to consider this effect negligible, but small enough to
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have sufficient measurement points. Regardless of the adopted strip width, the speed of
sawing and the thickness of the plate will also affect the additional stress creation.
Measurements considering this sawing effect were performed in [83] at the saw cut edge and
stresses of the order of 3-10 MPa were observed. However these results can be lowered
through an effective liquid cooling system during the sawing, enabling the neglect of the

sawing effects. This was done in this study.

Views of the strip-cutting technique are shown in Figure 60 while Figure 62 to Figure 66
represent all the measured residual stresses corresponding to the twelve sections. On the left,
membrane residual stresses are represented with positive values corresponding to
compressive stresses and negative values to tension stresses. On the right, the flexural
residual stresses are represented with positive values corresponding to tension stresses on the

outer faces and negative values to compressive stresses.

For the cold-formed sections, the flexural residual stresses are seen to be much higher than
their membrane counterparts, due to cold-forming effects; significant residual curvatures of
all strips (after cutting ) were clearly visible, except for the corner strips. This was later
confirmed through the measurement of high flexural residual stresses (>350 MPa ). Similar
results were also reported in [3]. As for the hot-finished sections, the flexural stresses were
seen to be negligible compared to the membrane residual stresses due to their subsequent

heat-treatment.
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Figure 62 — Measured membrane (right column) and flexural (left column) stresses of square

sections (part 1).
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Figure 66 — Measured membrane (right column) and flexural (left column) stresses of circular

sections (part 1).
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Figure 67 — Measured membrane (right column) and flexural (left column) stresses of circular

sections (part 2).
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Flexural residual stresses:

Flexural residual stresses were initially determined by assuming a linearly varying through
thickness stress distribution. Even though a non-linear distribution can be shown to develop
through the thickness of the sections, the linear distribution is adopted in this study for sake
of simplicity and more importantly due to the small thicknesses of the tested sections. The
flexural residual stresses were thus calculated by means of the following equation:

L .
‘arc_e _or i arc_m
qfle,Xltral =E (86)

arc_e_or_i

Where L o o i Stands for the arc length at the inner or outer surface of the strip and Lgc

stands for the neutral axis arc length. Equation (86) can actually be rewritten in the following

way:

O-ﬂexural = E et - = E (87)
where a being the angle of curvature calculated as follows ( see Figure 68 ):

[ -1
o= arcsin[ final initial J (8 8)

i_or_e

with [, and liia being the lengths measured by the extensometer before and after strip

cutting.

R, (curvature radius at the neutral axis and R; and R, stands for external or internal radius
curvature) is calculated by means of the following relationship through the addition or

substraction of v where v is the half strip thicknessz/2.
R =R tv (89)

The change in radius of curvature R,, (or R. and R;) of the strips was calculated with the

following equations’:

> It was assumed that the curvature was constant along the length of the strips
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I 2
(R—Aa)* + (j}j =R’ (90)
L Aa
R =042 91)
8Aa 2

where Ly is the length over which the deflection is measured ( here 100 mm corresponding to
the curvature measuring device ), 4a is the difference between the initial deflection a;sa of

the strip and the final deflection of the strip as, ( see Figure 68 ).

Aa = Ay — 4

(92)

initial

Inward strip curvature

¢ Outward strip curvature

Figure 68 — Geometrical deformation due to residual stresses.
Membrane residual stresses:

The calculation of the membrane residual stress is more complex, since the measurements
made by the extensometer must be corrected in order to remove the effects of strip curvature
caused by the existence of flexural residual stresses. Therefore, the stress measured through
the extensometer is considered as a cumulate of flexural and membrane stresses influences, in
which a part is reserved to the shortening due to the membrane stresses and the other part is

reserved to the curvature implied by the flexural stresses.

Galambos and Sherman have proposed expressions to calculate membrane residual stresses

from an extensometer and curvature dial measurements ( [84] & [85] ). Both approximate the
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curvature of the released strips as parabolic, though this is found in [74] to be inappropriate in
the presence of large flexural residual stresses. An alternative circular approximation is
therefore adopted [74], whereby the released strip is assumed to be a circular arc and the

extensometer length is assumed to be a chord of length /.

The corrections proposed by Galambos and Sherman ([84] & [85]) were developed
principally to remove the influence of strip curvature (due to flexural residual stresses) during
the calculation of membrane residual stresses in hot rolled sections. In such sections, the
approximation of a parabolic curvature would induce minimal errors since the flexural
stresses are low. However, this is not the case for cold-formed sections in which flexural
residual stresses are far more significant, and the adoption of Galambos or Sherman
approximations will thus lead to larger discrepancies between calculated membrane residual

stresses with parabolic curvature from those determined using the circular approaximation.

By comparison of residual stresses determined by mechanical means with those determined
by electrical strain gauges, it was later demonstrated that the circular approximation remains

accurate, even in the presence of high curvatures associated with cold-forming effects [74].

Measuring the residual stresses by means of electrical strain gauges presents physical
constraints in the case of hollow sections, because it is not possible to place inner gauges on
the inner surface of the sections; Cruise and Gardner [74] adopted a procedure in which the
second set of strain gauges was attached to the inner surface of the strips after cutting, and the
strips were bent back to their initial flat configuration. Jandera et al. [86] adopted a different
procedure in which an opening was cut out in the web facing the measured face of the section
and strain gauges were attached to the inner surface of the measured web. This method

obviously implies that the measurements could be done only on one plate of the section.

The arc length L, had to be calculated using the chord length and through the calculation of
the curvature angle a. Using the radius of curvature of the strips measured to the mid-
thickness R,, and the angle of curvature a, the length along the arc can be calculated by means

of the following equation:
L,.=R x2a (93)

Therefore the membrane residual stresses can be calculated by means of the following

equation:
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L

Larc £ Hare i
= et et (94)

arc_i

membrane

where L, ; and L. rare the initial and final arc length calculated as mentioned above.

An attempt to quantify the non-equilibrated stresses in the measured residual stresses of the
sections above has been made through the calculation of the ratio representing the percentage

of non-equilibrated stresses over the total stresses:

Z (bl O-tensionfi + bi O-compressionii )
z (‘bl O-tension R ‘ + ‘bio-wmpression_i ‘)

(95)

Ratio =

where b; represents the strip width and Giension i , Gcompression i the tension and compressive

stresses measured on each strip ( see Figure 69 ).
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Figure 69 — Adopted block representation for the calculation of the non-equilibrated stresses

( Profile SHS HF 200x200x6.3 ).

This ratio was calculated through the consideration of a constant measured stress value over
the strip width ( see Figure 69 ). Obviously, the measured stress on the strip will not be

constant but the corresponding distribution is unknown because ‘one single point’ was
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measured on the whole strip width and most importantly this ratio calculated herein

represents only a quantitative way to evaluate and assess the reliability of the results.

The main reasons behind these somewhat high ratios are the laboratory effects, the way of
holding the extensometer, the variation of the inclination of the extensometer before and after
cutting, the presence of impurities in the holes, etc... The extensometer has also an accuracy
of +/- 5 um. This precision value will not affect the residual stresses in the corners as much as

those found in the flat faces, because of the small magnitudes measured in the flat faces.

Therefore, if we consider for instance, the highest percentage (57%) reached with the profile
RHS 200x100x4 and its corresponding measured values decreased or increased depending
on the precision factor’, then, the obtained percentage will drop from 57% to 30%. Therefore,
the residual stresses distributions are considered to be accurate enough. However, the
measured magnitudes are affected by many laboratory inconsistencies, the reason why, the
adopted residual stresses pattern for the numerical validation have been taken as an

approximation of the measured residual stresses with respect to an auto-equilibrated pattern.

Table 17 — Percentage of non-equilibrated stresses.

0 .
(ho t})rroolilelg and % of non-equilibrated Profile egl)l?lfbrg?e d
hot-finished) stresses (EalteHitozines) stresses
RHS_S355 200x100x4 57% RHS S355 200x100x5 44%
RHS_S355_220x120x6 45% RHS_S355 250x150x5 48%
SHS S355 200x200x5 56% SHS S355 200x200x6 41%
SHS S355 200x200x6.3 47% SHS S355 200x200x5 49%
CHS S355 159x6.3 37% CHS_S355 159x6.3 43%
CHS_S355 159x7.1 4%
CHS_S355_159x5 2%

81t is improbable that all the values reach a positive precision correction, but this is being done just to show the

influence of the precision factor on the results.

142



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Experimental investigations

3.3.4. Material properties

3.3.4.1. Tensile tests

The stress-strain behavior of the materials was determined through 55 tensile tests. Four
necked coupons were cut from the middle of each flat face of the eight SHS and RHS parent
elements. Two straight corner coupons were also manufactured and tested for each of these
eight sections in order to investigate the increase in strength of the cold-formed corners and
to confirm uniform properties in the hot-rolled corners ( see Figure 70 ). As for the CHS
specimens, two coupons were extracted from each section. Figure 70 shows the location of
the coupons in the hollow sections, together with the adopted labeling system. Obviously, the
coupon location was shifted in faces containing a weld. All the coupons were 270 mm long
with nominal cross-section dimensions of #x10, where ¢ represents the profile thickness. The
corners’ coupons and the CHS coupons were 150 mm long with cross-sections dimensions of
3 mm x 3 mm cut inside the cross-section thicknesses in order to avoid creating eccentric
loads while testing ( see Figure 71 ). Once the coupons were cut and edges cleaned, the cross-
section dimensions were recorded at various locations along the middle portion of the
coupons. However, for the corner coupons and CHS coupons, the area was also determined
by dividing its weight by its initial length and density. The necked coupons were tested in a
100 kN testing machine with hydraulic grips for the load application. The corner and CHS
were tested in a 10 kN testing machine due to their smaller size and cross-section. The
coupons were gripped in place in the testing rig and a 20 mm clip gauge was attached at the
middle of the coupon segment. A constant rate of strain ( 0.045%/s ) was applied until

fracture ( see Figure 72 ).
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Figure 70 — Locations of the tensile coupons were cut from different faces.
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Figure 71 — Necked and straight tensile coupons.

The stresses were calculated on the basis of the applied force and the measured initial cross-

section of each coupon (i.e. engineering stresses).

Typical stress-strain curves measured from hot-rolled and cold-formed material are shown in
Figure 73 and Figure 74. The hot-finished material law is clearly displaying the sharply
defined yield point with the yield plateau followed by a subsequent strain-hardening, whilst

the cold-formed material law is showing a more rounded response.

Tabulated data, measured stress-strain curves and details can be found in Annex 2, Annex 5
and Annex 6. The yield strength used in the finite element calculations for materials showing
a distinctive yield plateau, i.e. hot-finished or hot-rolled profiles, is the value f,,, representing
the mean between onset of yielding, which was the upper yield strength, and the onset of
strain hardening for each coupon. This value was graphically determined from the stress-
strain curves. For cold-formed cases, the 0.2% proof stress was determined for both flat and
corner material curves. The young’s modulus £ was taken as the gradient between 20% and

80% of f,. For all tested coupons ( hot-rolled, hot-finished and cold-formed ), the highest

reached stress f;, was reported after the yielding, along with the ultimate and fracture strain g,

and &.
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Figure 72 — Tensile coupons testing.

It shall be mentioned that the corner coupons where the measured ultimate strength is smaller
than the corresponding ultimate strength in the flat coupons is mainly due to the uniform
geometry of the prismatic manufactured coupon. In some tests, the stresses were localized in
the grips zone and premature failure occurred in this region, leading to an overly reduced

ductility ( 1% ultimate strain ) as well as to a smaller ultimate strength.
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Figure 73 — Stress-strain curves from flat and corner regions of a cold formed profile

— SHS 200x200x6_CF.
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Figure 74 — Stress-strain curves from flat and corner regions of a hot-finished profile
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3.3.4.2. Stub column tests

12 stub column tests were performed for each cross-section type. Their main purpose was to
(i) determine the average stress-strain relationship over the complete cross-section, (ii)
examine the influence of the residual stresses on the cross-sectional response and (iii)
characterize the early/late occurrence of local buckling. The length of each stub column was
chosen as three times the height of the cross-section, in an attempt to limit member buckling,
but sufficiently long to bear the same initial residual stresses pattern as a much longer
member. For cold-formed sections, the stub column test was not only aimed at determining

the effect of local buckling, but also the effect of cold-forming on the column performance.

The cross-section dimensions were measured at both ends repeatedly using a digital
micrometer. Moreover, the length and weight of each specimen were measured prior to
testing, and used later on for the calculation of the measured area assuming a density of
7850 kg/m’. The ends of the columns were milled plane and perpendicular to the longitudinal
axis of the column. Two strain gauges have been attached at mid-height of all the elements
after polishing and cleaning the surface. The specimens were set in a 5000 kN hydraulic
machine between flat bearing plates thick enough to ensure a uniform distribution of load
through the specimen, and also to protect the testing machine surface. Four LVDTs were used

in order to record the average end-shortening behavior.
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During the test, strains were monitored live to ensure that not only compression was kept
concentrically-applied but also to check the load displacement behavior of the specimen in
the elastic range in order to assess the corresponding Young’s modulus. All sections
exhibited locally deformed shapes with inward and outward buckles of half sine waves. For
stocky sections, typical failure occurred with a whole cross-section yield with local buckling
near the ends of the specimens, whilst for slender sections, local buckling was located at the
middle of the specimen. As for the circular sections, the maximum load was reached as a
result of bulging near the ends for three specimens and a circumferentially symmetric
outward buckle for one specimen. The measured ultimate loads F,,, of the tested specimens
are listed in Table 18. The failure shapes of all stub columns along the experimental test setup

are shown in Figure 75.
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Figure 75 — General test setup and failure shapes of the stub columns.

The end-shortening measurements from the displacement transducers were different from the
strains registered from the strain gauges. A correction method described by the Centre for
Advanced Structural Engineering ( [87], [88] & [89] ) was used, which combined both sets of

measurements since the strain gauges provide the correct initial Young’s modulus slope as
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they were directly in contact with the column faces however providing less useful

information when influenced by local buckling. In contrast, the LVDTSs provide good post-

yield information but pick up the stiffness of the end plates leading to an incorrect initial

stiffness. The method consists of a correction factor k& representing the undesired

displacement, which is then deduced from the end displacement. Figure 76 shows an example

of two load displacement curves, before and after the correction of the corresponding slopes.

L 1

O
2 E,y Eg
= 5LVDT —2kf

(96)

97)

In Equation (96) E,,,, represents the initial Young’s modulus calculated from the LVDT

readings and E, represents the initial Young’s modulus calculated from the strain gauges.

In Equation (97), f represents the applied stress, 0,,,, the displacement due to LVDTs and

o, the corrected displacement.

Table 18 — Measured properties and ultimate loads of stub columns.

Test # Spastin H B t D Areg Calculatec;
(mm] | [mm] | [mm] | [mm] | [mm’] | area* [mm’]
46 RHS_Stub_S355CF_200x100x4 200.5 | 100.28 | 4.01 - 2295 2186.8
47 RHS_Stub_S355CF_220x120x6 220.6 | 121.02 | 5.85 - 3840 3675.75
48 RHS Stub_S355HF 250x150x5 250 150 5.30 - 3873 4167.42
49 RHS_Stub_S355HF_200x100x5 199.2 | 100.01 | 5.12 - 2873 2855.63
50 SHS Stub S355CF_200x200x5 200.44 | 200.94 | 5.19 - 3836 3676.1
51 SHS Stub S355CF_200x200x6 200 199.77 | 5.97 - 4563 4356.07
52 SHS_Stub_S355HF_200x200x5 200.2 199 5.19 - 3873 3619.96
53 SHS Stub S355HF 200x200x6.3 199.9 199.9 | 6.42 - 4839 4575.37
54 CHS_Stub_S355CF_159x6.3 - - 6.1 159.1 3020 2870.54
55 CHS_Stub_S355HF 159x6.3 - - 6.49 159 3020 3131.63
56 CHS Stub_S355HF 159x5 - - 529 | 1589 2420 2454.88
57 CHS_Stub_S355HF_159x7.1 - - 7.18 159 3390 3290.87

* The calculated areas were also presented for sake of a comparison with measured areas which didn’t
account for the welding presence in some specimens. The calculated areas were determined by dividing
the weight of the specimens by their measured lengths and density (G=7.85g/cm’).
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Figure 76 — Load-displacement corrected curves.

The essence of a stub column test lies in its usefulness at determining the tangent modulus at
any load level, which further can be used to express column strength in function of it.
Actually, the difference between Young’s modulus and the tangent modulus determined from
a compression test on the complete cross-section essentially reflects the effect of residual
stresses. The presence of residual stresses in the cross-section implies that some fibres are in
a state of residual compression reaching the first the yield limit under load. The residual
stresses are thus a major factor affecting the strength of axially loaded columns, and a
conservative value for this strength may be specified in terms of the tangent modulus
determined from the results of a stub-column test. It would be interesting to mention that
residual stresses can have a positive influence on column strength depending on the failure

strain occurring in a region with an increased tangent modulus [90].

All stub columns failed by local buckling either prior to or subsequent to the onset of
yielding. For the non-slender cases, deviation from the material o—¢ curve occurred
approximately at ultimate load where there is the onset of local buckling. For the slender
cases, local buckling occurred in the elastic range, and deviation from the stress-strain curve
may be followed by considerable post-buckling deformation. Deviations for the material
stress-strain are obviously also due to other several effects including geometric imperfections,
inelastic material behavior and post-buckling response. Some examples of material stress-
strain and stub strain responses are shown Figure 77 to Figure 79, and more details can be

found in Annex 5.
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Figure 79 — Material vs. stub stress-strain curves — CHS 159 7.1 HF.
3.4. Cross-section tests

3.4.1. Testing procedure and results

The mono-axial and the bi-axial-bending with axial compression load cases were obtained
through applying compression eccentrically. This procedure of load application was the
simplest and most practical way of obtaining both constant axial compression and constant

bending moment along the specimens.

As shown in Figure 80, the loading rig consisted of a hydraulic jack at the bottom, designed
for applying the compressive force, and a top plateau fixed at a prescribed height. Two
spherical supports were specially designed to provide pin-pin end restraints for the specimens
(see Figure 81). End-plates were welded to the profiles with different eccentricities,
according to the desired load case. A connecting plate was placed at the bottom of the hinges
with two rails meant for bolts retaining the specimen endplates to slide and to be adjusted at

the expected location ( see Figure 82 ).
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Figure 80 — General test configuration — Front and side views.
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Figure 81 — Hinge detail.

Locking wrenches could be inserted inside the spherical hinge in order to provide torsional
rotational restraint for the tested elements. This was done for all specimens, except for the
loading cases of compression and biaxial bending, where this was not possible. The bolts
were adequately pre-stressed in order to prevent uplift or detachment of the specimens’
endplates. This procedure enabled the test setup to be used several times for all columns in

the most practical effective way.

Figure 82 — Endplate fixed to bottom hinge plate with bolts.
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The setup configuration including the hydraulic jack and the hinges with a short set specimen

is shown in Figure 80 and Figure 84.

The test setup was equipped with a series of linear variable transducers (LVDTs) to record
rotations and displacements of the specimens during testing. Moreover, strain gauges were
attached at the middle of the specimen in order to recorder deformations during testing. All
LVDTs and strain gauges were routed to spiders recording at 2 Hz. A controller machine
linked to the monitoring computer drove the jack displacement and the compression load,
through respectively an internal LVDT installed near the hydraulic jack and a load cell

connected to it.

All positions of recording devices are illustrated in Figure 80 and Figure 83. Four upper
LVDTs and four Bottom LVDTs were set to record respectively the upper plate rotations and

displacements and the bottom plate rotations and displacements.

d,
dy 1 i d V2 dyl i d y2
lz - 1z
| _ N | PN
A4S & } & 15 ‘ A4B & } & 1B
| ‘ |
d -1 | } ap]f};izinn d -1 | } aple?cZiinn
| |
N B RN I o
AN A A A
d., | ) |
I I
I B P S & I B P N @
39 % T ] 2s 28| % T ARy
| |
| |
Upper plate Bottom plate

Figure 83 — LVDTs and specimen positions on upper and bottom endplates.

The upper and bottom displacements A, and A, were calculated as follows:
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_25+35 , 1S+4S

Audz 2 z1 + 2 dzZ (98)
Abdz=23+3B 21+IB+4B . (99)
2 2
Leading to:
Au=2S+3S+1S+4SAnd Ab=28+319+lB+4B D
4 4
If dzl = dzZ
The total displacement will thus be calculated as the following:
ATOT :|Ab|_|ALt| (2)
The rotations were calculated as follows, at the upper plate:
:L[3S+4S _1S+2S}And 0. :L{zsws ~ 1S+4S} )
d, 2 Tod, 2 2
1|3B+4B 1B+2B 1 |2B+3B 1B+4B
), =— - And@, =— - 4)
d, 2 Tod, 2 2

where 185, 2S, 3S and 48 are the longitudinal displacements of the upper LVDTs, 1B, 2B, 3B

and 4B are the displacement of the bottom LVDTs, and d..d .d ,.d ,,d, and d_, are the

v
distances respectively between the LVDTs themselves and between the LVDTs and the

centreline of the application of the load. 8,8 ,0,.0 , are the upper and bottom rotations

zu® yud 7 zb> Yy

around y and z axes.

The values recorded with the LVDTSs had to be geometrically corrected, with respect to the
level of rotation reached. The corrections were quite negligible for almost all specimens
where no important rotations developed, and affected most importantly the post-peak curve,

where higher rotations capacities occurred.

All tests were performed in the Structural Engineering Laboratory of the University of
Applied Sciences, Fribourg. The end plates and the loading plates had respectively a
thickness of 20 mm and 40 mm in order to apply the loading evenly on the ends of the

specimen.
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Figure 84 — General test setup of cross-section tests.

All failure modes are pictured in Figure 85. The measured maximum forces of all tested

specimens are listed in Table 19.
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Figure 85 — Failure shapes of all cross-section tests.
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Table 19 — Comparison of numerical and experimental ultimate loads.

TZSt Specimen Load case [mfrif[ﬁm] [1;53’]
1 RHS_LC1_S355CF_200x100x4 N (100%) 00 773
2 RHS_LC1_S355CF_220x120x6 N (100%) 00 1594
3 RHS LC1_S355HF 250x150x5 N (100%) 00 1477
4 RHS_LCI1_S355HF_200x100x5 N (100%) 00 1159
5 SHS LC1_S355CF_200x200x5 N (100%) 00 1300
6 SHS_LC1_S355CF_200x200x6 N (100%) 00 1936
7 SHS LC1_S355HF 200x200x5 N (100%) 00 1604
8 SHS_LC1_S355HF_200x200x6.3 N (100%) 00 2168
9 CHS_LCI1_S355CF_159x6.3 N (100%) 00 1788
10 CHS_LCI1_S355HF_159x6.3 N (100%) 00 1531
11 CHS_LCI1_S355HF_159x5 N (100%) 00 1284
12 CHS_LCI1_S355HF_159x7.1 N (100%) 00 1637
13 RHS_LC2_S355CF_200x100x4 N (50%) + M,(50%) 60_0 597
14 RHS LC2_S355CF_220x120x6 N (50%) + M,(50%) 67_0 1160
15 RHS_LC2_S355HF_250x150x5 N (50%) + M,(50%) 470 1063
16 RHS_LC2_S355HF_200x100x5%* N (50%) + M,(50%) 65_0 -
17 SHS_LC2_S355CF_200x200x5 N (50%) + M,(50%) 77_0 816
18 SHS LC2 S355CF_200x200x6 N (50%) + M,(50%) 72 0 1179
19 SHS_LC2_S355HF_200x200x5 N (50%) + M,(50%) 620 942
20 SHS LC2 S355HF 200x200x6.3 N (50%) + M,(50%) 60_0 1302
21 CHS_LC2_S355CF_159x6.3 N (50%) + M,(50%) 45 0 1060
22 CHS_LC2_S355HF 159x6.3 N (50%) + M,(50%) 50 0 747
23 CHS_LC2_S355HF _159x5 N (50%) + M,(50%) 41 0 725
24 CHS_LC2_S355HF_159x7.1%* N (50%) + M,(50%) 50 0 -
25 RHS _LC3_S355CF_200x100x4 N (33%) + M, (33%) + M- (33%) 63 39 420
26 RHS_LC3_S355CF_220x120x6 N (33%) + M, (33%) + M. (33%) 72_40 851
27 RHS LC3_S355HF 250x150x5 N (33%) + M, (33%) + M- (33%) 82 50 623
28 RHS_LC3_S355HF_200x100x5 N (33%) + M, (33%) + M. (33%) 48 25 589
29 SHS LC3_S355CF_200x200x5 N (33%) + M, (33%) + M. (33%) 62_60 771
30 SHS_LC3_S355CF_200x200x6 N (33%) + M, (33%) + M. (33%) 65_65 1069
31 SHS LC3_S355HF 200x200x5 N (33%) + M, (33%) + M. (33%) 60_60 829
32 SHS_LC3_S355HF_200x200x6.3 N (33%) + M, (33%) + M. (33%) 50_50 1069
33 CHS_LC3_S355CF_159x6.3 N (33%) + M, (33%) + M. (33%) 50 45 893
34 CHS_LC3_S355HF_159x6.3 N (33%) + M, (33%) + M. (33%) 50_50 623
35 CHS_LC3_S355HF_159x5 N (33%) + M, (33%) + M. (33%) 40_40 619
36 CHS_LC3_S355HF _159x7.1 N (33%) + M, (33%) + M- (33%) 50 50 705
37 2_SHS_LC1_S355CF_200x200x6 N (100%) 00 1954
38 2 SHS LC2_S355CF_200x200x6 N (50%) + M,(50%) 71 0 1194
39 2_SHS_LC3_S355CF_200x200x6 N (33%) + M, (33%) + M. (33%) 62_62 1076
40 RHS LC4_S355CF_220x120x6 N (50%) + M. (50%) 0_40 972
41 RHS_LC5_S355CF_220x120x6 N (50%) + M, (25%) + M.(25%) 33.20 1182
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42 RHS_LC6_S355CF_220x120x6 N (80%) + M, (10%) + M. (10%) 10_6 1606
43 RHS LC4 S355CF_200x100x4 N (50%) + M. (50%) 0 35 471

44 RHS LC5_S355CF_200x100x4 N (50%) + M, (25%) + M. (25%) 3119 625

45 RHS LC6_S355CF_200x100x4 N (80%) + M, (10%) + M. (10%) 65 763

46 RHS_Stub_S355CF_200x100x4 Stub - N (100%) 00 761

47 RHS_Stub_S355CF_220x120x6 Stub - N (100%) 0.0 1648
48 RHS_Stub_S355HF 250x150x5 Stub - N (100%) 00 1358
49 RHS_Stub_S355HF_200x100x5 Stub - N (100%) 0.0 1163
50 SHS_Stub_S355CF_200x200x5 Stub - N (100%) 0.0 1296
51 SHS_Stub_S355CF_200x200x6 Stub - N (100%) 0.0 1957
52 SHS_Stub_S355HF 200x200x5 Stub - N (100%) 00 1607
53 SHS_Stub_S355HF_200x200x6.3 Stub - N (100%) 00 2227
54 CHS_Stub_S355CF_159x6.3 Stub - N (100%) 0.0 1800
55 CHS Stub_S355HF_159x6.3 Stub - N (100%) 00 1560
56 CHS_Stub_S355HF_159x5 Stub - N (100%) 0.0 1255
57 CHS Stub_S355HF 159x7.1 Stub - N (100%) 00 1632

*e,: excentricity along the z-axis, e,: excentricity alon the y-axis
** No available results recorded

3.4.2. Comparison with EC3 predictions and discussion

The experimental cross-section capacity for RHS, SHS and CHS specimens are presented in
Figure 86 to Figure 93 and compared in a non-dimensional way, to EN 1993-1-1 [20]
classification rules with respect to the elastic cross-section capacity. The target of such
representation is avoiding a representation of each experimental test separately in different

diagrams. On both axes, two limits were considered:

(1) On the x-axis, the lower limit is the class 2-3 border (i.e. ¢/t&=0) and the upper limit

is related to the class 3-4 border (i.e. ¢/te =1)’;

(i1) On the y-axis, the lower limit is related to the elastic capacity (i.e. 0) and the upper limit

is related to the plastic capacity (i.e. 1.0).

Therefore, all test results can be represented within a unified single diagram. All test results
are presented within four pages ( SHS and RHS separated from CHS results ), with upper

diagrams representing the results with the nominal value of f, (i.e. 355 MPa ) and the lower

7 ghas been taken equal to |[—— according to Eurocode 3 specifications [20]
¥
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diagrams with the actual measured value of f . Through these comparisons, the following

conclusions can be drawn:

(@)

(i)

The class 2-3 border ( for RHS and SHS ) is hardly met and unconservative ( see Figure
86 and Figure 87). The plastic capacity is not reached in many combined load cases
(‘especially for square hollow sections ). However, the presence of partly plastic
capacities for sections classified as class 3 is evidenced. New boundaries and continuous

transitions between elastic and plastic capacities have been already proposed in [3].

Results with nominal f, values are not really useful for numerical validation, but they

are however showing unsafe cases ( see Figure 86 ).

(ii1) For simple load cases ( of RHS and SHS sections ), the plastic capacity is barely met for

two results when the actual f, - which is much higher than the nominal f, - value is

used ( see Figure 88 and Figure 89 ).

(iv) As far as the results for CHS cross-section are concerned ( Figure 90 to Figure 93 ), it

can be stated that the combined load cases results with both nominal and actual values
represent an unconservatism at the class 1 border, whereas the simple load cases results
can be considered to fullfill the Eurocode 3 [20] requirements. This is mainly due to the
unified Eurocode 3 specifications for circular sections with different load distributions.
Not to mention the absence of provisions for class 4 circular sections, the cross-section
specifications relative to such sections should be reviewed and modified in EN 1993-1-1
[20].
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Figure 86 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances — nominal fy value — combined load cases.
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Figure 87 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances — actual fy value — combined load cases.
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Figure 88 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances — nominal f value — simple load cases.
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Figure 89 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances — actual f| value —simple load cases.
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Figure 90 — Comparison of cross-section capacity of CHS experimental results with EC3-

resistances — nominal fy value — combined load cases.
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Figure 92 — Comparison of cross-section capacity of CHS experimental results with EC3-

resistances —nominal f, value — simple load cases.
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Figure 93 — Comparison of cross-section capacity of CHS experimental results with EC3-

resistances — actual f value — simple load cases.
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3.5. Collection of existing results

An extensive experimental database was collected and used in section 4.2 to compare them
with the computed numerical results. The database was based upon published experimental
results and the interest was in profiles with cross-sections covering the 4 classes in order to
investigate all kind of capacities going from stocky to slender sections with various load
combinations including simple and combined ones. The total number of gathered results
reached 290. The collected test data is summarized in Table 20 along with the corresponding
references. The shape, fabrication process, number of tests, load cases and measured yield
strengths were provided. A dash was put for cases where no available information was

provided in literature.

The results presented herein were taken from Kettler [7], Lechner [46], Stranghoner [91],
Sedlacek and Rondal [92], Chiew, Lee and Shanmugan [93], Clarin [94], Salvarinas, Barber
and Birkemoe [95], Usami and Fukumoto ( [96] & [97] ), Grimault, Plumier and Rondal [98],
Kloppel, Schmied and Schubert [99], Gardner, Saari and Wang [100], Wilkinson [45],
Kotelko, Lim and Rhodes [101], Key, Hasan and Hancock [102] and Zhao and Hancock

[103]. The experimental results conducted in this work were also presented.
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Figure 94 — Gathered results and comparison with DSM curve.

The results in Figure 94 to Figure 97 are presented in the OIC format, i.e. the horizontal axis

relates to the generalized slenderness A, while the vertical axis reports on the cross-section
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reduction factor y.,. The DSM curve is also plotted for comparison and reference purposes

with experimental results. Figure 94 shows results relative to all load cases while Figure 95,

Figure 96 and Figure 97 show results respectively relative to pure compression load cases,

major-axis bending load cases and combined load cases. For each load case, cold-formed test

results were separated from hot-rolled hot-formed and hot-finishd test results. This was seen
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as the most appropriate way of representing the gathered data in a categorized way.

Figure 95 — Experimental results relative to pure compression load cases, a) cold-formed

cross-sections, b) hot-rolled and hot-formed cross-sections.
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Figure 96 — Experimental results relative to major-axis bending load cases.
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Figure 97 — Experimental results relative to combined load cases, a) cold-formed cross-

sections, b) hot-rolled and hot-formed cross-sections.

All types of results presented with the various load cases can clearly show a general tendancy
and design curves can surely be derived for hollow sections. The following conclusions can

be drawn from the upper figures:

(i) The DSM curve utilized mainly for cold-formed thin-walled open sections is seen to be
unconservative and cannot be applied for hollow sections. This is clearly seen in all

figures in which results lie below the DSM curve.

(i1) Strain hardening tendancies are seen with almost all types of load cases and should be

accounted for in the new proposed design curves.

(ii1) An appropriate end of plateau value is required since the DSM proposed value for thin -

walled — mostly open — cold-formed cross-sections is seen to be unconservative.

(iv) A design approach taking into account appropriate post-buckling capacities should be

derived for the various types of load cases;

Table 20 — Summary of the gathered test data.

Source Shape Fabrlcatlgn Number of Load case fy [MPa]
process tests (measured)*
Cold-Formed 3 N+M, 400
SHS Cold-Formed 6 N+M, +M, 400
Kettler [7]
Cold-Formed 2 N 400
RHS Cold-Formed 6 N+M +M, 398

169



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections

Experimental investigations

Cold-Formed 2 N 398
Hot-Finished 1 N+M, 540
Lechner [46] SHS
Hot-Finished 6 N+M, +M_ | 359,540
Stranghoner [91] SHS Hot-Finished 4 M, -
Sedlacek and RHS Hot-formed 15 N 465 to 693
Rondal [92] SHS Hot-formed 8 N 538
Chiew, Lee and )
Shanmugan [93] Box-sections - 6 N -
Clarin [94] Box-sections - 48 N Unknown
Salvarinas, Barber
and Birkemoe CF Cold-formed 8 N 411 to 444
[95]
Usami and Hish
Fukumoto Box-sections - 14 N s trer% th
[96]&[97] &
Grimault, Plumier RHS Cold-formed 16 N 270 to 481
and Rondal [98] SHS Cold-formed 2 N 436, 480
Kloppel, Schmied N.N+M
and Schubert [99] SHS,RHS ) 27 ’ Y )
: Cold-formed 10 N 361 to 482
Gardner, Saari RHS.SHS
and Wang [100] Hot-rolled 10 N 449 to 504
Wilkinson [45] RHS,SHS Cold-formed 44 M, 349 to 457
Kotelko, Lim and
) _ M _
Rhodes [101] RHS Cold-formed 6 y
Key, Hasan and RHS Cold-formed 6 N -
Hancock [102] SHS Cold-formed 4 N -
7hao and RHS Cold-formed 7 N 448 to 452
Hancock [103] SHS Cold-formed 3 N 435 to 490
RHS Hot-finished 4 N 420, 447
RHS Hot-finished 1 N+M, 447
Nseir RHS Hot-finished 2 N+M, +M_ | 420,447
RHS Cold-formed 4 N 455, 495
RHS Cold-formed 2 N+M 455, 495
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RHS Cold-formed 2 N+M, 455, 495
RHS Cold-formed 6 N+M, +M. | 455, 495
SHS Hot-finished 4 N 453, 475
SHS Hot-finished 2 N+M, 453,475
SHS Hot-finished 2 N+M, +M. | 453,475
SHS Cold-formed 5 N 480, 501
SHS Cold-formed 3 N+M, 480, 501
SHS Cold-formed 3 N+M, +M. | 480,501

*a dash was put for cases where no available information was provided in literature.
3.6. Summary

In this section, a wide experimental campaign was presented. It consisted of 57 cross-section
tests subjected to various load cases. A series of preliminary measurements was described
and presented in this section. They consisted in the measurements of the geometrical
dimensions and imperfections, the material law determination, the measurments of the
residual stresses and the testing of stub columns. Then, the cross-section test results were
investigated and compared to the existing design formulae of EN 1993-1-1. It turned out that
Eurocodes plate slenderness limits were in some cases inappropriate leading to
unconservative results. Finally, an experimental collected database was presented and
consisted in various cross-section test results with various load cases, fabrication processes
and yield strengths. Observations could be deduced from the collected database which would

be used in the next chapter for a comparison with numerical parametric results.

In the next section finite element validation will be presented to continue with the conducted
numerical parametrical studies on hot-rolled and cold-formed sections, used subsequently as

a database for the derivation of adequate OIC interaction curves.
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4. Numerical investigations

4.1. General

This chapter describes the development and validation of finite elements models. It provides
detailed information on the boundary conditions, loading procedure, modeling of the
measured material laws, residual stresses, geometrical dimensions and imperfections. The
results of the FE computations and the experimental results are compared and the validation
procedure is provided for the 55 tests of this thesis as well as for the 22 hollow cross-section

tests done in Graz Technical University [7].

This finite element model is further used to generate an extensive set of numerical results to
investigate deeply the structural behavior of cross-sections belonging to all classes defined
according to the Eurocode 3 classification system, i.e. from plastic to slender sections [20].
The numerical study concerns hot-rolled and cold-formed sections having nominal
geometrical dimensions and various parameters with the target of capturing their physical
behavior. In view of further mechanical analyses, the parameters were chosen in order to
cover all four classes’ ranges with different load cases going from simple to combined ones.
These numerical computations, carried by means of the finite element software FINELg,

provided a basis for the generation of several design curves.

4.2. Validation against test results
4.2.1. UAS Western Switzerland Fribourg campaign
4.2.1.1. Numerical model — Features and characteristics

4.2.1.1.1. Elements and meshing

To select proper FE meshes that provide accurate results with minimum computational effort,
five different mesh configurations were considered as shown in Figure 98. The main aim of
this study is to choose an adequate mesh capable of providing a good approximation of local
buckling. The cross-sections were modeled with the use of quadrangular 4-nodes plate-shell
finite elements with typical features ( corotational total Lagrangian formulation, Kirchhoff’s
theory for bending ). The corners of square and rectangular profiles were modeled with 2

linear shell elements per corner.
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The selected mesh densities span from fine to coarse. While elastic buckling analysis is
usually used to test the mesh adequacy, both GMNIA and LBA analysis were performed in
this study.

Several rectangular and square cross-sections were analyzed, each type consisting of different
dimensions and thickness. Two different load cases were considered: compression and major-
axis bending. In Figure 99, LBA results are presented on the left column and GMNIA results

on the right column. R, corresponds to the critical buckling load amplification factor and
R, represents the ultimate load amplification factor. It can be seen that the difference

between all the corresponding meshes is not pronounced. The main concern is here to
accurately simulate the collapse mechanism, which is known to be quite sensitive to the mesh
refinement. In other words, the post-peak branches provided by the different meshing types
will differ depending on how fine the mesh is. The plastic mechanisms occurring in relatively
short lengths require a fine mesh capable of accurately representing the development of yield
lines, thus providing a more accurate result. In a coarse mesh, the elements are not small
enough to accurately represent the development of plastic strains, resulting in an overly-stiff
failure mechanism. For some cases, type VI and type V mesh were seen to lead to the highest
differences compared to other meshes. Type Il mesh generally indicated a similar numerical
result compared to the more refined types I and II, and was seen to provide accurate
representations in terms of peak load and yield development; hence, no further mesh
refinement was deemed necessary. Even though all types I, II, and III could provide a good
prediction of the ultimate load, type III meshing was selected as it provides sufficient

compromise between satisfactory accuracy and minimum computational time.
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Type I Type 11 Type 111

Type IV Type V

Rectanqular sections

Type I Type II Type LI

Type IV Type V

Square sections
Figure 98— Mesh configurations.
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Figure 99 — LBA (left) and GMNIA (right) results for SHS and RHS sections.
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4.2.1.1.2. Loading and support conditions

In order to represent accurately the experimental behavior of the specimens, a suitable
corresponding FE model had to be developed. The endplates were represented through rigid
plates having an equivalent thickness of 80 mm and modeled with shell elements that remain
elastic during loading. The plates’ stiffness allowed an even distribution of the applied load at
the ends of the sections and prevented any cross-sectional deformation at both ends while
allowing free rotations. As for the behavior of the hinges, truss elements were used to
simulate the assumed-rigid spherical hinges at both ends. All trusses were connected to the
rigid end plates nodes and to the centroid of the hinge ( see Figure 100 ). The load was
applied at the center of rotation of the hinge, and the cases of combined loads with
compression were represented through an axial load applied at the centroid of the hinge with

the corresponding measured eccentricities of the cross-section tests ( see Figure 101 ).

172 mm
——

20 mm

FE
—

Representation Specimen

Specimen

700 mm
700 mm

W v—_Endplate

Figure 100 — Finite element model assumptions.
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Compression and Compression and
mono-axial bending bi-axial bending

Pure compression
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|
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Figure 101 — Applied load with shifted truss center corresponding to different load cases.

Series of numerical computations have been performed with the use of non-linear finite
element software FINELg, continuously developed at the University of Liege and Greisch
Engineering Office since 1970 [104]. This software offers almost all types of FEM types of
analyses, and present investigations have mainly been resorting to so-called MNA
( Materially Non-linear Analysis), LBA (Local Buckling Analysis) and GMNIA
( Geometrically and Materially Nonlinear Analysis with Imperfections ) analyses. The cross-
sections were modelled with the use of the QSCRA element, a quadrangular 4-nodes plate-
shell finite element with typical features ( corotational total Lagrangian formulation,
Kirchhoff’s theory for bending ). The corners of square and rectangular profiles were

modeled with 4 linear shell elements per corner ( see Figure 102 ).

Figure 102 — Detail view of the corner modeling.
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4.2.1.1.3. Material modeling and residual stresses

Averaged measured geometrical dimensions were used in the numerical calculations together
with measured local imperfections for each specimen ( see Annex 5 and Annex 6 ). Measured
membrane stresses were introduced for the hot-finished profiles, whereas both measured
flexural and membrane residual stresses were introduced for cold-formed profiles. As for the
circular hot-rolled profiles, only flexural residual stresses were introduced. Figure 103
displays an example of the adopted measured membrane stresses for specimen

SHS HF 200x200x6.3.
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Figure 103 — Adopted measured membrane stresses for section

SHS_HF 200 200 6.3,

Measured material stress-strain behavior including strain-hardening effects was also included.
For the cold-formed tubular profiles, two material laws have been defined; one for the base
material and one for the corner regions. Ramberg-Osgood material law was used for the flat
regions while a multi-linear law was adopted for the corners region, since a simple Ramberg-

Osgood was not suitable ( see Figure 104 ).
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Figure 104 — Material stress strain laws adopted in FE calculations for specimens

RHS 220x120x6 CF.

For cases in which the corner coupon test results were inconsistent with an ultimate stress
smaller than the one of the flat face, a multi-linear law was set for such cases using the

following equations ( see Figure 105 ):

fy_carner = 1'15fy_ﬂa[ (5)

fuicorner = 1' 1 Sf;liﬂat (6)

The factor 1.15 was adopted on the basis of statistical studies on material laws from
literature, and shown to be convenient. Accordingly, higher yield strength in the cold-formed

corner regions was taken into account.
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Figure 105 — Material stress strain laws adopted in FE calculations for specimens

RHS 200x100x4 CF.

4.2.1.2. Validation: FE results vs. test results

The experimental cross-section capacities reached by the tested specimens were compared to

the numerically-predicted ones. The ultimate loads and the ratio of the experimental ultimate

loads to their numerical counterparts are given for the tested cross-sections in Table 19

('stubs, LC1, LC2, LC3, LC4, LC5 and LC6 ). As previously mentioned, all numerical

simulations of the specimens were based on actual cross-sectional dimensions and on actual

material properties.

Numerical simulations represented the real behavior quite accurately ( see Table 21). A

graphical comparison of the ultimate loads of the FE simulations and of the experiments is

shown in Figure 106 in which the red lines

indicate a deviation of -+/-10%.
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*LC stands for Load Case
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Numerical investigations
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Figure 106 — FE peak loads vs. experimental loads.
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It can be seen that all numerical simulations provide ultimate loads in excellent accordance

with the test results. All values oscillate very closely to the F, /F,.,, =1.0 ideal line, which

exp

indicates a very good accordance between test and numerical results.

Figure 107 and Figure 108 provide representative examples of experimental and numerical
load-displacement curves. The differences in initial stiffness, ultimate load and post-peak
behavior between numerical and experimental results are mainly caused by non-explicitly
modeled sources, such as a little friction in the hinges ( i.e. the boundary conditions are never
as clean as in the computational model and are far more complicated than assumed in the
numerical model® ), inconsistencies in the imperfections measurements and unexpected
eccentricities. The complete test setup stiffness was also not modeled. Since a maximum

deviation of 6% among all F, /F,,, values is reported, the ability of the numerical model

exp
to accurately predict the failure load is obvious. However, the initial stiffness and post-peak
behavior showed larger discrepancies between numerical and experimental results, which can

be attributed to previously mentioned numerical modeling issues.

® The numerical model is assumed to be free from any friction in the hinges — preliminary measurements

showed that friction could be neglected.
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Table 21 — Comparison of numerical and experimental ultimate loads.

