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Abstract

European standards relating to design rules and recommendations for steel structures
have been under revision in recent years due to the increased availability of high-strength
steels. The use of such steels has increased steadily over the last few decades because they
allow for more light-weighted solutions than conventional steels. However, the material
reduction inherent to such solutions increases structural slenderness, which in turn has
implications for the bearing capacity of the designed structure. Flexural buckling is a
major problem that must be addressed when designing steel structures in order to ensure
an economic design. In Europe, the design flexural buckling resistance of a steel member
is calculated using an equivalent imperfection factor based on the section type, fabrication
method, and steel grade.

The European design standards contain guidelines for selecting imperfection factors
for structural elements made from steels with nominal yield strengths of up to 700 MPa.
However, current design codes are mainly based on tests performed on steels with nominal
yield strengths below 460 MPa. As higher steel grades become available, updated design
rules are needed to enable the creation of safe and economical designs in accordance with
European targets. The design standards in force in Europe and the USA do not provide
additional rules for steels with nominal yield strengths above 700 MPa. Therefore, the
applicability of current design rules to higher steel grades should be assessed to support
the ongoing development of new design standards in Europe.

The thesis addresses the problem of flexural column buckling in welded sections, with
the aim of developing a general design model applicable to weak axis flexural buckling
of welded sections. The study’s background, aims, and limitations are introduced in the
first chapter.

The second chapter presents a literature review that analyses and discusses the limi-
tations and implications of existing design models. It also summarises experimental data
from the existing literature indicating the need for a new model. The literature review
revealed that researchers generally agree that current European buckling curves are too
conservative and that changes can be justified for welded and cold-formed high-strength
steel columns. Additionally, the American standard was found to be applicable to all
high-strength steel columns without any changes.

The third chapter presents a statistical analysis that compares experimentally deter-
mined resistances to resistances calculated using European and American design stan-
dards for mild and high-strength steels. This analysis showed that higher steel grades
are penalised more than lower ones, and that the severity of the penalty increases with
grade. This effect will become increasingly relevant as higher steel grades become avail-
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able and more widely used in practice. Furthermore, considerable scatter was observed
in the slenderness range 0.4 to 1.2 where the influence of the residual stresses on the
compressive resistance is greatest. It was therefore hypothesised that residual stresses
resulting from welding and cold-forming are not proportional to the yield strength. The
analysis also revealed a lack of experimental data on welded I/H-sections with nominal
yield strengths above 700 MPa that are subject to weak axis flexural buckling.

The posed hypothesis was verified by compressive testing of seven welded high-
strength H-sections manufactured with S960 (Strenx R© 960) steel. This experimental
work is described in the fourth chapter. The manufactured specimens were tested to
address the lack of experimental data on weak axis flexural buckling for sections of in-
termediate slenderness (0.6 to 1.2). Additionally, welded H-sections are known to be
more sensitive to residual stresses than (for example) hollow sections, which amplifies
the influence of differences in the residual stress to yield strength ratio. For comparative
purposes, four equivalent S355 welded columns were also tested. Material tests, imperfec-
tion measurements, and residual stress measurements were also performed. The residual
stress measurements confirmed that the residual stresses do not increase in proportion to
the yield strength. Furthermore, it was found that the design standards underestimated
the compressive resistance of the high-strength steel columns while overestimating that
of the mild-strength steel columns when characteristic values were used.

A holistic design method was proposed to predict the flexural buckling resistance
over the weak axis for the tested columns. The design model proposed herein is based
on the Ayrton-Perry model, to which a reduction factor is applied as a function of the
local and global slenderness. The resistances calculated using the proposed model were
compared to previously reported empirical resistance measurements obtained by testing
welded high-strength steel columns. The proposed model gave lower scatter and achieved
better overall agreement with experiment than earlier models.

In the fifth chapter, a residual stress model for finite element modeling was proposed
and validated by performing a series of finite element analysis. The proposed residual
stress model assumes that the longitudinal residual stresses around the weld do not
exceed a tensile stress value equal to the lower of the yield strength of the steel and
420 MPa. The proposed residual stress magnitudes were defined based on measurements
that were collected from the literature and reconfirmed by empirical testing. The finite
element analysis results exhibited good overall agreement with the experimental data for
the S960 columns.

The final chapter summarises the contents of the thesis and answers the research
questions posed in the first chapter. The main conclusions are discussed and some rec-
ommendations for future research are offered.
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Sammanfattning

De europeiska konstruktionsstandarderna, eurokoderna, har tagits fram av det europeiska
standardiseringsorganet CEN (Centre Européen de Normalisation) p̊a uppdrag av EU-
kommissionen. Sedan 2011 utgör eurokoderna, tillsammans med Boverkets EKS, Bover-
kets föreskrifter och allmänna r̊ad om bärförmåga, stadga och beständighet för bärande
konstruktioner. Eurokoderna utgör ett system av standarder för dimensionering av
bärande konstruktioner. Systemet är uppbyggt p̊a s̊a sätt att i den första standarden i
systemet, EN 1990 Grundläggande dimensioneringsregler, ges grundläggande principer
för dimensionering av bärförmåga, stadga och beständighet. Regler om laster finns i EN
1991. I EN 1992 – 1997 och i EN 1999 finns dimensioneringsregler för de huvudsakliga
konstruktionsmaterialen. EN 1993 (Eurokod 3) behandlar st̊alkonstruktioner och omfat-
tar totalt tjugo enskilda delstandarder. Generellt gäller att de delstandarder som ing̊ar
i EN 1993 kan tillämpas för st̊alsorter upp till S460. En del, EN 1993-1-12, ger dock
tilläggsregler för st̊alsorter över S460 upp till S700.

Samtliga eurokoder är för närvarande under revidering. I samband med denna revider-
ingsprocess har beslut tagits att tilläggsreglerna i nuvarande EN 1993-1-12 ska integreras
i de övriga delarna av EN 1993. Detta gör att de kan tillämpas för st̊alsorter upp till
S700, och en ny EN 1993-1-12 med tilläggsregler för st̊alsorter över S700 upp till S960
ska utvecklas. Ett skäl till detta beslut är att stödja det ökade intresset för tillämpning
av högh̊allfast st̊al i bärande konstruktioner som har kunnat noterats under senare år.
Tillämpning av högh̊allfast st̊al leder till mindre material̊atg̊ang och lättare konstruk-
tioner än för motsvarande konstruktioner i konventionellt st̊al. Som en följd av detta kan
komponenter göras slankare, vilket kan p̊averka komponenternas beteende p̊a ett sätt
som behövs tas hänsyn till vid verifiering av dess bärförmåga. I detta sammanhang är
böjknäckning en av de största utmaningarna som st̊alkonstruktioner st̊ar inför för att
säkerställa en ekonomisk design.

I Eurokod 3 tillämpas en reduktionsfaktor för beräkning av en st̊alpelares bärförmåga
vid böjknäckning baserad p̊a pelarens globala slankhet, tvärsnittstyp, tillverkningsmetod
och st̊alsort. Inräknat tilläggsreglerna i EN 1993-1-12 inneh̊aller Eurokod 3 regler för
beräkning av reduktionsfaktorer för st̊alstänger med karakteristisk sträckgräns upp till
700 MPa. Detsamma gäller för motsvarande dimensioneringsregler som tillämpas i USA.
De nuvarande dimensioneringsreglerna är emellertid huvudsakligen baserade p̊a försök
som utförts p̊a st̊al med en sträckgräns understigande 460 MPa. Eftersom st̊al med
högre h̊allfastheter oftare används p̊a grund av deras ökade globala tillgänglighet och en
ny EN 1993-1-12 med tilläggsregler upp till S960 är under utveckling måste de nuvarande
dimensioneringsreglerna revideras och valideras med hänsyn till detta.
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Denna avhandling fokuserar p̊a bärförmågan för böjknäckning i vek riktning för svet-
sade st̊alpelare med I-tvärsnitt i högh̊allfast st̊al i syfte att föresl̊a en generell dimen-
sioneringsmodell som kan tillämpas p̊a pelare i b̊ade normalh̊allfast och högh̊allfast st̊al.
Studiens bakgrund, syfte och begränsningar beskrivs i det första kapitlet.

I det andra kapitlet presenteras en litteraturöversikt där begränsningarna och kon-
sekvenserna av de befintliga dimensioneringsmodellerna analyseras och diskuteras. Ex-
perimentella data har samlats in fr̊an tillgänglig litteratur för att identifiera behovet
av en ny beräkningsmodell. Litteraturöversikten visar att en allmän överenskommelse
finns mellan forskare om att de europeiska böjknäckningskurvorna är mer konservativa för
pelare tillverkade av högh̊allfast st̊al än för pelare tillverkade av allmänt konstruktionsst̊al
och att en revidering är motiverad för svetsade och kallformade st̊alpelare. Det konstat-
eras även att den amerikanska standarden AISC 360 inte är lika konservativ som den
europeiska standarden när det gäller böjknäckning i vek riktning för pelare i högh̊allfast
st̊al. Till skillnad fr̊an den europeiska standarden tillämpar den amerikanska standar-
den emellertid en reduktionsfaktor som minskar den till̊atna bärförmågan med 10 %.
Baserat p̊a försöksresultaten föresl̊as en reviderad reduktionsfaktor p̊a den amerikanska
standarden som bör appliceras p̊a normalkraftsbelastade pelare i högh̊allfast st̊al.