Test : G & F Frong Fexy/ Frem
# Specimen Load case [mm]- [kel?] [kN] [
[mm]

1 RHS _LC1_S355CF_200x100x4 N (100%) 00 773 796 0.97
2 RHS_LCI1_S355CF_220x120x6 N (100%) 0.0 1594 1651 0.96
3 RHS LC1_S355HF_250x150x5 N (100%) 00 1477 1499 0.98
4 RHS_LC1_S355HF_200x100x5 N (100%) 0.0 1159 1143 1.01
5 SHS LC1_S355CF_200x200x5 N (100%) 00 1300 1307 0.99
6 SHS_LCI1_S355CF_200x200x6 N (100%) 0.0 1936 1967 0.98
7 SHS LC1_S355HF 200x200x5 N (100%) 00 1604 1603 1.00
8 SHS_LC1_S355HF_200x200x6.3 N (100%) 0.0 2168 2141 1.01
9 CHS_LCl1_S355CF_159x6.3 N (100%) 00 1788 1727 1.03
10 CHS_LC1_S355HF_159x6.3 N (100%) 0.0 1531 1519 1.00
11 CHS_LCI1_S355HF 159x5 N (100%) 00 1284 1228 1.04
12 CHS_LCI1_S355HF 159x7.1 N (100%) 00 1637 1597 1.02
13 RHS_LC2_S355CF_200x100x4 N (50%) + M, (50%) 60_0 597 595 1.00
14 RHS LC2_S355CF_220x120x6 N (50%) + M, (50%) 67_0 1160 1141 1.01
15 RHS_LC2_S355HF_250x150x5 N (50%) + M, (50%) 470 1063 1052 1.01
16 RHS_LC2_S355HF_200x100x5** N (50%) + M, (50%) 65 0 - - -
17 SHS_LC2_S355CF_200x200x5 N (50%) + M, (50%) 77.0 816 848 0.96
18 SHS LC2 S355CF_200x200x6 N (50%) + M, (50%) 720 1179 1218 0.96
19 SHS_LC2_S355HF_200x200x5 N (50%) + M, (50%) 62.0 942 932 1.01
20 SHS LC2 S355HF 200x200x6.3 N (50%) + M, (50%) 60 0 1302 1272 1.02
21 CHS_LC2_S355CF_159x6.3 N (50%) + M, (50%) 45 0 1060 1056 1.00
22 CHS_LC2_S355HF 159x6.3 N (50%) + M, (50%) 50 0 747 787 0.94
23 CHS_LC2_S355HF _159x5 N (50%) + M, (50%) 41 0 725 705 1.02
24 CHS_LC2_S355HF_159x7.1%* N (50%) + M, (50%) 50_0 - - -
25 RHS _LC3_S355CF_200x100x4 N (33%) + M, (33%) + M- (33%) 63_39 420 408 1.02
26 RHS_LC3_S355CF_220x120x6 N (33%) + M, (33%) + M.(33%) 72_40 851 861 0.98
27 RHS LC3_S355HF 250x150x5 N (33%) + M, (33%) + M. (33%) 82 50 623 630 0.98
28 RHS_LC3_S355HF_200x100x5 N (33%) + M, (33%) + M.(33%) 48 25 589 606 0.97
29 SHS LC3_S355CF_200x200x5 N (33%) + M, (33%) + M. (33%) 62_60 771 792 0.97
30 SHS_LC3_S355CF_200x200x6 N (33%) + My (33%) + M.(33%) | 6565 1069 1082 0.98
31 SHS LC3_S355HF 200x200x5 N (33%) + M, (33%) + M. (33%) 60_60 829 812 1.01
32 SHS_LC3_S355HF_200x200x6.3 N (33%) + M, (33%) + M.(33%) | 50 50 1069 1078 0.98
33 CHS_LC3_S355CF_159x6.3 N (33%) + M, (33%) + M.(33%) | 50 45 893 881 1.01
34 CHS_LC3_S355HF_159x6.3 N (33%) + M, (33%) + M.(33%) | 50 50 623 653 0.95
35 CHS_LC3_S355HF_159x5 N (33%) + M, (33%) + M.(33%) | 40 40 619 610 1.01
36 CHS_LC3_S355HF_159x7.1 N (33%) + M, (33%) + M.(33%) | 50 50 705 717 0.98
37 2_SHS_LC1_S355CF_200x200x6 N (100%) 0.0 1954 1974 0.99
38 2 SHS LC2_S355CF_200x200x6 N (50%) + M,(50%) 710 1194 1143 1.04
39 2 SHS_LC3_S355CF_200x200x6 N (33%) + M, (33%) + M. (33%) | 62 62 1076 1102 0.97
40 RHS LC4_S355CF_220x120x6 N (50%) + M. (50%) 0_40 972 970 1.00
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41 RHS_LC5_S355CF_220x120x6 N (50%) + M, (25%) + M. (25%) | 33 20 1182 1231 0.96
42 RHS LC6_S355CF _220x120x6 N (80%) + M, (10%) + M. (10%) | 106 1606 1581 1.01
43 RHS LC4 S355CF _200x100x4 N (50%) + M. (50%) 035 471 470 1.00
44 RHS_LC5_S355CF_200x100x4 N (50%) + M, (25%) + M, (25%) | 3119 625 605 1.03
45 RHS LC6 S355CF_200x100x4 N (80%) + M, (10%) + M. (10%) 65 763 769 0.99
46 RHS_Stub_S355CF_200x100x4 Stub - N (100%) 0.0 761 788 0.96
47 RHS_Stub_S355CF_220x120x6 Stub - N (100%) 00 1648 1546 1.06
48 RHS_Stub_S355HF_250x150x5 Stub - N (100%) 0.0 1358 1380 0.98
49 RHS_Stub_S355HF 200x100x5 Stub - N (100%) 00 1163 1164 0.99
50 SHS_Stub_S355CF_200x200x5 Stub - N (100%) 0.0 1296 1350 0.96
51 SHS_Stub_S355CF_200x200x6 Stub - N (100%) 00 1957 2002 0.97
52 SHS Stub_S355HF_200x200x5 Stub - N (100%) 00 1607 1615 0.99
53 SHS_Stub_S355HF_200x200x6.3 Stub - N (100%) 00 2227 2194 1.01
54 CHS_Stub_S355CF_159x6.3 Stub - N (100%) 00 1800 1872 0.96
55 CHS_Stub_S355HF_159x6.3 Stub - N (100%) 00 1560 1543 1.01
56 CHS_Stub_S355HF_159x5 Stub - N (100%) 00 1255 1187 1.05
57 CHS_Stub_S355HF_159x7.1 Stub - N (100%) 0.0 1632 1538 1.06

*e, represents the adopted eccentricity along y-y axis, e. is the adopted eccentricity along z-z axis
** No available results recorded
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Figure 107 — Numerical vs. experimental load displacement curves of specimens,
a) LC2_RHS_250x150x5 _HF, b) LC1 RHS 250x150x5_HF.
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Figure 108 — Numerical vs. experimental load displacement curves of specimens,

a) LC3_SHS 200x200x6_CF, b) LC1_SHS_200x200x5 CF.

Based on these comparisons, which comprise many representative load cases and different

cross-section slenderness, dimensions and production routes, the finite element models

developed can be asserted to accurately represent the real behavior of such members and may

safely be substituted to physical testing. Even if a slightly different finite element model —

adapted from the one referred to herein — will be used in consecutive parametric studies, the

models were shown to be fully suitable and satisfactory, and able to provide accurate and

reliable numerical reference results.
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4.2.2. TU Graz campaign

4.2.2.1. General scope of the study

Kettler [7] conducted a test program to investigate the cross-section response of semi-
compact class 3 sections. The testing program was part of a European project [3] and
comprised hot-rolled and welded open sections, cold-formed square and rectangular hollow
sections. Kettler [7] validated his finite element model with the use of the non-linear software
ABAQUS [105]. In this chapter, an attempt is made to validate as well a numerical model
developed in FINELg against the hollow cross-section tests made in [7]. The numerical

investigation concerning the open sections with FINELg, can be found in [62].

Kettler tested cross-sections submitted to simple load cases and combined ones. The
combined load cases were obtained in a similar way to the tested cross-section in the present
work, i.e. through an eccentric load applied at the ends of the specimens through thick
endplates. The bottom plate of the testing machine was restrained against translation and
rotation whereas the top endplate was allowed for all rotational degrees of freedom. The
lengths of the specimens were selected small enough to prevent global failure and long
enough to limit the influence of the boundary conditions. Figure 109 provides a general view

of the test setup. The testing program comprised the following cross-sections:

Table 22 — Test program for cross-section tests [7].

Nominal parameters Actual parameters**
Soeshian Section Length  Eccentricity Angle Eccentricity Angle Loading
[mm] e[mm] o[degrees] e[mm] af[degrees] system
Sc Al13 1 300 0 300.2 0.3
Sc-A13-2 300 0 299.2 -0.2 N+ M,
Sc_A13-3 300 0 300.2 -0.2
Sc_Al4-1 300 20 300.7 20.1
Sc_A14-2 SHS 300 20 297.5 19.3 N+ M,+ M,
180/180/5 700
Al4- 2 299. 19.1
Sc_. 3 $355 300 0 99.9 9
Sc_Al15-1 300 45 298.6 43.9
Sc_A15-2 300 45 302.1 453 N+ M,+ M,
Sc_A15-3 300 45 299.6 45.7
Sc_Al6-1 0 0 - - Stub Column
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Sc A16-2 0 0 ] .
Sc_Al8-1 300 20 300.5 20.8
Sc Al18-2 300 20 298.1 202 N+M,+ M,
Sc_Al18-3 300 20 298.5 20
Sc_A19-1 RHS 300 45 298.5 44

———— 200/120/4 700

- . . + M, + M,

Sc_A19-2 275 300 45 302.8 44.6 N+M,+ M.
Sc_A19-3 300 45 299.3 454
Sc A20-1 0 0 - -

_ Stub Column
Sc_A20-2 0 0 - -

*o being the specimen rotation angle on the endplates.

**for stub columns actual areas were measured, see [7].

Figure 109 — Testing rig and torsional restraints of loading points of the specimen [7].

4.2.2.2. Numerical model — Features and characteristics

4.2.2.2.1. Meshing, geometrical dimensions and imperfections

Since type III mesh was seen to provide accurate results in terms of peak load and yield

development ( see section 4.3.1), it has been again used in the present investigation. The
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following cross-sectional dimensions measured in [7] were taken into account in the

numerical model ( Table 23 ).

Table 23 — Measured cross-sectional dimensions [7].

H B t
[mm] [mm] [mm)]
SHS 180/180/5
3355 180.2 180.2 4.7
RHS 200/120/4
3275 200.1 120.4 3.6

Kettler [7] measured the imperfections with regularly-spaced linear variable displacement
transducers inserted in a perforated bar that was moved sideways in order to obtain a grid of
measured imperfections at the locations of the linear variable transducers. The measured grid
was adapted to the desired FE mesh, with the use of a double interpolation in both directions
of the plates of each profile. This was done to represent as closely as possible the

experimental conditions.

4.2.2.2.2. Loading and support conditions

In the model, pinned-end conditions were applied and a rigid plate of 120 mm thickness,
modelled with an elastic material law, was linked to the specimen on both sides. The load
was applied at the middle of the endplates in case of simple compression cross-section tests,
and with an axial load and a bending moment in case of tests with combined load cases (i.e.
having eccentricities). The thick plates allowed an even distribution of the applied load with
no out-of-plane deformations. The bending moment applied in case of combined load cases

was obtained by multiplying the axial compression and the eccentricity.

4.2.2.2.3. Material modelling and residual stresses

Averaged material stress-strain behavior including strain hardening effects was used. Since
all hollow sections were cold-formed, two material laws have been defined — one for the flat
regions and one for the corner regions’. Figure 110 shows an example of stress-strain curve

for specimen sc- A17-1 and measured properties are summarized in Table 24.

° In the corners of the tubular profiles, coupons were cut from the section and attachments were welded on both

ends. These attachments could be fixed easily with the hydraulic grips of the testing machine [7].
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Table 24 — Measured material properties [7].

C . Coupon En Jom Jum &~lym/Em (fu/f)m
oupon Specimen . 3 2 2
location  [N/mm®] [N/mm’] [N/mm’] [-] [-]

sc17-1  SHS 180/180/5 Flat

_— - 187800 400 533.2 0.00213 1.33
sc17-2 S355 Flat
sc17-1  SHS 180/180/5  Corner

- - 198400 600.4 649.7 0.00303 1.08
sc 17-2 S355 Corner
sc21-1  SHS 200/120/4 Flat

- - 196800 397.8 499.6 0.00202 1.26
sc 21-2 S275 Flat
sc21-1 ~ SHS 200/120/4  Corner

_ 200600 561.3 627 0.00280 1.12
sc21-2 S275 Corner
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Figure 110 — Stress-strain curve for specimen sc_A17-1-SHS 180/5 — S355.

Residual stresses based on DIN recommendations [S0] were adopted in [7] and also

introduced in the numerical model of this investigation ( see Figure 111 ).
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Figure 111 — Residual stress patterns for a) square hollow sections, b) rectangular hollow

sections [50].

4.2.2.3. Validation: FE results vs. test results

All numerical simulations based on actual cross-section dimensions, measured initial

imperfections and actual material properties are shown in Table 25 and compared to the

experimental capacities achieved by the specimens tested in TU Graz [7]. The equivalent

study performed with TU Graz has been also reported in Table 25. Therefore, the

performance of both finite element models was compared.

Table 25 — Comparison of experimental and numerical ultimate loads.

. . FEy Friner, Fupious  Frverd/Few  Fapaous/FEx

Specimen Section 2 H 2 b : 2

P [KN] [KN] [KN] [kN] [kN]
Sc-A13-1 227.9 228.1 241 1.00 1.06
Sc-A13-2 245.6 232.2 240 0.94 0.98
Sc-A13-3 230.8 229.2 240 0.99 1.04
Sc-Al4-1 SHS_180/180/5 240 223.1 237 0.92 0.99
Sc-A14-2 S355 226.1 226.2 243 1.00 1.07
Sc-A14-3 233.4 236.7 241 1.01 1.03
Sc-A15-1 237.6 225.6 244 0.95 1.03
Sc-A15-2 237.3 222 243 0.94 1.02
Sc-A15-3 235.6 219 241 0.93 1.02
Sc-A18-1 139.5 141 142 1.01 1.02

RHS 200/120/4
Sc-A18-2 - 142.2 138 144 0.97 1.01
- S275

Sc-A18-3 139.5 144 144 1.03 1.03
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Sc-A19-1 110.7 113.1 112 1.02 1.01
Sc-A19-2 112.5 115 110 1.02 0.98
Sc-A19-3 110.8 115.7 110 1.04 0.99
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Figure 112 — FE results vs experimental results.

Figure 112 shows a graphical comparison of the ultimate loads of the FE simulations (with
both FINELg and ABAQUS softwares) with the experiments; a deviation of 10% is marked
with black lines. All values oscillate very closely around the dashed red line indicating a
good accordance between both sources of results. The finite element model is validated and
can be well adopted for further parametric studies. The agreement between both finite
element programs is very good for all considered cases. However, it is remarkable that the
results obtained with FINELg and with the particular case of square sections, are always
slightly smaller than the results obtained with ABAQUS. Most of ABAQUS computed
results are unconservative compared to experimental results, whereas FINELg computed
results are shown to be conservative. However, such a comparison is not 100% valid; even if
the input data were chosen equal (i.e. residual stresses, geometrical imperfections, material
laws, support conditions ), the way the load was introduced in ABAQUS (i.e. generation of
the entire test setup or part of it ) is unknown and it is difficult to assert problems relative to
the load introduction. This could be the reason behind the small differences between both
sources of results. Even with such dissimilarities, the agreement between both finite element

programs is still considered to be very good.
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4.3. Numerical parametric study

4.3.1. Meshing, loading and support conditions

With the developed FE models being shown to be adequate, a derived one has been
implemented on the basis of the validated one. Again, QSCRA shell element, a quadrangular
four node shell element with corotational total Lagrangian formulation has been adopted in
all simulations. Special attention has been paid to a correct representation of the corner zones
through two shell elements, possessing a parabolic curvature in order to characterize the real

curvature of the corner.

A numerical modeling resorting to linear constraints has been developed. The end cross-
section only exhibits a maximum of three degrees of freedom: axial global displacement,
rotation about the major-axis and rotation about the minor-axis. Only three different nodes
are then necessary to describe the displacement of any point in the cross-section once the
linear relationships for axial displacements are established. In other words, a maximum of
three nodes may experience a “free” longitudinal displacement, while all other nodes’ x-

[3

displacements linearly depend on the longitudinal displacements of the “x-free” nodes to

3

respect a global cross-sectional displaced configuration. The three “x-free” nodes were
chosen at the plate edges (at the beginning of different corners) of the cross-section, and all
the nodes in between were constrained to the three main nodes with respected linear

relationships.

Additional fictitious nodes have been defined at the centroids of the end-cross-sections for
the definition of the support conditions, and transverse supports preventing from local
buckling have also been implemented. This modeling technique was validated and adopted

successfully in many FE studies [3].

The application of an external loading at the member’s ends (i.e. major and minor-axis
bending moments and/or axial forces) is straightforward, and has been implemented by
means of suitable distributions of concentrated forces at the flanges plates’ tips. This
particular way of introducing end forces could be shown to avoid any unintended stress

concentration ( see Figure 113 ).
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Figure 113 — Support conditions and external load application.

As for the mesh density, case studies detailed in section 4.3.1 showed that a “Type III” mesh
can provide accurate results in terms of peak load and extent of yielding, and was thus
adopted in all simulations as it provides adequate accuracy and reliable results with minimum

computational effort in representing the structural behavior of cross-sections.
4.3.2. Initial geometrical imperfections

4.3.2.1. Introduction

Since real initial geometric imperfections are in general unknown, the most unfavorable
shape of the imperfections should be taken into account with the amplitudes given by
fabrication tolerances. Scarce guidelines for modeling initial imperfections of plates are
given in the new European standard for plated structural elements [64], which allows to
model geometric imperfections together with structural imperfections due to welding and
cutting process, as equivalent geometric imperfections with amplitudes given at the allowable
fabrication tolerances ( see Figure 114 ). It is necessary to consider relevant imperfection
shapes presented and to determine the most unfavorable combination in terms of leading
structural or geometrical imperfection with full amplitude and accompanying imperfection
with 70% of the amplitude given in Figure 114. In other words if the residual stresses pattern
are introduced in the model, the accompanying geometrical imperfection amplitude can be
considered as 70% of the amplitude mentioned in Figure 114. Also, the Eurocode 3 part 1-5

[64] allows to model imperfections with 80% of the geometric fabrication tolerances
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combined with residual stresses represented by a stress pattern from the fabrication process

with amplitudes equivalent of the mean expected values.

Amplitude=

/ min (a/200; b/200)

\

\

\
AN
\
\

VY
()
<

Figure 114 — Local imperfection according to Eurocode 1993 part 1-5.

Kettler [7] introduced local geometrical imperfections through an appropriate modification of
node coordinates, obtained from the first buckling eigenmode shape of the corresponding

element subjected to axial compression.

Greiner et al. [3] adopted a predicted shape of the local instability mode with the use of a sine

function shape of initial deformation and an appropriate amplitude for each plate separately.

Besides, Dawson and Walker [106] generated an expression to predict the initial
imperfection amplitudes in simply supported plates and in the plate elements of square
hollow sections. Different generalized geometric imperfection parameters were studied and
the effects were compared to established test data obtained from cold-formed steel sections

subjected to either bending or compression. A suitable and completely general parameter
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describing the imperfection’s amplitude, of a plate with thickness ¢ was derived by means of

the following three equations:

a=at (100)
o 0.5
a=ﬂ[ "’J t (101)
O-cr
o
azy[—yjt (102)
GCI”

where a is the initial imperfection amplitude, ¢ is the plate thickness, o, is the yield proof
stress of the material, o, is the plate critical buckling stress and » o and £ are constants to

be determined for each type of material and are assumed as influenced by the manufacturing

process; Walker [106] recommended a value y of 0.2 for cold-formed steel sections.

To take due account of the variation of edge restraints for various cross-sectional geometries
of cold-formed steel members, Walker [106] recommended the use of Equation (101) with a

value of f=0.3. Cruise and Gardner [107] adopted Dawson and Walker expression and
proposed a value of £ =0.023 for cold-rolled stainless steel rectangular hollow sections and

replaced the yield stress o, with the 0.2% proof stress o,,, whereas Jandera et al.[77]

obtained a value of 0.045 which lies between the upper (0.111) and lower (0.012) bounds
proposed by Cruise and Gardner [107].

Unlike almost all studies focusing on the sole imperfections’ amplitude, Schafer and
Pekoz [78] studied both amplitude and distributions and proposed simple rules of thumb
assorted with a probabilistic treatment of the maximum imperfection magnitude as a random
variable. Numerically estimated cumulative function CDF values were proposed and served
as a basis for connecting a probability of occurrence with a particular imperfection
magnitude. Schafer [78] also performed an experimental program to examine the actual
imperfection distributions; he used the imperfection spectrum of this experimental program
to determine the imperfection magnitude in a particular eigenmode. Five artificial
imperfection signals were generated and the conclusions resorted from this type of
imperfection were seen to be more complicated than those from modal imperfections. In

these latter type of imperfections, failure mechanisms were either local or distortional
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depending on the imperfection magnitude ( local and distortional modes were studied ),
whereas analysis through the generalized imperfections showed that failure was dependent
on magnitude and on distribution of imperfections. Moreover, with generalized
imperfections, yielding and final failure mechanism occurred at a variety of locations ( but
eventually at large deflections an eigenmode shape was formed ) whereas a regular failure
mechanism was developed with modal imperfections (e.g. distortional failures with

distortional modal imperfection ).
4.3.2.2. Initial imperfection sensitivity study

4.3.2.2.1. Local imperfect shape for tested cross-sections

The treatment of geometric imperfections is of significant importance in structural steel,

since both ultimate strength and post-buckling capacities are imperfection sensitive.

In a first attempt to examine the imperfection sensitivity, a study of the influence of different
shapes and amplitudes of initial local geometric imperfections on the cross-section capacity
of the tested square and rectangular sections was undertaken. The global initial imperfections
were obviously not introduced since the cross-section capacity is only being studied herein.
The main aim of this first attempt was to compare the different initial adopted shapes with
the real imperfections of the experimental tests. Subsequently, the imperfection sensitivity to

the expected magnitude can be accurately assessed.

Therefore, a series of FE calculations were carried out on all the 45 plated sections'® with the
imperfections and amplitudes mentioned in Figure 115 and the ultimate loads were compared
with the experimental results. All FE calculations comprised measured geometrical
dimensions, material laws and residual stresses. The only changed parameter was the initial

geometrical imperfection as shown in Figure 115.
Two main types of imperfections were considered:

(i) Type I. imperfections introduced through an appropriate modification of node
coordinates with adequate sine waves equations in both direction of the considered plate.

The adopted amplitudes are illustrated in Figure 115 for each plate element individually;

1945 cross-section tests were only considered in this sub-study, i.e. stubs and the couple of tests where no

recorded data were available, were not accounted for (see section 3.4).
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(i1) Type II: modal imperfections based on the first eigenmode of a linear buckling analysis
with scaled amplitude taken as the average of the values /#/200 and »/200 where A
and b are the web width and the flange width of the section, respectively.

Type I consisted in three variables in which the sine period was modified (case (a), case (b),
case (c)). Case (a) consisted of a sine wave imperfection with the periodicity being equal to
the bigger plate width of the section, case (b) with the smaller plate width of the section and
case (c¢) with an average period of both constitutive plates of the section. Case (d) is relative

to the type Il imperfections.

It is to be noted that the adopted amplitudes corresponded to the prescribed amplitude in EN
1993-1-5 [64] without a reduction of 30%, although the residual stress patterns were

introduced in the calculations. The amplitudes are therefore considered as conservative

values.
B
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h-2r-t b-2r-t
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Figure 115 — Adopted imperfections for the 45 plated tests.
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Figure 116 and Figure 117 show examples of the different initial geometrical imperfections
for the rectangular cross-section RHS 200x100x4, introduced through adequate sine curve in

both directions with respect to the periods and amplitudes represented in Figure 115.

Figure 117 represents the different eigenmode shapes corresponding to the different load

cases considered in the experimental campaign for the RHS 200x100x4.

Case (a) Case (b) Case (c)
Figure 116 — Initial imperfections introduced by hand for the RHS 200x100x4 specimen.
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RHS LC1_200x100x4
1* eigenmode
Pure Compression
N
(Case d)

RHS LC2 200x100x4
1* eigenmode
Compression and strong-axis bending
N (50%) + M, (50%)
(Case d)

RHS LC3 200x100x4
1* eigenmode
Compression and bi-axial bending
N (33%) + M, (33%) + M. (33%)
(Case d)

RHS LC4 200x100x4
1* eigenmode
Compression and weak-axis bending
N (50%) + M. (50%)
(Case d)

RHS LC5 200x100x4
1* eigenmode
Compression and bi-axial bending
N (50%) + M, (25%) + M, (25%)
(Case d)

RHS LC6 200x100x4
1* eigenmode
Compression and bi-axial bending
N (80%) + M, (10%) + M. (10%)
(Case d)

[NNARN

Figure 117 — Different imperfections of specimen RHS 200x100x4 introduced through the
first buckling mode.
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Figure 118 to Figure 121 show a comparison of the cross-section capacities having different
imperfection patterns with respect to their experimental results. The cross-section capacities
with measured imperfections are also included in the comparisons. Figure 118 represents the
results corresponding to the cold-formed cross-sections, Figure 119 represents the hot-
finished cross-section tests, Figure 120 the cold formed stub columns and Figure 121 the hot-
finished stubs columns. Each figure is accompanied by a corresponding table ( see Table 26
to Table 29 ) in which results are presented in the form of comparative ratios with the

experimental results.
The following conclusions can be drawn from these figures:

(i) The results showed a minor difference between all the adopted initial imperfections and
the experimental results. Nevertheless, this difference is expected to decrease due to the
conservative amplitudes in which the reduction of 30% due to the introduction of the

residual stresses was not accounted for.

(i) Cross-section capacities with measured imperfections were obviously the closest to the
experimental results. Then, amongst the rest of the considered imperfection pattern,
Type II led to the closest results to the experimental counterparts in almost all cases,
whereas the case (b) was the farest from the experimental results. This was expected
since the wave lengths in that case are numerous due to the adopted period of the
smallest plate width, leading to a drop in the cross-section capacity compared to the

cases (a) and (¢) in which the periods were deemed more reasonable.

(ii1) The results showed that case (@) in which the period of the sine wave corresponds to the

bigger plate width is closer to the ‘eigenmode imperfection’ result.
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Table 26 — Comparison of experimental ultimate load factor with ultimate load factors of

cold-formed sections according to the different imperfections adopted.

RULT bigger plate RULT _smaller plate RULT_average

RULT _eigenmode

R ULT _measured

/Rurt exp / RULT exp /Rurtr _exp /Rurt_eip /RuLT exp
SHS LC1_200x200x6 0.99 0.99 0.99 1.01 1.02
RHS LC1 200x100x4 1.05 1.03 1.03 1.05 1.03
RHS_LC1_220x120x6 0.97 0.95 0.95 0.99 1.03
RHS LCI1_200x200x5 0.92 0.92 0.92 0.94 1.05
RHS LCI1_200x200x6 0.91 0.91 091 0.94 1.01
RHS_LC2_200x200x6_2 0.91 0.91 0.91 0.93 1.05
RHS LC2 200x100x4 0.95 0.89 0.91 0.95 1.00
SHS LC2 200x200x6 0.96 0.96 0.96 0.98 1.03
RHS_LC2_220x120x6 0.91 0.87 0.88 0.92 1.02
RHS LC2 200x200x5 0.90 0.90 0.90 0.94 1.03
RHS LC3 200x200x6 2 0.96 0.96 0.96 0.95 1.01
RHS LC3 200x100x4 0.98 0.94 0.97 0.97 0.97
RHS LC3 220x120x6 0.95 0.91 0.92 0.95 1.01
RHS _LC3 200x200x5 0.89 0.89 0.89 0.90 1.03
SHS LC3 200x200x6 0.92 0.92 0.92 0.91 1.03
RHS LC4 200x100x4 0.96 1.01 1.01 0.94 1.00
RHS LC4 220x120x6 0.94 0.90 091 0.96 1.00
RHS_LC5_200x100x4 0.92 0.89 0.90 0.92 0.97
RHS LC5 220x120x6 0.93 0.89 0.90 0.94 1.04
RHS LC6 200x100x4 0.98 0.95 0.95 0.98 1.01
RHS_LC6_220x120x6 0.91 0.88 0.89 0.93 0.96
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Figure 118 — Ultimate results of cold-formed sections according to the different adopted

imperfections.

Table 27 — Comparison of experimental ultimate load factor with ultimate load factors of hot-
finished sections according to the different imperfections adopted.

RULT " bigger plate R ULT smaller plate R ULT _average RULT " eigenmode RULT "_measured

/ RULT exp /Ryt op /Rurt exp /RULT exp / RULT exp
RHS _LC1 _200x100x5 1.00 0.93 0.96 1.01 0.99
RHS LC1 250x150x5 1.00 0.92 0.95 1.00 1.01
RHS LC1_200x200x5 0.92 0.92 0.92 0.96 1.00
RHS LCI1 200x200x6.3 0.95 0.95 0.95 0.97 0.99
RHS LC2 250x150x5 1.02 0.94 0.97 1.01 0.99
RHS LC2 200x200x5 0.95 0.95 0.95 0.98 0.99
RHS LC2 200x200x6.3 0.92 0.92 0.92 0.93 0.98
RHS LC3 200x100x5 1.02 0.96 1.01 1.02 1.00
RHS LC3 250x150x5 0.94 0.88 0.90 0.92 1.05
RHS_LC3 200x200x5 0.87 0.87 0.87 0.86 0.98
RHS LC3 200x200x6.3 0.94 0.97 0.97 0.96 1.01
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Figure 119 — Ultimate results of hot-finished sections according to the different imperfections

adopted.

Table 28 — Comparison of experimental ultimate load factor with ultimate load factors of
cold-formed stub columns according to the different imperfections adopted.

RULT bigger plate RULT smaller plate RULT average RULT eigenmode RULT measured

/RULT exp /RULT exp /RULT exp /RyLT exp /RuLT exp
RHS_Stub_200x100x4 1.06 1.02 1.03 1.05 1.04
RHS_Stub 220x120x6 0.98 0.92 0.92 0.96 0.93
RHS_Stub_200x200x5 0.93 0.93 0.93 0.92 1.01
RHS_Stub 200x200x6 1.01 1.01 1.01 1.00 1.02

Table 29 — Comparison of experimental ultimate load factor with ultimate load factors of hot-
finished stub columns according to the different imperfections adopted.

R ULT bigger plate R ULT smaller plate R ULT average R ULT eigenmode R ULT measured

/Rurt enp /Rurt enp /Rurt exp /RULT exp /Rurt exp
RHS_Stub_250x150x5 1.04 0.95 0.98 1.03 1.02
RHS_Stub_200x100x5 1.02 0.93 0.95 1.00 1.00
RHS_Stub 200x200x5 0.94 0.94 0.94 0.93 1.00
RHS Stub 200x200x6.3 091 091 0.91 0.90 0.98
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Figure 120 — Ultimate results of hot-finished stub columns according to the different

imperfections adopted.
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Figure 121 — Ultimate results of hot-finished stub columns according to the different

imperfections adopted.
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4.3.2.2.2. Local imperfect shape study on other cross-sections

A wider study has been conducted on hot-rolled cross-sections from various classes with two
different simple load cases: axial compression and major-axis bending. Sections from all
classes were selected along with a wider variety of initial imperfections cases, as shown in

Figure 122.
Five types of periods were adopted:

(i) Average refers to average sine period of (h—2r—1¢) and (b—2r—t),
(ii) Per plate refers to sine period of each plate alone (h—2r—t) or (b—2r—t);

(ii1) Smaller refers to a sine period of the smallest plate (i.e. b—2r—¢) for all the plates of
the section;

(iv) Bigger refers to a sine period of the smallest plate (i.e. #—2r—t) for both all the plates
of the section;

(v) Eigenmode refers to the first eigenmode shape of the linear buckling calculation.

Besides, four types of amplitude a /200 were adopted:

(i) Average refers to an ‘a’ equal to [(h —2r—t)+(b —2r—t)]/2;
(i) Per plate refers to an ‘a’ equal to (h—2r—t) or (b—2r—t);
(iii) Bigger refers to an ‘a’ equal to (h—2r—1);

(iv) Smaller refers to an ‘a’ equal to(b—2r—1).

The case name was divided into two parts; the first part indicates the period of the sine wave
and the second part the amplitude adopted. For example, in ‘smaller/per plate’, ‘smaller’
refers to a period based on the smaller plate width, and ‘per plate’ refers to an amplitude
a /200 in which a stands for the corresponded plate width, as explained in the previous

paragraph.
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Figure 122 — Ultimate results of hot-formed stub columns according to the different

imperfections adopted.
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In the vertical axis of Figure 123 and Figure 124, the ultimate compression load and the

ultimate bending load were normalized to their respective plastic counterparts (i.e. N,/ N,

and M,/M ). The cross-section class of the chosen profiles is also reported in the

horizontal axis.

The imperfection study revealed that:

(@)

(i)

The cross-sections subjected to a major-axis bending are less sensitive to the adopted
type of imperfection than the cross-sections subjected to compression. The highest
difference between the most favorable imperfect shape and the least favorable one in the
case of pure compression is about 11%, and is reached for the class 3 sections which are
known to be the most sensitive type of cross-section class to imperfections. However,

with the major-axis bending load case, this percentage reaches a value of only 2%;

The eigenmode cases gave the highest results for the pure compression case and the
lowest for the major-axis bending case. This is mainly due to the unfavorable shape of
the eigenmode in the bending load cases in which the compressed flange is subjected to
many buckles with no buckles occurring in the tension flange, whereas the imperfection
shapes introduced through sine curves in all the plates, including the tension flange, are
found to be favorable to this particular load case, given that the sine waves introduced in
the tension flange will delay the process in which the plate will become tense. The
eignemode imperfect shape for compression is found to be the least unfavorable one,
because the sine periods have the highest periodicities in comparison to the other

imperfect shapes introduced by means of sine curves;

(ii1) Class 1 cross-sections are the least affected by the geometrical imperfections themselves

and the different types adopted in this study;

(iv) In the case of compression load cases, the most unfavorable imperfect shape is revealed

™)

to be the case of smaller/per plate because of the multitude generated buckles in the
bigger and smaller plate of the section, in comparison to other imperfect shapes. This

phenomenon is accentuated for cross-sections with higher 4 /b ratios;

Moreover, different groups of imperfect shapes are seen to have an almost similar effect
on the cross-section capacity. Therefore, the imperfect shapes of bigger/per plate, and

bigger/bigger are seen to have almost equivalent effect on the cross-section capacity as

207



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Numerical investigations

well as for the imperfect shapes of average/per plate and average/average. The leading
parameter in the imperfection shape adoption would thus be the period of the sine wave
and not its amplitude, as long as this amplitude is taken as a factor of 1/200, with the

factor being the average or exact widths of the plates constituting the section.

Average / per plate
Bigger / per plate

Smaller / per plate

Per plate / per plate
Average / average
Bigger / bigger
Smaller / smaller
Eigenmode / average

Eigenmode / smaller

EDEEEEOEEO

Eigenmode / bigger

Class 1 Class 1-2 Class 2 Class 2-3 Class 3 Class 4

Figure 123 — Ultimate results of hot-rolled stub columns according to the different

imperfections adopted1 !

Average / per plate
Bigger / per plate
Smaller / per plate
Per plate / per plate
Average / average
Bigger / bigger
Smaller / smaller
Eigenmode / average

Eigenmode / smaller

IEEEDEEODODME

Eigenmode / bigger

Class 1 Class 1-2 Class 2 Class 2-3 Class 3 Class 4 Class 4+

Figure 124 — Ultimate results of hot-rolled stub columns according to the different

imperfections adopted.

' Cross-sections belongs to the various classes (Class i) were considered, as well as cross-sections belonging to

the border between two classes (Class i-j)
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4.3.2.2.3. Imperfection amplitude study

Another study was conducted to investigate the effect of the imperfection amplitude. The
main target was to vary the denominator value ( i.e. the value 200 in the a /200 amplitude )

while maintaining the nominator equivalent to each plate width (i.e. the factor a).

Four different amplitudes were adopted: a/100,a/200,a/300 and a/400. 600 FE

parametric results were obtained for rectangular sections with a ratio of 4/b equal to 1.5.
Again, two simple load cases were adopted: compression and major-axis bending. The results

are shown in the Figure 125 and Figure 126, in which the horizontal axis provides the y

factor, i.e. the ultimate capacity normalized to the plastic capacity, while the horizontal axis

represents the cross-section slenderness value 4 .

It was shown that:
(i) The stocky and slender cross-sections are less sensitive to the imperfection amplitude;

(i1)) The amplitude of @ /100 is the most unfavorable amplitude but is considered too severe

to be adopted in FE calculations;

(ii1) The difference between the different amplitudes tends to hardly increase with decreasing

adopted amplitudes. Therefore the difference between the curves with a/200,a/300

and a /400 becomes less pronounced once the amplitude decreases.

Through this study, the effect of the imperfection amplitude is seen to have a non-negligible

impact on a structural response as much as the sinewaves’ periodicities were shown to have.
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Figure 125 — RHS cross-section capacities subjected to pure compression under different

amplitude.
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Figure 126 — RHS cross-section capacities subjected to major-axis bending under different

amplitude.
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4.3.2.2.4. Final selection of geometrical imperfections and recommendations for FE
modelling

Following previous studies, the most realistic chosen type and magnitude of imperfections

were chosen as follows:

(i) Periodicity: average of plate widths;
(i1) Magnitude: 4/200 with 4 being the depth of the corresponding plate.

The approach consisting in introducing imperfection patterns by means of to the first
buckling mode was seen to be less realistic, mainly for load cases other than the pure
compression, and does not guaranty safer conservative results. Therefore, initial geometrical
imperfections have been basically introduced through adequate modifications of node
coordinates. Only local geometrical imperfections have been adopted and were defined as

half-wave patterns in both directions of the flanges and webs ( see Figure 127 ).

Figure 127 — Local geometrical imperfections adopted for both square and rectangular

hollow sections.

It is to be noted that the definition of the sine waves periods must be dependent of both the
web and flanges widths, so that rectangular sections can possess the same number of half-

waves in both webs and flanges. The following equation has been used accordingly:

(h—t=2r)+(b—1t-2r)
2

period = (103)
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Thus, the local imperfections in the flanges and webs will be continuous and coherent, with
the corner remaining unaffected, i.e. if the web buckles in an outward direction, the flanges’

buckles should be inward and vice versa, as shown in Figure 128.

Figure 128 — Half sine wave in a rectangular cross-section.
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4.3.3. Load-path sensitivity

A sub-study has been undertaken in an attempt to characterize the differences that arise in the
structural response of sections if the load is applied in different sequences for a given load
combination. Figure 129 illustrates the ‘load-paths’ considered in this study. Four cases have

been investigated in which 3 cases are divided into two-stages loading. They consisted in:

(i) Case I:applying N and M and M_ simultaneously (cyan load-path in Figure 129);

(i) Case 2: applying N in a first stage, then continue with M  +M_ simultaneously in the
second stage ( red load-path in Figure 129 );

(iii) Case 3: applying M, in a first stage then continue with N+ M _ simultaneously in the

second stage ( blue load-path in Figure 129 );

(iv) Case 4: applying M in a first stage, then continue with N+ M | simultaneously in the
second stage ( green load-path in Figure 129 ).

n

N+M,+M,
— Nthen M+M,
My then N+M,
——  Mthen M+N

AN

XN

N

\
N\

N

AN

AN

Figure 129 — Load-path representation'.

'2 Figure 129 is only an illustrative drawing of the adopted load paths, in which # refers to the applied level of

axial forces, m, and m. are respectively respectively to the applied levels of major and minor-axis bending.
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Cases 2, 3 and 4 load sequences are generally adopted with a target of amplifying the initial
geometrical imperfections. Fictitious interactive curves have been drawn in Figure 129 for
illustrative purposes of showing a target grey dot that all load-paths should lead to if they

would give identical responses.
For this parametric study, 600 GMNIA calculations were carried out:

(i) 25 square cross-sections and 25 rectangular cross-sections going from compact to

slender sections;

(i1) 1 steel grade: S355;

(ii1) 4 different load sequences, as previously explained;
(iv) 3 load cases consisting in the following:

(ivl) Load case 1: n30_50 i.e. N/ N, =30% with a 50 degrees angle representing

the level of bi-axiality in a my—mz13 plot;

(iv2) Load case 2: n30_70 i.e. N/N, =30% with a 70 degrees angle representing

the level of bi-axiality in a m,-m. plot;

(iv3) Load case 3: n70_50 i.e. N/N, =70% with a 50 degrees angle representing

the level of bi-axiality in a m,-m. plot.

Load case 1 was adopted as a ‘reference’ case for which the degree of bi-axiality was only
increased leading to load case?2 in a first step, and in a second step, the degree of axial forces
was only increased leading to load case 3. Subsequently, the influence of axial forces and of

bi-axiality can be evaluated separately.

In Figure 130 to Figure 135, results corresponding to square sections are presented in two-

dimensional interaction diagrams of M /M, vs. M /M, . in the left column and N/N ,

el,y

vs. M /M, , in the right column with the intention of visualizing the degree of reached axial

forces for each load-path on one hand and the interaction M ,—M_ in each load-path on

3 A degree of bi-axiality equal to 0 indicates that only major-axis bending is present, while a degree of bi-
axiality equal to 90 indicates that only minor-axis bending is present (more explanation can be found in section

4.3.4)
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another hand. Identical diagram types are presented in Figure 136 to Figure 141 for

rectangular sections.
The following conclusions can be drawn from these figures:

(i) For load-paths in which the axial level was not defined in the first load sequence, the
cross-sections could reach higher levels of axial forces at the expense of smaller degrees

of strong and minor-axis bending;

(i) All load sequences showed relatively scattered results for compact and slender sections,

and closer ones were seen for semi-compact cross-sections;

(iii) The load sequence 1, i.e. N+M +M_, exhibited the most conservative responses

compared to other load-paths, and for all cross-section types;

(iv) Cross-sections computed with the load-path 3, were seen to reach the highest level of

axial forces for all load cases, in comparison with load-path 2 and 4;

(v) For stocky cross-sections, the load-path 2, i.e. N first followed by concomitant M, + M _,

reaches the farest degree of bi-axiality at failure with respect to the ‘restrained’ defined
degree of axial forces, which was attained for all cross-sections, except for slender ones

having a high degree of axial forces to reach (i.e. for N/ N, slender cross-sections

failed before the end of stage 1 ). Conclusions (i) and (v) would also be similar for other

types of load-paths in which M or M are applied in the first stage.

All results were represented in Figure 142 to Figure 144 in an OIC format, where the

horizontal axis relates to the generalized slenderness 4. while the vertical axis reports on
the cross-section reduction factor y.;. Three major conclusions can be drawn from these

figures:

(1) Cross-sections computed with the load-path 1 are showing the most conservative results

for all load cases;

(i1)) For moderate axial load and degree of bi-axiality, cross-sections computed with load-
path 2, 3 and 4 are showing almost similar responses ( see Figure 142 ). This was

expected because the way R, and R, for such cases were not calculated with two

stages like the corresponding GMNIA computations. An initial loading — based on the
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GMNIA results — was increased proportionally in order to get the plastic load multiplier

R and the critical load multiplier R

RESIST STAB >

(iii) For a high degree of axial forces (i.e. N/ N, =70 ) or for a high degree major/minor-

axis bending moment, i.e. here, for a high degree of minor-axis bending moment with
a =70, cross-sections computed with load-paths starting in the first stage of loading
with the corresponding high degree of axial forces, or minor or major bending moment,
were no more showing similar results to cross-sections computed with the other load-
paths defined with two stages, but were rather exhibiting more conservative results for
only compact and semi-compact cross-sections, since the slender ones failed before the

end of the stage 1 of loading.

Case 1 load-path has been adopted in this study since it represents the most commonly
adopted and accepted way of load application. However, a minor inconvenient arises, with
the fact that all ultimate points will have different levels of axial load, different levels of
major-axis bending moment and different levels of minor-axis bending moments, leading to a
somewhat ‘skewed’ representation such as in a 3D graph. Unlike case 1, case 2, 3 and 4,
distinct levels are reached for all numerical results (i.e. a specified axial level in case 2, a
specified major-axis bending moment level in case 3 and a specified minor-axis bending
moment level in case 3) which can be represented in a 2D surface plot in a clearer way.
However, in these latter cases, and for the particular cases of semi-compact to slender
sections, an element may fail before reaching the second stage of loading, making thus the

achievement of such load-paths impossible for such cross-section slenderness.

In summary, the results computed with the different load-paths showed considerable
differences. Each one bears different advantages and inconvenients. Moreover, the plotting of
the various sequence combinations of results in the OIC format is not strictly 100% valid and

accurate since the way R, and R, for cases 2, 3 and 4, were not calculated similarly to
R, (ie. with two stages), because of the lack of adapted tools for such types of

calculations. Therefore, the ultimate obtained results were taken as a basis for generating

initial loading used for Ry, and R with N, M and M. being applied simultaneously.

Additional studies need to be done in order to quantify more precisely the differences
between load-paths. For this study, no more developments have been undertaken because of

a lack of time, and the load-path 1 was seen to be the most appropriate and safe case to adopt.
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Figure 132 — Comparison of GMNIA results for the SHS 100x100x2.56 —a) M / M,;,, vs. M / M, . diagram —
b) N/ N, vs. M/ M,,;, diagram.
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Figure 133 — Comparison of GMNIA results for the SHS 150x150x2.54 —a) M / M,;,, vs. M / M, . diagram —
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Figure 134 — Comparison of GMNIA results for the SHS 200x200x2.53 —a) M / M, vs. M / M., . diagram —
b) N/ N, vs. M/ M,,, diagram.
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Figure 135 — Comparison of GMNIA results for the SHS 250x250x2.52 —a) M/ M,;,, vs. M / M, . diagram —
b) N/ N, vs. M/ M,,;, diagram.
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Figure 137 — Comparison of GMNIA results for the RHS 80x40x2.58 —a) M / M,;,, vs. M/ M., . diagram —b) N/ N, vs. M/ M.,

diagram.
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Figure 138 — Comparison of GMNIA results for the RHS 100x50x2.56 —a) M / M,;, vs. M / M., . diagram —
b) N/ N, vs. M/ M,;, diagram.
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Figure 139 — Comparison of GMNIA results for the RHS 150x75x2.54 —a) M / M, vs. M / M., . diagram —

b) N/ N, vs. M/ M,,, diagram.
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Figure 140 — Comparison of GMNIA results for the RHS 200x100x2.53 —a) M / M,;,, vs. M / M., . diagram —

b) N/ N, vs. M/ M,,, diagram.
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Figure 141 — Comparison of GMNIA results for the RHS 250x125x2.52 —a) M / M,;,, vs. M / M,, . diagram —
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Figure 142 — GMNIA results for the load case n30_50 — a) Square hollow sections — b) Rectangular hollow

sections.
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Figure 143 — GMNIA results for the load case n30_70 — a) Square hollow sections — b) Rectangular hollow

sections.
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4.3.4. Numerical study of hot-rolled sections

4.3.4.1. Material law and residual stresses

Typical elastic-perfectly plastic constitutive laws with strain-hardening have been adopted,
on the basis of nominal values of the yield stress. The commonly used model is the elastic-
plastic law without strain-hardening. However, according to DIN 18800 part 2 [108], strain
hardening effects shall be considered if it develops over locally limited areas. The adopted

material law thus includes a 2% strain hardening region ( see Figure 145 ).

I I
ex=10 EJJ,+ (fu -fy)}/002E
I I

>
15%

|
|
|
|
|
|
|
|
|
|
|
|
|
| |
| |
i i
&y 10 y Emax

=)

Figure 145 — Elastic-perfectly plastic with 2% strain hardening adopted material law.

Accordingly, due to a young’s Modulus £ =0 along the plastic plateau, yielded fibres shall
no longer exhibit any stiffness once they reach this stage, and numerical problems may occur.

This problem is dealt with the assumption of a nearly-zero slope plateau, as illustrated in
Figure 146, where the very small £, value equal to 0.001f| /(9gy) along the plastic plateau
enables a more stable numerical calculation. The material behavior with strain hardening

shown in Figure 145 goes back to the ECCS publication n°33 [109] and has been

supplemented with the horizontal line o = f, and a consideration of an ultimate deformation

capacity of 15%, which is guaranteed by steel producers for normal strength steel.
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Figure 146 — Assumptions for material behavior.

Besides, residual stresses have been introduced in the models. A typical approximation of
residual stress patterns frequently used in advanced structural analysis consists in the
trapezoidal shape shown in Figure 147. However, for sake of a simpler numerical
implementation, constant residual stresses patterns have been adopted and were seen to be
sufficiently accurate. Based on these recommendations and on the actual measured residual

stresses, a proposal with 0.5f] ' at the corners was assumed and the corresponding values

needed to reach equilibrium in flanges and webs were calculated by means of usual structural
mechanics equations. The residual stresses pattern adopted in the subsequent numerical

parametric studies is represented in Figure 148.

+045fy . ‘

-0.2f,

+(0.
0.5,

z

Figure 147 — DIN recommendations for residual stresses.

" £, refers to a conventional yield stress of 235 N/mm”.
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Figure 148 — Numerical residual stress assumptions (with 2 elements at the corners).

4.3.4.2. Parameters considered

Numerical parametric calculations have been carried out for the cross-section resistance of
various section shapes, dimensions and steel grades. The sections covered all of the class
ranges according to EN 1993-1-1 [20]. Firstly, 296 tubular geometries selected from the
European catalogue were considered along with 156 rectangular cross-sections and 140

square cross-sections.

Secondly, an additional set of invented sections was analyzed. This was done in order to
better visualize more distributed results along higher slenderness, since the European sections
would be covering only a limited range of cross-section slenderness. Thus, the proposed
sections have been derived with respect to the #/band b/¢ ratios; 4 values of 4 /b ranging

from square sections to highly rectangular ones, have been considered: 4#/b=1,1.5,2,2.5.

For each %/bproposed value, b/t values spanning from 15 to 115 with a step of 2 have
been considered for the load cases of pure compression and major-axis bending, and values
going from 15 to 115 with a step of 4 for the load cases of minor-axis bending and combined

compression with mono or bi-axial bending.
The following set of parameters has been considered for these sections:
(1) 3 different steel grades: S235, S355, S460;

(i1) Different load combinations:
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(ii1) Compression;
(i12) Major-axis bending;
(i13) Minor-axis bending;
(ii4) Combined compression and biaxial bending.
For the combined load cases, a difference has been made between the different loading

situations, namely with respect to the degree of bi-axiality, i.e. the M /M ratio; this ratio

was varied on the basis of a angles of 0, 30, 50, 70 and 90 degrees between plastic capacities

M, and M, . as shown in Figure 149. As for the non-dimensional influence of axial force
n, 6 values were adopted going from 0 ( i.e. N/N, =0, the load case becoming thus a
biaxial bending M +M_) to 90 (ie. N/N,=90%, the load case becoming thus a
compression of 90%AN , with biaxial bending M +M_ ). The adopted intermediate values

are shown in Table 30 and Table 31. The following denomination will be adopted for the

distinction of the various combined load cases:

nx o

where x represents the non-dimensional axial force in percentage, and o is the angle
representing the degree of bi-axiality (in degrees ), as shown in Figure 149 and Figure 150.

For example n50_30, refers to a combined load case of 50%N,, with a degree of bi-axiality

characterized by an angle of 30 degrees. These values are then divided by factor 5 to provide

the initial loading to be taken into account in the corresponding finite element computations.
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Figure 149 — Selection of load cases for N + M, + M. combined situations.

It is reminded that the loading was applied proportionally for both N, M, and M_, for all

combined load cases. Table 30 represents the adopted cases for the European sections, and

Table 31 for the invented sections. In total, some 22 000 non-linear shell calculations have
been performed for hot-rolled cross-sections.

0.4

my

Figure 150 — Strength surface of a rectangular hollow section.
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Table 30 — Adopted combined load cases for European sections.

Table 31 — Adopted combined load cases for invented sections.

4.3.5. Numerical study of cold-formed sections

4.3.5.1. Material law and residual stresses

Averaged measured material stress-strain behavior including strain-hardening effects was
accounted for in cold-formed sections. Accordingly, two material laws have been defined:

one for the base material and one for the corner regions.

A Ramberg-Osgood material law was used for the flat regions, since it was seen to be in a
good accordance with experimental strain-stress curves. The following simple Ramberg-
Osgood material ( see Equation(104) ) was included in FE parametric studies of cold-formed

sections:

€= %+ 0.002 (i] (104)

Oy
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with the n parameter chosen equal to 22 ( see Figure 151 ). This value has been chosen based

on obtained tensile test results in section 3.3.4 and gathered data from literature [110].

Stress [N/mm?]
A
f u “ “ n =2 2
l&|
Ay
s o
=, > Strain [%]
02% emax=15%

Figure 151— Adopted simple Ramberg-Osgood material law for flat regions.

As for the corner regions, a multi-linear law was considered with the following parameters,

and shown in Figure 152:

f‘yicomer = 1'15f;;7ﬂaz (105)

fl;_corner =11 Sf;l_ﬂat (106)

The factor 1.15 was adopted on the basis of statistical study on material laws from literature,
and shown to be convenient; further studies are however under way to confirm the adequacy
of this factor. Accordingly, a higher yield strength in the cold-formed corner regions was

taken into account.
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Figure 152— Adopted multi-linear material law for corner regions.

Residual stresses and cold-work of forming cannot be separated and should be modelled
together since they are invented from the same process. In other words, increasing the yield
stress in the corner regions of an FE model will provide inaccurate higher strength
predictions unless the residual stresses developed in the bending process are also included.
Ignoring both effects will implicitly have the same effect, since they roughly offset one
another. Since the membrane residual stresses are insignificant in the cold-formed section,
flexural stresses were only considered. Flexural stresses at the flat regions were taken equal

to 1.2/, with f| being taken as the reference yield stress equal to 235 MPa. As for the

corner regions in which the longitudinal stresses are less important than the flat regions, a
value of 235 MPa was adopted. These choices were based on residual stresses measurements

done in the experimental campaign.

4.3.5.2. Cross-sections and parameters considered

Similarly to hot-rolled sections, parametric calculations have been carried out for the cross-
section resistance of the cold-formed section shapes, dimensions and steel grades. The
sections covered all of the class ranges according to EN 1993-1-1 [20]. Firstly, 305 tubular
geometries gathered from the European catalogue were considered with 163 rectangular
cross-sections and 142 square cross-sections. The second set of invented cross-sections was
similar to the hot-formed invented sections with the difference of adjusting the corner radius
(taken as 1.5¢ for hot-formed sections and 2¢ for cold-formed section). The adopted set of

parameters and load cases can be seen in section 4.3.4.

229



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Numerical investigations

4.4. Determination of R-factors involved in the OIC approach

As explained previously in the section 1, the proposed OIC approach relies on the
generalization of the relative slenderness concept, establishing this parameter as the key to
rule the interaction between resistance and instability. It is suggested within the OIC to
enlarge the field of application of this slenderness-related approach through the following
generalization of the relative slenderness:

R

Aos = ]gESIST (107)

STAB

The proposed generalized slenderness is based on the calculation of “R-factors” ( “load
ratios” ). Although their calculations do not raise particular difficulties for simple cases, it
may appear much more delicate under biaxial bending and compression for example. In the

following paragraphs, the way the ‘R-factors’ are determined is explained in details.

4.4.1. Determination of Rgesist

A study has been undertaken to investigate the most appropriate way to calculate R, B,

and also to evaluate the Eurocode 3 interaction plastic equations. A specially designed
Matlab tool [111] has been developed for this purpose, and is capable of calculating the
‘exact’ load multiplier of a hollow section experiencing all kind of load cases, from simple to

combined ones. The Matlab tool was kept as a reference in the following calculations.

The effect of corners is properly taken into account in the Matlab software, whereas the EC3
equations assume that the hollow cross-sections have no corners, and their effect is taken into

account only through the area 4 introduced in the interaction formula.

The plastic capacity of 25 cold-formed cross-sections has been calculated with the following

three ways:
(i) MNA calculations using the non-linear software FINELg;

(i1)) EC3 plastic interaction equations;

15 Reesisr s a reference to the plastic resistance and could be denoted as R,,. However, a denomination of Rggsisr
(i.e. the resistance limit) was seen to be more appropriate and general since R, refers to a plastic resistance
calculated on the basis of linear material law, and should be reviewed if no more plastic plateau is accounted

for. Therefore a reference to the resistance limit is better than the plastic limit.
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(iii) Matlab calculations with the discretization of the cross-section into n elements and

getting the exact plastic load multiplier through iterative computations.

3 load cases were considered for each of the 25 chosen cross-section with the following

characteristics:

(i) n40_70: 40% of N, with an angle of 70 degrees representing the degree of bi-axiality;
(i) n60_70: 60% of N, with an angle of 70 degrees representing the degree of bi-axiality;
(ii1) n80_70: 80% of N, with an angle of 70 degrees representing the degree of bi-axiality.

Figure 153 to Figure 155 represent the obtained results, shown separately and grouped on a
load case basis, for sake of clarity. The results are also presented in an OIC format. All
results are also summarized in Table 32, in order to compare MNA and EC3 relative
computations with the Matlab counterparts, considered as the reference tool for the

calculation of an accurate value of R

RESIST *

Xcs [']

Figure 153 — Comparison of Rrgssr calculations with MNA, EC3 and Matlab tool for the

combined load case: n40_70.
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ZCS [']

Figure 154 — Comparison of Rrgsist calculations with MNA, EC3 and Matlab software for

the combined load case: n60_70.
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Figure 155 — Comparison of Ryggist calculations with MNA, EC3 and Matlab software for

the combined load case: n80_70.
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Table 32 — Comparisons of Ry.qq ses and Rypgor yna With Repger vane , 10ad cases: n40_70,
n60_70, n80_70.
Load case n40 70 n60 70 n80 70
RRESIS T_E C3 RRES]S T_MN /A RRESIST _E C3 RRESIST_MN A RRESIST _E C3 RRESIS T_MN Z

Cross-section

/RREsjsT_Matlab

/RRESIST_Matlab

/RRESIST_Matlab

/RREs1ST_MaﬂIZb

/RREs1ST_MaﬂIZb

/RREyST_MaﬂIZb

SHS 40x40x2.66 0.94 1.02 0.96 1.04 0.97 1.05
SHS 50x50 2.63 1.03 1.08 0.97 1.05 0.98 1.06
SHS_60x60x2.60 1.08 1.16 0.97 1.05 0.98 1.06
SHS 70x70x2.59 0.98 1.04 0.98 1.06 0.98 1.06
SHS 80x80x2.58 0.98 1.05 0.98 1.06 0.99 1.07
SHS_90x90x2.57 0.98 1.05 0.98 1.06 0.99 1.07
SHS 100x100x2.56 0.98 1.06 0.98 1.07 0.99 1.08
SHS 110x110x2.55 0.99 1.06 0.98 1.07 0.99 1.08
SHS 120x120x2.55 0.99 1.06 0.98 1.07 0.99 1.09
SHS 130x130x2.55 0.99 1.06 0.98 1.08 0.99 1.09
SHS 140x140x2.54 0.99 1.06 0.98 1.08 0.99 1.09
SHS 150x150x2.54 0.99 1.06 0.99 1.08 0.99 1.09
SHS 160x160x2.54 0.99 1.06 0.99 1.08 1.00 1.10
SHS 170x170x2.53 0.99 1.07 0.99 1.08 1.00 1.11
SHS 180x180x5.53 0.99 1.06 0.99 1.08 1.01 1.12
SHS_190x190x2.53 0.99 1.07 0.99 1.08 1.02 1.12
SHS 200x200x2.53 1.00 1.07 0.99 1.08 1.02 1.13
SHS 210x210x2.53 0.99 1.07 0.99 1.08 1.03 1.14
SHS_220x220x2.53 0.99 1.07 0.99 1.08 1.03 1.14
SHS 230x230x2.52 0.99 1.07 0.99 1.09 1.04 1.15
SHS 240x240x2.52 0.99 1.07 0.99 1.09 1.04 1.15
SHS_250x250x2.52 0.99 1.07 0.99 1.08 1.04 1.15
SHS 260x260x2.52 1.00 1.07 0.99 1.08 1.04 1.15
SHS 270x270x2.52 0.99 1.07 0.99 1.09 1.04 1.15
SHS_280x280x2.52 0.99 1.07 0.99 1.09 1.04 1.15
MEAN 0.99 1.06 0.98 1.07 1.01 1.11
Standard deviation 0.07 0.02 0.008 0.012 0.02 0.03
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It is clearly noticeable that MNA results with FINELg are showing too conservative results
compared to EC3 plastic equations. To simulate an MNA calculation in FINELg, a really
short element was considered for each section ( not longer than 10 mm ), with the main
reason of excluding the non-linearities occurring due to geometrical imperfections
( obviously no mechanical imperfections were included ). But unfortunately, this small length

induced a strengthening effect due to boundary conditions resulting in a higher R,
which in turn led to conservative reduction factors y.,. Consequently, the MNA way of

getting the plastic load multiplier R, was eliminated and not adopted in calculations.

The biggest disparity between EC3 plastic equations and the Matlab tool occured for stocky
sections. This was expected since the relative corner area for such sections is bigger than for

slender sections.

A simple example can explain this disparity; if we consider two sections having two different

classes:

(1) Section 1: a stocky cross-section: 100x40x4;

(i) Section 2: same as section 1 but with double web height: 100x80x 4 .
Their corresponding true and EC3 areas will be as the following table:

Table 33 — [llustrated errors with area consideration in the Eurocode 3.

C 4 True Area EC3_Area Error
ross-section
[mmz] [mmz] [%]
Section 1 1015 1056 3.9
Section 2 1815 1856 2.2

The error of section 1 is thus almost twice the error of section 2 and shall increase if going to
even more slender sections. EC3 considers an area without corners, whereas the Matlab tool
takes them into account in an accurate way. Consequently, within a slender section, the
influence of corners on the cross-section response tends to be negligible compared to the

whole section area and the results corresponding to both ways of calculating R, Will be

almost similar. As for stocky sections, the corner effect will be significant and the difference

between EC3 plastic interaction equations and the Matlab tool will become bigger. This is

234



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Numerical investigations

shown in almost all results at the range of relatively small slenderness values. However, this

difference does not exceed a value of 4%, which remain acceptable.

The highest disparities can occur between EC3 plastic equations and Matlab tool, for
combined loading situations in which axial levels of compression can reach values between

0% and 50% of N, in the presence of a major-axis bending, and between 0% and 20% of
N, when paired with a minor-axis bending. These ranges correspond to the approximations

made in the EC3 plastic equations, which can lead to both unsafe and safe results, depending
on the EC3 and Matlab curves dispositions and on the cross-section slenderness. This is

clearly illustrated in Figure 156 for the case of a rectangular hollow section RHS 200x100x4.

The highest differences between EC3 plastic equations and Matlab software reached a
maximum ‘mean’ value of 2%. This was confirmed by another additional study conducted on
25 cross-sections going from stocky to slender ones, which comprised the following load

cases:

(i) n0_45:0% of N, with a an angle of 45 degrees representing the degree of bi-axiality;
(i) n40_45:40% of N, with a an angle of 45 degrees representing the degree of bi-axiality;
(ii1) n80_45: 80% of N, with an angle of 45 degrees representing the degree of bi-axiality.

Figure 157 and Figure 158 provide the corresponding results along with the tabulated data in
Table 34. This study was performed only to focus on the differences between EC3 plastic
equations and Matlab software, which were seen again to be neglignle. No consideration of

MNA calculations was done since it led to inaccurate results in the previous study.

However, and since the biggest disparities would occur for relatively low axial levels as
mentioned above, an additional sub-study was deemed necessary to quantify and assess this
probable difference. Thus, another 25 additional calculations, with the same sections and
same degree of biaxiality (1.e. 45 degrees ), but with 20% of N, have been computed and
the corresponding results reported in Figure 159 and Table 35. The highest ratio between

both sources reached a value of 6%, with the results corresponding to EC3 plastic equations

being on the safe side when represented in the OIC format. This value has been considered as
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acceptable and R, Wwas therefore determined by means of Eurocode 3 [20] plastic

interaction formulae in the following parametric studies.

1.2 1.2
—— EC3 plastic equations —— EC3 plastic equations
1.0 1 —— Matlab software 1.0 —— Matlab software
0.8 0.8
L 0.6 = 0.6
= [ a9 |
041 04
0.2 1 0.2
0.0 0.0
0.0 0.0

— EC3 plastic/ &wations
—— Matlab software /
—— EC3 plastic equations /

— Matlal§ $oftware

Figure 156 — Highest disparities likely to occur between the EC3 plastic equations and
Matlab software — Example for RHS 200x100x4 section.
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Figure 157 — Comparison of R, calculations with EC3 and Matlab tool for the combined

load case: a) n0_45, b) n40 45.
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Figure 158 — Comparison of R, calculations with EC3 and Matlab software for the

combined load case: n80 45.
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Table 34 — Comparisons of Rpuger pes With Rppger s . 10ad cases: n0_45, n40_45 and
n80 45.
n0 45 n40 45 n80 45
Cross-section /Riggiljiﬁllizflfzb /Rif;ﬁjiflizctfab /Rifw?:jﬁﬁzcﬂizb

SHS 40x40x2.66 0.96 0.96 0.99
SHS 50x50 2.63 0.97 0.97 0.99
SHS 60x60x2.60 0.97 0.98 0.99
SHS 70x70x2.59 0.98 0.98 0.99
SHS 80x80x2.58 0.98 0.98 0.99
SHS 90x90x2.57 0.98 0.98 0.99
SHS 100x100x2.56 0.98 0.99 0.99
SHS 110x110x2.55 0.98 0.99 0.99
SHS 120x120x2.55 0.98 0.99 0.99
SHS 130x130x2.55 0.98 0.99 0.99
SHS 140x140x2.54 0.98 0.99 0.99
SHS 150x150x2.54 0.98 0.99 0.99
SHS 160x160x2.54 0.98 0.99 0.99
SHS 170x170x2.53 0.98 0.99 0.99
SHS 180x180x5.53 0.98 0.99 0.99
SHS 190x190x2.53 0.98 0.99 0.99
SHS 200x200x2.53 0.98 0.99 0.99
SHS 210x210x2.53 0.98 0.99 0.99
SHS 220x220x2.53 0.98 0.99 0.99
SHS 230x230x2.52 0.98 0.99 0.99
SHS 240x240x2.52 0.98 0.99 0.99
SHS 250x250x2.52 0.99 0.99 0.99
SHS 260x260x2.52 0.99 0.99 0.99
SHS 270x270x2.52 0.99 0.99 0.99
SHS 280x280x2.52 0.99 0.99 0.99
Mean 0.98 0.99 0.99
Standard deviation 0.006 0.007 0.002
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Figure 159 — Comparison of R, calculations with, EC3 and Matlab software for the

combined load case: n20 45.

Table 35 — Comparisons of Rpge o3 With R load case: n20_45.

RESIST _Matlab »

Load case n20 45
Cross-section /Rlz‘:‘::iﬁﬁab
SHS 40x40x2.66 1.02
SHS 50x50 2.63 1.04
SHS 60x60x2.60 1.04
SHS 70x70x2.59 1.05
SHS 80x80x2.58 1.05
SHS 90x90x2.57 1.06
SHS 100x100x2.56 1.06
SHS 110x110x2.55 1.06
SHS 120x120x2.55 1.06
SHS 130x130x2.55 1.06
SHS 140x140x2.54 1.06
SHS 150x150x2.54 1.06
SHS 160x160x2.54 1.06
SHS 170x170x2.53 1.06
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SHS 180x180x5.53 1.06
SHS 190x190x2.53 1.06
SHS 200x200x2.53 1.06
SHS 210x210x2.53 1.06
SHS 220x220x2.53 1.06
SHS 230x230x2.52 1.06
SHS 240x240x2.52 1.06
SHS 250x250x2.52 1.06
SHS 260x260x2.52 1.06
SHS 270x270x2.52 1.06
SHS 280x280x2.52 1.06

Mean 1.06
Standard deviation 0.01

4.4.2. Determination of Rstag

Rsr4s was calculated through LBA simulations, using FINELg [104] as well. However, Rs74z
can nowadays also quite efficiently be computed with softwares such as CUFSM [15] or
GBTUL [16]. In order to evaluate in which extent this may cause differences, a limited study

conducted on 125 sections with various aspect ratios covering all kind of cross-section

classes is reported here —a load case with a 20%AN,, and biaxial bending (a =30") was
selected. The results are represented in Table 36 in terms of Ryp i, / Ryrus cupsy T2t0S.

It can be seen that although the differences seem to be negligible, CUFSM always leads to
higher results compared to FINELg. For a better visualization, the same results are
represented in Figure 160, in function of the section class, going from stocky sections at the
left hand side to slender sections at the right hand side. As already said, the ratio is always
seen to remain below unity, indicating higher results calculated with CUFSM. However, in
the “class 3 range” (see red circle in Figure 160), the difference reaches its higher values for

square and rectangular sections.
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Table 36 — R

STAB _FINELg

vs. R

STAB_CUFSM
combined load case.

tabulated values for calculated sections under

0.96 0.98 0.97 0.99 0.98
0.97 0.98 0.96 0.96 0.97
0.97 0.98 0.96 0.97 0.98
0.98 0.98 0.97 0.98 0.98
0.98 0.98 0.96 0.97 0.97
0.87 0.98 0.96 0.97 0.97
0.99 0.98 0.96 0.97 0.97
0.99 0.99 0.97 0.97 0.97
0.99 0.99 0.96 0.97 0.97
0.99 0.98 0.96 0.97 0.97
0.99 0.99 0.96 0.97 0.97
0.94 0.96 0.97 0.96 0.97
0.92 0.95 0.96 0.95 0.96
0.90 0.93 0.94 0.94 0.95
0.91 0.92 0.93 0.93 0.93
0.93 0.90 0.91 0.91 0.92
0.97 0.92 0.89 0.87 0.86
0.98 0.93 0.91 0.89 0.88
0.99 0.95 0.93 0.91 0.90

241



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Numerical investigations
0.99 0.96 0.95 0.93 0.92
1.00 0.97 0.96 0.94 0.94
1.00 0.98 0.98 0.96 0.97
0.99 0.98 0.98 0.97 0.97
0.99 0.98 0.98 0.98 0.98
0.98 0.98 0.98 0.98 0.98

CUFSM [15] which provides an implementation of the semi-analytical finite strip method
(FSM) is the most commun tool used for the determination of the elastic buckling loads.
FINELg is based on the finite element method. So basically, finite elements are replaced by
strips with CUFSM, reducing thus the number of elements and the computational required
time. Moreover, the main difference between these two softwares is the ability of CUFSM
(through cFSM) — and also GBT [16] — to allow for discrete separation of local distortional
and global deformations. FSM provides a complete set of different buckling modes occurring
within a section for different wavelengths ( i.e. signature curve ). In finite elements models,
the common approach is to vary the length of a member in order to mimic the finite strip
method. However, if the FEM model has the same boundary conditions as the FSM model,
agreement is generally excellent. The comparison for one unique member length between
both softwares will give similar accurate results. However, some differences may occur;
finite element models may combine and superpose different modes with one unique mode.

Such a result won’t be possible with finite strip model.

In this study, the Finite Element Method will be adopted for the calculation of R,,,,, since its

accuracy against the finite strip method has been confirmed and most importantly to keep a
consistency in terms of the numerical model and use unique software for the calculation of

both of the R, . and R

LT factors.

STAB
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4.5. Gathered experimental data vs. FE results

The collected experimental results from section 3.5 were used herein and presented with
numerical computed results. Figure 161 shows the experimental and numerical results of
cold-formed, hot-rolled and hot-formed cross-sections subjected to compression. Figure 162
presents the numerical and experimental tests of only cold-formed cross-sections subjected to
makor-axis bending since the number of hot-rolled cross-sections was seen to be insufficient
to be represented in Figure 162. Finally, Figure 163 represents the cold-formed, hot-rolled
and hot-formed results relative to experimental and numerical cross-section tests subjected to

combined load cases.
Based on these figures, it can be stated that:

(i) In all figures, a reasonnably correct tendency of the experimental results with the

numerical ones is observed;

(i1) Numerical results are showing conservative tendancies especially for cold-formed cross-
sections subjected to compression (see Figure 161). In other words, numerical
computed results are showing a quite safe-sided lower bound approximation of
experimental results, especially for the mentioned case. Even though, general
imperfections introduced in numerical computations were conservative, many
experimental results would fall within the studied numerical test range, indicating that

reasonably appropriate adopted imperfections were made;

(iii) The end of plateau limit adopted within the DSM is seen to be unconservative and
cannot be applicable for hollow rectangular and square sections. However, computed
numerical results are seen to provide a reasonably accurate end of plateau limit
especially for hot-rolled and hot-formed cross-sections subjected to compression ( see
Figure 161b) and cold-formed cross-sections subjected to major-axis bending

( Wilkinson tests in Figure 162 );

(iv) For combined load cases, results were represented in a general way, i.e. no distinction
between combined ‘compression + major or minor-axis bending’ and ‘compression +
major-axis bending + minor-axis bending’ was made. A more detailed anaylsis will be
made in the following sections to separate the various combined load cases. However,
the one thing that could be stated based on Figure 163 is that experimental results are

lying within the numerical computed range and are following the same tendancies.

243



New Design Method For The Cross-Section Resistance

Numerical investigations

Of Steel Hollow Sections

, , Fg ”
— & I
ssEEx . !

[ | B == m&® | ] L
Z2:5%35 | ,
ArOwZ | |

[ |

o B | |
| I

”

T T

| | |

| | |
“‘%“L“‘ — 41“\!

| |

s I

Q

| = |
I I

I'g |

=) |

| |

] [
-——rE- IR,

2 ”

o m |

2 & L
%3 T

£ ”

* |
8= S S E—
o3 , [

o T | |
Z2 |

=
: : :

o n o wn o

S 0~ n o 9

N - o o o

e
Ry 00
5 2E 8 oo |
=St2 S E pe 1 |

NmYy 83 K . |

BEZSSES SEE

S |

c 0 @ e 3 L,
|

, [

| |

| |

| BB I

| |
| [
| |
o | [
\me\, \\\\\\\\\\\ -t
| |
| [
= [
= | ,

S A o
o | | |
o [ [

S W W
7]

R S i s et B
= | |
= I
g |

B S . - = A FE F A A
o | , , ,

2 | | |
g | | | |
| [ | [
I ! I I
: ! ; : :

wn o o wn o wn o

~ 0 S ~ 0 N S

— - — o o o o

1

| S
“n
O
N

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
ﬂ'cs [_]

0.00

2.00

0.00

)“cs [-]

Figure 161 — Experimental and numerical test results relative to pure compression load cases,

a) cold-formed cross-sections, b) hot-rolled and hot-formed cross-sections.
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Figure 162 — Experimental and numerical test results relative to major-axis bending load

cases.
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Figure 163 — Experimental and numerical test results relative to combined load cases,

a) cold-formed cross-sections, b) hot-rolled and hot-formed cross-sections.
4.6. Summary

This chapter described finite element modelling of the conducted 57 cross-section tests with
the measured imperfections, material law and residual stresses. Also, a numerical model was
compared and validated against experimental data from Kettler [7]. The numerical model
was seen to be fully approapriate compared to the experimental results and was subsequently
used and extended to generate two set of numerical cross-sections tests resorting to almost
40 000 computed cold-formed and hot-rolled cross-section results. The principal aim of the
numerical campaign was to investigate the physical behaviour of square and rectangular
hollow sections, so that approapriate interaction curves could be derived. A the end of this
section, collected experimental databsase in section 3.5 was plotted with the computed
numerical results. It turned out that numerical results are showing in general, safe-sided
lower approximations of the experimental results. However, many experimental results fell
inside the numerical studied range and some load cases were seen to have sufficiently

accurate predictions of the end-of plateau value.

Now that both experimental and numerical investigations were covered, the following
chapter will present the adopted design model with its corresponding design curves relative

to hot-rolled and cold-formed cross-sections subjected to simple and combined load cases.
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5. Design proposal — Overall cross-section design
5.1. Identification of key parameters

5.1.1. Influence of yield stress, geometrical imperfections and residual stresses

Various cold-formed and hot-rolled material laws were adopted as represented in Figure 164.
The membrane residual stresses included in the hot-rolled sections were introduced with a
reference yield stress of 235 MPa. Therefore, and based on the obtained numerical results,
the main influence of the yield stress was reflected in the ‘imperfections-governed’ zone,
since the residual stresses — which are based on a reference yield of 235MPa — will have a
less important influence on the cross-sections having higher yield stresses than 235 MPa.
Similarly, for cold-formed sections, the flexural residual stresses were introduced based on a
reference yield stress of 235 MPa and cases with high yield strength will thus have a higher

value of the penalty factor y .

600
500 -

— 400 A o-¢_hot-rolled_f;=235
E c-¢_hot-rolled_f,=355
£ 300 + o-¢_hot-rolled_f =460
El | 6-g_cold-formed_f=235
b 200 1/ c-¢_cold-formed_f=355

| o-¢_cold-formed /=460
100 --———-—————p—————— === =
J 1
0 - .
0.00 4 0.05 0.06

Figure 164 — Hot-rolled and cold-formed material laws adopted in numerical computations.

Another difference between results concerning cold-formed sections with various yield
stresses is highlighted and discussed in more details in section 5.3.1.1. This difference, which
is mainly due to the choice of the non-linear material laws, was seen to affect the resistance
of cross-sections on the complete range of slendernesses without being localised within the

‘imperfection-governed’ zone.

However, the differences relative to the influence of yield stresses were seen to be negligible

in all cases and this parameter was thus not considered as one of the leading parameters for
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the derivation of the interaction curves. The interaction curves were thus based on the

numerical results relative to the S235 yield stress.

The mechanical and geometrical imperfections influences were considered to be in the series
of the leading parameters since their effect is non-negligible. Therefore, a factor accounting
for mechanical and geometrical imperfections was included in all the derived interaction

curves.

5.1.2. Influence of material law

The material law choice will obviously affect the numerical results, especially in terms of the
adopted type of the material law. For hot-rolled cross-sections, a linear elastic plastic
material law with strain hardening was adopted while a non-linear Ramberg Osgood law was

adopted for cold-formed sections. The resulting material laws are presented in Figure 164.

For certain ranges of the strains, the cold-formed material law lies below the hot-rolled
material laws, and the opposite is seen for other strain ranges. This would be reflected in
results which will depend on the ultimate strain reached at failure. A comparison between
results relative to hot-rolled and cold-formed cross-sections subjected to compression is

presented in Figure 165 and clearly reflects the effect of the material law on the cross-section

resistance. Therefore, for cross-section penalty factors smaller than 1.0 ( Xes <1.0), i.e.
£ <¢&,, the cold-formed results lie below the hot-rolled results in a consistent way with both
material laws. For ¢ > ¢, the opposite is observed, since the cold-formed material law is

lying above the hot-rolled material law.
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Figure 165 — Numerical results relative to hot-rolled and cold-formed cross-sections

subjected to compression.

Consequently, the effect of the material law was not introduced in the proposed curve:
separate curves were derived for both types of material laws, i.e. for both types of fabrication
processes. The choice of a material response is however accompanied by important other
assumptions such as the residual stresses patterns and the consideration of different structural

behavior in the corners of cold-formed sections etc...

It would be interesting in this section to open small brackets concerning the structural
behavior of cross-sections at failure. The stress-strain results at failure of cross-sections
subjected to a pure compression were reported in Figure 166, along with the corresponding
stress-strain material law. The numerical results relative to cold-formed and hot-rolled cross-
sections with various yield stresses were reported on the six relative material laws. It can be
seen for hot-rolled sections that almost none of the results could reach an ultimate strain
within the plateau range. This was due to the material law shape having a plastic plateau with
almost a negligible slope introduced in the numerical model; the sections could not undergo
further deformation unless the stress increased with it as well. This was not seen in cold-
formed sections since the material laws were non-linear. However, what was remarkable in
cold-formed sections is that the results would seem grouped at relatively large strains and no
additional strains could be achieved. This is mainly due to the adopted material law in the
corners of cold-formed sections which were characterized by a small ductility and a

maximum strain of 2.5%. Therefore, once the cross-sections reached that level of strain, the
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corners would find themselves ineffective leading to the failure of the entire cross-section,

and no more strains could be achieved beyond this value of 2.5% strain.
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Figure 166 — Numerical stress-strain results reported with the hot-rolled and cold-formed

material laws.

Zoomed graphs for small strains are presented in Figure 167 and Figure 168. The results are
consistent with what has been discussed in the state of the art section 2.1.2. For slender
sections, the post-buckling strengths can be greater than the buckling strengths and this
increase might be quite considerable for such slender sections. Therefore, their post-buckling
reserves would be significant. That is why the results with the lowest ultimate stresses
reached higher strains with higher post-buckling reserves. When the sections become less
slender, the post-buckling reserves become smaller and the critical buckling stress would be
close to the yield stress. Therefore, the yielding would start almost immediately after
buckling. Such tendancy is clearly shown in Figure 167 and Figure 168 when the cross-
sections become less and less slender, until they reach a certain level at which they become
stocky enough to reach the yield plateau without local buckling occurence and undergo

further strains.
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Figure 167 — Numerical stress-strain results reported with the hot-rolled material laws.
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Figure 168 — Numerical stress-strain results reported with the cold-formed material laws.

5.1.3. Influence of cross-section shape and load case

The cross-section shapes and the load cases are one of the leading parameters in the
derivation of the interaction formulae. An example of simple load cases such as compression
or major-axis bending are used herein to show their important influence on the cross-section

capacities of hollow sections with various aspect ratios 4 /b .

For the simple compression case represented in Figure 169, it is shown that rectangular

hollow sections (h/b>1.0) reach higher relative section resistance compared to square
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hollow sections possessing the same relative slenderness, particularly in the slender range.
The level of restraint offered by the narrow faces of the rectangular section to the wider ones
is therefore shown to provide an increased cross-section resistance through stress
redistributions once local buckling develops in the more buckling-prone plates.

Consequently, the cross-section resistance is increased with the #4/b ratio, and square

sections consequently exhibit the lowest resistance to compression (h/ b :1.0) owing to

simultaneous buckling of the constitutive plates.

14

——— Winter

ICS [']

Figure 169 — FE results for square and rectangular sections under compression, various

aspect ratios, S355.

For major-axis bending, the opposite is shown in Figure 170: the square hollow sections are
seen to achieve higher relative resistances than the rectangular ones possessing the same
cross-section slenderness, particularly in the slender range. The load case type plays a
delicate role and decisive one for the structural behavior of elements. Contrarily to the
compression case, the compressed flanges in the major-axis bending load cases find
themselves in need for a greater restraint from the webs which in turn have higher

slenderness in rectangular sections than square ones.

Consequently, the restraint provided by the webs to the flanges will be greater in the case of
square sections, thus delaying the onset of local buckling. This is pronounced for slender

sections, where failure occurs largely within the elastic range. For stocky sections, failure
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will be achieved at higher strains, where plasticity leads the structural behavior, reducing the

detrimental restraint brought to the flanges.
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Figure 170 — FE results for square and rectangular sections under major axis bending

moment, various aspect ratios, S355.

1.1.1. Influence of warping and second-order effects

Kettler [7] conducted a detailed study concerning the effect of warping and second-order
effects. It showed that the full plastic capacity can only be reached when the warping

moment M  is present in the case of biaxial bending and a high level of axial forces.

Therefore, the warping moment that is needed to reach the full plastic capacity of the
relevant cross-section needs a warping restraint to develop itself. This warping restraint can
be brought either by an endplate or by adjacent parts of the profile. However, it is also
demonstrated that the internal indeterminate torsional equilibrium between the primary and
secondary torsional moment could be sufficient to resist the warping moment resulting from
plasticity effects. The resulting deformations are very small for tubular profiles and the
warping disturbances are locally restricted. Therefore, tubular profiles are always able to
activate their full plastic cross-section capacity because of their very high torsional stiffness.

(unlike open sections) and no warping problems are to be expected in this study.

This very high torsional stiffness also affects the second-order effects which will be minor
compared to the one resulted in open sections. Kettler [7] showed that the differences

arising from the data points M (which can be interpreted as the applied stresses at the

end ,u
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end of the specimen) and the calculated M data points (which are the actual stresses at

mid ,u
the middle cross-section) are due to global second-order effects. In case of tubular sections,
these differences were seen to be very small and are anyway included in all the numerical

results of this thesis.
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Figure 171 — Comparison of end moments and mid moments of a rectangular hollow section

subjected to combined loading with a high level of axial force [7].

5.2. Towards a design proposal: Mechanical background

As previously stated in section 2.3, the ‘buckling curve’ approach will be adopted in this
study, since it allows simple, fast and accurate calculation. Three analytical ways of

formulating the design curve can be considered:
(i) Mathematical formulations;

(i1) Merchant-Rankine formulation;

(iii) Ayrton-Perry format.

The three different ways will be briefly discussed in the following sub-sections, with the
target of selecting the most appropriate formulation type, which will be adopted for the

development of the design curves.
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5.2.1. Empirical formulations

Several authors have proposed purely empirical relationships. For instance, for flexural
member buckling, the most famous ones are the formulae of Baar [112], Young [113] and

Bjorhovde [114].

It is clear that the following type of series can enable a rigourous representation of almost
any curve, provided that the number # is sufficiently high, which will involve a large number

of parameters a; and make impractical the use of this kind of formulation:
x= al (108)
i=0

Baar [112], proposed buckling curves using this format and adopted 4 parameters per curve,

and tested various mathematical series:
4 .
r=1+>ai (109)
i=1

1

=—a (110)
1+Zai/1’
i=l1

V4

P 1+a,A (111)

1+ 23: all
i=l

In 1972, Young [113] proposed an inverse mathematical equation for the derivation of

slightly different member buckling curves compared to CECM equations [115]:

A= ay” (112)
This proposal presented a major inconvenient for practical applications, since the
determination of y required successive approximations.

Eventually, Bjorhovde [114] used polynomial equations for the determination of the member
buckling curves of the Structural Stability Council (SSRC), however with a discontinuous

description, i.e. 4 polynomial equations per curve. Also, his proposals presented many
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inconvenients, since a large number of parameters were required and the discontinuities

caused unnecessary complexity.

5.2.2. Merchant-Rankine formulation
The combination of the resistance limit y =1.0 with the formula of a perfect plate with post-
critical effects, i.e. the well-known Von Karman formula y=1/4, will lead to an upper

bound of buckling curves through the Ayrton-Perry formula discussed in more details in the

following section.

x Upper bound
A Ayrton-Perry type of

formulation

1.0

Lower bound
Merchant-Rankine type of
formulation

1.0 )y

Figure 172 — Upper and lower bounds of buckling curves.

As for the lower bound of buckling curves, Merchant was the first to suggest a linear

interaction formula for member buckling, hereafter referred to as the Rankine equation [116]:

Gun y Cur _q (113)
o, O,

where o, refers to the ultimate stress. For plates, the critical buckling stress o, would be

2 2
equal to klZglr—Ez)(éj and for columns it would be relative to the Euler curve. o is the
-0

corresponding yield stress.

In a non-dimensional form, Equation (113) could be written as follows:
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2+ A’ =1 (114)

However, with member buckling curves, it turned out that the Merchant-Rankine is not truly
respected since the member buckling curve d [20] happened to be situated below the

Merchant-Rankine curve. More details can be found in Rondal [43].
Equation (114) can be rewritten as follows:

1

= 115
1+ 42 (115)

V4

Lindner [117] and Unger [118] proposed a generalization of the Merchant-Rankine equation,

with the use of the following equation:

1 1/n
= 116
d (Hﬂ”’} (116)

Lindner [117] and Unger [119] proposed various values of n corresponding to the different
member curves (ag, a, b, ¢ and d). The authors of the project revision of DIN 4114-
Stabilitatsfalle im Stahlbau [120], adopted a polynomial equation for the determination of the

n parameter:
4 .
n=Y al (117)
i=0

with given a; values (see [43]).

Possibilities for a ‘plastic plateau’ in the reduction curve (1< 4,) can be easily introduced

in the Merchant-Rankine type of formula with the following equation:

1/n
1
Y . S— 118
X (1+/12,,_/102n} (118)

For the case of plate buckling, the Merchant-Rankine linear equation can be written as:
y=— (119)

with the consideration of the Von Karman equation to replace the Euler formula.
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The Lindner and Unger proposal with the consideration of the end-of-plateau would thus be:

1/n
1
= 120
o (1”&—/1;} (120

5.2.3. Ayrton-Perry format

The physical basis of the Ayrton-Perry formulation lies in the adoption of a failure criteria
based on the attainment of the yield limit, with the following equation of a column subjected
to a pure compression with an initial curvature amplitude ey:

— 4 =
4w,

/, (121)

Equation (121) can be rearranged in terms of stresses, where o, represents the ultimate

ult

stress and W, the elastic modulus:

. A
o+ O — = (122)
o, | W.
] — Zule el
O, J
which in turn can be represented in the following form:
A
Gult (Gcr - Gult ) + O-ko-creO p—— f;; (O-cr - O-ult ) (123)
el
fv (O-cr - O-ult ) - O-u/t (Gcr - O-u/t ) = Gultacreo U (124)
el
(O-cr _O-ult)(f:v _O-Ltlt) :no-cro-ult (125)

With 7 = %4
W

el

In a non-dimensional form, Equation (125) can be written as follows, by multiplying both

sides of itby 1/ f| :

(A-p- 2% =ny (126)
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where y is the reduction factor, A is the relative slenderness and 7 is the factor accounting

for generalized imperfections.

In order to provide an appropriate representation of a buckling curve, the r parameter

relative to imperfections should fulfil the following conditions:
(i) Include the geometrical and mechanical imperfection effects;

(1) Represent appropriately the end-of-plateau limit, where y =1 for A <A, (4, being the
end-of-plateau limit);

(ii1) Allow to retrace the Von Karman (in case of a perfect plate) or Euler curve (in case of a

perfect column) crossed with the defined plastic plateau, for a value of 7 equal to zero.

Figure 172 shows in a clear way that the Ayrton-Perry formula reflects the two failure modes
(instability limit from one hand and resistance limit from another hand ), and highlights

clearly the imperfections’ effects, which act primary around A =4 _, =1.0.
In case of plates, the Ayrton-Perry format will thus be rearranged as the following:
(1 - Zplates )(1 - /}//plates ﬂ’plates) = nlplates (127)

with the consideration of the resistance plateau to be limited to y,,,, =1 and the instability

limit defined with the Von Karman formula with 7 ... =1/ 2 .

Concerning the 7 value, Dwight [121] proposed the following equation:
n=a(A-2,) (128)

where a is an imperfection factor to be determined and 4, the end-of-plateau limit. Many
propositions have been performed to define the values of a and A, for the case of global

buckling curves. This same equation will also be adopted in the derivation of local buckling

curves.

The following sub-section will introduce the adopted type of formulation for the derivation
of local buckling curves and the appropriate modifications to be considered so that the cross-

section resistance of hollow plated steel members can be calculated.
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5.2.4. Adopted formulation

The Ayrton-Perry ( also sometimes denoted as Perry-Robertson ) formula has been selected
as the type to be adopted for the derivation of the corresponding OIC formulae. Embedded is
a simple yet accurate way of considering both failure limits to be defined, with possible
plateau and generalise-imperfection factor. In addition, both the resistance limit and the
instability limit can be adapted to the trends observed in the numerical results. Accordingly,
four parameters were combined in an extended Ayrton-Perry format. Therefore, the
following four variables can be incorporated into the Ayrton-Perry formula and were locally

calibrated through a best-fit procedure (see Figure 173 for graphical interpretations):

(1) p, characterising the resistance limit: since stocky cross-sections usually gain from

strain-hardening reserves, y. >1.0 predictions may be appropriate. £ values higher

than 1.0 aim at accounting for these potential benefits;

(i) o, relative to the instability limit: as some cross-sections are shown to exhibit post-
buckling reserves higher than predicted by the Von Karman formula (relative to simple

plates), an additional factor shall account for a possible variation of the instability limit;
(ii1) The end-of-plateau 4, value;

(iv) The imperfection factor which will be called ., to avoid confusion with the o angle

defining the degree of bi-axiality ( see section 4.3.4).

The corresponding ‘extended’ Ayrton-Perry format then becomes the following:
(B=2es) (1= 2Acs”) = ks (129)
Equation (129) can be rearranged into the following form:
A Yo’ = Xes (Bhes” +n+1)+ B =0 (130)

which will lead to:

B Phes’ +m+1- \/(ﬂlcsﬁ +n+ 1)2 ~42° P
22"

Xcs (131)

Introducing ¢ =0.5 (1 +n+A°B ) , Equation (131) can be written as the following:
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(132)

This equation can now be multiplied by the complement of ¢—+/¢* — A2/ :

W Vﬂ/ﬁ-%ﬁ} 13
s [ eNE AP

This finally leads to the extended form of Ayrton-Perry adapted for the cross-section

Xcs

buckling behavior:
B
Xes = > 5 (134)
g+ \/¢ - ﬂ'cs s
with
$=05(1+acs (Aes —4))+A°B) (135)
Xcs Upper bound
Resistance limits Ayrion-Perry format
with =0
=L
_—
1.0 —
Increasing o
= 9
=1 Stability limits
main
influence: main influence:
strain imperfections
% 1.0 krel, cs

Interaction curve

Figure 173 — Schematic representation of the adopted Ayrton-Perry approach.

In Eurocodes, the actual approach follows the Winter formula presented in section 2.1. It

consists in the following equation:
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1022

cs 2
;i’CS ;i’CS

(136)

The first term 1/ 4. of the equation is relative to Von Karman instability equation followed

by a correction factor equal to function of A, and taking into account a correction

2 b
(O

relative to imperfection effects.

The DSM, which was recently adopted in the North American and Australian standards for
the design of cold-formed steel structural members, is based on the consideration of the same
type of Winter formula but with a modification of its relative factors, and the adoption of a
higher instability limit through the replacement of the Von Karman’s exponent by 0.8 instead
of 1.0. As already mentioned in section 2.5.1, the DSM formula for local buckling of thin-

walled cold-formed sections is thus presented through the following equation:

1 0.15

08 16
ﬂ'cs ﬂ“cs

Kes = (137)
In the following sub-sections, the derived and calibrated proposed design formulae are
presented in OIC-defined axes graphs, i.e. the horizontal axis relates to the generalized cross-

section slenderness A.; while the vertical axis reports on the cross-section reduction factor
ZXcs - The winter and DSM curves being considered as reference curves were also added in all

presented graphs, with no intention of comparison since Winter was meant for plates
subjected to compression and DSM’s targets were mainly thin-walled — mostly open — cold-

formed sections.
5.3. Determination of interaction curves

With the adoption of the previously-detailed Ayrton-Perry extended format, locally fitted
factors were defined for simple load cases (including axial compression, major-axis bending
and minor-axis bending) and combined load cases. The proposed design curves for simple
load cases of hot-rolled and cold-formed cross-sections will be presented in this section,

followed by proposed design curves relative to combined load cases.
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5.3.1. Simple load cases
5.3.1.1. Axial compression

5.3.1.1.1. Hot-rolled sections

Numerical results relative to all treated hot-rolled cross-sections in compression were

presented in Figure 174 and grouped based on the following aspect ratios: 4#/b=1,1.5,2 and
2.5.
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Figure 174 — FE results relative to various cross-section ratios in compression, S235 (both

European and virtual sections are considered in this graph).

The following interpretations can be stated based on the obtained results:

(i) Clear tendancies for large slenderness values can be seen. The Von Karman stability
curve was clearly not suitable and new clear tendancies could be derived. Therefore a
choice of a simple curve, function of the aspect ratio was proposed through a best-fit,

leading to the o value as follows:
0=-04h/b+1.45 (138)
for h/b values comprised between 1.0 and 2.5.

It has to be noted that the cross-section reduction factor relative to aspect ratios situated

in between the 4 cross-section aspect ratios used to define the proposed design curves,
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can be found through a simple interpolation. Additional computations with cross-

sections having respectively aspect ratios of #/b=1.1 and 1.8 were made ( see Figure

175 ) to show that the interpolation is possible in a continuous way with the proposed

design curves.
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Figure 175 — Computations relative to hot-rolled sections with #/b=1.1 and A/b=1.8.