I det tredje kapitlet redovisas en statistisk analys där den experimentellt bestämda
bärförm̊agan jämförs med beräknad bärförm̊aga enligt de europeiska och amerikanska
standarderna för profiler tillverkade av olika st̊alsorter med nominell sträckgräns upp
till 960 MPa. Den statistiska analysen visar att st̊alsorter med högre h̊allfastheter
straffas mer med ökande h̊allfasthet. Denna effekt blir mer relevant eftersom högre
h̊allfastheter allt oftare används i praktiken. Vidare kan man observera en stor datasprid-
ning i det globala slankhetsintervall 0,4 till 1,2 där p̊averkan av egenspänningarna p̊a
bärförm̊agan för böjknäckning är som störst. Denna observation ledde till en hypotes om
att egenspänningarna orsakade av svetsning och kallformning inte ökar proportionellt mot
sträckgränsen. Analysen visar p̊a en brist p̊a experimentella data för svetsade I/H-profiler
med nominella sträckgränser över 700 MPa utsatt för böjknäckning i vek riktning.

Hypotesen om egenspänningarnas inverkan p̊a bärförmågan verifierades genom provn-
ing av sju svetsade H-profiler tillverkade i S960 (Strenx R© 960). Den experimentella un-
dersökningen redovisas i kapitel 4. De tillverkade provkropparna syftade till att fylla
h̊alrummet i experimentella data för böjknäckning i vek riktning i det slankhetsintervall
fr̊an 0,6 till 1,2 där egenspänningarna har störst inverkan p̊a bärförmågan. Dessutom är
svetsade I/H-profiler kända för att vara mer känsliga för egenspänningar än till exem-
pel rörprofiler. Som jämförelse provades även fyra ekvivalenta S355 svetsade H-profiler.
Även materialprovningar samt mätningar av initialimperfektioner och egenspänningar
har utförts. Egenspänningsmätningarna bekräftade att tryckegenspänningarna i längdled
orsakade av svetsning inte ökar proportionellt mot st̊alets sträckgräns. Vidare konstater-
ades att de nuvarande dimensioneringsreglerna underskattar bärförmågan vid knäckning
för pelare i högh̊allfast st̊al medan de överskattar bärförmågan för pelare tillverkade av
st̊al med normal h̊allfasthet.

En holistisk metod föresl̊as för att förutsäga bärförm̊agan för knäckning i vek riktning
för de provade pelarna. Den föreslagna dimensioneringsmetoden är baserad p̊a Ayrton-
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Perry-modellen till vilken en reduktionsfaktor tillämpas som en funktion av den lokala
och globala slankheten. Bärförmågan som beräknas med den föreslagna modellen har
även jämförts med den experimentellt bestämda bärförmågan för svetsade högh̊allfasta
st̊alpelare som samlats in fr̊an litteraturen.

I det femte kapitlet föresl̊as en modell för egenspänningar som kan användas för FE-
modellering. I den föreslagna egenspänningsmodellen antas att de längsg̊aende egen-
spänningarna runt svetsen inte överskrider ett dragspänningsvärde, vilket är det minsta
av st̊alets sträckgräns kontra 420 MPa. Den föreslagna storleken p̊a egenspänningar
baseras p̊a mätningar som samlats in fr̊an litteratur och bekräftats genom experimentella
data. Resultaten som erh̊allits fr̊an FE-analyser med denna egenspänningsmodell visar
p̊a god överensstämmelse med provningsresultaten för S960-pelarna.

Det sista kapitlet inneh̊aller en sammanfattning av avhandlingen och besvarar forskn-
ingsfr̊agorna. De viktigaste slutsatserna diskuteras och rekommendationer för framtida
forskning föresl̊as.
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Rezumat

Standardele europene de proiectare - codurile europene, au fost elaborate de organismul
european de standardizare CEN (Center Européen de Normalisation) ı̂n numele Comisiei
Europene. Începând cu 2011, Eurocodurile, respectiv standardul suedez EKS elaborat de
Consiliul Nat, ional de Locuint,e, Construct, ie s, i Planificare, au constituit reglementările
impuse de statul suedez s, i sfaturile generale privind capacitatea portantă, clasele de
sigurant, ă s, i durabilitatea structurilor portante. Eurocodurile constituie un sistem de
standarde pentru proiectarea structurilor portante. Sistemul este structurat astfel ı̂ncât
ı̂n primul standard al sistemului, EN 1990 se regăsesc reguli de dimensionare, principii
de bază pentru dimensionarea capacităt, ii portante, statutul s, i durabilitatea elementelor
proiectate, iar normele privind ı̂ncărcările sunt definite ı̂n EN 1991. EN 1992 - 1997 s, i EN
1999 cont, in reguli de proiectare pentru principalele materiale de construct, ii. EN 1993
(Eurocodul 3) tratează structurile din ot,el s, i cuprinde un număr de douăzeci de sub-
standarde individuale. Sub-standardele incluse ı̂n EN 1993 pot fi aplicate pentru clasele
de ot,el până la S460, iar sub-standardul EN 1993-1-12 furnizează reguli suplimentare
pentru clasele de ot,el peste S460 până la S700.