(i1) The resistance limit was kept t0 x5, =1.0 (ie.f=1.0) since strain-hardening

reserves for hot-rolled sections were only observed for unrealistic section shapes and

deformation levels. In other words, the results in which the peak loads are in excess of

the traditional plastic capacities due to strain-hardening were deemed unrealistic and

were therefore disregarded ( see Figure 176 ).
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Figure 176 — Ultimate strains reached for all the numerical calculations relative to

hot-rolled cross-sections.

(iii) Based on the observations of Figure 174, 4, could be set to 0.35, since it represented a
suitable value for the end of plateau at which numerical values reached a cross-section

penalty y., equal to 1.0.

(iv) It can be seen that in the A €[4,;1.0] range where the influence of imperfections rules

the resistance, the square sections are seen to be less penalised by local instabilities.
Oppositely, once buckling becomes predominant, the square sections find themselves
with the worst penalty compared to rectangular sections, owing to higher restraints
brought by adjacent plates. This is clearly shown in Figure 177. Accordingly, a value of

o, =0.15 was proposed through a local fitting.
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Figure 177 — Zoomed area of Figure 174.

A comparison of the proposed calibration expression 7, to the values of 7,,,,, that

describe the numerical values has been done. The results for square sections and the
relative equations are shown in Figure 178, in which it can be clearly seen that the

proposed equation is describing well enough the numerical results in the

Aes € [0.4;1.0] range which is the range mostly affected by geometrical imperfections.
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Figure 178 — Comparison of the factor #,,posas With the numerical values #Guni4 for square

sections in compression.
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The linear segment of 7,,,,, in that range indicates that geometrical imperfections are
dominant here, whereas for higher A, cross-section slenderness, large deformations

become more relevant.

(v) All results relative to the three considered steel grades S235, S355 and S460 are
presented in Figure 179. It is clearly seen that an increased yield stress shall lead to a
higher design curve. However, all “proposal” curves were based on results relative to a
yield stress of 235 MPa, since negligible differences were observed between cross-

section capacities relative to different yield stresses ( maximum of 4% difference ).
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Figure 179 — All FE results of hot-rolled sections subjected to compression, represented in

function of the yield stress.

Based on the previous interpretations, Figure 180 and Table 37 represent the design curves
for the case of hot-rolled sections in pure compression. It is to be noted that Table 37
represents the proposed curves for the four aspect ratios studied in this work. In section 7, a

general summary of the proposed curves relative to any 4 /b aspect ratio is presented.
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Figure 180 — Design curves proposals relative to hot-rolled sections in compression

a) without numerical results, b) with numerical results.
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Table 37 — Design curves for the case of hot-rolled hollow sections in compression.

Cross-
section

Ao

acs

Xcs

1.05

0.35

0.15

1

Kes =
¢+\/¢2 _ACSLOS

for A >0.35

Xos =1 when
for A5 <0.35

$=0.5(1+0.15( 405 —0.35)+ Ass™™)

hb=1.5

0.85

0.35

0.15

1

Z =
s ¢+\/¢2 s

for A.g >0.35

Xos =1 when
for 4., <0.35

cs —

$=0.5(1+0.15( 205 —0.35)+ Ags™™)

h/b=2

0.65

0.35

0.15

1

Z =
s b+ /¢2 _ECSOAGS
Sfor A >0.35

Xcs =1 when
for A <0.35

$=0.5(1+0.15( 405 —0.35)+ A" )

h/b=2.5

0.45

0.35

0.15

1

Z =
s ¢+\/¢2 s

for A >0.35

Xcs =1 when
for A4 <0.35

$=0.5(1+0.15( 205 —0.35)+ Ags™®)

5.3.1.1.2. Cold-formed sections

The response of cold-formed sections differs from that of hot-rolled hollow sections mostly

regarding strain-hardening effects. They can indeed be shown to be non-negligible for plastic

and compact cross-section geometries and shall be accounted for. Accordingly, two design
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approaches have been developed for cold-formed sections that specifically lead to y.¢ >1.0

beneficial factors at low A, ranges.

Numerical results relative to all cold-formed cross-sections in compression were presented in

Figure 181 and grouped based on the following aspect ratios: #/b=1,1.5,2 and 2.5.
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Figure 181 — FE results relative to various aspect ratios, S235.

Two approaches will be presented hereafter with a justification of each parameter based on

observed results and tendancies of Figure 181.
I°" approach

The first proposal strictly follows the principles and calibration procedure detailed before for
hot-rolled sections, and therefore relies on a single, continuous interaction curve. The

interpretations and aspects of the 1% approach are as follows:

(i) Similarly to hot-rolled sections, clear tendancies for large slenderness values can be
seen. Clear relations, function of the aspect ratio could be derived. Therefore a choice of
a simple curve, function of the aspect ratio was proposed through a best-fit, leading to

the key 0 parameter defined as follows, for 4 /b values comprised between 1 and 2.5:

5=-04h/b+1.45 (139)
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(i) Within the first approach, the end of plateau 4, was set to 0. However, the ideal
resistance limit was changed to allow for obvious strain-hardening. Therefore, a £

factor was defined as follows:

B =—0.15 A +1.15 (140)

In other words, the (ideal) resistance limit is so that y., =—0.154.+1.15 (see red

dashed line in Figure 185). This consequently leads to a potential 15% maximum

benefit from strain-hardening reserves.

(111) In the intermediate slenderness range, the interaction curve is characterised by a o

factor, here defined as a function of ¢ ( i.e. indirectly as a function of the 4 /b ratio ):

Qs =0.15+3/40 (141)

(iv) In Figure 182, all results are represented in terms of the yield stress. Again, a unified
curve ( based on S235 results ) for the three yield stresses has been adopted, for the sake
of simplification since the results are showing inconsiderable differences ( see Figure
183 ). However, these differences are seen to be higher and almost constant along the
whole range of slenderness, unlike hot-rolled sections where the difference would occur,
as expected, only in the range of slenderness belonging to the zone influenced by
imperfections ( due to residual stresses consideration ). This could be explained with
Figure 184 in which the material laws relative to both cold formed and hot-rolled

sections are presented. The penalty factor y.; was relative to R, which is based on

the attainment of the resistance limit corresponding to a plastic plateau. Therefore, it can
be seen in Figure 184 that the areas highlighted in yellow increase with the increase of
the yield stress. This is due to the choice of the Ramberg-Osgood adopted material law.
Therefore the differences between observed tendancies in Figure 182 are justified

through the previous explanation.
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Figure 182 — All FE results of cold-formed sections subjected to compression, represented in

function of the yield stress.
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Figure 183 — FE results of square cross-sections represented in function of the yield stress

(left); zoomed area of results situated between A., =0.4 and 4., =0.8 (right).
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Figure 184 — Adopted material laws relative to hot-rolled and cold formed sections.

Figure 185 depicts the proposed design curves for cold-formed sections subjected to

compression; a graphical comparison with the FE results is possible with Figure 185. As can

be seen, the agreement with the proposed parametric 4., — y.¢ curves is excellent. One may

also note the reversal in order of the curves between the intermediate 4. (0.4 to 0.8) and

large y.; values. Table 38 summarizes the proposed design curves for the case of cold-

formed sections in compression.
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Figure 185 — Proposed design curves for cold-formed sections in compression, 1¥ approach

a) without numerical results, b) with numerical results.
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Table 38 — Design curves for the case of cold-formed hollow sections in compression
(1* approach).

Xes = b+ /¢2 _;LCSOASﬂ

Cross-
section p 6 |4 acs Hes ¢
|
1w s
2015 4 +1.15 | 1. 18 | Xes = =0.5(1+0.182, + A"
* ” 05| 01018 | e = s $=0.5( es + e )
|
] B
welsl | _0.15 4. +1.15 | 0. 16 | Xes = =0.5(1+0.164. + A%
s 0851 0016 | Ko = $=0.5( es ")
h/b=2 — ﬂ 0.65
—0.15 4. +1.15 | 0. 14| Xes = =0.5(1+0.144 . + 4.
cS O 65 O O as ¢+ '¢2 —ﬂCSOA()Sﬂ ¢ ( CS (N )
mes| | 0154, +1.15 | 045 0 | 0.12 Z $=0.5(1+0.12205 + As,"*)

2" approach

As an alternative to the 1% approach, a second one was derived, able to take the benefits of

strain-hardening as well. In contrast, the o proposal relies on a strain-based format at low

slenderness. Accordingly:

(1) A wider A, =0.40 plateau is adopted, and, for 4. < A, cases, a relationship between the

strain level and A, is established as follows:

1.5
(0.4]
ﬂ'CS

&

&y

(142)

273



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Design proposal — Overall cross-section design

Sor A, <0.4

where &, corresponds to the strain level at first yield; coefficients in equation (142)

were fitted according to the results plotted in Figure 186.

T
£=235
17355
£=460

Proposed &/g,—A . curve

2z [-1

Figure 186 — Normalized strain demand in function of the relative slenderness.

The proposed equation, used in the design proposal for A.; values up to 0.40, is seen to

propose a quite safe-sided lower bound approximation of the obtained results.

(i) Ina 2" step, Xcs 1s calculated as a function of &/¢, as follows:

0.15

— (143)

=1.15-
Fes (5/5},)'

Again, this equation has been proposed on the basis of FE results as plotted in Figure 187.
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Figure 187 — Cross-section capacity as function of the strain demand.

(ii1) Eventually, for 4. > 4, situations, this 2md approach makes use of an identical format as
for the 1* approach, however with the following & and o coefficients proposed based

on a best-fit:

S=-04h/b+145 (10)

Qe =0.15+7/40 (11)

Similarly to the first approach, Figure 188 and Table 39 summarized the proposed
second approach design curves relative to cold-formed cross-sections subjected to

compression.
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Figure 188 — Design curves proposals relative to cold-formed sections in compression, o approach.

a) without numerical results, b) with numerical results.

Table 39 — Design curves for the case of cold-formed hollow sections in compression
(2" approach for A > 4,).

1
Xcs =
=1 111.05]04] 028 AN I $=0.5(1+0.28(Ags —0.4) + 25")

For 4,>0.4

1
Aes =
wetslo 11108504 | 0.26 PAE 2" | =0.5(1+026(Acs ~0.4)+ A"

For 4,>0.4

1

B Xes =
W2 1106504 024 PHNG =25’ | §=0.5(140.24( A —0.4)+ 2>%)
For 4,>0.4
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1
} ICS:
L 1 1]045]04] 0.22 NS~ s $=0.5(1+0.22( s —0.4) + 2"

For 4,>0.4

5.3.1.2. Major-axis bending

5.3.1.2.1. Hot-rolled sections

For the case of hot-rolled cross-sections subjected to major-axis bending, design curves were
also proposed with fitted factors through the adoption of the Ayrton-Perry formula.

Numerical results are presented in Figure 189.
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Figure 189 — FE results relative to various cross-section ratios in major-axis bending, S235.
The following interpretations can be stated based on the obtained results:

(1) Three clear tendancies can be observed in Figure 189. For large 4 /b ratios (> 2.0) , the

results would hardly differ. To confirm this statement, additional numerical
computations were conducted for higher 4/b ratios, since for such cases the critical
elastic buckling load multiplier increases considerably due to their increased major-axis
inertia, leading to a considerable ‘shifting’ to the left of the relative slenderness values.

Figure 190, in which the additional computed numerical results are presented, can
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clearly show that results relative to aspect ratios higher than 2 hardly differ allowing thus

a proposition of one curve applicable for such aspect ratio range (> 2.0) .

———  Winter —

1.4

;(CS [']

Figure 190 — Extension of numerical results for cross-sections having the following two

aspect ratios: 2/b =2 and 2.5.

Therefore, a choice of a simple curve function of the aspect ratio was proposed through
a best fit. This curve would be applicable for #/b values comprised between 1.0 and

2.0. The proposed & formula is as follows:
0=0.4h/b+0.25 (144)

(i) The resistance limit was set t0 g, =1.0 (i.e. #=1.0) since no strain hardening

reserve was deemed allowed to be considered for hot-rolled sections.

(ii1) Based on the observations of Figure 189, A, could be set to 0.35, since it represented a

suitable value for the end of plateau at which numerical values reached a cross-section

penalty y., equal to 1.0.

(iv) Similarly to compresion load cases of cold-formed sections, « ¢ coefficient was

determined through a simple equation function of & as follows:

Qs =1/105+3/200 (145)
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(v) The yield stress was not accounted for in the design formulae since their effect was again

negligible ( see Figure 191 ).
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Figure 191 — a) FE results of square cross-sections represented in function of the yield stress,
b) All FE results of hot-rolled sections subjected to major-axis bending, represented in

function of the yield stress.

Figure 192 and Table 40 depict the proposed design curves for hot-rolled sections subjected
to major-axis bending. As can be seen in the graphical comparison with FE results,

agreement with the proposed parametric 4. — 7, curves is excellent.
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Figure 192 — Design curves proposals relative to hot-rolled sections subjected to major-axis bending

a) without numerical results, b) with numerical results.
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Table 40 — Design curves for the case of hot-formed hollow sections subjected to a major-
axis bending moment.

1

Xes = YT
¢+ ¢2 _lCS0.65

Wzl 1]0.65]0.35|0.08 for A >0.35 $=05(1+0.08(4s —0.35)+ A")

Xes =1 when
Aes £0.35

1
Xes = YT
¢+ ¢2 _lCSO.SS

w3l 111085035 0.1 for Aeg >0.35 $=0.5(1+0.1( A5 —0.35) + A"*)

Xes =1 when
Aes £0.35

1
¢+\/¢2 _lcsws
1]1.05]0350.12 for A5 >0.35 $=0.5(1+0.12( A5 —0.35) + A )

Xcs

h/b=2

Xcs =1 when
Aes £0.35
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5.3.1.2.2. Cold-formed sections

Similarly to the compression load case, two approaches are presented for cold-formed
sections subjected to major-axis bending. Numerical results relative to all cold-formed cross-

sections in major-axis bending are presented in the following figure:
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Figure 193 — FE results relative to various cross-section ratios subjected to a major-axis

bending moment, S235 (the European and derived sections are considered in this graph).

The two approaches will be presented hereafter with a justification of each parameter based

on observed results in Figure 193.
I°" approach

In the first approach relying on a single continuous interaction curve, the following aspects

were derived:

(1) Additional numerical computations were conducted for high % /b ratios to cover a wider

range of slenderness. Based on observations in Figure 194, three tendencies for high A

slenderness values were expressed through the following 6 proposed formula:
0=0.4h/b+0.25 (146)

for /b values comprised between 1.0 and 2.0. Based on Figure 194, the & value
relative to an aspect ratio of 2.0 is considered to be appropriate as well as for higher

aspect ratio than 2.0.
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Figure 194 — Extension of numerical results for cross-sections having the following three

aspect ratio 2/b=1.5,2 and 2.5.

(i1) The end of plateau A, was set to 0, since the ideal resistance limit ( Xes =1.0) was

changed through the consideration of the following £ formula:

B=-0204+120 (147)

The resistance plateau was set to y., =—0.204+1.20 (see red dashed line in Figure

196) since a strain hardening reserve would be allowed to be considered for cold-formed
sections. This consequently leads to a potential 20% maximum benefit from strain-

hardening reserves.

(ii1) The a, factor was defined as a function of &, through the following fitted expression:
g =1/100+7/200 (148)

Equation (148) is applicable for 4 /b values comprised between 1.0 and 2.0 ( for values
higher than 2.0, the ¢ value relative to an aspect ratio of 2.0 is considered to be

appropriate ).

(iv) Similarly to previous studies mentioned before, the effect of the yield stress was seen to
be negligible, and was not taken into account in the proposed design curves ( see Figure

195).
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Figure 195 — a) FE results of square cross-sections represented in function of the yield stress

b) All FE results of cold-formed sections subjected to a major-axis bending, represented in

function of the yield stress.

Figure 196 and Table 41 depict the proposed 1% approach design curves for cold-formed

sections subjected to

major-axis bending.
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Figure 196 — Design curves proposals relative to cold-formed sections subjected to a pure

major-axis bending moment, 1% approach.
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Table 41 — Design curves for the case of cold-formed hollow sections subjected to a major-
axis bending (1* approach).

Cross-
section p & |4 acs Acs ¢

|

h//} 1 ﬂ
AL ] 20.2044+1.20 | 0. 1| Xes = =0.5(140.12¢5 + A"

i + 065101 0 cs ¢+\/¢2_ﬂcso'65,8 ¢ ( cs T cs )

;

i _ s 4
etk _0204+1.20 |0.85 | 0 | 0.12 | Zes = S AP $=0.5(1+0.124 +25"")
h/b=2 — ﬂ .

02024120 | 105 | 0 | 0.14 | Zes = 75— $=0.5(1+0.142 + 2"

2" approach

In the second approach relying on a strain-based format at low slenderness, the key

parameters were definied as follows:

(1) awider 4, =0.40 plateau is adopted, and, for 4. < A, cases, a relationship between the

strain level and A, is established as follows:

i:(%} (149)

£, Acs

for 4.,<0.4

cs —

where &, corresponds to the strain level at first yield; coefficients in Equation (149)

were fitted according to the results plotted in Figure 197.
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Figure 197 — Normalized strain demand in function of the relative slenderness.

(ii) Then, in a 2™ step, Xcs 1s calculated as a function of &/ ¢, as follows:

0.2
(g /e, )0‘6

Again, this equation has been proposed on the basis of FE results as plotted in Figure

198.

Fes =12 (150)
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Figure 198 — Cross-section capacity as function of the strain demand.
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(ii1) for A.g > A, situations, this 2" approach makes use of an identical format as for the 1%

approach, but with the following & and ¢ coefficients:

0=0.4h/b+0.25

e =1/45-1/80

for i /b values comprised between 1.0 and 2.0.

The resulting proposed design curves are presented in Figure 199 and Table 42.
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Figure 199 — Design curves proposals relative to cold-formed sections in major-axis bending,

2" approach.
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Table 42 — Design curves for the case of cold-formed hollow sections subjected to a major-

axis bending, (2ndl approach for A, > 4,)

Cross-
- Bl 0 | 4o | acs Xcs ¢
| 1
\ Xes =
e | oss | 040 | 0,15 PANE 2" | §=0.5(1+0.15(Aeg —0.40)+ 4,"*)

for A >0.40

1
Xes =
wetsl 1] 0.85 ] 0.40 | 0.2 PNE 2" | §=0.5(140.2( A ~0.40)+ 4"

for A >0.40

1
- Xes =
W2 1| 1.05]040]|025 BHNP — 2" | p= 0.5(1+0.25(Acs —0.40) + A5 )

for A >0.40

5.3.1.3. Minor-axis bending

5.3.1.3.1. Hot-rolled sections

For the case of cross-sections subjected to minor-axis bending, the curve corresponding to a
major-axis bending relative to an aspect ratio of #/b=1.0 was adopted as the only curve for
all the cross-sections subjected to such load case. This is due to the fact that with rectangular
sections subjected to a minor-axis bending, the moment of inertia relative to the weak axis /,
will not increase with an increased 4 /b ratio as much as the moment of inertia relative to the
strong axis /, would, in the case of a major-axis bending. Therefore, the relative slenderness
would find itself almost stable with cross-sections subjected to a minor-axis bending, while it
would decrease considerably in the case of a major-axis bending (due to an increase in the

Rsrap factor) leading to a left shifting of the results in the y. —A., graph. This is clearly

seen in Figure 200 in which three selected cross-sections ( termed CS1, CS2 and CS3 ) with
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varying h/b ratios were adopted and their corresponding relative slenderness was compared

in function of their 4/ b ratios for both load cases of major and minor-axis bending.

lcs [-]

Figure 200 — Comparison of the relative slenderness of different cross-section with various

aspect ratios subjected to a minor and a major-axis bending moment.

Similarly to other cases, the yield stress was not taken into account in the proposed derived
formula due to its negligible effect. Figure 201 shows all the results represented in terms of

the different yield stresses.
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Figure 201 — a) FE results of square cross-sections represented in function of the yield stress,
b) All FE results of hot-rolled sections subjected to a minor-axis bending moment,
represented in function of the yield stress.
The resulting design curve is shown in Figure 202 with its parameters being defined in Table
43.
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Figure 202 — Design curve proposal relative to hot-rolled sections subjected to a pure minor-

axis bending

a) without numerical results, b) with numerical results.
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Table 43 — Design curve for the case of hot-rolled hollow sections subjected to a minor-axis

bending.
Cross-
section |2 & | % | %es = ¢
Yo = 1
‘ cs ~ > ocs
1 ¢+ ¢2 _/flICSOﬁS
|
,,j/éii,, 1106510351008 for A >0.35 $=0.5(1+0.08( A5 —0.35)+ A" )
|
i Xes =1 when
for 4.4 <0.35

ICS [']

5.3.1.3.2. Cold-formed sections

Also for cold formed sections, and with both the first and second approach, one single curve
was adopted for all hollow cross-sections subjected to minor-axis bending. The curve relative
to a square section subjected to major-axis bending was selected as the relevant curve.
For A, 0.4 with the second approach, the same strain-based formula adopted for the load
case of major-axis bending was also considered for the case of minor-axis bending. Figure

203 to Figure 205, Table 44 and Table 45 show the corresponding numerical results with

both proposed curves relative to both approaches.
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Figure 203 — Design curves proposals relative to cold-formed sections subjected to a minor-

axis bending, 1* approach (left), 2nd approach (right).
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Table 44 — Design curves for the case of cold-formed hollow sections subjected to a minor-
axis bending, 1* approach.

$=0.5(1+0.125 + A"

h/b=1 _
—0204+1.20 {0650 0.1 | Xes=
P+\F -

Table 45 — Design curves for the case of cold-formed hollow sections subjected to a minor-
axis bending, (2™ approach for Aes > Ay)

p
Wb=1 Xes = 2 0.65 0.65
1]0.65(0.40]0.15 BB — 2" $=0.5(1+0.15(A5 —0.40) + 15" )

Sfor A, >0.40
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Figure 204 — Numerical results corresponding to cold - formed sections subjected to a minor-
axis bending represented with the proposed approaches,

1% approach (left), 2" approach (right).
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Figure 205 — Numerical results corresponding to cold - formed sections subjected to a minor-
axis bending represented in function of the yield stresses,

1% approach (left), 2" approach (right).
5.3.2. Combined load cases

5.3.2.1.1. Hot-rolled sections

For the combined cases, the previously-detailed Ayrton-Perry extended format was also
adopted. The presence of axial forces (by means of parameter n'®) was seen to have the most
important effect on the structural behaviour of a cross-section subjected to a combined
loading in which axial forces are present. The influence of a minor-axis bending or/and a
major-axis bending was seen to be insignificant with the presence of axial forces (especially
for high axial forces) and was therefore not considered as a parameter in the derived
formulae. Consequently, a continuity between proposed curves for simple and combined load
cases must be provided and two limiting boundary curves for n=1.0 and n=0 should be
relative to a curve of a simple load case; the Ayrton-Perry derived formula for cross-sections
subjected to compression was taken as the reference limiting curve for which n=1.0, and
the major-axis bending one was taken as the limiting curve in which n=0. When the level
of axial forces was increased, the cross-section penalty was decreasing until a certain ‘turning
point’ where the cross-section penalty was increasing to reach the curve relative to a pure

compression for n=1.0. Since all calculations were based on the EC3 plastic interaction

' i being the level of axial forces defined as n=N/N,.
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curves, the turning point was occurring at a level of a targeted axial forces equal to 20%N

(n=0.2). For all cross-section aspect ratios, the turning point was similar and equal to 20%

of N, . In Eurocode 3, an approximation is performed when using the plastic interaction

equations. For example, in the case of major-axis bending with axial compression, the
interaction can be ignored as long as the axial load can be fully taken by the half of the
webs’ area, since the webs in that case will contribute the least to the support of the applied

bending moment. The EC3 formula allows for an axial loading equivalent to 25% of N,

without a reduction to the bending resistance. EC3 presumes this in the design model which
can sometimes lead to unsafe results since reality is different than EC3 assumptions. This can
be readily observed in Figure 206 and Figure 207, wherein the value of my17 remains constant

up to a maximum of n=0.25.

|
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Figure 206 — R, calculation based on EC3 and exact formulation for a rectangular cross-
section (h/b=1.5)

a) n vs. my, b) Rypger VS. R

' m, being the level of major-axis bending,defined as m,=M/M,,
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Figure 207 — Ry calculation based on EC3 and exact formulation for a rectangular cross-
section (h/b=1)
a) n vs. my, b) Ryyqer VS. 1
A recall to the EC3 interaction curves will further explain this fact; in the case of combined

load case with compression and major or minor-axis bending, the EC3 interaction formula is

as the following:

For N+ M, :
My, g =M, (1-n)/(1-0.5a,) (153)
with MN’y’Rd < Mp,’y’Rd
where a, =(A4-2bt)/ A but a,<0.5
For N+ M :

My =M, . (1-n)/(1-0.5a,) (154)
Wlth MN,Z,Rd S Mpl,z,Rd

where a, =(A-2ht)/ A but a, <0.5
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The bifurcation point for which the effect of the axial force becomes allowed to be taken into
account in the derivation of the plastic moment resistance, can be found through the

following equation:

(1-n)
— 7 =] (155)
(1-0.5a,)
Therefore
n=0.5a, (156)

For square sections, a, would be almost equal to 0.5 (equal flanges and webs dimensions).
For higher aspect ratios 4/b, a, would certainly increase, but with the limiting restriction
of a, <0.5, the bifurcation point would be similar between all hollow sections and located at
n=0.25. Two examples are presented for a square cross-section (h /b= 1) and a rectangular
cross-section (h/ b =1.5) subjected to a combined loading of compression and major-axis
bending. On the left graphs of Figure 206 and Figure 207, R, results are reported in an
n—m, plot, according to EC3 plastic equations and according to an exact calculation of the
plastic capacity. On the right graphs, R, values are reported in function of the level of

axial forces according to EC3 plastic interaction equations and to an exact calculation of the
plastic capacity. It can be seen that the level of axial forces corresponding to the bifurcation
point corresponds well to n=0.25, as previously explained. However, the considered
targeted loading corresponding to the bifurcation point was taken equal to n =0.2 (red spot),
which was then divided by 5 (as an initial loading) and increased in a iterative procedure in
order to reach the value of n=0.25. Therefore, for a targeted loading having a level of axial

forces equal to 20% of N, Rg.ge would reach its maximum, leading to the smallest value

of the cross-section penalty y .

It should be mentioned that the bifurcation point would differ if the true interaction
calculations were taken into account. This is clearly seen in Figure 206 and Figure 207 where

the level of axial forces for which R, is the maximum would occur for a higher value of n
compared to the approximated EC3 value. Actually, an exact calculation of R, ( through

the use of a dedicated Matlab software R, [111]) takes into account all the interactions,
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for values of n as small as they are. The resulting approximations will only be the result of the

software capacities and not technical interaction simplification as in the Eurocodes.

However, this difference between Eurocode interaction formulae and the exact Ry,

calculation will not have a significant impact on the derived curves since the derived formula
in itself will not change but only the condition of applicability would differ according to the
true bifurcation calculated point ( which will not be very far from the EC3 bifurcation point ).

For example, Figure 208 shows numerical results computed with both sources of R,

( EC3 and the exact computation ) for square cross-sections subjected to combined cases with
various degrees of axial forces. It can be clearly seen that differences occur only in the

proximity of the ‘bifurcation point’ which is equal to 20% of N, according to EC3

calculations, and 30% of N, according to an exact calculation of Ry -
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Figure 208 — Comparison of results computed with Rrgsist EC3 and Exact Rggsist for

square cross-sections subjected to combined load cases with various degrees of axial forces.

The n parameter was included in the 7 factor of the Ayrton-Perry formula. The original 7

formula for simple load cases is as follows:

n=a(les %) (157)
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with o being the parameter taking into account the effect of imperfections and 4y being the

considered limit of the plastic plateau.

With the inclusion of the n parameter, the proposed 7 formula would thus become as the

following:
n=(a+a(1-n))(As (4 -4 (1-n))) (158)

for 0.2<n<1

That way, for n =1, Equation (157) would be restored with the limiting curve being relative to a

pure compression load case.

For values of n smaller than 0.2, the proposed 7 formula would be as the following:

n=(a+an)(As—(4 —4n)) (159)
for 0<n<0.2

That way, for n =0, Equation (157) would be restored with the limiting curve being relative to a

major-axis bending load case.

A brief summary of the proposed curves are presented in Table 46. Figure 209 to Figure 213
show the proposed design curves presented and classified in terms of the aspect ratios 4/b,

for the different levels of axial loads treated and analysed in this study.

The yield stress was not accounted for in the design formula since their negligible effect is

obviously seen in Figure 214.
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Table 46 — Design curves proposals relative to hot-rolled sections subjected to combined load

cases.

Proposed Ayrton-Perry formula for 0.2<n <1

_ B
$+\$ ~Ies’ B
¢ = 0.5(1+(aCS + a5 (1=1))(Aes = (4 = 4 (1—n)))+/1c55ﬂ)
For A>,—2,(1—-n)
Xes =1 For A< 2, -2, (1-n)

Xcs

Fabrication
Parameters
process
B 1
Ao 0.35
Hot-rolled s 0.15
S —-0.4h/b+1.45
Proposed Ayrton-Perry formula for 0 <n < 0.2
B
ICS = 2 S5
AN Iy
$=0.5 (1 + (acs +n(1- n)) (lcs —(4 - /1011)) + /1c35ﬁ)
For A, > A, —Ayn
Xos =1 For A< A —Amn
Fabrication
Parameters
process
B 1
Ao 0.35
Hot-rolled s 1/105 +3/200
S 0.4h/b+0.25
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Figure 209 — Design curves proposals relative to hot-formed sections subjected to combined

load cases.
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Figure 210 — FE results and design curves relative to square cross-sections (4/b =1 .O)

subjected to combined loading with various degrees of axial forces.
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Figure 211 — FE results and design curves relative to rectangular cross-sections (h /b= 1.5)

subjected to combined loading with various degrees of axial forces.
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subjected to combined loading with various degrees of axial forces.

Figure 212 — FE results and design curves relative to rectangular cross-sections (4/b=2.0)
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Figure 214 — FE results of cross-sections represented in function of the yield stress.
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Additional numerical computations were conducted for low levels of axial forces (n < 0.2) ,

since no available computations were made for such range and a confirmation of the
accuracy of the proposed design curve is needed. Figure 215 presents the corresponding
results of rectangular cross-sections having aspect ratios /#/b=1.5 with two levels of axial
forces: n=0.15 and n=0.10. It is obviously seen that for small levels of axial forces, the
effect of the minor and major-axis proportions will be more obvious. However, the scatter is
still limited and the assumption of a curve based only on the n parameter would be
sufficiently accurate. As a reminder, the curves relative to levels of axial forces smaller than

20%N,, would converge to the proposed design curve relative to major-axis bending load

case. However, additional computations for other aspect ratios are needed to confirm the

adequacy of the proposed curves.
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Figure 215 — FE results and design curves relative to rectangular cross-sections (h /b= 1.5)

subjected to combined loading with various small degrees of axial forces.
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5.3.2.1.2. Cold-formed sections
Again, two design approaches have been developed for cold-formed sections that specifically

lead to y.¢ >1.0 beneficial factors at low A, ranges.

I°" approach

Similarly to the proposed design curves relative to hot-rolled sections, the n parameter was

included in the 77 factor of the Ayrton-Perry formula. However, the main difference between

hot-rolled and cold-formed sections subjected to a combined loading with different levels of
axial forces is the minimized difference between the various curves relative to the different
levels of axial forces n. This is mainly due to the adopted material laws. Different levels of axial
forces would lead to different levels of ultimate reached strains which were in majority smaller
than the yield strain relative to the hot-rolled material law. An example in Figure 216a is shown,
where multiple combined load cases with different levels of axial forces are presented for square
cold-formed cross-sections (S235). In the region of strains smaller than the yield strain of the
hot-rolled material law (yellow area in Figure 216b), the non-linearity of the adopted simple
Ramberg-Osgood material law for cold-formed sections will result in a smaller tangent modulus
compared to the relative one in the hot-rolled material law. Therefore, the corresponding stress
levels relative to the different strains reached in a cold-formed material law, will not differ as

much as the stresses relative to a hot-rolled material law.
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Figure 216 — a) Ultimate strains in function of the relative slenderness for combined load
cases of square cross-sections b) Differences between hot-rolled and cold-formed material

laws.

306



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Design proposal — Overall cross-section design

This effect was included in the proposed formula through an exponent to the n parameter,
depending on the aspect ratio 4/b, since it was seen that with increased 4/b ratios, the
difference between structural responses relative to various levels of axial forces would

increase as well.

For simple load cases, 77 is equal to:

n=0Ccg (ﬂc _/10) (160)

With the inclusion of the n parameter, the proposed 7 formula would thus become as the

following:
ﬂz(acs+acs (l_ny))(ﬂ“cs) (161)

for 0.2<n<l1

with yz%—o.l

That way for n =1, Equation (160) would be restored with the limiting curve being relative to a
pure compression load case.

For values of n smaller than 0.2, the proposed 7 formula would be as the following:

n= (acs +aCSn7)(/1CS) (162)
for 0<n<0.2

with yz%—o.l

That way for n = 0, Equation (160) would be restored with the limiting curve being relative to a
major-axis bending load case.

It should be noted that the proposed curves relative to levels of axial forces smaller than 20%

of N, need to be validated since no numerical results were available for such range.

A brief summary of the proposed curves are presented in Table 47. Figure 217 to Figure 221

show the proposed design curves presented and classified in terms of the aspect ratios #/b,
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for the different levels of axial loads treated and analysed in this study. Figure 222 shows the

negligible effect of the yield stress.
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Figure 217 — Design curves proposals relative to cold-formed sections subjected to combined

load cases (1* approach).
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Table 47 — Design curves proposals relative to cold-formed sections subjected to combined
load cases (1* approach).

Proposed Ayrton-Perry formula for 0.2 <7 <1

_ B
$+\F — A’ B
4= 0.5(1+(aCS +atg (1-n7)) (Aes = (A~ 4 (1—n7)))+/1csffﬂ)
With 7 =(h/b)/5-1/10

/}//CS

Fabrication
Parameters
process
S -0.154+1.15
Cold-formed Lo 0
First approach acs 1/106+3/40
o —-0.4h/b+1.45
Proposed Ayrton-Perry formula for 0 <n < 0.2
B
Xes = 2 5
AN Iy
b= 0.5(1 +aes +n(1=07))(Aes = (2~ A7)+ ;tcsé‘ﬂ)
With 7=(h/b)/5—1/10
Fabrication
Parameters
process
S -0.204+1.20
Cold-formed Ao 0
First approach acs 1/106 +7/200
o 0.4h/b+0.25
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Figure 218 — FE results and design curves relative to square cross-sections (4/b = 1.0)

subjected to combined loading with various degrees of axial forces (1* approach).
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Figure 220 — FE results and design curves relative to square cross-sections (h /b

subjected to combined loading with various degrees of axial forces (1* approach).
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Figure 221 — FE results and design curves relative to square cross-sections (4/b=2.5)

subjected to combined loading with various degrees of axial forces (1* approach).
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Figure 222 — FE results of cross-sections represented in function of the yield stress

(1*" approach).
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2" approach

As previously mentioned, the 2™ approach relies on the consideration of a strain-based format at

low slenderness.

The proposed 77 formula would be as the following,

nz(acs+acs(1—n7))(/lcs—(ﬂ,o—/io(l—n7))) (163)
for 0.2<n<1
for 1> 4, -4 /(1-n")

with yz%—o.l

For values of n smaller than 0.2, the proposed 7 formula would be as the following:

n=(aes +aCSn7)(/1CS (4 —zony)) (164)
for 0<n<0.2
for A>A,—A,n”

with y =M—0.1
5
For the strain based region, i.e. for A <4,— 4, (l—ny) when 0.2<n<1 and A< A, —-An"

when0<n<0.2, the insertion of the deformation demand for the determination of the
reduction factor was accounted for in a similar manner discussed previously and with the

similar equations in which the accurate end of plateau formula is inserted.

Therefore the first step would thus consist in the following equations:

i{%—%(l—m)} 165

/l cS

g,

For A< 4, =4 (1-n")
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When 0.2<n<1

And:

1.5
_ y
£ _ L—’% Ay ] (166)

&, Aes

For A <A, —A,n"
When 0<n<0.2

The second step consisting of a relation between &/& and the reduction factor y., was

unchanged and would thus be for the cases where level of axial forces are comprised
between 0.2 and 1 (with the limiting curve being the one derived for the pure compression

cases) as the following:

0.15
Xes =115 ———1= (167)
(g/gy
And
0.2
Xes =1.2———¢ (168)
(5/5},)

would thus be the equation for the case where level of axial forces are comprised between 0

and 0.2 (with the limiting curve being the one derived for the major-axis bending cases).

A brief summary of the proposed curves are presented in Table 48. Figure 223 to Figure 227
show the proposed design curves presented and classified in terms of the aspect ratios /4 /5b,
for the different levels of axial loads treated and analysed in this study. Figure 228 show the
effect of yield stress on the cross-section resistance of all cross-sections with various aspect

ratios h/b.
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Table 48 — Design curves proposals relative to cold-formed sections subjected to combined

load cases (2% approach).

Proposed Ayrton-Perry formula for 0.2<n <1

7
b+ 8~ A’ B
b= 0.5(1+(acs s (1=17))(Zes = (A =4 (1—n7)))+/lcjﬂ)
With 7 =(h/b)/5-1/10

Xes

Fabrication
Parameters
process
For 1< 2, =4, (1-n")
0.15
Xes =1.15 T 06
(5 / 5y)
ﬂ/ ﬂ/ y 1.5
Cold-formed with £ =| 2 ~ (1 —n )
Second €, Acs
approach
bp For Aes > Ay =4 (1-n")
S 1
Ao 0.40
o —-0.4h/b+1.45
Proposed Ayrton-Perry formula for 0 <n < 0.2
B
Kes = 2 5
¢ + \/¢ - ﬂcs /5'
§=0.5(1+(a+n(1=n"))(Aes = (A = A" ))+ A’ B)
With 7:(h/b)/5—1/10
Fabrication
Parameters
process
For A <A, —An”
0.20
Xes = 1.20- 06
(5 / 5y)
£ A —an )"
Cold-formed With — =| 2070
Second g, Acs
h
approac For Ao > A, — Agn”
S 1
Ao 0.40
o 0.4h/b+0.25
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Figure 223 — Design curves proposals relative to coold-formed sections subjected to

combined load cases (2" approach).
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subjected to combined loading with various degrees of axial forces (2" approach).
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Figure 225 — FE results and design curves relative to square cross-sections (h/b=1.5)

subjected to combined loading with various degrees of axial forces (2" approach).
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Figure 227 — FE results and design curves relative to square cross-sections (h /b

subjected to combined loading with various degrees of axial forces (™ approach).
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Figure 228 — FE results of cross-sections represented in function of the yield stress (™

approach).
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6. Accuracy of proposed models — Comparison with actual rules

Table 49 proposes statistical results of the comparison between FEM, EC3 and proposal

calculations for all the computed results. As can be seen, the resistance estimates are

significantly improved by the new proposal, and the mean and standard deviation values also

indicate a better level of consistency compared to EC3 calculations. With the adoption of the

EC3 procedure, the calculations can sometimes lead to unconservative results and sometimes

to overly conservative results.

Table 49 — Comparison between FEM, EC3 and proposal results for all treated load cases.

Xeew ' X el Xrem ! Xecs
13:5 eca:)st; Iz LiEL Approach Nuz}ber Average | Min Max | StDev | Average | Min | Max St.Dev
case process results
N Hot-rolled - 1506 1.03 0.97 1.41 0.07 0.97 0.85 | 1.41 0.09
Simple My Hot-rolled - 1506 1.09 0.95 1.44 0.13 1.11 092 | 144 0.16
M, Hot-rolled - 300 1.01 0.95 1.34 0.04 1.03 0.91 1.34 0.05
n0 Hot-rolled - 900 1.02 0.79 1.43 0.10 1.21 092 | 1.53 0.12
n20 Hot-rolled - 5076 1.10 0.83 1.35 0.06 1.11 0.70 1.59 0.16
Combined | n40 Hot-rolled - 1500 1.08 0.93 1.32 0.05 1.09 0.79 | 1.47 0.12
n60 Hot-rolled - 5076 1.06 0.92 1.49 0.05 1.05 0.82 | 1.45 0.09
n80 Hot-rolled - 1500 1.06 0.93 1.29 0.04 1.00 0.87 | 1.29 0.05
N Cold-formed First 1482 1.05 0.96 1.28 0.04 0.95 0.75 1.17 0.11
Simple M, Cold-formed First 1482 1.04 0.99 1.12 0.02 1.08 0.82 | 1.43 0.10
M, Cold-formed First 300 1.07 0.96 1.26 0.06 1.00 0.83 1.13 0.06
n0 Cold-formed First 900 1.09 0.94 1.61 0.12 1.20 0.90 | 1.6l 0.12
n20 Cold-formed First 5850 1.03 0.89 1.34 0.05 1.06 0.71 1.72 0.16
Combined | n40 Cold-formed First 1500 1.04 0.89 1.29 0.06 1.05 0.75 | 1.50 0.13
n60 Cold-formed First 5850 1.04 0.91 1.25 0.05 1.00 0.78 | 1.29 0.09
n80 Cold-formed First 1500 1.04 0.94 1.24 0.05 0.94 0.80 | 1.13 0.06
N Cold-formed Second 1482 1.04 0.95 1.23 0.03 0.95 0.75 1.17 0.11
Simple M, Cold-formed Second 1482 1.05 0.99 1.13 0.02 1.08 082 | 143 0.10
M, Cold-formed Second 300 1.05 0.96 1.16 0.04 1.00 0.83 1.13 0.06
n0 Cold-formed Second 900 1.09 0.93 1.59 0.12 1.20 0.90 1.61 0.12
n20 Cold-formed Second 5850 1.06 0.93 1.30 0.04 1.06 0.71 1.71 0.16
Combined n40 Cold-formed Second 1500 1.06 091 1.25 0.05 1.05 0.75 1.50 0.13
n60 Cold-formed Second 5850 1.05 0.92 1.22 0.03 1.03 0.78 | 1.36 0.09
n80 Cold-formed Second 1500 1.04 0.95 1.20 0.04 0.94 0.80 1.13 0.06
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Figure 230 to Figure 232 show comparisons between FEM, EC3 and ‘proposal’ results for

hot-rolled and cold-formed'® cross-sections subjected to compression. On the left column,

plots illustrating comparions between %,y / X ,oposr @04 ¥ gy /| Xic Tatios are presented,

while the right column shows these same results in the form of histograms in an attempt to

better illustrate and translate the observations of the left column plots. The following remarks

and anaylsis can be stated based on these figures:

(@)

(i)

Green circles in Figure 230 to Figure 232 mark the passage between class 3 and class 4
cross-sections i.e. between plastic capacities and effectives ones. It can be clearly seen
that unlike EC3, no discontinuity is noticed with the new design curves and a smooth

conservative continuity is provided;

It can be seen that Eurocode 3 predictions are even more unconservative in the case of
cold-formed sections than hot-rolled sections. Hence, FE results relative to slender cold-
formed cross-sections showed smaller cross-section capacities than hot-rolled sections
since the adopted Ramberg-Osgood material law which is based on an exploitation of
strain hardening, lies below the hot-rolled elastic plastic material law for a certain range
of strains. Therefore, the EC3 calculations being developed on the basis of bilinear
( elastic, perfectly-plastic ) material behavior would show more unsafe results for slender
cold-formed sections because of the position of the Ramberg-Osgood material law with

respect to the hot-rolled material law ( yellow area in Figure 229 );
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Figure 229 — Differences between hot-formed and cold-formed material laws.

'8 Both proposed approaches relative to cold-formed cross-sections are presented.
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(ii1) In the case of hot-rolled cross-sections, the strain-hardening was not accounted for in the

proposed design curve, since it would occur for large unrealistic deformations.
Therefore, both results, computed with EC3 specifications and the new design proposal,
would lead to similar overlapped results illustrated at the small slenderness range ( right
plot of Figure 230 ). This would explain why overconservative results appear in the right

histogram plot ( see blue circles );

(iv) For large slenderness ranges (i.e. A >2.0) results computed with the proposed design

™)

curves are showing conservative tendancies. These results correspond to invented cross-

sections and constitute a small proportion of the total number of conducted results;

With cold-formed cross-sections, and with EC3 calculations, histograms plots are
illustrating somewhat equivalent conservative and unconservative results ( see black and
red circles ), while the majority of the results seem unconservative on the left plot. This
is due to stacked and piled results at small slenderness range and does not change the
fact that for a very wide slenderness range, EC3 computations are showing
unconservative results and the classification system is seen to be unsuitable for such

types of cross-sections;

(vi) For this particular load case, the second proposed approach for cold-formed sections is

seen to present better results since a bigger number of ¥, / ¥ ,,,,0 Tatios are close to

1.0.

326



ZFEM /ZEC_? or Proposal [-]

ZFEM /ZEC3 or Proposal [-]

XFEM//I/EC? or Proposal [-]

New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Accuracy of proposed models — Comparison with actual rules
1.8 T T T T T T
1.6 ,,@Es,ezvj‘t,ivf, b Proposa17A11cross-sectionsﬁNiHot-Rollediall fy B 1(1)88 1 B Proposal_All cross-sections_N_Hot-Rolled_all ﬂ o
® EC3_Allcross-sections N_Hot-Rolled_all f, 900 1| (= EC3_All cross-scctions_N_Hot-Rolled_all f, |
T T T T T I I 4“ 777777 T T T J
A _ 800 y—— i fffff 3””4}”” N R R
777777777777777777 w 20000000 j 700 +— R
T s 0 T | [
8 Uncons;ervative } }
‘ 3 500 === e N || El B e
I . g 400 4 } ,,,,, L,,,J ,,,,,,,,,,
| = -
T B s B 300 1 [ I .
7777777777 [ — 200 +-———b———-———-
! ! 100+
0.2 v T T T l l 0 1 1
0.0 04 08 1.2 16 20 24 28 06 07 08 09 1.0 . " . 1.4
Aes [-] XrEm " XEC or Proposal 1]

Figure 230 — All cross-sections, Hot-rolled, Pure compression a) Comparison of Proposal and EC3 results with
FEM results b) Frequency distributions (total number of results: 1506).
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Figure 231 — All cross-sections, Cold-formed, First approach, Pure compression a) Comparison of Proposal and
EC3 results with FEM results b) Frequency distributions(total number of results: 1482).
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Figure 232 — All cross-sections, Cold-formed, Second approach, Pure compression a) Comparison of Proposal
and EC3 results with FEM results b) Frequency distributions(total number of results: 1482).
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Figure 234 to Figure 236 show comparisons between FEM, EC3 and ‘proposal’ results for all
hot-rolled and cold-formed cross-sections subjected to major-axis bending with the three
considered steel grades in this work. The following remarks and anaylsis can be made based

on these figures:

(i) The green circles in Figure 234 to Figure 236 highlight the sudden discontinuity due to
the loss of resistance at the border between class 2 cross-sections and class 3 cross-
sections. This discontinuity is leading to overconservative EC3 predictions due to the
brutal passage from plastic to elastic capacities, while OIC predictions are showing
continuous acceptable conservative results. In Figure 233, only square cross-sections
subjected to major-axis bending were selected to show, in a clearer way, the
discontinuous behavior of cross-sections assigned to plastic elastic or effective classes

according to EC3 specifications;
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Figure 233 — Comparison of EC3 results with FEM results for square cross-sections
subjected to major-axis bending

a) hot-rolled cross-sections, b) cold-formed cross-sections.

(i) Similarly to hot-rolled cross-sections in compression, strain hardening was not
accounted for in the proposed design model. Therefore, for small slenderness ranges,
EC3 and ‘proposal’ results give overconservative similar tendancies. This is further

illustrated in the histogram of Figure 234 with a red circle;
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(ii1) In the case of cold-formed sections, the results computed according to the proposed
design curves ( with the two approaches ) are showing much better distributions, both in

terms of mean and standard deviation;

(iv) In contrast with the compression case, the first proposed approach for the design of cold-
formed sections is showing slightly better results, since a bigger number of computed

results is closer to a ratio 7., / ¥ ,opos €qual to 1.0.
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Figure 234 — All cross-sections, Hot-rolled, Major-axis bending a) Comparison of Proposal and EC3 results with FEM results b)
Frequency distributions (total number of results: 1506).
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Figure 235 — All cross-sections, Cold-formed, First approach, Major-axis bending a) Comparison of Proposal and EC3 results
with FEM results b) Frequency distributions(total number of results: 1482).
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Figure 236 — All cross-sections, Cold-formed, Second approach, Major-axis bending a) Comparison of Proposal and EC3 results
with FEM results b) Frequency distributions(total number of results: 1482).
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Figure 238 to Figure 240 show comparisons between FEM, EC3 and ‘proposal’ results for
hot-rolled and cold-formed cross-sections subjected to combined load cases with 20% of

N, while Figure 241 to Figure 243 present results relative to combined load cases with

60% of N,. These two cases were selected since results with n=0.2 are supposed to
represent the least satisfactory proposed outcome and results with # =0.6 would represent
one of the best proposed outcome. Moreover, EC3 predictions were dissociated from
‘proposal’ results, for the sake of clarity and better observations. The following remarks and

anaylsis can be made stated on these figures:

(1) Similarly to major-axis bending, EC3 results show significant discontinuities due to the
different discrete behavioral classes based on plastic, elastic or effective capacities ( see
Figure 237 ). Only square cross-sections subjected to combined loading with 60% of

N, were selected and represented in Figure 237 for a clearer visualization of the

different behaviors of EC3 classes. OIC predictions are showing way better continuous

results with smaller standard deviations compared to EC3 predictions.
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Figure 237 — Comparison of EC3 results with FEM results for square cross-sections

subjected to combined loadings with level of axial load equal to 20% of N,,;.

(i1) In hot-rolled cases (i.e. Figure 238 and Figure 241 ), both ratios relatives to EC3 and
‘proposal’ results would lead to similar tendancies for compact sections, since no strain

hardening was accounted for in the proposed design curves.
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(ii1) For the case of combined loading with n =0.2, two tendancies are observed with EC3
calculations ( marked with red and black arrows ). Red arrows are pointing to combined
load cases with compression, major-axis bending and minor-axis bending, while black

arrows are pointing towards compression with major or minor-axis bending.

(iv) It is clearly seen that conservative tendancies are reached for the case of combined
loading with »=0.2 ( see green cricles ). This would be expected since the proposed
design curve relative to n=0.2 (associated with the ‘turning point’ ) is the lowest
proposed design curve with the most conservative results. However, eventhough this
conservatism is supposed to be the worst case scenario, it is still acceptable since it is
occurring for large slenderness corresponding to invented cross-sections which do not
represent the majority of treated cross-sections. This is further illustrated in the
histograms in which very acceptable distributions of ‘proposal’ results are seen with
tolerable number of conservative results. For the case of combined loading with n=0.6,
this would be less obvious. Improved distributions, mean and standard deviation are seen

with the proposal results compared to actual EC3 computations.
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Figure 238 — All cross-sections, Hot-rolled, Combined loading with level of axial load equal to 20% of N,; a) Comparison of Proposal and EC3 results with FEM results b) Frequency
istributions(total number of results: 5076).
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Figure 239 — All cross-sections, Cold-formed, First approach, Combined loading with level of axial load equal to 20% of N,; a) Comparison of Proposal and EC3 results with FEM results b)
Frequency distributions(total number of results: 5850).
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Figure 240 — All cross-sections, Cold-formed, First approach, Combined loading with level of axial load equal to 20% of N,,; a) Comparison of Proposal and EC3 results with FEM results b)
Frequency distributions(total number of results: 5850).
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Figure 241 — All cross-sections, Hot-rolled, Combined loading with level of axial load equal to 60% of N,; a) Comparison of Proposal and EC3 results with FEM results b)
Frequency distributions(total number of results: 5076).
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Figure 242 — All cross-sections, Cold-formed, First approach, Combined loading with level of axial load equal to 60% of N,; a) Comparison of Proposal and EC3 results with
FEM results b) Frequency distributions(total number of results: 5850).
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Figure 243 — All cross-sections, Cold-formed, Second approach, Combined loading with level of axial load equal to 60% of N,; a) Comparison of Proposal and EC3 results with FEM results

b) Frequency distributions(total number of results: 5850).
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In Figure 244 to Figure 255, only the European (catalogue) cross-sections are considered.
The derived sections were excluded in order to better see the improvements brought by the
new proposal with only existing manufactured cross-sections. This would particulary concern
the combined load cases with n=0.2, where convervatism was observed for large
slenderness ( >2.0 ). This conservatism would disappear if only European cross-sections are
considered because the maximum slenderness reached with these sections is no more than

Acs =1.4 . This is clearly shown in Figure 250 and Figure 254 against Figure 239 and Figure

240 for cold-formed sections. In the case of hot-rolled cross-sections, conservatism would

still be observed for small slenderness since strain hardening was not accounted for.

The comparisons between histograms clearly demonstrate the improved accuracy features of
the proposed new rules especially in terms of the standard deviation. The proposed simple
design rules are then seen to be much more accurate than the actual ones. The accuracy of the
proposed interaction curves is further illustrated through Figure 256 and Figure 257, in which

results relative to selected cross-sections, are presented in m, —m_ graphs. The difference

between FEM and the proposal results are seen to be very acceptable.
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Figure 244 — European sections, Hot-rolled, Pure compression a) Comparison of Proposal and EC3 results with FEM results b)
Frequency distributions (total number of results: 870).
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Figure 245 — European sections, Hot-rolled, Major-axis bending a) Comparison of Proposal and EC3 results with FEM results b)
Frequency distributions (total number of results: 870).
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Figure 246 — European sections, Hot-rolled, Combined loading with level of axial load equal to 20% of N,,; a) Comparison of
Proposal and EC3 results with FEM results b) Frequency distributions (total number of results: 4350).

338



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Accuracy of proposed models — Comparison with actual rules
1 .8 T T T T T T T 2400 I I I I T T
@  Proposal_EU sections_n60_Hot-Rolled_all f } mmmm Proposal EU sections n60_Hot-Rolled all f,
161 - © EC3_EU sections_n60_Hot-Rolled_all f, 7T 77777 2000 + s EC3_EU sections n60_Hot-Rolled_all f,
AR U | 1
B N, O o T [
D; 8 | | | |
S 1.0 1 g 1200 +——— e e = I e e
S 08 ‘ S g _ .
\E : i J J & 800 {Ynconservative e ,,,,4} ,,,,,,,,,, e
S I R | |
04 [ [ [ | | | Unconservative 400 1+ TR E B 4= :
: E R S S [ |
02 . | 0 ‘
00 02 04 06 08 1.0 12 14 1.6 07 08 09 10 1.1 12 13 14 15
Acs -] XrEm X5 or Proposat L)

Figure 247 — European sections, Hot-rolled, Combined loading with level of axial load equal to 60% of N, a) Comparison of
Proposal and EC3 results with FEM results b) Frequency distributions (total number of results: 4350).
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Figure 248 — European sections, Cold-formed, First approach, Pure compression a) Comparison of Proposal and EC3 results with
FEM results b) Frequency distributions (total number of results: 894).
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Figure 249 — European sections, Cold-formed, First approach, Major-axis bending a) Comparison of Proposal and EC3 results
with FEM results b) Frequency distributions (total number of results: 894).
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Figure 250 — European sections, Cold-formed, First approach, Combined loading with level of axial load equal to 20% of Ny, a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions(total number of results: 3576).
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Figure 251 — European sections, Cold-formed, First approach, Combined loading with level of axial load equal to 60% of N, a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions (total number of results: 3576).
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Figure 252 — European sections, Cold-formed, Second approach, Pure compression a) Comparison of Proposal and EC3 results
with FEM results b) Frequency distributions (total number of results: 894).
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Figure 253 — European sections, Cold-formed, Second approach, Major-axis bending a) Comparison of Proposal and EC3 results
with FEM results b) Frequency distributions (total number of results: 894).
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Figure 254 — European sections, Cold-formed, Second approach, Combined loading with level of axial load equal to 20% of N, a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions (total number of results: 3576)
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Figure 255 — European sections, Cold-formed, Second approach, Combined loading with level of axial load equal to 60% of N,
a) Comparison of Proposal and EC3 results with FEM results b) Frequency distributions (total number of results: 3576).
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Figure 256 — FEM and proposal results relative to cold-formed sections subjected to combined loading (Second approach, S235).
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Figure 257 — FEM and proposal results relative to hot-rolled sections subjected to combined loading (S235).
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7. Summary and recommendations

The proposed OIC interaction design curves for the cross-sectional behavior of plated
tubular sections are summarized and presented in Table 50 and Table 51. The followings

steps and remarks will be recommended for the design of steel hollow sections:

(i) The key information that the engineer must provide given a certain loading on a cross-

section, are as follows:

(i1) The elastic buckling load multiplier R, ;

(i2) The plastic load multiplier R

RESIST >

. . . R
(i3) Calculation of the cross-section slenderness A, = /% ;
STAB

(i4) Choice of adequate parameters and curve corresponding to his case
(fabrication process, cross-section dimensions, load type...) based on Table
50 and Table 51. For example, if the engineer has a combined loading
including axial forces, the level of these axial forces must be determined to
choose the adequate curve to use. If no axial forces are present, i.e. with a
biaxial bending load case, the engineer should use the adequate curve

relativeto n=0 .

(15) Calculation of the cross-section penalty y

(16) Get Ry, = Xes-Repgsr -

(i1)) For the case of cold-formed sections, the second approach is recommended in
design, since it is grounded on a strain-based format at low slenderness and is

therefore scientifically more acceptable and correct.

Figure 258 illustrates the previous mentioned steps in a clearer way. The green arrows
include the steps relative to the 2nd approach for cold-formed sections and are therefore

recommended.

Worked examples are presented in the following chapter to better illustrate the application of

the method and its benefits in comparison to application of current EC3 rules.

344



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections

Summary and recommendations

‘ Cross-section subjected to a loading ‘

Xcs

Resistance
limits

Upper bound
Ayrton-Perry format
with dcg =0

v Increasing
Qcs
‘ get Regsisr H Acs H get Rgrup ‘ T iy
- limits
! —=7
Load case type
Simple or combined?
Simple ‘ Combined T 10 Tnteraction s
“ v * depends on the level of axial forces
Manufacturing process: Manufacturing process:
hot-rolled or cold-formed? hot-rolled or cold-formed?
Hot-rolled ‘ Cold-formed Hot-rolled ‘ Cold-formed

!

F

o

Q ‘ get Xcs H Ryvr = Xcs-Reesisr

Figure 258 — Application steps of the proposed OIC design curves.
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Table 50 — Proposed OIC design curves for simple load cases.

Simple load cases

General format

R
/’LCS — R RESIST
STAB,CS
$=0.5(1+ s (Aes = 4) + Acs” B)
B
Xcs

TNy,

Hot-rolled hollow sections

A =035 and y. <1.0 i.e. f=1.0

Parameters acs o
Compression 0.15 —-0.4h/b+1.45
Major-axis bending 0.16+3/200 04h/b+0.25
Minor-axis bending 0.08 0.65
Cold-formed hollow sections — 1st approach
A4,=0
Parameters o ocs Jij
Compression —-0.4h/b+1.45 0.16+3/40 —0.15 4 +1.15
Major-axis bending 04h/b+0.25 0.16+7/200 —0.2 4, +1.20
Minor-axis bending 0.65 0.1 —0.2 4, +1.20

Cold-formed hollow sections — 2nd approach

1.5
4, =0.40 and = = [%J

5y CS

Aes > A =1.0
Parameters Aes £ A s >h (B )
o acs
0.15
Compression Hes =1.15- B )0,6 —0.4h/b+1.45 0.15+7/40
ele,
0.2
Major-axis bending Hes =12 o) 0.4h/b+0.25 0.255-1/80
ele
y
1, 02
Minor-axis bending Hes =127 06 0.65 0.15
5/5y)
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Table 51 — Proposed OIC design curves for combined load cases.

Combined load cases for hot-rolled cross-sections

General format
R

Ao = RESIST
“ RSTAB,CS
6=0.5(1+ (s + e (1-1)) (Aes = (A = 4 (1=7)) ) + 25" B)
Xcs b For A >ﬁ’0_j’0(1_n)

PP — A’ B
x =1 for A,; <2 =4 (1-n)
Parameters
A, =035

o acs s
—0.4h/b+1.45 0.15

—

General format
R

_ RESIST
A’ cs

R

STAB,CS
$=0.5(1+ (g +n(1-n)) (A (A —An)) + 25’ )
Xes = 2’8 = For A > A, —A,n
PP A’
Z=1 For A </10 —/10(1—1’1)

cs —

Parameters

2, =035

12 acs B
0.4h/b+0.25 1/108 +3/200 1

Combined load cases for cold-formed cross-sections**

General format
R

_ RESIST
A’ cs

R

y =O.5(1+(acs +ats (1-7)) (s (2= o (1—nf)))+,1€fﬁ)
With y =(h/b)/5-1/10
p

SePIN FERyay

1* approach — Parameters
A =0
o acs ‘ B
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-0.4h/b+1.45 1/106+3/40 ‘ -0.154+1.15
2 approach — Parameters
4, =0.40
For Aes < Ay =4y (1-17)

0.15
Kes =115 ———+
(o/c)
15
e (A — 4y (1-n")
y ﬂ“CS
For Ags > Ay = A (1-1")
o acs B
—0.4h/b+1.45 1/106+7/40 1

General format

R

_ RESIST
/,i’CS -

R

STAB,CS

§=0.5(1+(acs +n(1=-1))(Aes = (% = A" ) )+ s’ B)
With y =(h/b)/5-1/10

_ B
P+ — A’ B

Xcs

1* approach — Parameters

2y =0

o acs B

0.4h/b+0.25 1/1065 +7/200 —0.24+1.20

2" approach — Parameters

7, =0.40

For Ao, <A, — A’

0.20
(5 /&, )0‘6

1.5
& _ (/10 —xlOnVJ
£, Acs

Xos =1.20—

For Ay > A4, — 4, (1—117)

o acs B

0.4h/b+0.25 1/46-1/80 1
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8. Worked examples

8.1. Introduction

Present set of case studies is relative to hollow section members. Square (SHS 250x5 — S355)
and rectangular sections (200x100x5 — S355) are considered, both from a cross-sectional
point of view. While the first example deals with a beam-column under compression and
mono-axial bending, the second one considers both major and minor-axis bending and

compression.

As a particular point, these examples illustrate the practical difficulty to determine the class of
a tubular cross-section according to Eurocode 3 which appears to be disproportionate with

respect to the information it provides.

8.2. Square hollow section: SHS 250x5

8.2.1. Cross-section and member properties
The considered hot-rolled square section is subjected to a compression force N,, =600 kN,

and a major bending moment M |, =50kN.m. (S355).

z

0SC=H
<

Figure 259 — Considered cross-section (SHS).

Table 52 — Cross-section properties (SHS).

Web and flange width (H) 250 mm
Thickness (7) 5 mm
Radius (7) 7.5 mm
Cross-section area (A) 4835.6 mm*
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Inertia (L, 1,) I, =1=47781763.65 mm*

Section plastic modulus (W, W),-) W,,=W,.=442262.9 mm’

Section elastic modulus (W, We;-) w,,=W,.=382254.1 mm’

8.2.2. Cross-section resistance

8.2.2.1. Eurocode 3 approach

Cross section classification:
‘ Z

0.72f [ 0.72
, "

-0.02f S % -0.02
Yy Yy

Figure 260 — Stress distribution (SHS).

Web class calculation:

The determination of the section class is done with the actual stress distribution:

s 250
M .. g S0-10°-——
oy, ey PV 60010 >+ £—=254.84 MPa
"4 I, 48.35-10 47.8-10
250
50-10°- =
:NEd_My,Ed'V_ 600-10’ =—-6.65 MPa

Oint - 2 6
A I, 48.35-10 47.8-10

Where v is the half flange or web width

(0.169)

(0.170)
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The corresponding stresses at the plate extremities are calculated as follows:

L _25484-(h=2-r—1) _254.84-(250-2-7.5-5)

1 =234.5MPa (0.171)
h 250
o - _6_65.(h_2-r—t) _ —6.65-(250—2'7.5—5) — _6.11MPa (0172)
h 250
‘Z
|
Y
-0.017f -0.017f
_0.02 -0.02f
'y y

Figure 261 — Stress distribution at the plate extremities (SHS).

Cupep _ Cange :h—t—2r:230 mm _ a6 (0.173)
t t t Smm
_% 66 (0.174)
o, 2345
Web in compression and flexion:
Class 3 limit with y >—1:
. c
42e _ 42-.0.81 —514> flange — Cw_eb =46 (0175)
0.67+0.33y 0.67+O.33(—0.026) t t

Class 2 limit:

Plastic neutral axis position:
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N
z=169mm
_b=z_230-169 .4
2
qobze _230-305 s
b 230
456g _ 456081 :36<Cﬂange :cweb =46
13-a—-1 13-0.87-1 t t

The web is found to be in class 3.
Flange class calculation:

Class 3 limit:

C
425:42-0.81:34.02<%=%Tw=46

The flange is found to be in class 4.
Thus, the cross-section is found to be in Class 4.
Effective cross section calculation:

k =4

b=b-2-r—t=250-2-75-5=230

e b 230
O-CF

28,4-¢-\Jk, 28,4-0.81-/4

_2,-0.055(3+y) 0.99-0.055(3+1)

Pr= TG 0.99°

P

=0.78

by =p,b=0.78-230=179.4 mm

(0.176)

(0.177)

(0.178)

(0.179)

(0.180)

(0.181)

(0.182)

(0.183)

(0.184)

(0.185)
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b, =b, =0.5b, =0.5-179.4=89.7 mm (0.186)

With respect to Figure 262

Stress distribution (compression positive) Effective” width by
p=1:
N 110 T !
/Ll" B J& bﬂ:ll':)U h_
}'}‘“ = [).5 b“-l- hcl = “.5 hvi'l'
A _
ber | pbe | bsi=p b
| 1 5 2 5
b{'l - 5_ w br_’f_;f' f‘)l\l = .I{JL.“' - I‘J\.|
by ¥ b + w < 0:
A T”\WT\N\ o
_Ek , o, byy=pb.=p b/ (l-y)
b ] bey = 0.4 beg b = 0,6 by
W = gxlo 1 1>w>0 0 0>p>-1 -1 Al>p>-3
Buckling factor k; | 4,0 82/(1,05+yw) | 7,81 781 - 629y + 9,78y 23,9 598 (1 -y)°

Figure 262 — Internal compressed elements.

The effective cross-section properties are thus calculated as follows,

Ay =x(r+0.5t) =z (r-05t) +2(h=2r—t)+2p, (b—2r—t)=3837.27 mm* (0.187)
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3 2 I WA 2
I :M+(b,2r,,){v.,gj +2,[w2rm}(,,2”).t(vhj
’ 12 2 12 2

+(b__2r_t).t.p.{[v_;jz(b_z,_t).t.p}
[(“1?)4 R (r:%)z [v._;_rjzl_[(r%)“ ) - jﬂ

N

+

N

+

2 16 4

{</> 1) [vtrwr—%r RA) [MTH

_(250-2.75-5)-5"
12

2 _ . _ 34
(250—2-7.5—5)-5(116.95—%) +2.{(2502172'55)5}

250 :

2
+(25072-7.575)-5-[133.0577J +(2502~7.55)~5-0.576~|:(V;j (2502-7.55)-5~0.576}

{(7'5:6%)4 +Z (7"5:%)2 (116.95—}7.5)7.52}_[(7’5%)4 Z (7'54%)2 (116.95—;—75sz

N

+

16 (0.188)

N

+
16

{(7'5:6%)4 + 7 (7’5:%)2 (133.05—2—7.5J7.52}—[(7'5_%)4 o2 (7-54_%)2 (133'05_2_7'5ﬂ

=44223750.33 mm’*

— —\3
(b—pb) ¢ (229-0.576-229Y’ -5
L, =1I- = 47781763.65—

I 0 I — 4422375033 mm* (0.189
zef 12 12 mm (0.189)

Effective cross section properties:

Ny pg = Ay - f, =3837.27-355-107 =1362.23 kN (0.190)
I
W,y === 442237504 _ 33875 (0.191)
ey 133.05
I . .
W, ,=—"L= 442237504 _ 338752 4 i’ (0.192)
’ % 175
M, i =M,y rg =W, o f, =338752-355-107° =120.3kNm (0.193)
Cross-section verification:
M
Neg My 600 50 a6y (0.194)
Nyr My, 13622 1203
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8.2.2.2. OIC approach

Step 1: R, =1.69 — from Eurocode 3 plastic equations (shall be replaced by a dedicated

software in the near future).

Step 2: Ry, =1.62— from numerical tool (CUFSM in the present case — shall be replaced by

a dedicated software in the near future).

Step 3: A = % =1.02

Step 4:

n= Ny =0.349

pl

5=-0.4h/b+1.45=1.05;0,,=0.15;8=1;2,=0.35

§=0.5(1+ (g + s (1-1)) (Aes = (A = A (1=1))) + 25" )
=0.5(1+(0.15+0.15(1-0.349))(1.02— (0.35-0.35(1-0.349)) +1.02""1) = 1.12

Yoo = g - ! ~0.62
e F A B 112441122 -1.02'
1
Tes =0.62

112441122 —1.02'%

Step 5: R,y = Yo -Repgsy =0.62x1.69=1.05>1.0

Satisfactory (value above 1.0 indicates that the actual loading needs to be increased to reach

failure).

The criterion for cross-section resistance is fulfilled for the given profile according to the OIC

approach, however R, ; ., is equal to 1.14 leading to overconservative EC3 results with a

deviation of 9% (1.14/1.05=9%).
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8.3. Rectangular hollow section: RHS 200x100x5

8.3.1. Cross-section properties

The considered cold-formed rectangular section is subjected to a compression force

Ng, =360 kN, a strong bending moment, M ., =17kN.m and a weak bending moment

M, ., =8.7kN.m

0 kN.m (S355).
z
BfT] 20
|
I
NI
Avté S
?
Figure 263 — Considered cross-section (RHS).
Table 53 — Cross-section properties (RHS).
Web width (H) 200 mm
Flange width (B) 100 mm
Thickness (7) 7.5 mm
Radius (7) 9 mm
Cross-section area (A4) 2835 mm’
Inertia (/,) 1, =14382547 mm*
Inertia (/) 1. = 4876020 mm*
Section plastic modulus (W,,,) W, =181372 mm’

356



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Worked examples
Section plastic modulus (W,;-) w,.=112091 mm’
Section elastic modulus (W) w,, =143825 mnr’
Section elastic modulus (W,;.) w,.,=97520 mm’

1.1.2. Cross-section resistance

1.1.2.1. Eurocode 3 approach

Cross section classification:

Figure 264 — Stress distribution (RHS).

The stress distribution in the web is:

17,106,@ 87.106.@
2 2 _334.4 MPa (0.195)

— NEd +My,Ed'v+Mz,Ed 'V' _ 360103 n

O, +
WY 1, I 2835 14382547 4876020
o 200 . 100
Moo Mo L 17:10° 22 8.7.10°——
Tt = Neg  Zoa ¥ Moa'V 300107 + =98 MPa (0.196)
A I I 2835 14382547 4876020

y z

At the plate extremities:
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Figure 265 — Stress distribution at the plate extremities (RHS).

334-(h—2-r—f) _334-(200—2-7.5-5)

o, =300.6MPa (0.197)
h 200
o, - 98-(h—-2-r—t) 98-(200-2-7.5-5) _ %8 I MPa (0.198)
h 200
Cuop _h—t=2r 180 .. (0.199)
t t 5
_o _882 5 (0.200)
o, 300.6
Web in compression and flexion:
Class 3 limit with y > —1:
426 _ 42:0.81 —44.4> S _ 36 (0.201)
0.67+0.33y  0.67+0.33(0.29) t
Class 2 limit:
38-,/§=30.9<CW—61)=36 (0.202)
355 t

The web is found to be class 3.

The stress distribution at the flange is:
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s 200 ¢ 100
Mooy Mooy agp 1710055 87100
o = Nea  AyraV  MypawV 360-10° + =334.4 MPa (0.203)
A4 I, I, 2835 14382547 4876020

17.106.& 87.106.@
5 .

o :NEd+My,Ed.v_Mz,Ed‘v'2360'103+ ~
"4 1 I, 2835 14382547 4876020

y

= 156MPa (0.204)

At the plate extremities:

. _3344:(h=2r—1) 3344-(100-2.7.5-5)

: =268MPa (0.205)
h 100
o - 156-(h—2-r—1) _ 156-(100-2-7.5-5) —125MPa (0.206)
h 100
Cange _b=1-2r 80 _, (0.207)
t t 5
_o 1254y (0.208)
o, 268
Web in compression and flexion:
Class 1 limit with
33. |22 L g7 < Sneme _ 6 (0.209)
355 t

The flange is found to be class 1.
Thus, the cross-section is found to be class 3.

Cross section verification:

N M, g N M,,,  360-10° s 17-10° s 8.7-10°

= =0.94<1 (0.210)
M,, . 2835355 143825-355  97520-355
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8.3.1.1. OIC approach

Step 1: R4 =1.69 — from Eurocode 3 plastic equations (shall be replaced by a dedicated

software in the near future).

Step 2: R, =3.59— from numerical tool (CUFSM in the present case — shall be replaced by

a dedicated software in the near future).

Step 3: A = % =0.69

Step 4:
1% approach:

Ny _ 0.357

n=
pl

h/bY 1 1 3
=| = |-—=03;6=-04h/b+1.45=0.65.0,.. =— S +—=0.14; B=-0.151 . +1.15=1.04: 1, =0
4 ( 5 j 10 S0 40 P s 0

§- 0.5(1 + (g +ags (1= ))(ﬂcs (A=A (17 ))) * ﬂcs&ﬂ)

- 0.5(1 + (0.14 +0.14(1-0.357" ))(0.69 - (0 ~0(1-0.357" ))) + 0.690'31.04) =0.97

B 1.04

. - =0.79
C g F 2B 097+30.97—0.69°%1.04
2" approach
n=e o357
N,
y:[Mj—iz0.3;5:—0.4h/b+1.45 0,650 =—5+—==024; f=1;4, =040
5) 10 107 40

§=0.5(1+ (s + tes (1-17)) (s = (o = (1=7))) + 45" B)

- 0.5(1+(0.24+0.24(1 —0.3570'3))(0.69—(0.40—0.40(1 —0.357°~3)))+0.690-31) ~0.95
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Vi 1
C paF -’ B 0.95+4+/0.95 —0.69°%1

Step 5:
1* approach

Ry = Zes Regssy =0.79%1.69=1.33>1.0.

2" approach

=0.76x1.69=1.30>1.0

RULT = Xcs 'RRES]ST

Satisfactory (value above 1.0 indicates that the actual loading needs to be increased to reach

failure).

The criterion for cross-section resistance is fulfilled for the given profile according to the

O.LC. approach, however R, ;. is equal to 1.06 leading to overconservative EC3 results

with a benefit brought by O.L.C. approach equal to 25% with the first approach
(1.33/1.06 =1.25) and 22% with the second approach (1.30/1.06 =1.22).

8.4. Summary of results and conclusions

As was clearly demonstrated in the previous pages, the ease and efficiency of application of

the OIC in comparison with the actual Eurocode 3 design rules bears no doubts.

In particular, the cross-section classification step has been shown to be disproportionate with

respect to the information it provides.

In addition, the following higher resistances have been reached through the OIC approach,

compared to Eurocode 3 predictions:
SHS, cross-section check: +3%;

RHS, cross-section check: +25%;
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9. Conclusions
9.1. General

The main aim of this thesis is to investigate the behaviour of hollow cross-sections and
propose suitable new design approach for the prediction of their cross-section capacities,
through a new concept termed the Overall Interaction Concept OIC. This was deemed
necessary since the effective width method and the cross-section classification which are
adopted in actual standards have many shortcomings and inconsistencies. The following
summary can be given of the topics treated in this thesis, listed in the order of appearance in

the main body of the text:

(i) In the 1% introductory chapter, inconsistencies and problems in current local buckling
design rules were presented in a general form. The OIC approach was introduced and
explained. The scope and limitations of the concerned subject treating only the local
buckling behaviour of hollow sections were stated. The thesis organization was then

introduced and explained.

(i) In chapter 2, a comprehensive survey concerning the field of the cross-section resistance
was conducted. A detailed history of the local buckling handling and development was
made, along with an actual description of the methods used in nowadays standards. The
shortcomings of the classification system were pointed out, and the newly existing
approaches were presented and commented ( Direct Strength Method and the Continuous

Strength Method ).

(ii1) In chapter 3, an experimental study of the behaviour of cold-formed, hot-rolled and hot-
finished square, rectangular and circular sections was presented. The cross-sections were

subjected to different kind of loading including simple load cases and combined ones.

(iv) In chapter 4, the behaviour of the tested elements was simulated via finite element
analysis with the aim of using the calibrated model to conduct an extensive set of finite
element calculations in order to multiply the available number of tests. Therefore, a
parametric study has been undertaken and concerned cold-formed and hot-rolled sections
with the consideration of adequate imperfections, material properties, geometrical
dimensions, residual stresses and various load cases, leading to more than 40,000

simulations.
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(v) Chapter 5 consisted in targeting the leading parameters for the derivation of several
adequate interaction curves, which were then proposed based on the numerical results
with the use of an extended Ayrton-Perry approach covering simple and combined load

cases for both hot-rolled and cold-formed sections.

(vi) In chapter 6, the accuracy of the proposed design formulac was examined. Statistical
results of the comparison between FEM, EC3 and proposal calculations for all the
computed results were presented. The resistance estimates were significantly improved
by the new proposal, with mean and standard deviation values indicating a far better level

of accuracy and consistency.

(vii)In chapter 7, a summary of all proposed formulae and recommendations for practical

design were presented;

(viii)In chapter 8, worked examples were presented to illustrate the effectiveness, the

simplicity and the economic benefit of the newly developed design proposals.

Going back to the objective set at the beginning of this thesis, it can be seen that they were
fulfilled and a totally new design proposal dealing with the local buckling behaviour of steel
hollow sections was developed based on the conducted experimental and numerical tests of

this study.
9.2. Personal contributions

The original contributions made in this thesis from a theoretical point of vue include the

following listed points:

(i) The development of a new design formula capable of describing the buckling behaviour
of hot-rolled cross-sections subjected to compression, major-axis bending and minor-axis
bending; they were obtained by extending the well known ‘Ayrton-Perry’ formula to
cross-sections. The following aspects were included in the proposed formula

(Chapter 56 & 7):
(i1) The cross-section shape was taken into account through the parameter 4/5b ;
(12) Normal steel grades can follow one proposed curve;

(i3) The imperfections’ influence was included through the parameter ocs;
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(i4) The ideal resistance limit was introduced through a £ parameter equal to 1.0.

(i1)) The development of a new design formula capable of describing the buckling behaviour
of cold-formed cross-sections subjected to compression, major-axis bending and minor-
axis bending. Two design approaches have been developed for cold-formed sections that
specifically lead to y.; >1.0 beneficial factors at low A, ranges. (il), (i2) and (i3) are
also applicable for cold-formed sections along with these following aspects

(Chapter56 & 7):

(ii1) A first approach relying on a single continuous interaction curve. The ideal

resistance limit (£ =1.0) was changed to allow for obvious strain-hardening

leading to a potential 15% maximum benefit from strain hardening;

(i12) A second approach relying on a strain-based format at low slenderness. In a

first step, a relationship between the strain level &/¢, and A, was
established. Then, in a second step, y., was calculated as a function of the

stain level ¢/ £,

(i) The development of a new design formula capable of describing the buckling behaviour

of hot-rolled cross-sections subjected to combined loading (N+M, or N+M_ or
N+M,+M.); (il), (i2), (13) and (14) were applicable for the combined load cases of

hot-rolled cross-sections. However, the presence of axial forces ( by means of the
parameter n ) was seen to have the most important effect on the structural behaviour and

was included in the derived extended Ayrton-Perry formula ( Chapter 5 6 & 7).

(iv) The development of a new design formula capable of describing the buckling behaviour
of cold-formed cross-sections subjected to combined loading (N+M, or N+M_ or
N+M, +M.); (1), (i2), (13), (14), (iil) and (ii2) were applicable for the combined load
cases of cold-formed cross-sections. However, the presence of axial forces ( by means of
the parameter n ) was seen to have a minor influence on the structural behaviour of cold-
formed sections, due to the difference type of material law corresponding to such
fabrication process. Therefore this effect was included in the proposed formula through

an exponent yto the n parameter, depending on the aspect ratio #/b ( Chapter 56 & 7).
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Contributions to the consolidation of existing engineering knowledge included the following

points:

(i) A comprehensive discussion of the origins of the plate buckling background, methods to
get an adequate buckling curves and shortcomings of the existing classification system

(Chapter 2 & 5).

(i1)) A wide experimental campaign consisting of 57 cross-section tests comprising 12 stub
columns and 45 cross-sectional tests with various loading conditions, cross-section

shapes and fabrication modes ( Chapter 3 );

(iii) A sensitivity study on the influence of different shapes and amplitudes of initial local

geometric imperfections on the cross-section capacity ( Chapter 4 );

(iv) A Load-path sensitivity study to characterize the differences that arise in the structural
response of sections if the load is applied in different sequences for a given combination

( Chapter 4 ).

The original contributions made in this thesis from a practical point of vue include the

following listed points:

(i) Straighforward derived formulae, requiring only an adequate choice of parameters for

each design case ( i.e. fabrication process, cross-section shape and load case );
(i1) Strain hardening due to cold-work of forming was accounted for in the interaction curves;
(ii1) Derived formulae are applicable to any normal steel grade ( <460 MPa );

(iv) No effective width calculations, no iterations and gross cross-sectional properties

are required within the new proposed derived formulae.
9.3. Suggestions for further studies

The investigations carried out in the scope of this thesis identified several areas where further

research is required. They consisted in the following:

(1) A deeper analysis of the load cases consisting in biaxial bending with no axial forces. As
already discussed, the absence of an axial compression would lead to a distinction
between the levels of biaxiality applied on the cross-section. The actual proposed

approach considers a single curve for all the degrees of biaxiality, leading sometimes to
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conservative results ( with high //b aspect ratios ) and to slightly unconservative results
(with low h&/b aspect ratios). A first attempt to overcome this shortcoming has been

made but need further improvements and developments. It consists in the following:

The behavior of a square and a rectangular section subjected to a bi-axial bending differ
in a considerable way depending on the angle o characterizing the degree of bi-axiality.
Figure 266 illustrates two graphs relative to a square (left) and ‘highly’ rectangular cross-
section (i.e. high aspect ratio 4/ ). For a square cross-section, the behavior relative to
loading cases in which a is comprised between 0 and 45 degrees would be equal to the
behavior relative to loading cases in which « is comprised between 45 and 90 degrees ( in
Figure 266, cross-sections having the same color indicate equivalent loading cases ). This
won’t be applicable for rectangular sections and the behavior relative to a major-axis
bending would differ from a minor-axis bending; these two loading cases would be
equivalent for a square cross-section, but considered as the extreme loading cases for a
rectangular cross-section. However, this passage of loading cases from being ‘equivalent’
to being ‘extreme’ doesn’t happen in a brutal way, but is rather a function of the 4 /b
ratio and the ‘extreme’ stage would be reached for relatively high 4/b ratios. This
aspect should be examined with more details in the future. A proposal for high %/b
ratios ( i.e. corresponding to the ‘extreme’ stage ) has been developed. A modification of
the factor # accounting for imperfections has been made through the inclusion of the

angle of biaxiality a. It consists in the following equations:

(24 (24
Myiaxial-bending = (QCS,MJ - (aCS,MV‘_ ~Ocs o, )%j[ﬂc - (ﬂ’O,M}_ - (/10,My - /10,MZ )%jj (21 1)

Or also

a (04
Myiaxial-bending = [O!Cs,Mz + (acs,My - aCS,Mz )%j[ﬂcs - (EO,M: + (//L(),Mv - ﬂ«o,M_, )%jj (212)

Equation (211) has been proposed in a way that if & =0 degrees, the interaction curve
relative to a major-axis bending is obtained, and the one relative to a minor-axis bending
would thus be obtained for & =90 degrees. The opposite is found in Equation (212),
where the interaction curve relative to a major-axis bending is obtained for o =90

degrees, and the one relative to a pure minor-axis bending is obtained for « = 0 degrees.
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Figure 266 — Representation of various degrees of biaxialiy for both a square cross-section

and a rectangular cross-section.

(i) Further numerical results are needed to examine and validate the proposed approach for
cold-formed and hot-rolled sections subjected to combined loading with levels of axial

forces smaller than 20% of N,;

(ii1) For now, the OIC proposed interaction formulae are calibrated only to work for cross-
sections subjected the previously mentioned simple and combined loads. Many other
contributions need to be developed to have a complete ‘package’, i.e. shear provisions,

accurate determination of the rotational capacity for stocky sections etc...;

(iv) The analysis of other buckling modes than local buckling is also required starting with
the members behaviour ( global buckling ) and including the coupling of instabilities

( Local and global instabilities ). The incorporation of y., should be accounted for and a

first attempt in the case of members is made through the use of a modified member

relative slenderness A

vz I which R, is substituted by y.¢.R,.qs- Further

developments and assertions are needed in this field.
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11. Annexes

11.1. Annex 1 — Geometrical dimensions

Table 54 — Measured geometrical dimensions

Test Shecimer HorD B t
# [mm] [mm] [mm]
1 RHS_LC1_S355CF_200x100x4 200 100.7 3.78
2 RHS_LC1_S355CF_220x120x6 220.42 120.57 5.82
3 RHS_LC1_S355HF_250x150x5 250 150.25 5.22
4 RHS_LCI1_S355HF_200x100x5 198.7 99.2 5.27
5 SHS LC1_S355CF_200x200x5 200 198.8 4.68
6 SHS_LC1_S355CF_200x200x6 200.6 200.5 5.7
7 SHS_LC1_S355HF_200x200x5 200 198.8 5.17
8 SHS_LC1_S355HF_200x200x6.3 199.5 199 6.58
9 CHS_LCI1_S355CF_159x6.3 159 - 6.5
10 CHS_LC1_S355HF_159x6.3 159 - 6.9
11 CHS_LCI1_S355HF_159x5 159 - 5.48
12 CHS_LC1_S355HF_159x7.1 159 - 75
13 RHS_LC2_S355CF_200x100x4 200.1 100.7 3.96
14 RHS_LC2_S355CF_220x120x6 219 120.5 6.25
15 RHS_LC2_S355HF_250x150x5 249.5 149.5 5.25
16 RHS LC2 _S355HF 200x100x5 - - -
17 SHS_LC2_S355CF_200x200x5 200.44 200.94 4.92
18 SHS LC2 S355CF_200x200x6 200.2 200.25 6.1
19 SHS_LC2_S355HF_200x200x5 200.4 200.94 5.21
20 SHS LC2 S355HF 200x200x6.3 200.3 199.5 6.55
21 CHS_LC2_S355CF_159x6.3 159 - 6.9
22 CHS_LC2_S355HF_159x6.3 159 - 6.4
23 CHS_LC2_S355HF_159x5 159 - 55
24 CHS_LC2_S355HF_159x7.1 - - -
25 RHS LC3_S355CF_200x100x4 200 100.7 4.07
26 RHS_LC3_S355CF_220x120x6 220 120.56 6.25
27 RHS LC3_S355HF 250x150x5 250.1 149.5 4.87
28 RHS_LC3_S355HF_200x100x5 198.2 99.2 5.48
29 SHS LC3_S355CF_200x200x5 200.44 200.94 4.98
30 SHS_LC3_S355CF_200x200x6 200.25 199.9 6.1
31 SHS_LC3_S355HF_200x200x5 199.4 198.8 5.23
32 SHS_LC3_S355HF_200x200x6.3 200.6 199.3 6.32
33 CHS_LC3_S355CF_159x6.3 159 - 6.9
34 CHS_LC3_S355HF_159x6.3 159 - 6.28
35 CHS_LC3_S355HF_159x5 159 - 5.49
36 CHS_LC3_S355HF 159x7.1 159 - 7.13
37 2_SHS_LC1_S355CF_200x200x6 200.4 199.4 5.9
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38 2 SHS_LC2_S355CF_200x200x6 200.6 199.9 6.1
39 2 SHS_LC3_S355CF_200x200x6 200 200 6.2
40 RHS_LC4_S355CF_220x120x6 220 120.44 6.18
41 RHS LC5 S355CF 220x120x6 220.5 120.57 6.2
'y} RHS_LC6_S355CF 220x120x6 219.5 120.5 6.26
43 RHS LC4 S355CF 200x100x4 200.44 100.64 4.06
44 RHS LC5_S355CF_200x100x4 200.5 100.26 4.09
45 RHS_LC6_S355CF_200x100x4 200 100.51 39
46 RHS Stub_S355CF_200x100x4 200.5 100.28 3.69
47 RHS_Stub_S355CF_220x120x6 220.6 120.02 5.85
48 RHS_Stub_S355HF_250x150x5 250 150 5.05
49 RHS_Stub_S355HF_200x100x5 199.2 100.01 53
50 SHS Stub S355CF 200x200x5 200 201.5 4.72
51 SHS_Stub_S355CF_200x200x6 200 199.7 5.9
52 SHS Stub S355HF 200x200x5 200.1 200.2 5.14
53 SHS_Stub_S355HF_200x200x6.3 199.9 199.9 6.42
54 CHS_Stub_S$355CF_159x6.3 159 - 6.76
55 CHS_Stub_S355HF_159x6.3 159 - 6.92
56 CHS_Stub_S355HF_159x5 159 - 5.42
57 CHS_Stub_S355HF 159x7.1 159 - 7.45
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11.2. Annex 2 — Detailed results of tensile tests

Table 55 — Measured material properties

%

g . E 5 & S & & Toull E, i & Jom Eum Em (!
Coupon | Cut from section | - Position | i) | pNimm?) | (%) | Nmm] | %) | %) | [ | DNmml] | Nmed) | %) | Nmo?] | (%] [%] ()
1L Flata 217303 426 0.19 525 17.2 259 | 1.23
1 2L Flat b 214437 431 0.20 514 18 248 | 1.19
RHS 215000 420 0.19 520 17.5 26.4 123
118 200x100%5 Flat ¢ 215984 421 0.19 530 17.6 28 1.25
128 5355 Flatd 215770 406 0.18 511 18.3 27 1.25
- Hot- finished
11C Corner a 202788 404 0.19 505 143 167 | 125
210394 411 0.19 512 14.7 16.65 1.24
1.2C Corner b 218000 418 0.19 520 152 166 | 124
2 1L Flata 215270 478 0.22 573 1 177 | 17.78
221 Flat b 219391 486 0.22 588 12.6 184 | 1834
RHS 216630 494.6 022 611 11.9 19.65 123
2 18 200x100x4 Flat ¢ 212861 512 0.24 654 12.5 202 | 223
228 8355 Flatd 219000 501 0.22 630 11.6 223 | 202
Cold-formed
21C Corner a 215000 - . 612 0.84 27 27
213000 y . 601 12 2.9 y
2.2C Corner b 211000 . . 560 1.56 3.1 3.13
31 Flat b 211230 492 0.23 590 134 245 | 119
32 Flata 221638 496.3 0.22 588 12.6 23 | 118
SHS 217363 500.5 0.23 596 13.8 23.25 1.19
33 20022006 Flat c 216959 481.4 0.22 597 13.1 196 | 124
34 8355 Flatd 219628 532 0.24 612 16.3 266 | 115
— Cold-formed
31C Corner a 205000 - . 630.5 1.47 28 .
210500 - . 617.8 1.1 1.9 -
3.2C Corner b 216000 § . 605.1 0.74 1.1 .
41 Flata 211579 4777 0.22 525.1 1502 | 237 | 1.09
42 Flat b 212313 461 021 5119 | 1553 | 25.1 L11
SHS 211489 475 0.22 523 14.6 255 1.1
43 200x200%5 Flat ¢ 210343 469 0.22 51818 | 1496 | 257 1.1
4 4 355 Flat d 211724 494 023 53744 | 1306 | 277 1.08
- Hot- finished
4.1C Corner a 203940 579.5 0.28 611.6 8.8 142 | 1.05
211023 544 025 578.2 8.93 12 1.06
42C Corner b 218105 508.7 023 544.8 9.1 9.8 1.07
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51 Flat ¢ 218000 4882 0.22 593.8 1473 | 234 | 121
52 Flat b 220000 466.9 021 567.2 1456 | 226 | 121
SHS 214848 480.2 0.22 585 14.5 232 1.21
53 200220055 Flata 214000 495 0.23 580 1457 | 215 1.17
54 8355 Flatd 207369 4705 0.22 600 1452 | 255 1.27
— Cold-formed
5.1C Corner a 213000 . . 587.2 0.83 1.34 .
209500 . . 573.35 12 2.5 .
52C Corner b 206000 . . 560 1.64 3.74 .
6 1L Flata 213352 449.6 0.21 573 17 244 | 127
6 2L Flat b 214052 451.6 0.21 574.9 15.7 24.1 1.27
RHS 212190 447 021 576.6 17.7 26.1 1.28
6 1S 250x150%5 Flat ¢ 215757 4434 0.20 579.5 16.8 24 | 130
6.2S $355 Flat d 205600 4442 0.21 579.1 214 335 1.30
- Hot- finished
6 1C Corner a 211000 435 0.20 532 12.4 122 | 122
210750 435 0.20 535 117 116 123
6.2C Corner b 210500 435 0.20 538 11.13 1.1 1.23
7 1L Flata 203304 4357 0.21 530.8 14.1 256 | 121
7 2L Flatb 219169 4452 0.20 544.1 13.3 237 | 122
RHS 206597 4547 0.22 563.6 15.5 25.6 123
718 220x120x6 Flat ¢ 207043 469.1 0.22 593.6 14.3 244 | 126
728 5355 Flatd 196874 468.4 0.23 585.7 203 289 | 1.5
- Cold-formed
7.1C Corner a 203000 - . 676.5 0.94 1.38 -
207000 . . 644 1 1.6 y
7.2C Corner b 211000 . - 611.4 111 1.84 N
8 1 Flata 217132 4528 0.20 4942 154 | 2262 | 1.09
82 Flatb 215992 4487 0.20 496 164 | 2443 | 110
SHS 215998 453 0.20 496 15.9 237 1.09
8 1 200x200%6.3 Flat ¢ 216535 4492 0.20 503 15.8 242 | 111
82 8355 Flatd 214336 460 021 . . y .
- Hot- finished
8 1C Corner a 209500 478 0.22 . . 8.1 .
209750 482.6 0.23 523.4 76 7.73 1.08
8 2C Corner b 210000 4873 0.23 523.4 76 736 | 1.07
10 1 Ca 215000 455 0.21 573.5 7.02 8.4 1.26
= 3§?SH159"151 g = 215000 4577 021 5773 7.02 8.45 1.26
02 |8 ot-rolle Cb 215000 460.5 0.21 581.2 7.02 8.5 1.26
111 CHS 159x6.3 Ca 194654 607.3 0.31 628.2 1.1 192 | 1.03
$355 Cold- 194654 607.3 031 6282 1.1 1.92 1.03
112 formed Cb - - - - - - -
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121 Ca 212000 442 0.20 557.1 12.7 15.2 1.26
— %{SSHIS 9"71'11 d — 212000 442 0.20 557.1 12.7 15.2 1.26
12.2 S ot-rolle: Cb _ _ _ _ _ _ _
131 Ca 213000 458 0.21 673.6 133 16.7 1.47
— (3:;{531{159"61'13(1 — 213000 401.5 0.19 607.8 11.7 14.6 1.52
132 |8 ot-rolle Cb 213500 345 0.18 542 10.1 125 1.57

# gr Total strain at failure

**f'm vield strength, upper yield strength for hot-finished and hot-rolled profiles and 0.2% proportional limit for cold-formed profiles
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Figure 267 — Test setup and cloupons before failure
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Figure 268 — General view of the coupons before testing
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Figure 269 — Curvature due to flexural stresses included in the cold formed profiles

Figure 270 — Coupons extracted from square and rectangular sections before testing

Figure 271 — Coupons extracted from square and rectangular sections after testing
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11.3. Annex 3 — Detailed results of residual stresses determination
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Figure 272 — Measured membrane (right column) and flexural (left column) residual stresses

of square sections
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Figure 273 — Measured membrane (right column) and flexural (left column) residual stresses

of rectangular sections
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Figure 274 — Measured membrane (right column) and flexural (left column) residual stresses

of circular sections
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Figure 275 — Strip marking
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A

Figure 276 — Cutting the space reserved for residual stresses and containing the marked strips,

after measuring initial lengths and curvatures of the corresponding strips

Figure 277 — Cutting of the constitutive plates (for circular profiles no need to pass through

this phase because direct cutting of the strips is applied)
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Figure 278 — Cutting of each strip corresponding to each section, and measurement of the

final lengths and curvatures.
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Figure 279 — General view of the sections’ strips all together
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11.4. Annex 4 — Detailed results of geometrical imperfection measurements

As already explained in section 2, the sections’ geometrical imperfections were measured
with respect to a set of linear variable transducers regularly spaced in a purposely-designed

bar.