În prezent, Eurocodurile parcurg o etapă de revizuire. Pe baza procesului de revizuire,
s-a decis ca normele suplimentare din actualul EN 1993-1-12 să fie integrate ı̂n celelalte
părt, i ale EN 1993, ceea ce presupune că acestea pot fi aplicate calităt, ilor de ot,el până la
S700, iar un nou EN 1993-1-12 cuprinzând reguli suplimentare pentru grade de ot,el peste
S700 până la S960 va fi dezvoltat. Un motiv al acestei decizii este de a sprijini interesul
crescut pentru aplicarea ot,elurilor de ı̂naltă rezistent, ă ı̂n structurile portante, care s-au
remarcat ı̂n ultimii ani. Utilizarea ot,elului de ı̂naltă rezistent, ă permite utilizarea unor
solut, ii structurale mai us,oare comparativ cu structurile convent, ionale de ot,el. Drept ur-
mare, componentele pot fi făcute mai subt, iri, mai zvelte, ceea ce poate afecta stabilitatea
lor. În acest context, flambajul prin ı̂ncovoiere devine una dintre provocările principale
ale structurilor de ot,el pentru a asigura un design economic.

Calcularea rezistent,ei la flambaj prin ı̂ncovoiere a unui stâlp de ot,el conform Euroco-
dului 3 presupune utilizarea unor factori de reducere a rezistent,ei la flambaj pe baza
zveltet,ei globale, tipului de sect, iune transversală, metodei de fabricat, ie a stâlpului s, i
tipului de ot,el constituent. În regulile suplimentare din EN 1993-1-12 nu sunt prevăzute
condit, ii speciale pentru calcularea factorilor de reducere la flambaj a barelor de ot,el cu
limită de curgere de până la 700 MPa. Nici standardul american echivalent Eurocodului
nu recomandă aplicarea de reguli de dimensionare diferite la flambaj a barelor de ot,el cu
limită de curgere de până la 700 MPa. Cu toate acestea, normele actuale de dimensionare
se bazează ı̂n principal pe teste efectuate pe ot,eluri cu o rezistent, ă la curgere de până
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la 460 MPa. Întrucât ot,elurile de ı̂naltă rezistent, ă sunt tot mai des utilizate ı̂n practică
datorită disponibilităt, ii lor globale crescute s, i, totodată, o nouă versiune a normei EN
1993-1-12 cu reguli suplimentare până la S960 este ı̂n curs de dezvoltare, normele actuale
de dimensionare trebuie revizuite s, i validate ı̂n consecint, ă.

Această lucrare tratează capacitatea portantă a barelor de ot,el sudate supuse la com-
presiune centrica. Scopul lucrării este de a propune un model de dimensionare general
care poate fi aplicat la proiectarea stâlpilor fabricat, i din ot,el convent, ional, cât s, i de ı̂naltă
rezistent, ă. Istoricul, scopul s, i limitările studiului sunt explicate ı̂n primul capitol.

Al doilea capitol prezintă studiul literaturii ı̂n care sunt analizate s, i discutate limitele
s, i consecint,ele modelelor de proiectare existente. Date experimentale au fost colectate
din literatura de specialitate disponibilă pentru a identifica nevoia unui nou model de
calcul. Studiul dezvăluie existent,a unui acord general ı̂ntre cercetători potrivit căruia
curbele europene de flambaj prin ı̂ncovoiere sunt mai conservative pentru stâlpii de ot,el de
ı̂naltă rezistent, ă decât pentru cei fabricat, i din ot,eluri convent, ionale s, i că o revizuire este
justificată pentru stâlpii de ot,el sudat, i s, i format, i la rece. De asemenea, se ment, ionează
că standardul american AISC 360 nu este la fel de conservativ ca standardul european ı̂n
privint,a flambajului. Cu toate acestea, spre deosebire de standardul european, standardul
american aplică un factor de reducere care reduce fort,a de proiectare admisibilă cu 10%
relativ la valoarea de calcul. Pe baza rezultatelor testelor, se propune un factor de
reducere revizuit care poate fi aplicat la calcularea rezistent,ei stâlpilor de ot,el de ı̂naltă
rezistent, ă ı̂n standardul american.