Several phases had to be followed before obtaining the final geometrical imperfections

distributions:

(i) Phase 1: LVDTs were initialized to zero reference values on a flat, perfectly horizontal

thick marble, then placed upon the specimen;

(i) Phase 2: the values measured the 9 LVDTs were recorded, and extrapolation to the

extremities of each specimen has been done based on the obtained data;

(iii) Phase 3: a reference point at the beginning of each profile was selected, allowing setting
this first value as a zero reference point, and all the other data were relative to this

reference;

(iv) Phase 4: a subtraction between the first and last value is done in this phase using the

simple principle of Thales;
(v) Phase 5: a final subtraction of each specimen’s self-weight deflection is done;

(vi) Phase 6: a double extrapolation is finally performed in order to fit the measured mesh
into the numerical mesh of non-linear FE software FINELg; accordingly, the mesh used
in the FE simulations contains the (measured) information on initial geometrical

imperfections.
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Figure 280 — General view of the set up with the bar containig the LVDTS for the

imperfections measurements
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11.5. Annex 5 — Detailed results of stub column tests

This annex presents the full set of results relative to stub column tests, and provides

comparisons between experimental results and their numerical counterparts.

All measurements and results relative to a given test are summarized on a 3 pages standard

format, as described in the following lines.

The first page provides:

(i) Specimen name, geometry and details;

(i1)) Geometrical measured dimensions with the correspondent tolerances;
(iii)) Measured material properties;

(iv) Measured membrane and flexural stresses.

The second page provides measured geometrical imperfections, with contour plots of each
plate’s imperfections and two (amplified) 3D imperfect shapes with the measured mesh fitted

in the non-linear finite element software.
The third page provides:

(1) Load-displacement curves from both experimental and numerical sources (at point load

application);
(i) A diagram of strain gauges recordings;
(iii)) A comparison between material and stub column stress-strain curves;

(iv) A qualitative comparison between experimental and FE buckling shape at failure.
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Membrane stresses

Measured residual stresses distributions

Annexes
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
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Specimen name Shape Details
. Shape: Rectangular Hollow
B, Section
) Nominal yield limit: 355 MPa
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Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
z Shape: Square Hollow Section
BI 2,34

Nominal yield limit: 355 MPa

RHS_S355_Stub ) T by, T m Load case: Stub, Pure
200x200x5 s S compression
CF T 4 ts vy
Yiss H=200mm B=200mm t=5mm
<—B‘\—» Fabrication process: Cold
e formed
Average h=200 mm Average b=201.5 mm Average t=4.72 mm
203 H [mm] 203 B [mm] 7 t [mm]
202 £ +1.6.mm 202 T10omm 6
201 e “lee +0.5 mm
200 5
- 199
-] 198 4
- 197
3
- 196
195 2
H H, Hy H, H; H¢ H; Hg B, B, B; B, B; B, B; Bg
Cross-sectional measured dimensions and tolerances
0 ! Flat Corner
z 600 J
, - N\ E [MPa] | 214848 | 209500
flat ¢ Corner_a NE \
g
. £ £, [MPa] | 480.2 -
<! = % 300 —— Flata |
N = g Flat_b 0 _
= > Y £ 200 —_ Fla:_c L & [A)] 0.22
—— Flat_d
Corner_b ﬂat d 100 — gz:::; | jl:t [MPa] 585 573.35
0 ]
0 5 10 15 20 25 30 o
Strain [%] u [A)] 14.5 1.2
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
600 400
400 200
200 0
0 -200
- 11
jgg AT Ty’ :Zgg 310 -
E -600 9 E g}
2 .
Sgsgesss , iosape1ss  bhE_wzz? Ssgozss 5 :
2 il T s z 2 (R e — .
15 & IS N £ 3 =]
& ; - £ 3 : - £

83

-80.4 -60.4

82
-46

—C

Fi

30

-600
-400
-200
0
200
400
600

29 28 27 26 2

5 24 23 22 21

20

°
2

<236 415
-439

=318

-600
-400
-200
0
200
400

-353

-316

607 roen

€9

2928 27 26 25 24 23 22 21 20

-328 378
-348

-345 199

661-

Stress [MPa] Stress [MPa]

Membrane stresses Flexural stresses

Measured residual stresses distributions
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

-

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)

90
z
\N—/ % 0 &
| 2 s
| -90
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i 2
| T
| E 0
— =
o
= 2
Left web
Outward positive 10 100 200 300 400 500 590
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. 90
| T 45
\ g
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90
4
g 45 3
| £
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S 45
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Measured Local imperfections
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
z .
B‘ Shape: Square Hollow Section
inal yield limi
Nominal yield limit: 355 MPa
RHS S355_Stub T h, T
200x200x6 s g‘ Load case: Stub Pure compression
CF mﬁ t3,4 t7,8 }: y
tss H=200mm B=200mm t=6mm
~ Bl Fabrication process: Cold formed
Average h=200 mm Average b=199.7 mm Average t= 5.9 mm
203 H [mm] 203 B [mm] 3 t [mm]
202 +1.67mm 202 1.0 mm
201 201 7 +0.5 mm|
200 200 6
199 199 F-
198 198 ST
197 197 Al
196 196
195 195 3
H, H, H; Hy Hs H¢ H; Hg B, B, B; By Bs B¢ B; Bg
Cross-sectional measured dimensions and tolerances
700 Flat Corner
|z 600 af\ =
fue omes gl \\ 77777 E[MPa] | 217363 | 210500
- g
g
g s £ w0 f;MPa] | 500.5 -
! > % 300 Flata | .
= ) Flat_b -
= Y 4 200 Flztic b & [A)] 0.23
Flat_d
C L
Comer T 4 100 Comer s Jfu [MPa] 596 617.8
- 0 :
0 5 10 15 20 25 30 0 1 1.1
Strain [%)] & [%] 3.8 )
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa]
Stress [MPa] 400
600 200
400
200
. 00 190
=200 p -19
400 600-2x65 134173'50942(14187392-44?553 556
_ -600 n = w
5 £ & g
g : 3 1 & % 2 ﬁa 39 1 S =}
2 38 12 2 \ g 3 LR i
37 13 = 37 13
36 14 Q"% 36 14 &
34 C 16 § = 4 16
33 17 a7 xn 17 L
32 18 'S 32 18 Tk
31 19 ,gv" 31 9 & -
30292827 26 35 24 23 22 21 20 5# 30 29 58 27 26 J5 24 23 22 21 20 - B
-600 544

=200

200
400
600
Stress [MPa]

Membrane stresses

-330 . -426
-600 5064166

-400
-200
0
200
400

Stress [MPa]
Flexural

Measured residual stresses distributions

-403

-390 -558
D443 380

-199

stresses
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o &

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)

Right Web
Inward positive

10 100 200 300
Length [mm)]

400

500

590

90
z 0
= 45
(\T,) £ 0.5
= 0
N A -1
£ 45
| 15
-90
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90
i 2
| T 45
k) 0
Ly =0
3
= -45 2
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Outward positive 10 100 200 300 400 500 590
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90
|
T 45 A
| 2
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| z
== | *7
-90 0
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: i
] =
Y13 0.5
=
| 0

Measured Local imperfections
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
|7 Shape: Square Hollow Section
234

RHS S355 Stub
200x200x6.3
HF

Hirs
B BE—

B;

Nominal yield limit: 355 MPa

Load case: Stub Pure
compression

H=200mm B=200mm t=6mm

Fabrication process: Hot
formed

Average h=199.9 mm

Average b= 199.9 mm

Average t= 6.42 mm

203 H [mm] 203 B [mm] 3 t [mm]
202 +1.6:mm
201 7 +0.5 mm|
200
199
198
197
196
195
H, H, H;y Hy Hs H¢ H; Hg B, B, B; Bs B¢ B; Bg
Cross-sectional measured dimensions and tolerances
70 Flat Corner
‘Z 600
- E [MP 21 2
flat ¢ Corner_a N'E 500 = | [ a] 5998 09750
<4 I
g 400 I I I I I
N s e ; £, [MPa] | 453 | 4826
! = % 300 : : i —— Flata
S <™ g Flat_b Y
< AR rub | & [%] 020 | 023
—— Flat d
100 Corner_a |-
Corner_b ﬂat d Corner_b fi{ [MPa] 496 523 '4
- 0 ;
0 5 10 15 20 25 30 0 15 6
Strain [%] & [%0] 9 7.
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
[ 3
%gg%C’%gg 0 1 234 6 78 9 o z §§§i°9¢§§ o 1234 6789 2 2
g E 3 39 1 E E 22 39 1 5
2 < 38 12 = 2 < I 3 12 =
'3 37 13 a 37 13
; 2 36 14 5 36 14
5; 34 16 3 34 16
§ ¥ 33 17 . z 33 17
= 3 I8 gl 32 18
g‘f 31 19 ' g 31 19
< 30 30 20

292827 26 %5 24 23 2221 20

125

-150

25 333
- 304 333 506
100 324

408 54

-50 1-13.4 - 9.1

0

50

100 15 89.5
150

Stress [MPa]

Membrane stresses

2

29 28 27 26

5 24 23 22 21

Stress [MPa]

Flexural stresses

Measured residual stresses distributions
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New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Annexes

Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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[
I
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10 100 200 30 400 500 590
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Inward positive 10 100 200 300 400 500 590
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Measured Local imperfections
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
|7 Shape: Square Hollow Section
BI 234 . . - -
-7 - Nominal yield limit: 355 MPa
RHS_S355_Stub i T ho T m Load case: Stub, Pure
200x200x5 s S compression
HF T L4 bs Ly
tis H=200mm B=200mm t=5mm
- Fabrication process: Hot
BS,6,7,8
formed

Average h=200.1 mm

Average b=200.2 mm

Average t=5.14 mm

203 H [mm] 203 B [mm] 7 t [mm]
202 t2mm 202 +2mm
201 201 6
200 5
199
198 3 4
197 3
196 1
195 1 2
H, H, H; Hy; Hs H¢ H; Hg By B, B; By Bs Bs B; By
Cross-sectional measured dimensions and tolerances
70 Flat Corner
AZ 600
fdie coma o E[MPa] | 211489 | 211023
s g‘“"’ Jy [MPa] 475 544
5 2 - g 300 Flata |
= ‘; Y 2 200 g:t:lc) 8 & [%] 0.22 0.25
Flat_d
100 Corner a |
Corner_b fldt d Corner_b f;‘l [MPa] 523 578.2
! 0 ‘
0 5 10 15 20
Strain [%] & [%] 14.6 8.93
Tensile coupons location Material stress-strain curves Material average properties

Stress [MPa]
150

100

50

0

12 3 4

6 78 9

F—

29 28 27 26 25 24 23 22 21

-150
-100
-50

0

50

100

150
Stress [MPa]

Membrane stresses

34 504

-27.3

49
245 28

Stress [MPa]

0s1
150

3
3
%
kS

Stress [MPa]

[edN] ssong

84

-12.6

»
g
o 2
£2°%8% 123456789  Z32_.282°%
=T o £
N I~ 39 1 sl e 5
T e &
5 = b e £,

o <

e 37 13 2

- .

= 36 14 =

= E ; N

- T1F b

12

150

Stress [MPa]

Measured residual stresses distributions

Flexural stresses
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&

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

Specimen name

Shape

Details

CHS_S355_Stub
159x6.3
CF

Shape: Circular Hollow Section

Nominal yield limit: 355 MPa

Load case: Stub, Pure
compression

D=159mm t=6.3mm

Fabrication process: Cold formed

Average D= 159 mm

162 D [mm]

161

Average t= 6.76 mm

160

D;

Dy

Cross-sectional measured dimensions and tolerances

700
600

T 500

£ 400

Z

2 300

o

&

A 200

100

Strain [%]

Tensile coupons location

Material stress-strain curves

Average
CaCh
E [MPa] 194654
£, [MPa] 607.3
& [%] 0.31
£, [MPa] 628.2
& [%] 1.1
Material average properties

Membrane stresses

Measured residual stresses distributions

Flexural stresses
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Amplified imperfect vue (x10)
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Of Steel Hollow Sections
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Specimen name Shape

Details

CHS S355_Stub
159x6.3
HR

Shape: Circular Hollow Section
Nominal yield limit: 355 MPa
Load case: LC1 Pure compression

D=159mm t=6.3mm

Fabrication process: Hot rolled

Average D= 159 mm
162

Average t= 6.92 mm

161

160 1
159 1
158 1
157 1
156 1

155 -

o b oty ot ottt g

Cross-sectional measured dimensions and tolerances

N Average
z — . CaCbhb
4 600 < %
L. S n‘ E [MPa] 213000
. Ea
/. \\ 2 /. [MPa] 401.5
s T % | 019
b ‘ 100
| X £, [MPa] 607.8
! 0 2 4 6 8 10 12 14 16 18 20
Strain [%)] &u [%] 1 1 "7
Tensile coupons location Material stress-strain curves Material average properties

Membrane stresses

Measured residual stresses distributions

Flexural stresses
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Amplified imperfect vue (x10)
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Material stress-strain curve VS. Stub stress-strain curve
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New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Annexes

Specimen name Shape Details

Shape: Circular Hollow Section

Nominal yield limit: 355 MPa

CHS_S355_Stub Load case: Stub, Pure

159x3 compression
HR P
D=159mm t=5mm
Fabrication process: Hot rolled
Average D= 159 mm Average t= 5.42 mm
162
161 1
160 1
159 1
158 1
157 1
156 1
155 - 1
D D, D; D, t b ot ot ot tg bt
Cross-sectional measured dimensions and tolerances
oo - Average
‘Z 600 — g_i C a,C b
' | |
| — 500 \ E [MPa] 215000
Ca E ‘
/- \\ 2" £, [MPa] 457.7
,,,,, I % 300 §
\\J 4 A 200 | & [%] 0.21
Cbh ] 100 -
| i £, [MPa] 577.3
0+
1 0 2 4 6 8 10 12 14 16
Strain [%] & [%] 7.02
Tensile coupons location Material stress-strain curves Material average properties

Membrane stresses Flexural stresses

Measured residual stresses distributions
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Amplified imperfect vue (x10)
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Measured Local imperfections
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Specimen name Shape Details

Shape: Circular Hollow Section

Nominal yield limit: 355 MP
CHS_S355 Stub y :

159x7.1 Load case: Stub Pure compression
HR
D=159mm t=7.Imm
Fabrication process: Hot rolled
Average D= 159 mm Average t=7.45 mm
162
161 1
160 -
159 1
158
157 1
156 1
155 D1 D2 D3 D4 4 t 3 tq ts ts 4 tg
Cross-sectional measured dimensions and tolerances
700 S Average
AZ 600 L—- —cal CaCbhb
I —
| 0] - E [MPa] 212000
Ca g ; | | \
/‘ \\ g w0 7, [MPa] 442
77777 ”*y % 3004
\\J & 200 +-- & [%] 0.20
Ccb
| oo |- £, [MPa] 557.1
1 Y S S SN TN TN TS S S S
0 2 4 6 8 10 12 14 16 18 20 0,
Strain [%)] & [%] 127
Tensile coupons location Material stress-strain curves Material average properties

Membrane stresses Flexural stresses

Measured residual stresses distributions
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Amplified imperfect vue (x10)
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11.6. Annex 6 — Detailed cross-section test results and comparison with FE results

This annex presents the complete set of results relative to the cross-section tests; it also
provides a comparison of the experimental results with the results obtained from numerical

simulations.

Results for each test are typically presented as a 4-pages summary, each of the 4 pages being

organized as explained below.

Similarly to Annex 5 stub columns, the first page provides:

(i) Specimen name, geometry and details;

(i1)) Geometrical measured dimensions with the correspondent tolerances;
(iii)) Measured material properties;

(iv) Measured membrane and flexural stresses.

The second page provides measured geometrical imperfections, with contour plots of each
plate’s imperfections and two (amplified) 3D imperfect shape with the measured mesh fitted

in the non-linear finite element software (similarly to stub column second page).
The third page provides:

(i) Upper and bottom LVDTs load-displacement curves relative to points of load
application, with final average corrected curve (figures on the right are presented to
provide information on the LVDTs’ distributions and the specimen’s position with its

measured eccentricities);
(i1) Diagrams showing strain and LVDTs recordings;
(iii) Pictures of inelastic experimental local buckling failure.
The fourth page provides:

(i) Load-displacement curves from both experimental and numerical sources (at point load
application). Theoretical elastic and plastic load levels are also reported, for both the
actual (measured) yield stress and for the nominal yield stress of 355 MPa;

(i1)) Non-dimensional cross-section capacity diagram;

(111) Non-dimensional M,-M. bending moment interaction diagram (obviously only for

combined load cases);
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(iv) Pictures of numerically-predicted failure modes.
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400
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Stress [MPa]

Membrane stresses

Measured residual stresses distributions

Stress [MPa]

Flexural stresses

Annexes
Specimen name Shape Details
B Shape: Rectangular Hollow
Bl Section
3,
- Nominal yield limit: 355 MPa
RHS S355 LCI 12 1
= - = Load case: LC1 Pure
200x100x4 : = .
CF LG | 12 Y compression
lss H=200mm B=100mm t=4mm
B Fabrication process: Cold
formed
Average h= 200 mm Average b= 100.7 mm Average t= 3.78 mm
203 H [mm] 103 B [mm] 6 t [mm]
202 102
201 101 ’ +0.4 mm|
200 100 4 ]
199 99
198 98 3
197 97 2
196 96
195 95 1
H, H, H, H, Hs Hy H, Hyg B, B, B; B, Bs By B, Bg
Cross-sectional measured dimensions and tolerances
E 700 : Flat Corner
600
7 e
fldte comera “ ~ E [MPa] | 216630 | 213000
3 g
! £
3 5 o £, [MPa] | 494.6 ;
3‘ g 300 Flata [
& 2 Flat b
'@- y A 200 Fl:t ¢ b & [%] 0.22 -
Flat_d
c L
Comer s f.[MPa] | 611 601
Corner_b flat d 0 :
- 0 5 10 15 20 25 30 0
Strain [%] & [%] 11.9 1.2
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
600 400
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0T~ -200
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-400 ~ B K
= -600 ” Q E -6-01084 401 %
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0*‘—‘ 0
2007 s 51 75
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v’ &~

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
. Shape: Rectangular Hollow
B, Section
) Nominal yield limit: 355 MPa
RHS S355 LC1 12
- - = Load case: LC1 Pure
220x120x6 : = .
CF Al AT R compression
Lo H=220mm B=120mm t=6mm
<§‘* Fabrication process: Cold
5.6,7.8
formed
Average h=220.42 mm Average b= 120.57 mm Average t= 5.82 mm
2s {Hmm] 124 B [mm] g tImm]
224 123
223 7
2 z? . ke H0.5 mm|
21 120 6
220 L
219 19 s1
218 118
217 117 41
216 116
215 115 3
H, H, H; Hy Hs H¢ H; Hg B, B, By By Bs By B; Bg
Cross-sectional measured dimensions and tolerances
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
z
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Plate slenderness XP
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Specimen name Shape Details
. Shape: Rectangular Hollow
B, Section
) Nominal yield limit: 355 MPa
RHS S355 LCI1 12
— - = Load case: LC1 Pure
250x150x5 3 = .
HF S| 6. b |2V compression
Lss H=250mm B=150mm t=5mm
- Fabrication process: Hot
Bi,6,7,8
formed
Average h= 250 mm Average b= 150.25 mm Average t= 5.22 mm
»ss H [mm] 155 B [mm] 8 t [mm]
254 154
253 P — 153 7
252 152 +1.5 mm| 6
251 151
150 3 5
149
148 ] 4
147 4 3
146
145 2
H H, H; Hy Hs He¢ H; Hyg B, B, B; B; B; By B; Bg
Cross-sectional measured dimensions and tolerances
700 Flat Corner
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Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
. Shape: Rectangular Hollow
Blss, Section
) Nominal yield limit: 355 MPa
RHS S355 LC1 12
= - = Load case: LC1 Pure
200x100x5 3 = .
HF Al AT R compression
Lss H=200mm B=100mm t=5mm
\ . .
B Fabrication process: Hot
5.6,7.8
formed
Average h=198.7 mm Average b=99.2 mm Average t=5.27 mm
203 Hlmm] 103 BImm] ¢ Lmm]
202 : Z’Q 102 ,
201 101 +1 mm
200 100 6
99 5
98 4
97
96 3
95 2
H, H, H; Hy Hs Hy H; Hg B, B, B; By Bs Bs B; Bg
Cross-sectional measured dimensions and tolerances
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/ o

Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x20)

\T g NN — — 8 05
R E (
\ = 150 250 350 450
‘ Length [mm)]
Upper flange
Outward positive
z
| | 0.2
E 4 -0.4
| EA 06
I R 0.8
I 1
= - .
| | 12
Left web 150 250 350 450
Outward positive Length [mm]
z
|
T 4
0.3
| £ 03
n T 17 = 0.1
= 0
'§ 42

‘ Length [mm]

Bottom flange
Inward positive

z
| 90
‘B 45¢
| £
. | y e O =
1 s
= -
|
‘ -90
Right web 25 150 250 350 450 550 675
Inward positive Length [mm]

Measured Local flange and web imperfections

448



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

=
2 ] 3 3
S & © B 2
< 3 =
m N m. N / S
] s
< 5 S
% % 3 B
T T T T T 2
, , , , , —
N
, , , , | a m o
e 2 S H S
, , , , | =3
, , , J | €7 o
, , , 1 I g8 ¢
[ [ [ [ | £ &5
Attt R 5O [T ©
| | | s | | | ] —_
[ [ [ , | o o 8 =
, , LSy =]
| | | | |55 & g
e 22 B oS
, , ) | | < <O -
| | I I I =
, | 2 | Q
| ¥ , | | =)
At gt | T <8
, , , , , Q
, < , , | =
, [ , [
,h\ [ [ [ [ ~ W
-ttt N
[t , , A
[ IS~ | [
[ [ T~
, , , T~
T T T T T T = O
D
3
,
SRR _ IR S N S S M N
, , , , , ,
, , , , , ,

Load [kN]
EEEERYE:
D
T @ M o P N
TT T 1 7
1l _ AN

I T ] T I I

I I I I I

I I I I I

I I I I I

I I I I I

I I I I I I

I I I I I I
- ——d———dt———t———f———p———f——

I I I I I I

I I I I I I

I I I I I I

I I I I I I

I I I I I I

N NSRS O
I R B B R BRI

| | | | | L O

I I I I I =

I I I I I s 8

I I I I I 80 &0

I I I I I £.8
IR N N N O -9

I I I I I ©nn

I I I I I

I I I I I

I I I I I __

I I I I I

I I I I I :

I I | L L I

i i

L 28R ERE S

I I —
1 e e e

I I [agagapaalapapal

I I > > > > > > >

! ! AAaAag4a3Aa4aA
R I

I I

I I
B Y A .

I I I I I I

I I I I I I

I I | I I I
RN & N

I I I I I

I I I I I
- — =t ———

I | I I I I

I I I I I

I I I I I
A R

, , , b [

I I I I I

| | | I | |

T T T T ™
D q
5] P
Y- Q. 2P P _S__C A

[ I I I I I

| | | | | |

[Ne1] peoT

5000  -4000  -3000  -2000  -1000

12 14

10

Strain [pm/m]

Displacement [mm)]

LVDT and strain gauges recordings

¥

RHS_LC1
5355 _HF
200x100x5

Local buckling failure

449



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

1400 ‘ ‘ ‘ :
| | | F‘Ll_act‘pal =1255kN
1200 FA343kNT, 160 KN — = B —— F——
| | |
I oo . B — [ -
1000 +——f 1N\ == Fnpm =1058 kN
— | | | |
| | | |
£ 800 TN ~—_ o e
2 | | [ [
& 600 {—f———4-—->cr—————- B i e
— | | | |
a0
| | |
1N | L ] Test
200 T T 7 —  FEM
0 | | | a
0 2 4 6 8 10
Displacement [mm]
T T T 0T T To e
est_actua
1.4 T V] o Testaom ||
e R o e e M
| | |
N I
o I
1~ I
0.6 At
[ ] | |
0.4 AT
| | |
0.2 4 :LJ', L
fully effeftive | y | | | |  not fully effective
0.0 MR S
0.0 02 04 06 08 10 12 14 16 18

Plate slenderness Xp

Non-dimensional cross section capacity in function of non-dimensional slenderness of decisive plate

Numerical local buckling failure

450




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
z Shape: Square Hollow Section
BI 2,34

RHS S355 LC1
200x200x5
CF

(gl

Hsj7s

1y s
V55

-

Nominal yield limit: 355 MPa

Load case: LC1 Pure
compression

H=200mm B=200mm t=5mm
Fabrication process: Cold

B
e formed
Average h= 200 mm Average b= 198.8 mm Average t=4.68 mm
203 H [mm] 203 B [mm] . t [mm]
202 + +1.6.mm 202 T10omm 6
201 . “lbee +0.5 mm
200 5
- 199
- 198 T 4
- 197
3
- 196
195 2
H, H, H, H, Hs He¢ H, Hg B, B, B; B, Bs B B, Bg
Cross-sectional measured dimensions and tolerances
70 ! Flat Corner
1Z 600 =
N\ E [MPa] | 214848 | 209500
ﬂatic Corner_a NE \
g
§ £ o £, [MPa] | 480.2 ;
<! =_ % 300 — Flaa |
S 3 g Flat_b o -
= s Y £ 200 —_ Fla: c L & [A)] 0.22
—— Flat_d
Corner b flut d 100 — 222::; | ﬁ,, [MPa] 585 573.35
0 ]
0 5 10 15 20 25 30 o
ot o &al%] | 145 1.2
Tensile coupons location Material stress-strain curves Material average properties

Stress [MPa]
600

400

200

0

200 1 11

34 M4 7035 7T T2

[edn] ssons

-600
-400
200

0

200

400

600
Stress [MPa]

80
-400 90
— -600
<
=
-:§§§°§§§ o 1234 6 78 9
2 s
[} =
2 39
2l 38
2 37
7 36
b
s I
34
<
¥ 33
& 32
31
2 30

29 28 27 26 25 24 23 22 21

Membrane stresses

Stress [MPa]

400

[edIN] ssong

96€- 081
Wy

=
8LE

» 3
607 roen
iy s

€9

30 592827 26 45 24 23 22 21 20

I
8

236 415 318
0

0 7 -439 353
-400
-200

0
200
400

Stress [MPa]

-328 378
316 <348 345

-199

Flexural stresses

Measured residual stresses distributions

451




New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections

Annexes

&

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
B‘ - Shape: Square Hollow Section
_ Nominal yield limit: 355 MP
RHS_S355 LCI T . T y e
200x200x6 2 X |Load case: LC1 Pure compression
CF Iﬁ 4 s Ly
tss H=200mm B=200mm t=6mm
Bl Fabrication process: Cold formed

Average h=200.6 mm

Average b=200.5 mm

Average t= 5.7 mm

200
400
600

Stress [MPa]

330 506
-600

-400
-200
0
200
400

426 300 r
466 403 -443 380

558

-199

203 H [mm] 203 B [mm] 3 t [mm]
202 +1,67mm
7
201 +0.5.mm
200 6
199 [
198 57
197
41
196
195 3
H, H, H; H, Hs Hy, H, Hg B, B, By B, B By B, By
Cross-sectional measured dimensions and tolerances
700
Flat Corner
i i) =<
N E[MPa] | 217363 | 210500
flat_ ¢ Corner a & 500 \
o E \ \
400 _
g S £ f;MPa] | 500.5
‘:l ‘D“ -— 5 300 Flat a | O 23
£ Flat_b o . -
= Y @ 200 Flat ¢ | ‘c"y [A’]
Flat_d
100 Corner_a |-
Corner_b ﬂat d Corner_b fil [MPa] 596 617.8
- 0 ;
0 5 10 15 20 25 30 & [% 13.8 1.1
. 0 . .
Strain [%] u [ ]
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa]
Stress [MPa] 400
600 200
400
200
0 -400 100
-200 -
-600 418 -444
400 28693475 %26 302 553 g5
—_ -600 . = )
< = &~ o
E g 288°888 1 23456789 &
©288°888 , 120456780, $528.8 F2 38 2S5% - z
2 y N = o a5 39 11 = In
g 39 1 R = =] o , &
7] 38 1 K « a 38 12 & —
37 13 o 37 13
- .
36 ~ 14 ‘§ 36 14 @
F ; CF S
34 ~ 16 § = 34 16
3 17 SRR 7k
» 18 s » 18 &
31 19 s g oo .
5 g
30292827 26 35 24 23 22 21 20 2 305058 27 26 45 24 23 22 21 20 .
7 S
g
-600 544

Membrane stresses

Stress [MPa]
Flexural stresses

Measured residual stresses distributions

455




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Specimen name

Details

RHS_S355 LCl

Shape: Square Hollow Section

Nominal yield limit: 355 MPa
Load case: LCI1 Pure
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s &

Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
|Z Shape: Square Hollow Section
BI 234 - - - -
-7 - Nominal yield limit: 355 MPa
RHS_8355_LC1 ; T li T = Load case: LC1 Pure
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and lefi web amplified imperfect vue (x10)
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Specimen name Shape Details
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Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Plate slenderness kp
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Specimen name

Shape

Details

CHS 8355 LCI1
159x6.3
CF

Shape: Circular Hollow Section
Nominal yield limit: 355 MPa

Load case: LC1 Pure compression
D=159mm t=6.3mm

Fabrication process: Cold formed

Average D= 159 mm

162 D [mm]

161

160

9 t [mm]

Average t= 6.5 mm
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Tensile coupons location Material stress-strain curves Material average properties
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Measured residual stresses distributions

Flexural stresses

471



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Annexes

Amplified imperfect vue (x10)
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Specimen name Shape

Details

CHS 8355 LCI1
159x6.3
HR

Shape: Circular Hollow Section
Nominal yield limit: 355 MPa

Load case: LC1 Pure compression
D=159mm t=6.3mm

Fabrication process: Hot rolled

Average D= 159 mm
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Average t= 6.9 mm
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160 1
159 1
158 1
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155 -
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Cross-sectional measured dimensions and tolerances
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Tensile coupons location Material stress-strain curves Material average properties

Membrane stresses

Measured residual stresses distributions

Flexural stresses
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Amplified imperfect vue (x10)
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Specimen name

Shape

Details

CHS 8355 LCI1
159x5
HR

Shape: Circular Hollow Section
Nominal yield limit: 355 MPa
Load case: LC1 Pure compression
D=159mm t=5mm

Fabrication process: Hot rolled

Average D= 159 mm

Average t= 5.48 mm
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Measured residual stresses distributions
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Amplified imperfect vue (x10)
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Specimen name Shape Details

Shape: Circular Hollow Section

Nominal yield limit: MP
CHS 8355 LC1 ominal yield limit: 355 MPa

159x7.1 Load case: LC1 Pure compression
HR
D=159mm t=7.Imm
Fabrication process: Hot rolled
Average D= 159 mm Average t= 7.5 mm
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Specimen name Shape Details
- Shape: Rectangular Hollow
Blsss Section
Nominal yield limit: 355 MPa
RHS S355 LC2 ‘ 2 ‘ -
200x100x4 5 Z Load case: N (50%) + M, (50%)
CF t t3,4 t7,8 < y
tss H=200mm B=100mm t=4mm
- b Fabrication process: Cold
35,6‘7,8
formed
Average h=200.1 mm Average b=100.7 mm Average t=3.96 mm
203 H [mm] 103 B [mm] s t [mm]
202 102
201 101
200 100
199 99
198 98
197 97
196 96
195 95
H, H, H; Hy Hs H¢ H; Hg B: B, B; By Bs Bs B; By
Cross-sectional measured dimensions and tolerances
- 700 ; Flat Corner
600 :
flatc comera “ — 0 E [MPa] | 216630 | 213000
S g
! E
3 £ w0 £, [MPa] | 494.6 ;
é= § 300 Flat_a
= g Flat_b 4}
I Y A 200 Fl:tic F &y [A)] 0.22 -
Flat_d
Comers [ £, [MPa] 611 601
Corner_b ﬂat d 0 :
- 0 5 10 15 20 25 30 0
Strain [%] & [70] 11.9 1.2
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
600 400
400 200
200 2 42 0
0~ 200
WL e 36 400 1 &
-400 R -87 ~
= -600 ” v 'E 6-01084 -0 %
S 8SFS8 §§8 34 3332313029 5 E88=2358¢28 4 2 = ~ R =
g7 ) : » o d s g g 5 S 2 8 <
& Tz 2 2 s £ @ g% 2 LT £
T E iy < S
o 7 5 2% 2, T %8
@ CF{> .~ o 8 EI L o
8 . 7 22 E L 7 22 EE
v 8 21 i & !} 21 3
& 9 : = 9 s
2 10 20 EI =) 20 g,
8 1 19 =y 27 o 19 2
@ 2 314151617 18 @ I 12 34151617 18 I
000 600 1331 271
jgg " o T 4001 256 57i2%° .
2007 o5 -51 75 0
400 200
600 400
Stress [MPa] Stress [MPa]

Membrane stresses

Measured residual stresses distributions

Flexural stresses
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
- Shape: Rectangular Hollow
Bl Section
Nominal yield limit: 355 MPa
RHS_S355 LC2 2 y
220x120x6 = Load case: N (50%) + My (50%)
CF Al T B
tss H=220mm B=120mm t=6mm
N . Fabrication process: Cold
Bi,6,7,8
formed
Average h=219 mm Average b= 120.5 mm Average t= 6.25 mm

5p5 H[mm] 124 BImm] ¢ t[mm]

224 123

223 122 7

222 T 132 mm 121

219 19 5

218 118

217 117 4

216 116

215 115 3

H, H, H; Hs Hs Hg¢ H; Hg

B, B, B; B, Bs By B, By

Cross-sectional measured dimensions and tolerances

700 : : : : Flat Corner
| ¢ 600 ———: ————— L } }
ﬂat_c Corner_a s00 1A % \ \ E [MPa] 206597 207000
3 E: - A}
4 -
B L e — } f,[MPa] | 454.7
= 2 300 i i : —— Flata |-
=~y g Flat_b & [%] 0.22 -
> A 200 —— Flatc [
—— Flat d
— Comera | £, [MPa] | 563.6 644
——— Corner_b
Corner_b ﬂa t d 0 1
0 5 10 15 20 25 30 &u [%] 15.5 1
Strain [%]
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
400
200
0
-200
-400 -143
-600 1488 427 504
_ 276 416 01
= " g ©w
§ H = g
§§§o§§§ 3 BRI 02 §§‘§c§§§ ‘§§§°§§§§ 3¢ 332313029 o i
8 =«(* 1 27 £z =2 2 R 27 Z
7] 5 2 [ 2 g 2 <
" 3 2 2 57 3 2% =
A 4 25 8 : 5 4 25
] 5 2% g g . 3 24
- GF | = g ( F |
2 7 2 - & g, 2
a 8 21 S e 5 8 21
© £-3 9
|- 1% 20 8 e oo 20
" 3 o T
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& o A e
& 2 e B = o 2 s 8
2267547 406
-ooo226 384 406 448
400 231

Stress [MPa]

Membrane stresses

-200

0

200

400
Stress [MPa]

Flexural stresses

Measured residual stresses distributions
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w 7

Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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| E)
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B 1 <
-
‘ = -1
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z
|
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‘ = 0 03
1|7 E 48
= -48 e
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|
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z
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-+ 4y g 0.4
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| = 0
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Measured Local imperfections
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Specimen name Shape Details
- Shape: Rectangular Hollow
B Section
Nominal yield limit: 355 MPa
RHS_S355 LC2 2 y
250x150x5 m . = . Load case: N (50%) + My (50%)
HF 34 7.8 BN
tss H=250mm B=150mm t=5mm
N . Fabrication process: Hot
Bi,6,7,8
formed
Average h=249.5 mm Average b= 149.5 mm Average t=5.25 mm

255 Hmm] |55 B [mm] ¢ H[mm]
254 154
253 +2.5Tm 153 7
252 152 +1.5mm 6 +0:5-mm
251 151
250 150 5
249 149
248 148 4
247 147

146
145

246
245

H, H, H; H, Hs Hs H, Hg B, B, By By Bs B; B; By
Cross-sectional measured dimensions and tolerances
0 1 1 1 1 1 Flat Corner
‘Z 600 } I I I I
I
fat_c Corner_a 500 | o E [MP&] 212190 210750
&
= .
g
N S w0 f,MPa] | 447 435
3‘ é= % 300 Flat a -
~ B Flat_b 0
= o Y 2 200 Flate | & [A)] 0.21 0.20
Flat_d
C L
100 Comer.s £, [MPa] | 576.6 535
Corner_b ﬂat d 0 :
- 0 5 10 15 20 25 30 ()
o 4 &l%] | 177 11.7
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] . Stress [MPa]
150 ) 150
100 100
50 so 3 46
| — I
-sg 752 |1.745»7.6 53 122
-100 -100 h -11.5 58
E -150 % E -150 :U.:
a a
ZezeconsE _ muwkvww , EE55.233°% Seseonss , nusyvuww , Sis. 352
7 : ———— o E A _— ER
& 3 31 1 £ 2 3 g -l = 31 1 s & 5
n g 30 - "% C= n @ K | l: o =
29 E e = 29 3 e
2 8 I« s = Y | I £
2 2 ER 3 27 s b
e = e Lk I S RS
o 25 7 # 2 25 7 S
! B 2 b 2] | s N
2 23 9 2 2 23 9 8 -
g 2 I o E] “ poy | o IS
2 21 1 & & 21 ‘ 1 o
= =
20 91817 o 1s 14 13 12 2 3 20 91817 M 15 14 13 12 2
-150
-100 46
-50 05 -125 29 46
0 p———
50 7-47 11 -15.1 157
100
150
Stress [MPa] Stress [MPa]
Membrane stresses Flexural stresses

Measured residual stresses distributions
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
z
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T
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_65 e
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‘ Z 60
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Measured Local imperfections
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Specimen name Shape Details
z Shape: Square Hollow Section
BI 2,34 . - - -
-1 = Nominal yield limit: 355 MPa
RHS_S355_LC2 . T be,, T = Load case: N (50%) + M,
200x200x5 ~ & 500/
o w0 ( 0)
CF T b5 bs vy
Yiss H=200mm B=200mm t=5mm
S . Fabrication process: Cold
B5,6,7,8
formed
Average h=200.44 mm Average b=200.94 mm Average t=4.92 mm
203 A [mm] 203 Blmm] ‘ 7 t[mm]
202 +1.61mn 202 ; + 1.6 mm|
201 201 6
200 200 p
199 199
198 198 4
197 197 ,
196 196
195 195 2
H, H, Hy H, H; Hy Hy Hy B, B, By By B; By B; By
Cross-sectional measured dimensions and tolerances
7 3 Flat Corner
z 600 L
. L\ E [MPa] | 214848 | 209500
flat_c Corner_a NE \
g
. S w0 | £, [MPa] | 480.2 -
s = 2 300 — Flata [
= '; Y 2 200 —_ Eiif F & [%] 0.22 -
— Flat_d
Corner_b flat_d 100 . gz::::; | f,‘, [MPa] 585 573.35
0 ]
0 5 10 Strails [%] 20 25 30 514 [%] 14'5 1 '2
Tensile coupons location Material stress-strain curves Material average properties
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[edIN] ssans
[edi] ssons
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600
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Membrane stresses

30
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2
8

<236 415
-439

18 328 378
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-600
-400
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0
200
400

Stress [MPa]

-353

=316 199

Flexural stresses

Measured residual stresses distributions
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&

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
B‘ - Shape: Square Hollow Section
_ Nominal yield limit: 355 MP
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CF Iﬁ 4 s Ly
tss H=200mm B=200mm t=6mm
Bl Fabrication process: Cold formed

Average h=200.2 mm

Average b=200.25 mm

Average t= 6.1 mm

203 L [mm] 203 B [mm] 3 t [mm]
202 202 +1.6m ;
201 201 L __ +0.5 mm|
200 200 6
199 199 r
198 198 5t
197 197
41
196 196
195 195 3
H, H, H; Hy Hs Hg¢ H,; Hg B, B, B, B, Bs By B, By
Cross-sectional measured dimensions and tolerances
70 : : : : : Flat Corner
Z I I I _ I I
\ 600 (‘ —ﬂ»\
!
flat ¢ Corner a = 500 \ \ \\ E [MPa] 217363 210500
= E
. 2 5 o f,IMPa] | 500.5 -
v;l ‘@ -— % 300 Flat_a r o 0 23
g Flat_b -
= Y A 200 Flatc | & [A)] :
Flat_d
C L
Corner_b ﬂat d 100 Cg:::; f;{ [MPa] 596 617.8
- 0 ;
0 5 10 15 20 25 30 0 13.8 1.1
Strain [%] &u [70]
Tensile coupons location Material stress-strain curves Material average properties

Stress [MPa]
600

400

200

0

-200

Stress [MPa]

—
-600 ©w &s

=

g S egosgs

4 =33 §3F8 40
o 1 234567809 =z 2 L

£ e a5 39
39 11 = k=] &
38 12 = n & 38
37 13 a 37
36 14 ] 36
3 ﬂF s !

\

Stress [MPa]

470 42
=520 377

=330

Stress [MPa]
400
200

12 3 4

6789|0

—€

11
12
13
14

16
17
18
19

30 29 28 27 26 2

544

330 506
-600

-400
-200
0
200
400

426 390 -
466 403 -443 250

5 24 23 22 21 20

558

-199

[edIN] ssong

ope- 8 061-

T

80t

LOS-

661~

Membrane stresses

Stress [MPa]

Measured residual stresses distributions

Flexural stresses

503




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
5 Shape: Square Hollow Section
1l

RHS_S355 LC2

Nominal yield limit: 355 MPa

200x200x6.3 2 Load case: N (50%) + My (50%)
< t;4
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
z .
B‘ Shape: Square Hollow Section
112,34

Nominal yield limit: 355 MPa

RHS_S355_LC2 T f T
200x200x5 5 @‘ Load case: N (50%) + My (50%)
HF ) 2y ts vy
[y H=200mm B=200mm t=5mm
~Bl.. Fabrication process: Hot formed
Average h=200.4 mm Average b= 200.94 mm Average t=5.21 mm
203 H [mm)] 203 B [mm] 7 t [mm]
202 + 2o 202
6
201 201
200 200 s L
199 199 -
198 198 41
197 197
31
196 196
195 195 2
H, H, H; Hy Hs H¢ H; Hg B, B, B; By Bs B B; Bg
Cross-sectional measured dimensions and tolerances
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
5 ‘ Shape: Square Hollow Section
_ Nominal yield limit: 355 MPa
RHS S355 LC2 ts
200x200x6 = ' = |Load case: N (50%) + My (50%)
o 34 7.8 L*: y
CF_2 = i S i H=200mm B=200mm  t=6mm
. . Fabrication process: Cold
Biazs formed

Average h=200.6 mm

Average b=199.9 mm

Average t= 6.1 mm

203 FLmm] 203 2 mm] g Hmml
202 202 +16mn
201 201 B
200 200
199 199
198 198
197 17
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195 105
oy He fl B Hy B, B, By By B; By B; By
Cross-sectional measured dimensions and tolerances
70 Flat Corner
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name

Shape

Details

CHS 8355 LC2
159x6.3
CF

Shape: Circular Hollow Section
Nominal yield limit: 355 MPa
Load case: N (50%) + My (50%)
D=159mm t=6.3mm

Fabrication process: Cold formed

Average D= 159 mm

Average t= 6.9 mm

D, D, D;

Dy

4

ty t3 ty ts te t; tg

Cross-sectional measured dimensions and tolerances
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Material stress-strain curves
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Material average properties

Membrane stresses
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Measured residual stresses distributions
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Amplified imperfect vue (x10)
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Specimen name Shape

Details

CHS 8355 LC2
159x6.3
HR

Nominal yield limit:

Fabrication process:

Shape: Circular Hollow Section

355 MPa

Load case: N (50%) + My (50%)
D=159mm t=6.3mm

Hot rolled

Average D= 159 mm

162 D [mm]

Average t= 6.4 mm

tt b oty oty ot oty ot tg

Cross-sectional measured dimensions and tolerances
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Ca E ‘
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Cbh 100 ]‘
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Strain [%] &u [%] 1 17

Tensile coupons location Material stress-strain curves Material average properties

Membrane stresses

Flexural stresses

Measured residual stresses distributions
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Amplified imperfect vue (x10)
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Specimen name Shape Details
Shape: Circular Hollow Section
Nominal yield limit: 355 MPa
CHS_$355 LC2 y
159x5 Load case: N (50%) + My (50%)
HR
D=159mm t=5mm
Fabrication process: Hot rolled
Average D= 159 mm Average t= 5.5 mm
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Cross-sectional measured dimensions and tolerances
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Stress [MPa]

Membrane stresses

Measured residual stresses distributions

Annexes
Specimen name Shape Details
. Shape: Rectangular Hollow
Bl Section
- Nominal yield limit: 355 MPa
RHS $355 LC3 ‘ ‘m | oad case:
200x100x4 =y N(33%)+M,(33%)+M, (33%
CF | | b bs] | S (33%)TM,(33%)+tM(33%)
bss H=200mm B=100mm t=4mm
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
. Shape: Rectangular Hollow
Blss, Section
Nominal yield limit: 355 MPa
RHS S355 LC3 fi - Load case:
220XC1Fz 0x6 m: b | bs =y IN(33%)+M,(33%)+M,(33%)
Lo H=220mm B=120mm t=6mm
‘E‘;; Fabrication process: Cold
formed

Average h= 220 mm

Average b= 120.56 mm

Average t= 6.25 mm
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Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
. Shape: Rectangular Hollow
Blss. Section
) Nominal yield limit: 355 MPa
RHS_S355 LC3 din L oad case:
250x150x5 Y N 0/ n A (270 0
HE ST o7 NG33%)+M(33%)+M,(33%)
Lss H=250mmB=150mm t=5mm
| . .
Fabrication process: Hot
Bi.6,7,8
formed
Average h=250.1 mm Average b= 149.5 mm Average t=4.87 mm
255 HImm] |55 B[mm] ¢ L[mm]
254 154
253 +25mm 153 7
252 152 *15mm 6 +0.5-mm
251 151 .
250 150 5
249 149
248 148 4
247 147 5
246 146
245 145 2
H, H, H; H; Hs Hs H; Hg By B, B; By Bs Bs B; By
Cross-sectional measured dimensions and tolerances
70 Flat Corner
\Z 600
Slat_c Corner_a 500 = E [MPa] 212190 210750
< >
g
s z " /y [MPa] 447 435
wl é‘ % 300 Flat a -
< =" Flat_b 0
= > Y & 200 Flate |- & [A’] 0.21 0.20
Flat_d
100 Cmestl | £ [MPa] | 576.6 | 535
Corner_b ﬂat d 0 T
- 0 5 10 15 20 25 30 0
ot &al%] | 177 | 117
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
150 Iis B 150
100 100
50 50 13 4.6
_53 4 .527 |1.74577.6 53 122
ool 25 a2 ™ 00 SLs s8
- aso b 3T ST » = 4150 v
& a & a
§§§%°%§§ 5 3334353373830 gégogégi §§§%°%§§ » 334354637383940 224 ggi
g S | ol e — T 8
£ 3 31 1 2 23 g = 31 1 & > 3
n 2 ] : g = » @ £ | I o =
29 3 8 s 29 3 T
ERY | 4 & = 2 | |- £
2 27 s # S 2 s 2
@ 25 7 & 3 25 7 5,
g 24 | 3 o8 b 24 | | 3 N
S 23 9 2 2 2 9 3 N
ERY | 10 2 i 2| I o 2
2 21 1 i & 21 ‘ 1 5 .
20 91817 15 1413 12 B 3 D ks 2 >
-150 -150
. 66 55 24 -100
1-(5)2 B 7 50 05 a5 29 46
0 f———
0 50 7-47 11 -15.1 157
100 100
150 1126 124 150
Stress [MPa] Stress [MPa]
Membrane stresses Flexural stresses

Measured residual stresses distributions
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
z
@ — 65
\(/ E 30
= 0
—+ -+ =
4 S -30
= -65
| 25 150 250 350 450 550 675
Length
Upper flange ength [mm]
Outward positive
z 115
\
‘ — 60
g
| £
- 1 y 4'4::-: 0
| E
| 2 60
T
-115 FF——= = =
Left web - 25 150 250 350 450 550 675
Outward positive Length [mm]
z

Y

Width [mm]

|
e 25 150 250 350 450 550 675

Bottom flange Length [mm|]
Inward positive

z 115
\
‘ — 60
‘ g
£
_ L _ y e 0
=
‘ 2 60
[
. -115 FE——— - —
nght web 25 150 250 350 450 550 675

Inward positive Length [mm]

Measured Local imperfections
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
. Shape: Rectangular Hollow
Blss, Section
— -
) Nominal yield limit: 355 MPa
RHS $355 LC3 { e | oad case:
200x100x3 S5 IN(33%) ML (33%) M, (33%
HF T Ly | bs| | < (33%)+My(33%)+My(33%)
Lss H=200mmB=100mm t=5mm
Bl Fabrication process: Hot
formed
Average h=198.2 mm Average b= 99.2 mm Average t= 5.48 mm
203 H[mm] 103 BImm] g Lmm]
202 L2 102
7
201 101 +lmm
200 100 6 +0:5mm
99 5
98 4 -
97
96 3 R
95 2
H H, Hy Hy Hs He¢ H; Hg B, B, B; By Bs Bg B; Bg
Cross-sectional measured dimensions and tolerances
70 : : : : : Flat | Corner
I I I I I
3 e e S I
SALC Comer a o - < E [MPa] | 215000 | 210394
g £ w0 N £ [MPa] | 420 411
g.l é‘ % 300 Flat a -
3 = g Flat_b Y
g = E b | &% | 019 | 019
Flat_d
100 Comer 2t Ju« [MPa] 520 512
Corner_b ﬂat d 0 ;
- 0 5 10 15 20 25 30 0
s i &% | 175 | 147
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] - Stress [MPa]
150 s 150
100 100
5"& ‘ 5013 46
0 0 — e
1(5]3 25 42 31 z:x _;Zg 11»74577(;"55.35;22
_ _150 37 57 b _150
< 2 = %)
% ) 5 [ , 5
= 88 , ®UIHVNMY . FZLoz3TIE L §§§3°3§§ » 333435463733940 s, 522
g . _— : T £ - ' — Tr 2
B & 31 1 2 s T = = 31 1 54 & i
v g 30 - "¢ R &z @ £ | 2 o =
2 ER ' 2 3 T
228 I c,.g 3 2 || 4 &
3 27 5 2 3 27 5 2
@ R 3 - e E
% 25 7 & N 25 7 .
4 2% B T8 b e 2 | 3 s
= 23 9 S 2 23 9 ° o
g 2 I 10 =} v 22 I 10 . £
2 21 ‘ 1 i & 21 ‘ 1 S .
20 91817 le 15 14 13 12 B < 0 s s 2 >
-150 -150
R 66 55 24 -100
1(5)2 » 2 9, 1(5)0 "0 05 25 29 46
0 0
5 50147 11 -15.1 157
100! l 100
150 L126 124 150
Stress [MPa] Stress [MPa]
Membrane stresses Flexural stresses

Measured residual stresses distributions
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
z
—
1
| 2 4 5 45

‘ Length [mm)]

Upper flange
Outward positive
z
‘ 90
‘ .g 45 1.5
| 1 v E 0 1
5
2 s 0.5
1 05 350 0
Left web Len th [mm]
Outward positive &

z

|

‘ 42 0
T 42 P R — o -0.2
@ 250 350 450 550

Length [mm)]
Bottom flange
Inward positive

Width [mm]

z
|
T

E 0.4

1 1y E
= 0.2
=

1 0
. 25 150 250 350 450 550 675
Right web
e Length [mm)]
Inward positive

Measured Local imperfections
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New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
z Shape: Square Hollow Section
BI 2,34

RHS S355 LC3
200x200x5
CF

(gl

Hsj7s

Ly | ts] |G
V6

-

Nominal yield limit: 355 MPa

Load case:
N(33%)+M,(33%)+M,(33%)

H=200mm B=200mm t=5mm
Fabrication process: Cold

B
7078 formed
Average h=200.44 mm Average b=200.94 mm Average t=4.98 mm
203 H [mm] 203 B [mm] ; t [mm]
202
201 6
200 p
199
198 4
197 3
196
195 2
H, H, Hy H, Hs Hy H, Hg B, B, B; B, B; By B; Bg
Cross-sectional measured dimensions and tolerances
70 ! Flat Corner
z 600 =
| N\ E[MPa] | 214848 | 209500
flat ¢ Corner_a NE 500 \
. S 0 fy[MPa] | 480.2 -
<! = 2 300 —— Flata |
S = g Flat_b 0 -
= > Y £ 200 —_ Fla: ¢ & [A)] 0.22
—— Flat_d
Corner_b ﬂat d 100 | | | : g(o):z: ; | ﬁd [MPa] 585 573.35
— | | |
0 | | | ]
0 5 10 15 20 25 30 o
ot o al%] | 145 1.2
Tensile coupons location Material stress-strain curves Material average properties

Stress [MPa]
600

400

200

0

200 1 11
-400
-600

—
<
S
cscssocgss
—28E87§&5¢ o 1234 6 78 9
@ 5
(2] =
g 39
2 38
% 37
; 36
<
s I
34
<
b 33
> 32
31
2 30

[edIA] ssong
Stress [MPa]

-600
-400
200

0

200

400

600
Stress [MPa]

29 28 27 26 25 24 23 22 21

Membrane stresses

Stress [MPa]

[edIN] ssons

96€- 08

60r  zoe-
VIE e sue

€9t

30 592827 26 45 24 23 22 21 20

]
&

<236 415
-600 1 -439
-400
-200

0
200
400

Stress [MPa]

318 328 378

353 316 348 345

-199

Flexural stresses

Measured residual stresses distributions
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Upper flange and right web amplified imperfect vue (x10)

Bottom flange and lefi web amplified imperfect vue (x10)

f "
| £ 45 |
| 90
Upper flange
Outward positive Length [mm]
z
‘ g -0.5
\ : g
B = -1.5
] s :
‘ = 2.5
Left web 25 150 250 350 450 550 675
Outward positive Length [mm]
z
| E
| E
¥
L] s
=
S ~
Bottom flange 25 150 250 350 450 675
Inward positive Length [mm)]
[
e
| g
—— y =
‘ =
=
Right‘ Web

Inward positive

Length [mm]

675

Measured Local imperfections
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Local buckling failure

)
g
£
M | l Q | | | | ©
I 3 ] 3 = i i i 1
| | |
W ® @ ¢ ¢ W W | 2RAS
EE ° e
£ i Sahinn g 50 [ “legege ¥
N « =S ], I I =
> S | | RSRERERE
Fz S S , , [
| | |
W bS5 bl & I N~ L _ _ _ L ~'E
e @ @ @ @ £
5 g 2 3 N £
< o £
g ]
g 5
T N 5
\\\\\ P o e s NI
, [ [ A
” ” ”
” ” ”
I e —— PN ¥ [ERS S — < &
, , , — | | | W 5
hS
| | | 2 | | | | =~
= I I I I S)
W | W a m , , [ [ g
\\\\\ ] > L < N 1 [ 1 © N
, , , = W — g
| , |
| | E-TE [No1] peoT ¥
£
\\\\\ g —{ 2 25 U oo o
m o
W W W o o' B _m_ m
N
| o | = w X >
| | | [ m I I I I
‘‘‘‘ pomplio - S E L o S Y 3
, a , < <O = [ [ [ E=RSRog S
I 7! I m \\\\\ R L S ORI S &
O W | g I , |eees N
\\\\\ ,* \\i,\\\\\ﬁ\\\‘ _ T < % ” ” ” — ~
N 2 .
N I I & I I I _m_
, SN , [ 2] | | | g
\\\\\ T S it Sttt S O m , i | , B
| | ~/ ey = e F—f——t———— ————d————— 0 =
| | =~ ” ” ” ” 5
AN S R s Y/ 5
= O I NJfi © £
D I I I I o
D I I I I
D w M M | | | | | m
T o AN N A
e OO
\\\\\ b NG
| |
[N1] peoT LT
e o
= o o o o
(=] (=] (=] (=] (=]
S 3 o 3 Q
(N1l peoT

549




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

1200

T ] T
I [
M“_ m“ je | F L s
=11 | I
i m_m_ e Ig
=18 | 8|

|IM.LIIIIJPLM%IIF£III €
gl LR
i o _
5 LN R A |

_ _ | | _

b RN |

AR (.

e At ¥ el ettt it

I N

sl [ AT _

I LY _

_ _ _ _ _
1 /S
RS AV

1o~ | |

) | |

I _ _

s _ _

I = _ _

I 1 s

S I

R

R

s L _

L . | | .

S o o o o o

S S S S S

S ® © T &

—

[Nc1] peoT

10

Displacement [mm]

[\
<
(=}
T
=
H 5
%19 m_
on N
OO &M
|SARNSa -l &
| |o
T T
I I
x\\\p,\\\\ﬁl\\
I I
I I
I I
I I
I I
A .
I
I
I
I
I
. S
”
I
I
I
T
SRS
— —
=
I = T T =1
— a1 I I -
Mm ,m | | |
25 IS I I
< £ - | I
7%= IR
o O M (=3
8 I
el T
©ed A A
I I I I
T | | | |
Ty
A AT
[==="===r-=-= i
T | esseD
- . - . -
| ] | | | |
S e
i i i $ <
| ] | I T SSe[D)
q T T sse
| | | | ﬁ | ﬁo
| oo
R Y S S
| | | | |
| | | | |
I I I I I
| | | | |
I I I I I
. . . . . o
¥ e x v ¥ a9 <
- - ===
“un

1.2

1.0

0.6 0.8
M/Mel,z

0.4

0.2

0.0

c/te

My-Mz bending moment interaction diagram

Cross-section resistance diagram

550

Numerical local buckling failure




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
Specimen name Shape Details
B‘ ‘ Shape: Square Hollow Section
_ Nominal yield limit: 355 MPa
RHS S355 LC3 T h T“ L oad case:
200>é:2£0x6 ST o NGI%MG3%)EM(33%)
i Lss i H=200mm B=200mm t=6mm
Biss Fabrication process: Cold formed

Average h=200.25 mm

Average b=199.9 mm

Average t= 6.1 mm

200
400
600
Stress [MPa]

-330 .
600 506

-400
-200
0
200
400

Stress [MPa]

-426 -390 .
466 403 -443 80

558

-199

t [mm]
203 H [mm] 203 B [mm] 8
202 202 +1.6mm 7
201
200 6
199
198 5
197
4
196
195 3
Hi H, H; Hy Hs He H; Hg B, B, B; B, Bs By B; Bg
Cross-sectional measured dimensions and tolerances
700
! ! ! ! ! Flat Corner
I
“ zZ 600 5\ _?ﬁ;\
. |
/ E [MPa] 217363 210500
flat_ ¢ Corner a NE 500 \ \ \
= E 400
g S £ fy[MPa] | 500.5 -
‘Gl \@ - % 300 Flata | 0.23
= Flat_b % . -
= Y A 200 Flat ¢ |- ‘c"y [ ]
Flat_d
100 Commer_a | MPa 596 617.8
Corner_b ﬂa t d Corner_b ﬁl [ ] 9 7.
- 0 T
0 5 10 15 20 25 30 & [% 13.8 1.1
. 0 . .
Strain [%)] u [ ]
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa]
Stress [MPa] 400
600 200
400
200
0 -400
-200 -190
-600 -418  -444
400 256534757026 302 553 g5
—_ -600 . = 2]
£ = & g
. i . 43 = o 2o 2 2 2 v
§§§§O§§§ w1l 234berso o BEE_ g &22 ﬁ%%g o 1234567809 X é
s i 39 1 & g = SR 1 s 5
A 38 12 2 n a8 12 § =
37 13 37 13
g
36 ~ 14 ‘g 36 14 Iﬁ
7 £
CF— §—wl—€F
34 16 STt 16
3 17 a7 m; 17 L
3 18 ' s 32 18 Hg
3t 19 g ' 31 19 &
30292827 26 35 24 23 22 21 20 5 30 5058 27 26 35 24 23 22 21 20 - L
’ ©
-600 544

Membrane stresses

Flexural stresses

Measured residual stresses distributions
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)

-0.2
-0.4
-0.6
-0.8

(jﬁ
I
Upper ‘ flange
Outward positive

Width [mm]

‘z -0.2
= -0.4
£ -0.6
| <
‘ y g -0.8
2 -1
Left‘web
Outward positive Length [mm]

0.8
0.6
0.4
0.2

[
|
m—ﬂfge 25 150 250 350 450 550 675
Inward positive Length [mm]

Width [mm)]

-0.2

0.8
0.6
0.4
0.2

Right Web 25 150 250 350 450 550 675
Inward positive Length [mm]

Ell
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Specimen name Shape Details
5 Shape: Square Hollow Section
1l

RHS_S355 LC3
200x200x6.3

Hiprs

HF

B;

Nominal yield limit: 355 MPa
Load case: N (50%) + My (50%)

H=200mm B=200mm t=6mm

Fabrication process: Hot
formed

Average h=200.6 mm

Average b=199.3 mm

Average t= 6.32 mm

203 H [mm] 203 B [mm] 8
202 202 12 “l"j
201 201 7
200 + 200 6
199 +- 199
198 + 198 5
197 +- 197
4
196 +- 196
195 195 3
H, H, H; Hy Hs Hs H; Hg B, B, B; B, B; B, B; Bg
Cross-sectional measured dimensions and tolerances
700 Flat Corner
‘Z 600
- E [MPa 215998 | 209750
flat ¢ Corner_a NE 500 % — N [ ]
g
. N 5 f, [MPa] 453 482.6
g g —n | 6% | 020 | 023
o> @ 200 —— Flatc |- ) )
—— Flat d
¢ L
Corner_b ﬂat d 100 CZ:::E ﬁ‘ [MPa] 496 5234
- 0 T
0 5 10 Strailri ] 20 25 30 &u [%] 159 7.6
0
Tensile coupons location Material stress-strain curves Material average properties

Stress [MPa]

150
100

125

80.5

50
0
-50

Stress [MPa]

12 3 4

~150

78
266 614 363 _146 1100

-48.3

-50

418

-33.8

202827 26 35 24 23 22 21 2

150
-100 25 304 33 3,706
' 408 o,

134 B 9.1
0

50

100 f 155 9.5

150

Stress [MPa]

Membrane stresses

Measured residual stresses distributions

[edIN] ssong

Stress [MPa]

Stress [MPa]

[edN] ssong

Stress [MPa]

Flexural stresses
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Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)

Left web
Outward positive

90
i 0.4
g 45 ’
@ £ 0.2
0
Ly g 0
| £ 45 -0.2
‘ -90 -0.4
Upper flange 25 150 250 350 450 550 675
Outward positive Length [mm]
z
| 7
| g
]
=

Length [mm)]

Right Web
Inward positive

2 0
| ‘e 45
| £
<
L | | £
—T— 9
Bottom flange 25 150 250 350 450 550 675
Inward positive Length [mm]
z
| A
| £
—— y =
S
=

Length [mm)]

Local buckling failure
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1200
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Specimen name Shape Details
‘ Shape: Square Hollow Section
- Brse o
Nominal yield limit: 355 MPa
RHS S355 LC3 T _
= - - : . Load case:
200x200x3 En IN(33%)HM,(33%)+M,(33%)
HF f L4 s Ty 0 y 0 y o
Iss H=200mm B=200mm t=5mm
SV E—— . .
Bisss Fabrication process: Hot formed
Average h=199.4 mm Average b=198.8 mm Average t= 5.23 mm
t [mm]
503 Hmm] 203 B[mm] J 7
202 *-“ﬂ 202 Lt2mm p
201 201
200 200 5
199
4
198
197 3
196
195 2
Hi H, H; Hsy Hs He H; Hg B, B, B; B, Bs B; B; By
Cross-sectional measured dimensions and tolerances
700 Flat Corner
| Z 600
T comoa ol E[MPa] | 211489 | 211023
s g‘“’ fy [MPa] 475 544
Nl é 2 300 Flat a
= < TN =
< le 2N s | & [%] 0.22 0.25
Flat_d
100 Corner a |
Cgrnerib ﬂat d Corner_b fi{ [MPa] 523 578.2
— 0 Il
0 5 10 15 20
Strain [%] & [%] 14.6 8.93
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
150
100 100
0 0116
0 o_
. -150 _ .
n? % Q::: 150 %
%%E §§ o 1 234567809 i §§§%°%§§ o 1234567809 §§gog§gi
f_E 2 E 39 1 % f‘E = = 39 1 s ® E
2] B g 38 12 = n " B 38 12 3' k=R
¥ 37 13 o8 37 13 2
g 36 14 b4 36 14 =3
g — HF 5, F— -
a 34 16 % 34 16 4
& 3 17 3 33 17 &
° H 3 18 "3 32 18 &
- 31 19 B Z 31 19 b ~
? 3092827 26 45 24 23 2 21 20 0 39282726 35 24 23 221 20 "
TOT 5 4 s :150
71.22 Ly s '24'549 28 l-gg 62 i]—6,4 2.3_16,; _(,_1384.5 '
0 Hp—_
50 01y
100 100

150

%0 Stress [MPa]

Stress [MPa]
Membrane stresses Flexural stresses

Measured residual stresses distributions
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)

Width [mm)]

— E

—
|
|

Upper flange
Outward positive

z
| T
‘ =)
" =
‘ S
=
Left‘web

Outward positive

z
| g
| E
o | <
]| 2
M_) g
Bottom flange
Inward positive Length [mm)]
z
| E
| g
o =
.
=
Right Web 250 350 450
Inward positive Length [mm)]
Local buckling failure

560




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

60mm)

£ =
] 2 ] 3 &)
|
N @ ¢ ®
s Ww\' Sl m m:w\' iy — W
z . s
5 N S L
S T | & 3
X S
H L) s Ll s
g @ i @ @
S { A S S
3
S
T T T 2
, , | —
W W W £ o
, , , a m o
\\\\\ e e et el N
Lz
, [ [ R
o |gEE
\\\\\ e S e s M A i )
! ! ! 1,3 —
, , , gL =
, , , Ao
! ! ! 55 & g
\\\\\ - —————f—— > > o [T \© —
I I I < <O =
/i | 5
[
, , , |
\\\\\ [ AR T . i m
P I Q
L ]
T/l | | ml
\\\\\ R s ettt M o\ A
, I~ |
, , ~~
| | | ~O
I I I S
T N “ T 0
D = m
D M
S M ,
T e e ittt ¥ N
, , , ,
, , , ,
[NT] peoT

—— LVDT 28

—— LVDT 38

—— LVDT 4S
Il

—— LVDT_IS

1006

LVDT 2B

—— LVDT 3B

—— LVDT 4B

— LVDT_IB

1000

800 -/

400 -/

[No1] peoT

8 10 12

6
Displacement [mm)]

0
Displacement [mm]

LVDT and strain gauges recordings

561

Local buckling failure




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes
1200 ;
F | actual = 1038 kN
1000 pTTm
|
|
800 _attual = 663 kN
z F,, nom = 775 kN
_nom
e} SR
< 600 R
Q —— e e e e
— F,,_hom =495 kN
400 e R S
|
!
200 Test
— FEM
0 ‘.
8 10
14 ; ; ; : 12 ; ; ; ‘ ‘
} } } O  Test_actual } } } EC3 pl
1.2 = e T e e e Test_nom | 1.0 +———- J‘“ ***** 4‘ ****** ‘L** — EC3.d
} }0 | A FEM I I | O Test
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Numerical local buckling failure
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Specimen name Shape Details
B‘ ‘ Shape: Square Hollow Section
_ Nominal yield limit: 355 MPa
RHS S355 LC3 T h T“ L oad case:
20%‘1:2020"6 ST o NGI%MG3%)EM(33%)
B i Lss i H=200mm B=200mm t=6mm
Bisrs Fabrication process: Cold formed

Average h=200 mm

Average b= 200 mm

Average t= 6.2 mm

-600

200
400
600
Stress [MPa]

Membrane stresses

503 A [mm] 203 B [mm] g tlmm]
202 202
201 201 7
200 200 6
199 199
198 198 3
197 197 4
196 196
195 195 3
H, H, H; Hy Hs He¢ H; Hg B, B, B; B, Bs Bs B; Bg
Cross-sectional measured dimensions and tolerances
700
! ! ! ! ! Flat Corner
\2 600 5\ ﬁ‘;\
!
E [MPa] 217363 210500
flat_ ¢ Corner a NE 500 \ \ \
= E 400
g S £ fy[MPa] | 500.5 -
El ‘D" — % 300 Flat a [ (y 0 23
=] Flat_b . -
= Y A 200 Flat ¢ |- ‘c"y [ 0]
Flat_d
100 Comer_a - MPa 596 617.8
Corner_b ﬂa t d Corner_b ﬁl [ ] 9 7.
- 0
0 5 10 15 20 25 30 & [% 13.8 1.1
h 0 . .
Strain [%)] u [ ]
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa]
Stress [MPa] 400
600 200
400
200
0 -400
200 600 8 aa -190
400 256534757026 302 553 g5
— -600 “ = 2
£ g g g
= - - S E L 0w g ESSOSS% 1 23456789 4
:‘§§§ §S8 4, 1234567809 8§88+8 - v ng% 0 10 3 E
“‘E . 39 1 -y % g A'IE 39 " N ;,“’
7] 38 12 8, «n a3 12 5 =
37 13 37 13
§
36 ~ 14 ‘g 36 14 Iﬁ
; £
CF— §e CF
34 16 STt 16
33 17 § <@ 33 17 é ‘
32 18 § 32 18 §
31 19 o 31 19 o
5 g
30292827 26 35 24 23 22 21 20 8 30 5058 27 26 35 24 23 22 21 20 L
’ ©
544

330 506 426 390 -558
-600 466 403 -443 80

-400
-200
0
200
400

Stress [MPa]
Flexural stresses

-199

Measured residual stresses distributions
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Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)

z 90 0
(4% E 45 -0.2
1 s o 04
—] 7‘7 — 5 -0.6
= -0.8
-90 y
Upper‘ﬂange 25 150 250 350 450 550 675
Outward positive Length [mm]
‘z -0.2
— -0.4
| £ 5
[ < -0.
] E ]
= -1.2
‘ -1.4
Left web 25 150 250 350 450 550 675
Outward positive Length [mm]
z
‘ g 0.4
| )
B I < 0.2
) 8
M_) g 0
Bottom flange 150 250 350 450 550 675
Inward positive Length [mm]
- 1
| T |
| ) 0.5
= i
= 0

Right Web
Inward positive

150 250 350 450 550 675
Length [mm)]

Local buckling failure
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Specimen name

Shape

Details

CHS 8355 LC3
159x6.3
CF

Shape: Circular Hollow Section

Nominal yield limit: 355 MPa

Load case:
IN(33%)+M,(33%)+My(33%)

D=159mm t=6.3mm

Fabrication process: Cold formed

162 D [mm]

Average D= 159 mm

Average t= 6.9 mm

———— ]

&
\\J ’ o
C—b 100

700
600
— 500

g 400
Z

2 300

Strain [%]

Tensile coupons location

Material stress-strain curves

Average
CaCb
E [MPa] 194654
1, [MPa] 607.3
& [%] 0.31
/i [MPa] 628.2
& [%] 1.1
Material average properties

Membrane stresses

Flexural stresses

Measured residual stresses distributions
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Amplified imperfect vue (x10)

z

0 [rad]

2n

T4

3w2

5w4

3w4

w2

w4

25 150 250 350 450 550 675
Length [mm)]

Measured Local imperfections
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Positioning(e.=50mm, e,=45mm)
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Local buckling failure
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Specimen name

Shape

Details

CHS 8355 LC3
159x6.3
HR

Shape: Circular Hollow Section

Nominal yield limit: 355 MPa

Load case:
N(33%)+M,(33%)+M(33%)

D=159mm t=6.3mm

Fabrication process: Hot rolled

Average D= 159 mm

Average t= 628 mm

9
162 D [mm] 0
161 +1.59 mm 7
160

6 4

———F——-

4

I I
| |
| |
4 -
| |
| |
- i
I I
| |

t2 t3 t4 t5 t6 t7 tg

Cross-sectional measured dimensions and tolerances

i Average
z — - C‘ a C a,C b
“ 600 b }‘
| ol S : E [MPa] 213000
Ca ”g |
= 400
z £, [MPa] 401.5
,,,,, ,,’y § 300
\\ J @A 200 ‘ f,‘y [%] 019
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Tensile coupons location Material stress-strain curves Material average properties
Strog,
i

Membrane stresses
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Measured residual stresses distributions
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Amplified imperfect vue (x10)

z

2n

T4

3w2
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0 [rad]
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w4

VW —aa

25 150 250 350 450 550 675
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Measured Local imperfections
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Load [kN]

Average Bottom LVDTs
Average Upper LVDTs
Corrected curve

T T T

Positioning(e.=50mm, e,=50mm)
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48
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\ e v
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@25
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Specimen name Shape Details

Shape: Circular Hollow Section

Nominal yield limit: 355 MPa

CHS 8355 LC3 | oad case:

159x5
HR N(33%)+M,(33%)+M,(33%)
D=159mm t=5mm
Fabrication process: Hot rolled
Average D= 159 mm Average t= 5.49 mm
162 D [mm]
161 +1.59 mm
160
159 1

158 1
157 4
156 1

155 -

Cross-sectional measured dimensions and tolerances

00 — Average
AZ 600 — Ca C a,c b
1 = 500 - E [MPa] 215000

Ca g | \
/- \\ 2 £, [MPal 457.7

\\J y % 200 8)) [%] 021
Cbh

100 -

I
| ] £, [MPa] 5773
\ !
‘ 0 2 4 6 & 10 12 14 16
Strain [%] & [%] 7.02
Tensile coupons location Material stress-strain curves Material average properties

Membrane stresses Flexural stresses

Measured residual stresses distributions
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Amplified imperfect vue (x10)

z

2n

T4

3w2

Sw4

0 [rad]

34

w2

w4

25 150 250 350 450 550 675
Length [mm)]

Measured Local imperfections
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Specimen name

Shape

Details

CHS 8355 LC3
159x7.1
HR

Shape: Circular Hollow Section

Nominal yield limit: 355 MPa

Load case:
N(33%)+M,(33%)+M(33%)

D=159mm =7.lmm

Fabrication process: Hot rolled

162
161
160

159 1
158 4
157
156 1
155 -

Average D= 159 mm

Average t=7.13 mm

=+ 0.71 -mm|

th 3 oty ts tg t7 g

Cross-sectional measured dimensions and tolerances

j
N
Stress [N/mmz]
g &

700 —

AZ 600 -~

(%
S
S

=]

[ |

\

0 2 4

10 12 14 16

Strain [%]

Average
CaCh
E [MPa] 212000
Jy [MPa] 442
& [%] 0.20
f. [MPa] 5571
2 & [%] 12.7

Material stress-strain curves

Material average properties

Membrane stresses

Flexural stresses

Measured residual stresses distributions
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Amplified imperfect vue (x10)

z

2n

T4

3w2

S5w4

0 [rad]
a

3w4
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25 150 250 350 450 550
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Measured Local imperfections
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Of Steel Hollow Sections Annexes
Specimen name Shape Details
- Shape: Rectangular Hollow
By Section
Nominal yield limit: 355 MPa
RHS_S355 LC4 T b y
200x100x4 m . = . Load case: N(50%)+M,(%50)
CF 34 7.8 =
tss H=200mm B=100mm t=4mm
- - Fabrication process: Cold
B5,6,7,8
formed
Average h=200.44 mm Average b= 100.64 mm Average t=4.06 mm
203 HImm] L0 B [mm] ¢ Lmm]
202 +1.61mm 102
201 101 ’
200 100 4
199 9
198 98 3
197 o7 2
196 9%
195 95 .
H, H, H; Hy Hs Hy H; Hg B, B, B; By Bs Bg By Bg
Cross-sectional measured dimensions and tolerances
2 700 ; Flat Corner
600 p—
fat e comera “ o) E [MPa] | 216630 | 213000
3 =
! E 400
S s f,[MPa] | 494.6 ;
R é‘ % 300 Flat a [
l; Y & 200 E:::'c) b & [%] 0.22 -
Flat_d
100 Comers | fu [MPa] 611 601
Corner_b ﬂa td 0 :
0 5 10 Slrail; [%] 20 25 30 gu [%] l 1 '9 1 '2
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
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200 @ 0
(I —— -200
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” /

Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
z
“‘T"’ E 4
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= . y 5
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§ —45

Left web Length [mm]

Width [mm]

z
|
10
150 250 350 450 550
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Of Steel Hollow Sections Annexes
Specimen name Shape Details
- Shape: Rectangular Hollow
By Section
——
Nominal yield limit: 355 MPa
RHS_S355 LC4 ‘ 2 W i y
220x120x6 = = Load case: N(50%)+M_,(%50)
CF ) Lal Lsl |20
tss H=220mm B=120mm t=6mm
N . Fabrication process: Cold
Bi,6,7,8
formed
Average h=220 mm Average b= 120.44 mm Average t= 6.18 mm
225 H[mm] 124 B [mm] g t[mm]
24 123
223 122 7
222 121
221 120 6
220
219 ¢ 1o 5
218 118
217 17 .
216 116
215 115 3
H, H, H; Hy Hs He H; Hg B, B, B; By Bs Bs B; By
Cross-sectional measured dimensions and tolerances
e I R Flat Corner
|Z 600 114 i 1 1 j 1
A1 ¢ Comer a —_— N\ E [MPa] | 206597 | 207000
S g F \
| g
5 Z 400 ﬁ, [MPa] 4547 -
= §= % 300 : ! ! Flata | o 022
< 2 Flat_b & . -
|a~ Y @ 200 i i i Fl:tic s Y [ 0]
‘ ‘ ‘ Flat_d
100 Comerﬁi - ﬁ [MPa] 563.6 644
Corner.
Corner_b flat d 0 (\) -
N 0 5 10 15 20 25 30 &u [%] 15.5 1
Strain [%]
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
400 .
200
0 0
-200 -200
-400 -400 -143
-600 B -60(327(;48874 1 :27401 2504
5 » £ »
% BRI 0D %ggﬁé‘;{ %§§°8§§§ g 332309 %‘
2 A 2 L ;‘1 1 27 <
g : . s 2 @ i . E
3 S F o
4 2 s ¢ 5 4 2z
5 24 2 2 \7 5 24
-CF | &), g« —CF |
7 2 5 LI 7 2
8 21 E s g 8 21
190 20 nE T 2 3, 20
11 19 = o 1 19
| o '
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-601)226-54?3844 0?406 -448

Stress [MPa]

Membrane stresses

Measured residual stresses distributions

400 231
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0
200
400

Stress [MPa]

Flexural stresses

587




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

Upper flange and right web amplified imperfect vue (x10)

Bottom flange and left web amplified imperfect vue (x10)

g 48 0.1
\(/ E 00
1717 2 4
= -48 -0.3
\ 25 150 250 350 450 550 675
‘ Length [mm]
Upper flange
Outward positive

z
\
T

=
Bottom flange
Inward positive

25 150 250 350 450 550 675
Left web Leneth
Outward positive ngth [mm]
z
|
T 48 0
‘ g -0.5
-1 S A = 0 -1
< -1.5
= 48
| 25 150 250 350 450 550 675

Length [mm)]

z
|
T

ARiE

Right web
Inward positive

Width [mm]
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0.5

- 0
150 250 350 450 550 675

Length [mm)]

Measured Local imperfections
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Specimen name Shape Details
Z Shape: Rectangular Hollow
B, Section
- Nominal yield limit: 355 MPa
RHS 8355 LCS T ‘ . | oad case:
200x100x4 N 0
CF CHN P n i N(50%)+M,(%25)+M,(25%)
lss H=200mm B=100mm t=4mm
~Bl. Fabrication process: Cold
formed
Average h=200.5 mm Average b= 100.26 mm Average t=4.09 mm
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Specimen name Shape Details
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Specimen name Shape Details
Z Shape: Rectangular Hollow
B, Section
- Nominal yield limit: 355 MPa
RHS_S355 LC6 T ‘ . | oad case:
200x100x4 : N(80%)+M,(%10)+M,(10%
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Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
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Specimen name Shape Details
. Shape: Rectangular Hollow
B, Section
Nominal yield limit: 355 MPa
RHS S355 LC6 fi - Load case:
220’81:20"6 N . R IN(80%)+M,(%10)+M,(10%)
Lss H=220mm B=120mm t=6mm
j‘;; Fabrication process: Cold
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595 HImm] 124 B [mm] g tmm]
224 123
Z; 122 It 0.96 mm| ! +0.5 mm|
121 AR
219 119 5
218 118
217 117

216 116

215 115

H, H, Hy H, H; Hy H, Hg B, B, By B, Bs B, B; By
Cross-sectional measured dimensions and tolerances
700 ; ; Flat Corner
| |
| Z 600 ‘ ‘
Sflat_c Corner_a 00 . \ E [MPa] 206597 207000
— 500 ] - \
s : A
400 -
g £ f,[MPa] | 454.7
3’= % 300 - Flata | o
e, £ Flach 5% | 022 -
Sl A 200 - Flat ¢ |
Flat_d
B p—e £, [MPa] | 563.6 644
Corner_b
Corner_b ﬂat d 0 1
B 0 5 10 15 20 25 30 & [%] 15.5 1
Strain [%]
Tensile coupons location Material stress-strain curves Material average properties
Stress [MPa] Stress [MPa]
400 400
200 200
0 0
-200 =200
-400 -400 -143
-600 -600 L.488 427 504
—_ _ 276 416 401
£ @ £ @
‘ = 2 2 = =z
lﬁ (7 ! 2 s\e =< g § L 1 27 2 k<
n % 2 2% 2 £ @ I 26 B g
“ 3 - = % 3 Sy
T 3 2 8 . 8 4 2 g
4 5 2 2 g . 3 24 £,
= AGPL 1 ] P ( I g
2 7 2 5 e 7 = g,
@ 8 21 = o 21 g
s ’ 20 3 T 2 3} 20 2
= 10 w o T IS
2 1 19 °°‘ H 1 19 3
N o § 12 18
g 12 1314 15 16 17 18 S 13 14 15 16 17
2647 406
-600 384 406 48
400 231
-200
0
200
400
Stress [MPa] Stress [MPa]
Membrane stresses Flexural stresses

Measured residual stresses distributions

603




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Annexes

w

Upper flange and right web amplified imperfect vue (x10) Bottom flange and left web amplified imperfect vue (x10)
z
(—'_5 El 0.2
\T E
| A °
= /. AN _A \ Ji V) 0.2
| 25 150 250 350 450 550 675
‘ Length [mm)]
Upper flange
Outward positive

z
\
T

|
<
Width [mm]

25 150 250 350 450 550 675
Left web Length [mm]
Outward positive g
z

Width [mm)]
)

675

48

@ 25 150 350 45
Length [mm)]

Bottom flange
Inward positive

0

-0.1

-0.2

-0.3
0 550

|
+ 1
!

z
| 95
‘g 45
£
1 _ y 5 0
o
S 45
\
95 . E
Right web 25 150 250 350 450 550 675
Inward positive Length [mm]

Measured Local imperfections

604



6mm)

Annexes
10mm,e,

Positioning(e,

New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

o
I xQ " = I I I I I I —
R B & e
@ e @ T T A88E T e
ol I : /1 E5Es
3 S agh) 3 S N7 A R I o
« 3 « 3, i , , T > > > >
], I I I I =
S 5 e ) | | | |
i 5 i 5 A e
S ® ¢ I I I I m
I I I
® + + + [Q\h=n
I I I
g a S ] , , , m
} |
T T S g
13)
g Q
S a8
i e
.2
<+ A
N=)
©n
: : N _ 2
I I I I — £
I I , | = o0 IN
I I I |5 & _ S
| | | I 9
o> Aa | < o N
R = ok
— ! Q
I I I I €7 o 59
, I I | ¢ 8 2 3
/2 , | £ &5 5
o &S3 e :
d o~
r L g = o0 g
1 lgge £ o7 7 4 I R
et 2 2 5 oo I N
mmmm
, / W W W | <<© k= R s Rt R et B TN A o
o 2 L EEEE 5
I I I I I | N
e M R e e e =t Tt | ST [~
| | | | Q | | | |
\ I I I | < I I I I —_
SO e 1o
e . S e e e R | | | | g
, ~— , , - Y A T T N o=
, I ~ , S I 2 Aot Bl B et I =&
| | N~ I I I I I I Q
| | | = I I I I I I g
— =) | | | | | | [}
LA L T T T == f o t+t———t———F——————-1 [><] naw
= | <D R -
i R Y
, —_— 5% S WS S S —
o et SE SRR SRR IR AT T =
| | | | |
I I I | | e e e S <t
| | | | |
| | L | |
I SR S S O N — N
[NOT] peoT — !
I I I I —
' ' ' ' ' ' =
o o o o o o o
S S S S S S S
¥ QO & ®©® © ¥ «Q
—_. = =
(N1l peoT

605

Local buckling failure




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections

Annexes

actual = 1761 kN

© e o —

F1
- —
|

i
|
—.—.—1.66.7_[(.N.—

b ety i e

rom-—=1095-kN

el—

e o

Test

— FEM

2000

10

Displacement [mm]

0.8

| | Il
% | W ©
7 | | %
| |
Bl o
as = | |
[ I I ©
RRCE ! ! =
| |
[lee]
| |
| | | 5
S
\\\\\\\ [ SR SRR N 3
IR R s2
I | | =
o
| | |
| | |
| | |
\\\\\\\ S N
| o
|
|
|
|
|
| =
T S
* ©
S S
o
T (R [ <
— , , , -
ER I mln I I
Z g Il ,
< £ (-7 |
Sols , 1 ,
253 [ 1 [ o
= e e N
, , ,
[ [ [
O @« | 1 |
I [ I
T , 1 ,
\\\\\ e
T A 1T T NS
, , H ,
[ [ [ [
| , ,
[ [ , { sse|)
IIIII rIIILIAW.lI .y -
| | |
e e T\\\\M\m\m@—\pv m
i 1 T SSel)
Y S R, I “Rakhid 19/
” LR
[ [ [
| | |
“““ Y e e S
, , ,
[ [ [
| , ,
| , ,
, , ,
k k k =
~ N < *® ° <
— — — <) =) <)
1d
A/

cl/te

My-Mz bending moment interaction diagram

Cross-section resistance diagram

Numerical local buckling failure

606



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Annexes

607



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Liste of Figures

Figure 1- Australia stadium (Australia), the kelpies (Scotland), Liege Guillemins railway

station (Belgium), Madrid Barajas international airport (Spain), London eye (Britain).......... 22
Figure 2 — Principles and application steps of proposed “Overall Interaction Concept™......... 26
Figure 3 — Behavior of plates under edge COMPIreSSioN. .........c.eecvveevierieerienveerieesieeeveesreeneeens 32
Figure 4 — Behavior of rectangular plates under edge compression. .........ccceeeeveeevveeecveerneenns 34
Figure 5 — Behavior of square plates under edge compresSion. ........coecveveereeeieeseenieeieeieans 34
Figure 6 — Lateral deflection of a buckled plate...........cccceeeiievieiiieiieiecieee e, 34
Figure 7 — Buckling coefficient for rectangular plate. .........ccccoevveevciieeiciierieecie e 36
Figure 8 — Load versus out-of-plane displacement CUIrVes. .........ccoeeeereieeiieerienienieeceesie e 38
FIGUIE O — K-CUIVES. ..eceiieiiciiecie ettt ettt et et e st e e b e et e e te e esseessaesseessseessaensnensseessanns 40
Figure 10 — Values of & for various boundary conditions. ...........cceecuverierieniieiienieeieeeeeeans 41

Figure 11 — Local buckling coefficients for I-section (left) and box section (right)

COMPTESSION MEITIDETS. ....veeeiieiiieiieiieeieeieeteesteeeteeteesteessteesseanseesseesnsesnseesseesssesssesnsessssesssennns 42
Figure 12 — Values of £ for centrally loaded columns of rectangular tube section from [11]. 44
Figure 13 — Cross-section geometry for use in Equations (19) (20) and (21).......ccceeevveerennen. 46
Figure 14 — Buckling of a plate under uni-axial COMPression. ........cceecverveerierieeneeecieesieenenns 49

Figure 15 — Stress distribution and effective widths b, (points A, B and C are to be referred to
T FIZUTE 3). ettt et et e b e et e et e bt e saee et e b e saeeeneeenee 49

Figure 16 — Experimental determination of effective width [18]........ccccoeoieiiiiiiniiiies 51

Figure 17 — Correlation between test data on stiffened compression and design criteria [19].53

Figure 18 — Effective section of a member with residual stresses [21]......cccceeeeieiieniiecneiens 54
Figure 19 — Effect of residual stresses and initial imperfections on plate buckling................. 55
Figure 20 — Stress-deflection curve for a plate subjected to mono-axial compression............. 59




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Liste of Figures
Figure 21 — Plastic MEChANISIMN........ccccviieiiieciieeieesite et eeeesreeeteeesteeeereessraeeeneessnneesssaesnes 60
Figure 22 — Plate local buCKIiNg CUTVES. ......cccueiiiieiiieiieeie et 61
Figure 23 — Definition of plate Widths. ........ccccooeiiiiiiiiiiiii e 66

Figure 24 — Ratio of flange widths definitions-flat width (EN,DIN) over mid-thickness
width(BS)-I-sections,b-ratio of flange width definitions; flat width (EN,DIN)over clear-width
(AS 4100),I-SECHOMN [7]. cveeerrerrierieeiieenieeeieesieeseeseesteesteesseesseessseesseesssessseenseeseessaessseenseensesnnns 67

Figure 25 — Ratio of the web widths defiinitions; flat width over clear-width ; I-sections [7].67

Figure 26 — a) Ratio of widths definitions; flat-width over clear-width,hot-finished RHS, b)
Ratio of widths defintions; flat width over clear-width; cold-formed RHS [7].........cc.cc..e... 68

Figure 27 — Numerical comparison of local buckling rules, a) case 4 f-format all classes, b)

case 4 O-format all CIASSES. ...cueivuiiiiieiieiie ettt e ettt s enne 70

Figure 28 — Numerical comparison of local buckling rules, a) case 4 j-format_all classes, b)

case 4 U-fOrmat all ClASSES. .....uieuireiieeeieeiieieeeeee ettt ettt sttt e s eeae e enne e 71

Figure 29 — Numerical comparison of local buckling rules case 4 S-format class 1(left),

class 2 (middle), class 3 (TIZNL). c..eeecviieiieiieieeeeeee e 73

Figure 30 — Comparison of local buckling rules case 4 J-format class 1(left), class 2

(middle), Class 3 (TIZNL). c.eevcveeeiieieiie ettt et eeeste et e s e s eseeteesseessaeensaesseesssennns 73

Figure 31 — Numerical comparison of local buckling rules case 4 jformat class 1(left),

class 2 (middle), class 3 (TIZNL). c...eeoiieiiieeeeeee e 74

Figure 32 — Numerical comparison of local buckling rules case 4 u-format class 1(left),

class 2 (middle), class 3 (TIZNL). c.eeecviiriieiieiieeeee e 74
Figure 33 — Eurocode 3 cross-SeCtion ClaSSES. ......ueecvviiicieiiriieeiie e erreesree e e sneeesveeseneees 75

Figure 34 — Plate buckling coefficient (of the web) from the AISC and from the finite strip

analysis for the rectangular hollow sections subjected to a strong bending moment [13]....... 77

Figure 35 — ki, values for two types of stress distributions on a simply supported plate. ...... 78

609



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 36 — Comparison of class 3 cross-section resistances according to various standards for

a hot finished RHS under major-axis bending — a) flange decisive — b) web decisive [7]. ..... 82