Al treilea capitol prezintă o analiză statistică prin care rezistent,a la compresiune
determinată experimental este comparată cu cea calculată conform standardelor europene
s, i americane pentru profiluri din diferite tipuri de ot,el cu limite de curgere nominale de
până la 960 MPa. Analiza statistică arată că ot,elurile de ı̂naltă rezistent, ă sunt penalizate
mai mult pe măsura cresterii rezistent,ei. Acest efect devine din ce ı̂n ce mai relevant,
ı̂ntrucât ot,elurile de ı̂naltă rezistent, ă sunt tot mai des utilizate ı̂n practică. Mai mult, se
poate observa o dispersie ridicată a rezultatelor experimentale ı̂n intervalul de zveltet,e
globală de la 0,4 la 1,2, unde influent,a eforturilor reziduale, normale asupra capacităt, ii
portante la flambaj prin ı̂ncovoiere este cea mai pronunt,ată. Această observat, ie a dus
la conturarea ipotezei conform căreia eforturile reziduale normale induse de sudarea s, i
formarea la rece nu cresc proport, ional cu limita de curgere a ot,elurilor. Analiza arată o
lipsă de date experimentale pentru profilele I/H sudate, alcătuite din ot,eluri cu limite de
curgere de peste 700 MPa , supuse la compresiune.

Influent,a eforturilor reziduale asupra capacităt, ii portante a fost verificată prin testarea
a s,apte profile H sudate fabricate din ot,el structural S960 (Strenx R© 960). Studiul experi-
mental este prezentat ı̂n capitolul 4. Specimenele au fost proiectate cu scopul de a acoperi
lipsa datelor experimentale pentru stâlpii solicitat, i la compresiune centrică cu zveltet,ea
de la 0,6 la 1,2, unde eforturile reziduale au cel mai mare impact asupra capacităt, ii por-
tante. În plus, profilurile de I/H sudate sunt cunoscute ca fiind mai sensibile la eforturile
reziduale decât, de exemplu, profilele de tip t,eavă. Prin comparat, ie, au fost testate s, i
patru profile echivalente H sudate din S355. Au fost, de asemenea, efectuate teste ale
materialelor utilizate, precum s, i măsurători ale imperfect, iunilor init, iale s, i ale eforturilor
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reziduale. Măsurătorile eforturilor reziduale au confirmat că eforturile de compresiune
normale induse prin sudare nu cresc proport, ional cu rezistent,a la curgere a ot,elurilor.
Mai mult, s-a constatat că normele actuale de proiectare subestimează capacitatea por-
tantă la flambaj prin ı̂ncovoiere a stâlpilor de ot,el de ı̂naltă rezistent, ă, ı̂n timp ce o
supraestimează pe cea a stâlpilor de ot,el convent, ional. O metodă holistică este propusă
pentru a prezice capacitatea portantă la compresiune centrică a stâlpilor testat, i. Metoda
de dimensionare propusă se bazează pe modelul Ayrton-Perry, căruia i se aplică un factor
de reducere ı̂n funct, ie de zveltet,ea locală s, i globală. Capacitatea portantă calculată cu
modelul propus a fost, de asemenea, comparată cu rezistent,ele determinate experimental
ale stâlpilor de ot,el de ı̂naltă rezistent, ă sudat, i, colectate din literatura de specialitate.

Al cincilea capitol propune un model pentru definirea eforturilor reziduale normale
care poate fi utilizat pentru modelarea cu elemente finite. În modelul propus se pre-
supune că eforturile reziduale normale din jurul sudurii nu depăs,esc un efort de tensiune
normală care corespunde cu cea mai mică valoare dintre rezistent,a la curgere a ot,elului
s, i 420 MPa. Valoarea efortului normal de ı̂ntindere propus se bazează pe măsurători
colectate din literatură s, i confirmate de datele experimentale. Rezultatele obt, inute din
analizele cu elemente finite, folosind acest model de eforturi reziduale, arată un bun acord
cu rezultatele testelor pe stâlpii din S960.

Ultimul capitol cont, ine rezumatul tezei s, i răspunde la ı̂ntrebările de cercetare. Prin-
cipalele concluzii sunt discutate s, i sunt propuse recomandări pentru cercetările viitoare.
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Symbols and Abbreviations

Abbreviations

AISC = American Institute of Steel Constructions;
CF = cold-formed;

CRC = Column Research Council;
CSA = Canadian Standards Association;
DIC = digital image correlation;
HF = hot-finished;

ECCS = European Convention for Constructional Steelworks;
FE = finite element;

FEM = finite element method;
GMAW = gas metal arc welding;

HAZ = heat affected zone;
HSC = high-strength concrecte;
HSS = high-strength steel;

JS = Jönsson and Stan;
KDE = kernel density estimate;

KS = Kövesdi and Somodi;
LPF = load proportionality factor;

LVDT = linear variable differential transformer;
MSS = mild-strength steel;
PDF = probability density functions;
RHS = rectangular hollow sections;
SHS = square hollow sections;