Figure 37 — Comparison of class 3 cross-section resistances according to various standards for

a hot finished RHS under major-axis bending — Flange decisive [7].....ccccoceevereevienienenienns 82

Figure 38 — Comparison of class 3 cross-section resistances according to various standards for

a hot finished RHS under major-axis bending — Web decisive [7].....ccccovvverceeirreesiieecneeene, 83
Figure 39 — Design proposal for cross-section resistance of tubular sections [7]..........c........ 83

Figure 40 — Verification of class 1 criteria for two dissymmetric cross-sections differing in

their web thicknesses, and subjected to a major-axis bending moment.............cccceeveeenreennnen. 85

Figure 41 — Verification of class 2 criteria for three dissymmetric cross-sections differing in

their web thicknesses, and subjected to a pure major-axis bending moment.................c.c....... 86

Figure 42 — Plate slenderness limits for class 4 categories, based on the EN 1993-1-5, Table
4.1-4.2 and the EN 1993-1-1, table 5.3.1. oottt e 91

Figure 43 — Comparison of the Direct Strength Method predictor curves with test data for

(670 111001 413 USSR 95
Figure 44 — Comparison of the DSM predictor curves with test data for beams...................... 96
FAgUIE 45 — P-IM-IM SPACE. ... eeiiieeiiteiieeie ettt ettt ettt et b e st e e e bt e sneeeneeens 98

Figure 46 — Test-to-predicted ratio for the Effective Width Method (left) and the Direct

Strength Method (right) for all lipped columns [1]......ccccooeviiiininiiniiienieeeeeeeeen 100
Figure 47 — Comparison of stub columns test with Eurocodes [2] & [63]. ....ccovvevveeecnreennnen. 103
Figure 48 — Comparison of beam test results with Eurocodes [2] & [63]. .cceeeovveiieiieeirenen. 103
Figure 49 — CSM elastic, linear hardening material model............cccccooeeviniiiininiiniinennnn 104

Figure 50 — Stub column load end-shortening response ( N,>N,) (left), beam moment-

curvature reSponse ( M, >Mer) (TIZNE)..cceviiieiie et 105
Figure 51 — Base curve-relationship between strain ratio and slenderness.............c..ccceen.e.. 107
Figure 52 — Partition of @ 3500 M DEAM. ........c.cccviiuiiiiiiiieiieciecee et 113

610



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 53 — Measured dimenSIONS. .......ceceeiierierieeiierie ettt ettt et ee e e saee e 117
Figure 54 — Measured cross-sectional dimensions and tolerances — RHS 200x100x5 HF.. 117
Figure 55 — Geometrical imperfections measurement — LVDTs detail. ..........ccccocereeiennenne. 118

Figure 56 — Measured local flange and web geometrical imperfections of specimen

SHS LC2 200X200X6 CF.....ooiiiiiiiiiieieieieeei ettt ettt s 119
Figure 57 — Cold-rolled (left bottom) and hot rolled fabrication process. .......c..ccccceeeruenene 122

Figure 58 — Analytical models for through-thickness residual stresses; (a) analytical model for

panel removal residual stress, (b) analytical model for layering residual stresses................. 123
Figure 59 — Strip length and curvature measurements. ...........coceveevuereeneneeneeneeneeneeseeneenns 127
Figure 60 — Strip-CUttiNg PIOCESS. ..ec.verviruierieriierieniieteeeeniesitetesieeeesseesteseeesesseesesbeeneeseeense e 129
Figure 61 — Cross-section released strips after Cutting. .........coccvveeeveeeviiencieeccie e 130

Figure 62 — Measured membrane (right column) and flexural (left column) stresses of square

SECLIONS (PATE 1), weeeuiieiiieiieeiieeie ettt ettt et e st e et e st e et e e beessaeenseessaesssesnseenseessesnseensennsens 132

Figure 63 — Measured membrane (right column) and flexural (left column) stresses of square

SECHIOMNS (PATE 2). 1evveeeirieeiiee ettt esteeerree ettt e steeesereeestaeeassaeessseeassseessseeesssseasseesssseessseesssseesssees 133

Figure 64 — Measured membrane (right column) and flexural (left column) stresses of

rectangular SECtIONS (PATL 1). ..ocuieiiiiciieiieiie ettt ettt e st e e e seessaeenbeenseennnes 134

Figure 65— Measured membrane (right column) and flexural (left column) stresses of

rectangular SECHIONS (PATT 2). .ievuveiiriiieeiiierieeeireeereeerreeerereeereeesereeseseessraeessseessseessseeessseesnees 135

Figure 66 — Measured membrane (right column) and flexural (left column) stresses of circular

SECLIONS (PATE 1), weeeurieiiieiieeiieeie ettt ettt et e st e et e s e et e e be e saeenseessaessaesnseenseessesnseensennsens 136

Figure 67 — Measured membrane (right column) and flexural (left column) stresses of circular

SECHIONS (PATE 2). 1evveeeirieeiiee ettt eereeertee ettt e sreeesereeestaeesssaeessseesssseesssaaessseeasssesassseessseesssseesssees 137
Figure 68 — Geometrical deformation due to residual Stresses. ..........ccceveeereeeeceierieneeecenennen. 139

Figure 69 — Adopted block representation for the calculation of the non-equilibrated stresses

( Profile SHS HF 200X200X6.3 ). vvccormerrreeeeeereseeeeeeeeesseessseeesessseesssesessssssesssssesseesesesseenn 141

611



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Liste of Figures
Figure 70 — Locations of the tensile coupons were cut from different faces. ...........cccccc...... 143
Figure 71 — Necked and straight tensile COUPONS. ........coceeruierirriiieiieiere et 144
Figure 72 — Tensile COUPONS tESTING. .......eccvieeieerieiieieeieeieesieeste e ereeseeeeereeereeseesseessseenseenneas 145

Figure 73 — Stress-strain curves from flat and corner regions of a cold formed profile —

SHS 200X200X60 CF ..ottt ettt ettt et st st e sbe e sane e enaees 145

Figure 74 — Stress-strain curves from flat and corner regions of a hot-finished profile —

RHS 250X150XS5 HE . ..ottt 146
Figure 75 — General test setup and failure shapes of the stub columns. .............cccveeeneennnnn. 148
Figure 76 — Load-displacement cOITected CUIVES. ........cccveriieriiesiieniiieiieiienieeeeeeveeaeesene e 150
Figure 77 — Material vs. stub stress-strain curves - RHS 200x100x4 CF. ........cccccoevveneennen. 151
Figure 78 — Material vs. stub stress-strain curves — CHS 159 6.3 CF. .......cccceeevvvevvvnennnn. 151
Figure 79 — Material vs. stub stress-strain curves — CHS 159 7.1 HF. ... 152
Figure 80 — General test configuration — Front and side VIEWS. ........cccceveveverienenienieneenenn 154
Figure 81 — Hinge detail........cccuviiciiiiiiie ettt ettt e e s naeesnnee s 155
Figure 82 — Endplate fixed to bottom hinge plate with bolts. ...........ccceviiiiiiiiiniii e 155
Figure 83 — LVDTs and specimen positions on upper and bottom endplates........................ 156
Figure 84 — General test setup of Cross-Section tESLS. .......eceerierirerirerierie e 158
Figure 85 — Failure shapes of all cross-section tests. .........ccevierierirerieniesie e 159

Figure 86 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances — nominal fy value — combined 10ad CASES.......eovvveereiiieeiieiiieeieeeeeeeieeeeeeens 163

Figure 87 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances — actual f value — combined 1oad €ases. .........cocooeniiniinniiiins 163

Figure 88 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances —nominal f value — simple 10ad Cases. .........cocovrriinniinniiiiins 164

612



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 89 — Comparison of cross-section capacity of RHS and SHS experimental results with

EC3- resistances — actual f, value — simple load €ases. ..o 164

Figure 90 — Comparison of cross-section capacity of CHS experimental results with EC3-

resistances — nominal fy value — combined 10ad CASES. ....coovvvveveieieieeeiiiiiieeeieeeeeeeeeeeeeeeeeeeeeeenes 165

Figure 91 — Comparison of cross-section capacity of CHS experimental results with EC3-

resistances — actual fy value — combined 10ad CASES.......ccevvveviiiiiiiieiiiiiiieeiieeeeeeeeeeeeeeeeeeeeeeeees 165

Figure 92 — Comparison of cross-section capacity of CHS experimental results with EC3-

resistances — nominal f, value — simple load cases. ... 166

Figure 93 — Comparison of cross-section capacity of CHS experimental results with EC3-

resistances —actual f| value — simple 10ad Cases. ... 166

Figure 94 — Gathered results and comparison with DSM curve. .........ccoccveiieninniniieeenen. 167

Figure 95 — Experimental results relative to pure compression load cases, a) cold-formed

cross-sections, b) hot-rolled and hot-formed cross-sections. ...........cccceevvveviereeeieeseeseeennenn 168
Figure 96 — Experimental results relative to major-axis bending load cases. ...........ccceuee.... 168

Figure 97 — Experimental results relative to combined load cases, a) cold-formed cross-

sections, b) hot-rolled and hot-formed Cross-SeCtions. ...........cceevveerireeienieiieeieeree e 169
Figure 98— Mesh CONTIGUIAtIONS. .....cccuviiivieeiiiiiiieeciieeeiee e e st e ereeeereesereeeeneesereeesrseeesnnes 174
Figure 99 — LBA (left) and GMNIA (right) results for SHS and RHS sections. ................... 175
Figure 100 — Finite element model assumptions............cccecverierieecieenienieeieereeseesveeveeneens 176

Figure 101 — Applied load with shifted truss center corresponding to different load cases. . 177
Figure 102 — Detail view of the corner modeling. .............ccoovieroiiriieieni e, 177
Figure 103 — Adopted measured membrane stresses for section SHS HF 200 200 6.3.....178

Figure 104 — Material stress strain laws adopted in FE calculations for specimens

RHS 220X120X0 CFE. ..ottt ettt sttt et ettt st ebee s eaneennees 179

613



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 105 — Material stress strain laws adopted in FE calculations for specimens

RHS 200X100XA CF. ..ottt sttt 180
Figure 106 — FE peak loads vs. experimental 10ads. ..........cccocoeereiiriiienienciieiieieie e 181

Figure 107 —Numerical vs. experimental load displacement curves of specimens,

a) LC2_RHS_250x150x5_HF, b) LC1 RHS 250X150X5 HF. ..ovvoceoeereereeerreseeeeeecerreee 185

Figure 108 — Numerical vs. experimental load displacement curves of specimens,

a) LC3_SHS 200x200x6 CF, b) LC1 _SHS 200x200X5 CF....cccceoieiririninininenereseane 185
Figure 109 — Testing rig and torsional restraints of loading points of the specimen [7]. ...... 187
Figure 110 — Stress-strain curve for specimen sc_ A17-1-SHS 180/5 — S355. ..o, 189

Figure 111 —Residual stress patterns for a) square hollow sections, b) rectangular hollow

SECHIONS [ SO, ettt et e e et e e eete e eetaeeeeteeeeateeeereeeeteeeeteeeetreeeeteeeenreean 190
Figure 112 — FE results vs experimental reSUlLS. .........cccivvvvvieiiiiiiriiiecie e erree e 191
Figure 113 — Support conditions and external load application. ...........ccocceeeeerieninnieecinnnnen. 193
Figure 114 — Local imperfection according to Eurocode 1993 part 1-5. .......cccoevvevvveennnen. 194
Figure 115 — Adopted imperfections for the 45 plated tests. ......cccvvvevvrieeviiencieeiee e, 197

Figure 116 — Initial imperfections introduced by hand for the RHS 200x100x4 specimen... 198

Figure 117 — Different imperfections of specimen RHS 200x100x4 introduced through the
fIrst DUCKIING MOAE........coviiiiieiieiiciecceeeeee ettt be et sebeeebe e seessbeensaenseas 199

Figure 118 — Ultimate results of cold-formed sections according to the different adopted

100] 013 (< o101 1 1S USRS 202

Figure 119 — Ultimate results of hot-finished sections according to the different imperfections

1T (0] 01 !« PRSP 203

Figure 120 — Ultimate results of hot-finished stub columns according to the different

IMPErfections adOPLed. .....ceoiieiieiieie ettt ettt eeas 204

Figure 121 — Ultimate results of hot-finished stub columns according to the different

IMPETTECtioNS AdOPLE. ....evvveiieiiiieeiiee ettt enee 204

614



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 122 — Ultimate results of hot-formed stub columns according to the different

IMPErfections adOPLed. .....cooiieiieiieie et ettt eeas 206

Figure 123 — Ultimate results of hot-rolled stub columns according to the different

IMPErfections adOPLEA. ......ociieiieeiieiieeieece ettt et ebe et eseteeebe e saessaesnseenneas 208

Figure 124 — Ultimate results of hot-rolled stub columns according to the different
IMPErfections adOPLed. ... ..oo.eieiiiiieieee et 208

Figure 125 — RHS cross-section capacities subjected to pure compression under different

IMperfections” aMPIITUAE. .......ooueiiiiiiiiriee ettt 210

Figure 126 — RHS cross-section capacities subjected to major-axis bending under different

imperfections’ amMPIItUAe. .........ooiiiiiiiie e e 210

Figure 127 — Local geometrical imperfections adopted for both square and rectangular hollow

SECLIOMIS. ..eeuvteeeieuieesteeeeteeseesteeesteasseenseeasseasseensaeasseanseensaeasseassaensaenssesnseenssesssennseensaesssesssesnsennsens 211
Figure 128 — Half sine wave in a rectangular cross-section............ccoeevevverveerveesreenvesveennenn 212
Figure 129 — Load-path repreSentation. ..........coceeeuierieeeiieiierieeie ettt 213

Figure 130 — Comparison of GMNIA results for the SHS 60x60x2.6 —a) M / M, vs. M / M,
diagram — b) N/ Ny vs. M/ Mejy diagram. ..........cccccovviiviiiiiiiiiiiiiiicincccececccecee e 217

Figure 131 — Comparison of GMNIA results for the SHS 80x80x2.58 — a) M / M., vs. M /
M,;- diagram —b) N/ Ny vs. M/ Mejy, diagram. ............ccoeveiiiiiiiiiiiiiiiiicieeeeccceeeeeee 217

Figure 132 — Comparison of GMNIA results for the SHS 100x100x2.56 — a) M/ My, vs. M /
M. diagram —b) N/ Ny vs. M/ Mejy, dIagram. ........c.covveuiiuiieiniiiiiiiiiieicceeee e 217

Figure 133 — Comparison of GMNIA results for the SHS 150x150x2.54 —a) M / M, vs. M /
M, diagram —b) N/ Ny vs. M/ Mejy, diagram. ...........cccoeveiiiiiiiiiiiiiiiicieineccceceeeee 218

Figure 134 — Comparison of GMNIA results for the SHS 200x200x2.53 —a) M / M, vs. M /
M- diagram —b) N/ Ny vs. M/ Moy, dIagram. .........ccooueiiiiiniiiiiiiiiiiiiiciciceecccees 218

Figure 135 — Comparison of GMNIA results for the SHS 250x250x2.52 —a) M / M, vs. M /
M, diagram —b) N/ Ny vs. M/ Mejy, diagram. ...........ccooveiiiiiiiiiiiiiiiciceecece e 218

615



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 136 — Comparison of GMNIA results for the RHS 60x30x2.6 — a) M /M., vs.
M/ M, diagram —b) N/ Ny vs. M/ My, diagram. ...........cccceeiviiiiiniinininiiiicicceeee 219

Figure 137 — Comparison of GMNIA results for the RHS 80x40x2.58 —a) M / M, vs. M /
M- diagram —b) N/ Ny vs. M/ Moy, dIagram. .........ccooveiiiiiniiiiiiiiiiiiicicccceccces 219

Figure 138 — Comparison of GMNIA results for the RHS 100x50x2.56 —a) M / M, vs. M /
M, diagram —b) N/ Ny vs. M/ Mejy, diagram. ..o 219

Figure 139 — Comparison of GMNIA results for the RHS 150x75x2.54 —a) M / M., vs. M /
M- diagram — b) N/ Ny vs. M/ Mejy, dIagram. .........covveiiuiiniiniiiiiiieiiciccieeeceeeeeee 220

Figure 140 — Comparison of GMNIA results for the RHS 200x100x2.53 —a) M / M, vs. M /
M, diagram —b) N/ Ny vS. M/ My, diagram...........ccoeveviiiiiiiiiiiiiiiiiiicccccece 220

Figure 141 — Comparison of GMNIA results for the RHS 250x125x2.52 —a) M / M, vs. M /
M- diagram — b) N/ Ny vs. M/ Moy, diagram. .........ccocueviiiiiiiiiiiiiiiiicicicccces 220

Figure 142 — GMNIA results for the load case n30 50 —a) Square hollow sections —b)

Rectangular hOIIOW SECLIONS. ......ccvieiiiiiieiieeiee ettt erre et e e e e sev e e s e e e sereeesereeesneeas 221

Figure 143 — GMNIA results for the load case n30 70 —a) Square hollow sections — b)

Rectangular holIOW SECLIONS. ......cc.veiiieciieiiecie ettt sae e e te e e ssbeenseenneas 221

Figure 144 — GMNIA results for the load case n70 50 —a) Square hollow sections — b)

Rectangular hOIIOW SECLIONS. .......cvieiiiiieeiieeie ettt stee e et e e s e e e saree e sereeesnees 221
Figure 145 — Elastic-perfectly plastic with 2% strain hardening adopted material law......... 222
Figure 146 — Assumptions for material behavior. ............cceevvievieiciiecieniecie e, 223
Figure 147 — DIN recommendations for residual Stresses. .........cceevverierrierceenienieeieeeeeeenn 223
Figure 148 — Numerical residual stress assumptions (with 2 elements at the corners).......... 224
Figure 149 — Selection of load cases for N + M, + M. combined situations. ........................ 226
Figure 150 — Strength surface of a rectangular hollow section............cccceeevevecveevreesnveennnnn, 226
Figure 151— Adopted simple Ramberg-Osgood material law for flat regions. ...................... 228
Figure 152— Adopted multi-linear material law for corner regions. .........cc.ceceveeverveneennenne 229

616



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 153 — Comparison of Rggsisr calculations with MNA, EC3 and Matlab tool for the
combined 1oad case: M40 T0. .....ocoeoiiiiieie ettt 231

Figure 154 — Comparison of Rrggist calculations with MNA, EC3 and Matlab software for the
combined 10ad case: NO0 0. .......ccoccvierieiiieeiieieeeeee ettt e e s neas 232

Figure 155 — Comparison of Rrgsist calculations with MNA, EC3 and Matlab software for the
combined 10ad case: N80 70, ......cc.eieeiiiiiiieeiieccee ettt e e e e sere e e araeennae s 232

Figure 156 — Highest disparities likely to occur between the EC3 plastic equations and Matlab
software — Example for RHS 200X 100X4 SECLION. ......eccuvievieciieiieeieeieeniieseve e esiee e enveeneees 236

Figure 157 — Comparison of R, calculations with EC3 and Matlab tool for the combined

load case: @) N0 45, D) NA0 45, ...oioiiiiieeeeeee ettt st et neas 237

Figure 158 — Comparison of R, calculations with EC3 and Matlab software for the

combined 10ad case: N8O 45, ........oooiiiiieieeieeeeee ettt e neas 237

Figure 159 — Comparison of R, calculations with, EC3 and Matlab software for the

combined 10ad case: N20 45, .......oooiieiieiieeieeeee et reeneas 239

Figure 160 - R ! Roryp cursy @raphical representation as a function of sections’

STAB_FINELg

SIENACINESS (CIASS). 1eeiuvreeiiiieiiie et et ettt e et e ete e e stb e e etbeessbaeesebeeesbraeesbseessraesssreensreens 241

Figure 161 — Experimental and numerical test results relative to pure compression load cases,

a) cold-formed cross-sections, b) hot-rolled and hot-formed cross-sections. ........................ 244

Figure 162 — Experimental and numerical test results relative to major-axis bending load

Figure 163 — Experimental and numerical test results relative to combined load cases, a)

cold-formed cross-sections, b) hot-rolled and hot-formed cross-sections. .........c..cccceevuenene 245

Figure 164 — Hot-rolled and cold-formed material laws adopted in numerical computations.

Figure 165 — Numerical results relative to hot-rolled and cold-formed cross-sections subjected

£ COMMPIESSION. .. .vieuteitrieiteeteeteeeeteereesteeseteasseesseeseessseesseesseesseessseasseessesssessseeseesssessseeseesens 248

617



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 166 — Numerical stress-strain results reported with the hot-rolled and cold-formed

MAETIAL JAWS. ..ottt ettt 249
Figure 167 — Numerical stress-strain results reported with the hot-rolled material laws. ..... 250
Figure 168 — Numerical stress-strain results reported with the cold-formed material laws... 250

Figure 169 — FE results for square and rectangular sections under compression, various aspect

218 (0 ST 1o 1o Jo TR 251

Figure 170 — FE results for square and rectangular sections under major axis bending moment,

Various aspPeCt TAtI0S, S355. . ittt sttt ete et e e e b e e eraeerte e saaeseaeens 252

Figure 171 — Comparison of end moments and mid moments of a rectangular hollow section

subjected to combined loading with a high level of axial force [7]. ....cccooveeeeiienieieeen. 253
Figure 172 — Upper and lower bounds of buckling curves. ...........cccceevvevenienenennenieniennn 255
Figure 173 — Schematic representation of the adopted Ayrton-Perry approach. ................... 260

Figure 174 — FE results relative to various cross-section ratios in compression, S235 (both

European and virtual sections are considered in this graph).........ccccceeevvveiecienieniencieeeenen. 262
Figure 175 — Computations relative to hot-rolled sections with #/b=1.1 and #/b=1.8...263

Figure 176 — Ultimate strains reached for all the numerical calculations relative to hot-rolled

CTOSS=SECLIONIS. .uveeeurereereeesereesteeesreeasereeassseessseeassseesssssessseeessseesssssesssesessseeasssessssssessseenssseesseens 264
Figure 177 — Zoomed area of FIUIE 174........oooviiieiiiiiee ettt et 265

Figure 178 — Comparison of the factor #,,p0sa With the numerical values #7gani4 for square

SECLIONS 1N COMPIESSION. ..veeuveerrieiereereestreeteeseesseessreaseesseessseesseesseessseesseessessssesssessseesssesssesssees 265

Figure 179 — All FE results of hot-rolled sections subjected to compression, represented in

function of the Yield StIESS. ...ccuiiiiiiiiee et 266

Figure 180 — Design curves proposals relative to hot-rolled sections in compression a)

without numerical results, b) with numerical results. ..........c.cccooieeiiiiiiiieiieccece e, 267

Figure 181 — FE results relative to various aspect ratios, S235. .....cccoovviiiiiienienieee e 269

618



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 182 — All FE results of cold-formed sections subjected to compression, represented in

function of the Yield StIESS. ...ccuiiiiiiiiee et 271

Figure 183 — FE results of square cross-sections represented in function of the yield stress

(left); zoomed area of results situated between 4., =0.4 and 4., = 0.8 (right)................... 271

Figure 184 — Adopted material laws relative to hot-rolled and cold formed sections. .......... 272

Figure 185 — Proposed design curves for cold-formed sections in compression, 1* approach a)

without numerical results, b) with numerical results. ..........ccoceeveviiiiiiiniieie e, 272
Figure 186 — Normalized strain demand in function of the relative slenderness. .................. 274
Figure 187 — Cross-section capacity as function of the strain demand. ..............cccceevrennnnnen. 275

Figure 188 — Design curves proposals relative to cold-formed sections in compression, ond

approach. a) without numerical results, b) with numerical results............ccccceeeieiieniiennennen. 276

Figure 189 — FE results relative to various cross-section ratios in major-axis bending, S235.

Figure 190 — Extension of numerical results for cross-sections having the following two

aspect 1atios: A/bH =2 and 2.5. ...c.oooiiiieee e 278

Figure 191 — a) FE results of square cross-sections represented in function of the yield stress,
b) All FE results of hot-rolled sections subjected to major-axis bending, represented in

function of the Yield StIESS. ...ccuiiiiiiiiee et 279

Figure 192 — Design curves proposals relative to hot-rolled sections subjected to major-axis

bending a) without numerical results, b) with numerical results. ..........ccoceeverieriiriennenienens 279

Figure 193 — FE results relative to various cross-section ratios subjected to a major-axis

bending moment, S235 (the European and derived sections are considered in this graph)... 281

Figure 194 — Extension of numerical results for cross-sections having the following three

aspect 1atio A/ b =1.5,2 aNd 2.5. ...ccoriiiiieeiee e e s 282

Figure 195 — a) FE results of square cross-sections represented in function of the yield stress
b) All FE results of cold-formed sections subjected to a major-axis bending, represented in

function of the YIEld StIESS. ...ccuiiciiiiiieiieie ettt s ereesraeeabeennees 283

619



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 196 — Design curves proposals relative to cold-formed sections subjected to a pure

major-axis bending moment, 1% apProach. .........ccocovoveveveiiviveieeeeee e 283
Figure 197 — Normalized strain demand in function of the relative slenderness. .................. 285
Figure 198 — Cross-section capacity as function of the strain demand. ...........ccccecevvenennne. 285

Figure 199 — Design curves proposals relative to cold-formed sections in major-axis bending,

2 APPIOACK. ..ottt 286

Figure 200 — Comparison of the relative slenderness of different cross-section with various

aspect ratios subjected to a minor and a major-axis bending moment. ............cccceoerieniennnenn 288

Figure 201 — a) FE results of square cross-sections represented in function of the yield stress,
b) All FE results of hot-rolled sections subjected to a minor-axis bending moment,

represented in function of the yield SIress. ......evviiieerierieeieeiieieee e 289

Figure 202 — Design curve proposal relative to hot-rolled sections subjected to a pure minor-

axis bending a) without numerical results, b) with numerical results. ............cccoeoverernienncene. 289

Figure 203 — Design curves proposals relative to cold-formed sections subjected to a minor-

axis bending, 1* approach (left), 2™ approach (Fight)...........coveeveveeeeeeeeeeeereeeseeeeeseeeeseeeeeean 290

Figure 204 — Numerical results corresponding to cold - formed sections subjected to a minor-

axis bending represented with the proposed approaches, 1% approach (left), 2nd approach

Figure 205 — Numerical results corresponding to cold - formed sections subjected to a minor-

axis bending represented in function of the yield stresses, 1* approach (left), 2nd approach

Figure 206 — R,,,, calculation based on EC3 and exact formulation for a rectangular cross-

section (7/b=1.5) a) 1 VS. My, D) Rypger VS. Ml ccoeuieriiiiiiiceiceieeieeieeie e 293

Figure 207 — R, calculation based on EC3 and exact formulation for a rectangular cross-

section (h/b=1) a) nVS. My, B) Rypger VS. Ml e 294

Figure 208 — Comparison of results computed with Rgrgsist EC3 and Exact Rggsist for square

cross-sections subjected to combined load cases with various degrees of axial forces. ........ 296

620



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 209 — Design curves proposals relative to hot-formed sections subjected to combined

JOAA CASES. .ttt nnnennn 299

Figure 210 — FE results and design curves relative to square cross-sections (h/b=1.0)

subjected to combined loading with various degrees of axial forces. ..........ccccvvvevveerrveennnenn. 300

Figure 211 — FE results and design curves relative to rectangular cross-sections (h/ b= 1.5)

subjected to combined loading with various degrees of axial forces. ..........cceevvevverieeeennnen. 301

Figure 212 — FE results and design curves relative to rectangular cross-sections (h /b= 2.0)

subjected to combined loading with various degrees of axial forces. ..........ccoeevvevierieeernnnen. 302

Figure 213 — FE results and design curves relative to rectangular cross-sections (h /b= 2.5)

subjected to combined loading with various degrees of axial forces. ..........cceevvevverieecennnnen. 303

Figure 214 — FE results of cross-sections represented in function of the yield stress............ 304

Figure 215 — FE results and design curves relative to rectangular cross-sections (h/ b :1.5)

subjected to combined loading with various small degrees of axial forces. .........ccccuvrnneneen. 305

Figure 216 — a) Ultimate strains in function of the relative slenderness for combined load

cases of square cross-sections b) Differences between hot-rolled and cold-formed material

Figure 217 — Design curves proposals relative to cold-formed sections subjected to combined

10ad cases (1% APPIOACH). ....c.vveiveeeeeeeeeeeeeee ettt ensenanas 308

Figure 218 — FE results and design curves relative to square cross-sections (h/bzl.O)

subjected to combined loading with various degrees of axial forces (1% approach).............. 310

Figure 219 — FE results and design curves relative to square cross-sections (h/b=1.5)

subjected to combined loading with various degrees of axial forces (1* approach).............. 311

Figure 220 — FE results and design curves relative to square cross-sections (h/b=2.0)

subjected to combined loading with various degrees of axial forces (1% approach).............. 312

621



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 221 — FE results and design curves relative to square cross-sections (h /b=2.5 )
subjected to combined loading with various degrees of axial forces (1* approach).............. 313

Figure 222 — FE results of cross-sections represented in function of the yield stress (1%

Y 0] 01 (02161 1| FRS SRS PR 314

Figure 223 — Design curves proposals relative to coold-formed sections subjected to

combined load cases (2™ Y0 01 L o] 1 ) RS 318

Figure 224 — FE results and design curves relative to square cross-sections (h/bzl.O)

subjected to combined loading with various degrees of axial forces ™ approach).............. 319

Figure 225 — FE results and design curves relative to square cross-sections (h/b=1.5)

subjected to combined loading with various degrees of axial forces (2nd approach).............. 320

Figure 226 — FE results and design curves relative to square cross-sections (h/b=2.0)

subjected to combined loading with various degrees of axial forces (2" approach).............. 321

Figure 227 — FE results and design curves relative to square cross-sections (h/ b=2.5)
subjected to combined loading with various degrees of axial forces ™ approach).............. 322

Figure 228 — FE results of cross-sections represented in function of the yield stress (2nd

Y 0] 01 (02161 1| FAS RPN 323
Figure 229 — Differences between hot-formed and cold-formed material laws..................... 325

Figure 230 — All cross-sections, Hot-rolled, Pure compression a) Comparison of Proposal and

EC3 results with FEM results b) Frequency distributions (total number of results: 1506). .. 327

Figure 231 — All cross-sections, Cold-formed, First approach, Pure compression a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions(total
NUMDET OF TESUILS: 1482). 1.eviiiiiiiiiii ettt ettt ettt e e e v e e eetee e sateeeeaveeenvnean 327

Figure 232 — All cross-sections, Cold-formed, Second approach, Pure compression a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions(total
NUMDET OF TESUILS: 1482). oviiiiiiieie ettt e e e e s ra e e ebeeestreeeens 327

622



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 233 — Comparison of EC3 results with FEM results for square cross-sections subjected

to major-axis bending a) hot-rolled cross-sections, b) cold-formed cross-sections................ 328

Figure 234 — All cross-sections, Hot-rolled, Major-axis bending a) Comparison of Proposal

and EC3 results with FEM results b) Frequency distributions (total number of results: 1506).

Figure 235 — All cross-sections, Cold-formed, First approach, Major-axis bending a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions(total
NUMDET O TESUILS: 1482). 1.uviiiiiiiiiii ettt ettt et ettt e e eav e e eetee e eaveeeeareeevae s 330

Figure 236 — All cross-sections, Cold-formed, Second approach, Major-axis bending a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions(total
NUMDET OF TESUILS: 1482). oouiiiiiiieiie e et sbe e e etr e e etae e eaes 330

Figure 237 — Comparison of EC3 results with FEM results for square cross-sections subjected

to combined loadings with level of axial load equal to 20% 0f Ny .c.cccvvvvvuivivinininininne. 331

Figure 238 — All cross-sections, Hot-rolled, Combined loading with level of axial load equal
to 20% of N,; a) Comparison of Proposal and EC3 results with FEM results b) Frequency
distributions(total number of results: 5076). .....cceecviiiiiiiiiiiiieciee e 333

Figure 239 — All cross-sections, Cold-formed, First approach, Combined loading with level of
axial load equal to 20% of N,; a) Comparison of Proposal and EC3 results with FEM results
b) Frequency distributions(total number of results: 5850).......cccccvvevrieriieiieriieieeieeieeeene 333

Figure 240 — All cross-sections, Cold-formed, First approach, Combined loading with level of
axial load equal to 20% of N,; a) Comparison of Proposal and EC3 results with FEM results
b) Frequency distributions(total number of results: 5850).......ccccccvvvieriieriienieieeeeeeeee 334

Figure 241 — All cross-sections, Hot-rolled, Combined loading with level of axial load equal
to 60% of N,; a) Comparison of Proposal and EC3 results with FEM results b) Frequency
distributions(total number of results: 5076). .....ccvveevriiieiiiiiiieee e 335

Figure 242 — All cross-sections, Cold-formed, First approach, Combined loading with level of
axial load equal to 60% of N,; a) Comparison of Proposal and EC3 results with FEM results
b) Frequency distributions(total number of results: 5850).......ccccccivviierciieciienierieeeeeee 335

623



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 243 — All cross-sections, Cold-formed, Second approach, Combined loading with level
of axial load equal to 60% of N,; a) Comparison of Proposal and EC3 results with FEM
results b) Frequency distributions(total number of results: 5850). .....ccccveiierieniiniieieeee 336

Figure 244 — European sections, Hot-rolled, Pure compression a) Comparison of Proposal and

EC3 results with FEM results b) Frequency distributions (total number of results: 870). .... 338

Figure 245 — European sections, Hot-rolled, Major-axis bending a) Comparison of Proposal

and EC3 results with FEM results b) Frequency distributions (total number of results: 870).

Figure 246 — European sections, Hot-rolled, Combined loading with level of axial load equal
to 20% of Np; a) Comparison of Proposal and EC3 results with FEM results b) Frequency
distributions (total number of results: 4350). ....ccviiviiiiiiieiiie e 338

Figure 247 — European sections, Hot-rolled, Combined loading with level of axial load equal
to 60% of Ny a) Comparison of Proposal and EC3 results with FEM results b) Frequency
distributions (total number of results: 4350). ....ccviiviiiiiiiiiiie e 339

Figure 248 — European sections, Cold-formed, First approach, Pure compression a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions (total
NUMDET OF TESUILS: 894). .oiiieiiiiiii e et tr e e s be e e abeeeaees 339

Figure 249 — European sections, Cold-formed, First approach, Major-axis bending a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions (total
NUMDET OF TESUILS: 84, ..ottt te e st e s s e e b e essaesaseesseas 339

Figure 250 — European sections, Cold-formed, First approach, Combined loading with level of
axial load equal to 20% of N, a) Comparison of Proposal and EC3 results with FEM results
b) Frequency distributions(total number of results: 3576).......ccccvvvierciieciienieieeieeeeeee 340

Figure 251 — European sections, Cold-formed, First approach, Combined loading with level of
axial load equal to 60% of N, a) Comparison of Proposal and EC3 results with FEM results
b) Frequency distributions (total number of results: 3576)........cccceeeviieviieiriieeniieereeeree e 340

Figure 252 — European sections, Cold-formed, Second approach, Pure compression a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions (total
NUMDET OF TESUILS: 84, ..ottt b e e e e be e seessbeesseenseeas 340

624



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Figures

Figure 253 — European sections, Cold-formed, Second approach, Major-axis bending a)
Comparison of Proposal and EC3 results with FEM results b) Frequency distributions (total
NUMDET OF TESUILS: 894). oo et et ebe e e ta e e eabeeeenaes 341

Figure 254 — European sections, Cold-formed, Second approach, Combined loading with
level of axial load equal to 20% of N,,; a) Comparison of Proposal and EC3 results with FEM
results b) Frequency distributions (total number of results: 3576) ........cccevvevevvinenienennene 341

Figure 255 — European sections, Cold-formed, Second approach, Combined loading with
level of axial load equal to 60% of N,,; a) Comparison of Proposal and EC3 results with FEM
results b) Frequency distributions (total number of results: 3576). ....ccccocvevevecienienireieenen. 341

Figure 256 — FEM and proposal results relative to cold-formed sections subjected to

combined loading (Second approach, S235)......c.ccciiiiriieiieee e 342

Figure 257 — FEM and proposal results relative to hot-rolled sections subjected to combined

10AAINE (S235). 1niiiiieeie ettt ettt e st e et e e et e e be e e e e naeenbeeseesnteenseensaenntennseenrean 343
Figure 258 — Application steps of the proposed OIC design curves. .........ccceeeveevveerrnveenenenn. 345
Figure 259 — Considered CroSs-SECHION. ......cccurrrrieereeerreeeitieesreeetreesreeeereesseeesereesssneessneens 349
Figure 260 — Stress diStribULION. .......ccvevuirierieriiiieniieieneeeseee et 350
Figure 261 — Stress distribution at the plate eXtremities. ........cccveveeeercieeerireenerie e e 351
Figure 262 — Internal compressed elements. .........c.oeveeeeeeeiiierienieeie et 353
Figure 263 — Considered CrOSS-SECHIOMN. ......cccveeriieriierieeieetiereieseeeteeeeeseeeseseenreeseessaesnseensees 356
Figure 264 — Stress diStriDULION. ......ccviieiiiiiiicciee ettt ereeetre e e seaeesraeesenee s 357
Figure 265 — Stress distribution at the plate eXtremities. .........cccceeeeeverierieiee e 358

Figure 266 — Representation of various degrees of biaxialiy for both a square cross-section

and a rectangular CrOSS-SECHION. ....ccuieciieriieriierieiteeieeeteeteeteesteeseeeeseeseessaeseseesseessesssesssens 367
Figure 267 — Test setup and coupons before failure ...........ccceeveveeveieincie e, 382
Figure 268 — General view of the coupons before testing...........cceeeverierierceerieieeie e 382
Figure 269 — Curvature due to flexural stresses included in the cold formed profiles .......... 383




New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Liste of Figures
Figure 270 — Coupons extracted from square and rectangular sections before testing.......... 383
Figure 271 — Coupons extracted from square and rectangular sections after testing............. 383

Figure 272 — Measured membrane (right column) and flexural (left column) residual stresses

OF SQUATE SECTIOMNS ....eviiiiiieiiciiecte ettt ettt et e e te et e s e e eebeeseessaeesseesseesssessseensaesssesnsennsens 385

Figure 273 — Measured membrane (right column) and flexural (left column) residual stresses

OF TECtANGUIAT SECTIOMNS ... .vieiieiieciieieeete ettt e et e e beessaesnbeenbaeseeenseenseenseas 386

Figure 274 — Measured membrane (right column) and flexural (left column) residual stresses

OF CITCULAT SECTIONS .eeeiiieieeeeee ettt e e e e e ettt eeeeeeee e e e et eeeeeeeseaeraaaeeeeeesseasssaaaaeeeesenaas 387
Figure 275 — Strip Marking ........cceeiiieiieiieiie ettt e sete et ettt eeneeeneeas 388

Figure 276 — Cutting the space reserved for residual stresses and containing the marked strips,

after measuring initial lengths and curvatures of the corresponding Strips...........cccccveeeveeneen. 389

Figure 277 — Cutting of the constitutive plates (for circular profiles no need to pass through

this phase because direct cutting of the strips is applied) .......cccccveeevieeeiiieincieceee e, 389

Figure 278 — Cutting of each strip corresponding to each section, and measurement of the

final lengths and CUIVALUTIES. .........ccoiuiiiiriiiieiee et 391
Figure 279 — General view of the sections’ strips all together...........cccoeeveveiivienieiieeieeen. 393

Figure 280 — General view of the set up with the bar containing the LVDTS for the

IMPErfections MEASUTEINIEIILS .........eeveertrerieeereerteertesteesseesaesseeseesseessseeseesseesssessseesseesssenses 395

626



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Tables

Liste of Tables

Table 1 — Source of k values plotted in Figure 9. .........ccccoovvvivciieiiiie et 39
Table 2 — Studied elements and load cONdItioNS. .......c..cecvererieriiniiiiinieereceeeeeeeeeene 63
Table 3 — Format of local buckling rules. ..........ccoccveeeiierieiiieiieieeee et 64
Table 4 — Conversion faCtOrS. .......ccceviiriiriiiiinieeece ettt s 65
Table 5 — Definition of width of plate elements in selected design specifications. ................. 65
Table 6 — Denomination of cross-section classes in each specification............c.cccceeeevveirennnn. 68
Table 7 — Numerical comparison of local buckling rules (case 1, 2, 3, and 5).....ccccccevvvennennns 72
Table 8 — Determination of the plate buckling coefficient for particular cases. ...................... 78
Table 9 — A, values relative to the class 3-4 bOrder. ..........ccooieiiiiin 79
Table 10 — Comparison of b/t ratios with relative plate slenderness values A4, . .......c..ccoc..e. 80

Table 11 — Application of table 5.2 of EN 1933-1-1 for two dissymmetric sections subjected
to a major-axis bending with different web thicknesses (highlighted in red). ........c..cccceeee. 84

Table 12 — Application of table 5.2 of EN 1933-1-1 for three dissymmetric sections subjected

t0 @ MAJOT-aXIS DENAINE. ..veeeeieiieiieiie ettt eete et ete et ettt e st e e seesseesseessseenseesseesssennsaens 86

Table 13 — Application of table 5.2 of EN 1933-1-1 for 5 dissymmetric sections subjected to a

MAJOT-AXIS DETIAINE. ...e.eeeeiiieiieie ettt et et e et et e e te et e e st e saeeeneeenseeeseeenseeneeseens 88
Table 14 — Test program for cross-sectional teStS. .........cverierieriireriierierie e 115
Table 15 — Main and sub-sources of Type I residual Stresses. ........ccvevvereerirerrieneenieeveennenn 122
Table 16 — Residual stresses measuring teChNiqUES. ........cocveeeeerieeriienieeie et 125
Table 17 — Percentage of non-equilibrated StreSSes. ......c.evevieriierieeiieiierieeie et 142
Table 18 — Measured properties and ultimate loads of stub columns. ..........cccceceevirienirnene. 149
Table 19 — Comparison of numerical and experimental ultimate loads.............ccccevereernnen. 160

627



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Liste of Tables
Table 20 — Summary of the gathered test data. ..........cccccveeeeiiiiiciieiciiece e, 169
Table 21 — Comparison of numerical and experimental ultimate loads.............cccceveereernen. 183
Table 22 — Test program for cross-section teStS [7]. ...eeeveereerieriirerrierieeieeeesee e ereeseee e 186
Table 23 — Measured cross-sectional dimensions [7]. ....ccceceveeevvveercieeerieesrieeee e ssvee e 188
Table 24 — Measured material properties [7]. ..oooeeeereerierierie ettt 189
Table 25 — Comparison of experimental and numerical ultimate loads...........ccccecevvereennene. 190

Table 26 — Comparison of experimental ultimate load factor with ultimate load factors of

cold-formed sections according to the different imperfections adopted. ...........ccccevvereeennnen. 201

Table 27 — Comparison of experimental ultimate load factor with ultimate load factors of hot-

finished sections according to the different imperfections adopted. ........c.cccoveevverveicreeneennen. 202

Table 28 — Comparison of experimental ultimate load factor with ultimate load factors of

cold-formed stub columns according to the different imperfections adopted........................ 203

Table 29 — Comparison of experimental ultimate load factor with ultimate load factors of hot-

finished stub columns according to the different imperfections adopted.............cccevvenenneee. 203
Table 30 — Adopted combined load cases for European sections. .........cccccveeveveeeviveesinveennnennn 227
Table 31 — Adopted combined load cases for invented SECtions..........cccecvereererieerierveeeeenen. 227

Table 32 — Comparisons of Ryqe pes and Rypger yna With R, load cases: n40_70,

ESIST _Matlab »

NO0 70, N8O 70 ..cuiiieieiieieeie ettt ettt ettt ettt e et et e e st et e e st e teentebeeseenteenaenteeneenseeneens 233
Table 33 — Illustrated errors with area consideration in the Eurocode 3.........cccovvvevveeeiiiiiil. 234

Table 34— Comparisons of Ry.qe pe;With R load cases: n0_45, n40_45 and

RESIST _Matlab »

D80 45, oo e e e e oo e e e ee e e e s e eeee s eeeeseeend 238

Table 35 — Comparisons of Ryyger pes With Rppgor yana . 10ad case: 120 45, 239

Table 36 — Ryyyp g VS Ropus cursy tabulated values for calculated sections under combined

JOAA CASE. ettt aes e nnnnnnnnnnnennnnnnnnnnnn 241

628



New Design Method For The Cross-Section Resistance
Of Steel Hollow Sections Liste of Tables

Table 37 — Design curves for the case of hot-rolled hollow sections in compression. .......... 268

Table 38 — Design curves for the case of cold-formed hollow sections in compression

(1% APPIOACK). ..ottt s st ennenaenas 273

Table 39 — Design curves for the case of cold-formed hollow sections in compression (2™

apProach fOor A x> A) ). covviiiiiii 276

Table 40 — Design curves for the case of hot-formed hollow sections subjected to a major-axis

DENAING MOIMENL. ...c..viiiiiiieiiecite ettt et e st eesbeeetbeessbaeeseseesssseesssaeessseesssseessseeesssesnsnes 280

Table 41 — Design curves for the case of cold-formed hollow sections subjected to a major-

axis bending (1% aPPrOACK). .........oovovueveveeeeeereeeeee e esnesaenas 284

Table 42 — Design curves for the case of cold-formed hollow sections subjected to a major-

axis bending, (2™ approach for Aug > Ay ) evveerveereeereeeeeieeeeeeeeeeeeeeeeeeeseeeeeee e 287

Table 43 — Design curve for the case of hot-rolled hollow sections subjected to a minor-axis

L0731 11 =TSP 290

Table 44 — Design curves for the case of cold-formed hollow sections subjected to a minor-

axis bending, 1% aPPIOACK. .........c.o.oviuivieeeeeeeeee et enneseenas 291

Table 45 — Design curves for the case of cold-formed hollow sections subjected to a minor-

axis bending, (2™ approach for Aug > Ay ) evveerveereeereieeeeeeeeeeeeeeeeeeeeeeseeeeeee e 291

Table 46 — Design curves proposals relative to hot-rolled sections subjected to combined load

Table 47 — Design curves proposals relative to cold-formed sections subjected to combined

10ad cases (1% APPIOACH). ....c.vveivveeeeeeeeceeeee ettt eneseneenas 309

Table 48 — Design curves proposals relative to cold-formed sections subjected to combined

10ad €aSeS (2% APPIOACH). .....vveeeeeeeeeceeee ettt 317
Table 49 — Comparison between FEM, EC3 and proposal results for all treated load cases. 324
Table 50 — Proposed OIC design curves for simple load cases. ........c.cceceverieneriencnienene. 346

Table 51 — Proposed OIC design curves for combined load cases. .........ccoceevveverienereennenne. 347

629



New Design Method For The Cross-Section Resistance

Of Steel Hollow Sections Liste of Tables
Table 52 — Cross-section properties (SHS). ....oooviiiriiiiiiee et 349
Table 53 — Cross-section properties (RHS).......ccoooiiiiiiiiiee e 356
Table 54 — Measured geometrical dimMENSIONS ..........ccvveevieeiieciieiieieeete e e eieesee e eveeeees 377
Table 55 — Measured material ProPeItieS......cuierveeerrveerereeerrieerieerreeereesreeeereesreesssreessenes 379

630