SSRC = Structural Stability Research Council;
VHSS = very high-strength steel, and
WPS = welding procedure specifications.
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Greek Letters

α = global imperfection factor;
αf, αw = compressive residual stress amplitude coefficients for the flange and web

respectively;
βf, βw = tensile residual stress amplitude coefficients for the flange and web re-

spectively;
χ = reduction factor;

∆ri = imperfection shape function for the position vector ri;
∆sf,i = sum of the out-of-squarenes and out-of-straigthness imperfection of the

flange for a cross-section at the measuring point i (mm);
η = global imperfection factor;
ε = strain;
εc = strain coefficient;
εsh = strain at the end of the yield plateau and start of the strain hardening

region;
εtrue = true strain;
εu = strain at ultimate strength;
εy = strain at the beginning of the yield plateau;
λ = slenderness;
λf = flange slenderness;
λw = web slenderness;

λ = non-dimensional slenderness;

λf = non-dimensional flange slenderness;

λw = non-dimensional web slenderness;

λy = non-dimensional global slenderness over the y-axis;

λz = non-dimensional global slenderness over the z-axis;

λ = non-dimensional slenderness;
ν = lateral displacement of a given column at mid-height (mm) and also

the Poisson coefficient taken as 0.3 in Eq. (4.6) and Eq. (4.7);
ν0 = initial out-of-straightness of a given column at mid-height (mm);
νeq = estimate equivalent imperfection of column at mid-height based on the

Soutwhell plot method (mm);
φ, φJS,

φRS

= helping values to determine the reduction factors χ, χJS and χKS re-
spectively;

φc = resistance factor for compression;
φ′c = proposed resistance factor for compression;
σ = normal stress (MPa);
σc = allowable maximum design stress (MPa);
σcr = critical compressive stress (MPa);
σcr,g = critical average compressive stress leading to a global buckling mode

(MPa);
σcr,l = critical compressive stress leading to a local buckling mode (MPa);
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σE = elastic critical stress (MPa);
σfc = compressive residual stress located in the flange (MPa);
σft = tensile residual stress located in the flange (MPa);

σmax = maximum stress value in the cross-section under a given load (MPa);
σRS = residual longitudinal stress (MPa);
σtrue = true stress (MPa);
σwc = compressive residual stress located in the web (MPa), and
σwt = tensile residual stress located in the web (MPa).

Roman Letters

A = gross cross-sectional area (mm2);
Af, Aw = area of the flanges and of the web respectively (mm);

B = cross-section width (mm);
C = constant quantity with the dimension of force multiplied by the length;
E = elastic modulus (GPa);
Ek = average value of the elastic modulus determined through coupon tests

(GPa);
En = 210 GPa, nominal value of the steel elastic modulus equal to (GPa);
H = cross-section height (mm);

I, Iy, Iz = gross cross-section second moment of area around y- and z-axis respec-
tively (mm4);

L = column length (mm);
Lcr = critical column length (mm);
Ldiv = initial geometrical imperfection factor;
Lo = original gauge length (mm);
N = axial load (kN);

Nexp = maximum load determined through experiment (kN);
NFE = load response of the finite element model (kN);
Npl = plastic resistance of the cross-section (kN);
Ncr = axial elastic critical load (kN);
NR = compressive resistance (kN);
NRk = characteristic compressive resistance (kN);
NRn = characteristic compressive resistance calculated using nominal values

(kN);
Nu = ultimate axial load (kN);
P = load at which a perfectly elastic, centrally loaded column would bend;

ReH = upper yield strength (MPa);
ReL = lower yield (MPa);
Rm = tensile strength (MPa);

Rp,0.2 = proof stress at 0.2% plastic strain (MPa);
Ux, Uy,

Uz

= linear displacements in the x, y and z directions respectively (mm);
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URx,
URy,
URz

= rotations around the x, y and z axis respectively (rad);

Wel = elastic bending section modulus (mm3);
Xk = characteristic value;

Xf, Xw = width of the tension block in the flange due to flame-cutting and welding
respectively (mm);

aw = weld throat width (mm);
bf = flange width (mm);
bm = average flange width of one column (mm);
c = width of the plate with tensile residual stresses from the centerline of

a weld (mm);
cf, cw = in Chapter 2 width of the tension bloc in the flange due to flame-cutting

and welding respectively (mm);
= in Chapter 4 the unsupported width of the flange and the web respec-

tively (mm);
e0 = initial load eccentricity (mm);
ėLe = strain rate over the parallel length (s−1);
fy = yield strength (MPa);

fy,red = reduced yield strength affected by a reduction function;
fyk = characteristic yield strength (MPa);
fyn = nominal yield strength (MPa);
h = generic cross-section height, equivalent to the distance between the out-

ermost section fibers (mm);
hi = height of the cross-section at the outermost flange points on side i (mm);

hi,m = average height of the cross-section at the outermost flange points on
side i (mm);

hw = web height (mm);
kfy = normalized reduced yield strength factor;
kn = characteristic fractile factor;
kσ = plate buckling factor;
kσ,o = plate buckling factor;
ksh = shape factor;
m = integer;
p = weld process efficiency;
ri = position vector of point i;
ru,i = updated position vector of point i;
s = standard deviation from the mean value of a given population;
t = plate thickness (mm);
tf = flange thickness (mm);
tw = web thickness (mm);
x = mean value of a given population, and
yw = width of the tension block in the web due to welding (mm).



Chapter 1

Thesis Introduction

“Education: the path from cocky ignorance to
miserable uncertainty”

Mark Twain

1.1. Background

High-strength steels have been globally available for several decades. The term ’high-
strength steel’ is a common source of confusion and requires additional clarification be-
cause it has been attributed to several different steel grades over time. At present, it
typically refers to structural steel grades S460 and above. In Europe, structural steels
with yield strengths fy ≥ 460 MPa are regarded as high-strength steels (HSS), while
steels with fy ≥ 700 MPa are referred to as very high-strength steel (VHSS) [1].

The uptake of HSS in the construction industry is still comparatively limited; the main
markets for HSS at present are in automotive and crane manufacturing, both of which
are industries where material weight is profoundly important. However, the benefits
of using high-strength materials can extend beyond simple reductions in weight. For
example, when selecting structural solutions, considerable efforts have been made to
reduce material usage in recent years because of environmental concerns.

Projects finalised before 2009 that used HSS in structures including bridges, trusses,
and high-rise structures have been reviewed by other authors [2–4]. To identify factors
limiting the use of HSS, Alriksson and Henningsson [5] surveyed steel industry stakehold-
ers (both producers and users) in Sweden. Their results indicated that a major barrier
to the wider use of new steel grades is a lack of standards and norms.

More recently, VHSS has been used in several European projects. For example, the
Friends Arena in Stockholm, Sweden, was completed in 2012. This arena is covered
by a retractable roof supported by four trusses covering a span of 162 m. The trusses
were built using three different steel grades: S460, S690 and S900. Additionally, the
urban bridge ’De Oversteek’ located in Nijmegen, Netherlands was finalised in 2013; its
structure contains approximately 320 tonnes of S690QL grade steel.

7
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Another two projects using VHSS were completed between 2015 and 2016 in Seoul,
South Korea: the SNU Kwanjean Library and Lotte World Tower [6], both of which used
HSA800 steel. Since 2015, three additional projects incorporating roof trusses manufac-
tured from different grades of steel (S355, S460, S500 and S700) have been finalised:

• Posten og Bring 2016, Tronhdeim, Norway

• STIGA Sports Arena 2016, Eskilstuna, Sweden [7]

• Elektroskandia factory 2017, Örebro, Sweden

No national or international design standards for VHSS are currently available, which
limits the scope for using these materials. In Europe, design rules for steel grades between
S460 and S700 are provided by the EN 1993-1-12 [8] standards. However, no additional
or special rules exist to address flexural buckling. The forthcoming update of the Eu-
rocode (which is currently available in draft form [9]) will incorporate the content of
EN 1993-1-12 to EN 1993-1-1, and will expand on the current version (EN 1993-1-12) by
including design rules for steel grades from S700 to S960 [10].

The draft version of the new Eurocode, prEN 1993-1-1 [9], recommends the use of
more favorable buckling curves only for rolled and hot-finished HSS sections. For exam-
ple, in the case of rolled sections with a height over width ratio H/B ≤ 1.2 and a flange
thickness tf ≤ 100 mm, curve b may be used instead of curve c for flexural buckling over
the weak axis, and curve a may be used instead of curve b for flexural buckling over
the strong axis. No changes are proposed for welded or cold-formed sections. This ap-
proach can be considered conservative based on its underlying model of residual stresses
in welded and hot rolled/finished sections [11].

Steel producers manufacturing VHSS have not invested in production lines for rolled
I/H-sections because the demand for such profiles is very low at present. Instead, they
typically focus on producing plates of various thickness with good welding and cold-
forming properties. Consequently, there is a clear need for reliable methods for estimating
the strength of welded and cold-formed sections to avoid unnecessary material use.

Studies on the compressive resistance of cold-formed and welded HSS sections have
concluded that current design rules underestimate their flexural buckling resistance [12–
17]. For example, the American Standard [18] covers steel grades with nominal yield
strength below 690 MPa, in accordance with ASTM A709-18 [19], but provides no addi-
tional rules for estimating flexural buckling resistance in HSS columns.

The market for HSS is expected to grow by 8.4% in the next five years [20]. While
much of this growth is expected to be driven by demand from the automotive industry,
the construction industry could be a secondary beneficiary. Therefore, economic design
rules should be developed to support the introduction of VHSS.



1.2. Aim, Hypothesis and Research Questions 9

1.2. Aim, Hypothesis and Research Questions

The aim of the present work is to partly address the lack of structural design rules
for high-strength structural steels of grades above S700. The field of structural steel
engineering is a very large one, with most published works focusing on material properties,
connections, stability, and fatigue. This thesis deals specifically with the weak axis
flexural buckling resistance of structural welded H-sections made from S960 steel. The
weak axis flexural buckling resistance of I/H-sections is considered to be more sensitive
to residual stresses than strong axis buckling. Therefore, the influence of reductions in
the magnitude of residual stresses on flexural buckling resistance should be most readily
observed in sections of this type.

A focus on this topic is justified by the current state of European design rules. The
current Eurocodes contain design rules for steel grades up to S700, and there are plans to
introduce rules for grades up to S960. The use of higher steel grades is desirable because
it has the potential to reduce material usage and thus to reduce greenhouse gas emissions,
facilitating compliance with European climate strategies.

To address the main topic of this thesis, the following research questions were formu-
lated:

• What are the limitations of the current flexural buckling design methods?

• Is the current weak axis flexural buckling design method applicable to HSS columns?

• Can HSSs be used more effectively than mild steels to increase the compressive
bearing capacity relative to their plastic resistance?

• How can weak axis flexural buckling resistance be calculated accurately based on
estimated residual stress values and knowledge of manufacturing imperfections?

• Can the same residual stress model be applied to both welded high-strength and
mild-strength steel H-sections in a FE model to obtain accurate resistance esti-
mates?

A methodical approach was used to address the research questions. The first question
is addressed in Chapter 2 of the thesis, which presents a literature review covering the
topic of column buckling and the historical development of column buckling curves. This
background information was collected to understand the choice of methodologies used
in the current standards that constitute the state of the art, and to identify potential
limitations of current design methods.

The second question is addressed in Chapter 3 in the form of a statistical analysis
of previously published experimental data discussed in Chapter 2. A statistical analysis
was considered to be the best way of comparing the results of flexural buckling tests to
existing analytical expressions because it provides quantifiable measures of accuracy and
uncertainty.

Chapters 3 and 4 address the third question. Gaps in the experimental literature
identified in Chapter 3 necessitated the experimental work presented in Chapter 4. The
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question is addressed by comparing results gathered during the literature review to the
results of new empirical tests on mild-strength and HSS columns.

The fourth question is addressed in Chapter 4 and Chapter 5 by first comparing
existing analytical models for calculating weak axis buckling to previously published ex-
perimental results and the new experimental results presented in Chapter 3. Secondly,
an analytical model for calculating weak axis buckling in welded sections is proposed
along with a complementary residual stress model. Finally, a statistical analysis is pre-
sented that compares the available experimental results to the predictions of the proposed
analytical model. Chapter 5 presents results obtained by using a finite element model
instead of the analytical model to calculate the weak axis flexural buckling resistance of
the tested columns, following the same approach as in Chapter 4.

Chapter 5 also addresses the fifth question by describing the use of finite element
analysis to evaluate the applicability of current residual stress models for welded I/H-
sections to the tested columns. The results of this analysis are compared to available
experimental data.

1.3. Limitations

The new experimental results presented herein relate only to flame-cut welded S355 and
S960 I/H-sections subjected to weak-axis flexural buckling with slenderness values in
the range from 0.6 to 1.2. The experimental data collected from the literature were
interpreted by the author; where no clear values were specified for either material or
geometrical properties, the corresponding nominal values were assumed.

The tested H-sections had a height to width ratio of 1, with web and flange thicknesses
of 6 and 10 mm, respectively. The analytical model for calculating the flexural buckling
resistance of steel columns proposed herein was validated against previously published
flexural buckling test results for HSS welded columns. That is to say, the proposed
analytical model was validated against welded sections with constituent plate thicknesses
ranging from 5 to 16 mm. All of the empirical data used for validation related to columns
having cross-sections with a height to width ratio of 1, which may limit the applicability
of the proposed model. Despite these issues, the main conclusions of this thesis are
considered to be valid for columns in which the residual stresses can be assumed to be
uniform over the entire constituent plate thickness (which is approximately 40 mm).

The weld type and size both have important effects on the residual stresses, which
ultimately affect the resistance. This gives rise to the second notable limitation of this cur-
rent work: all of the tested columns were manufactured using the same welding method.
Given the nature of the residual stresses, the conclusions presented are therefore primar-
ily applicable to welded sections with weld sizes that can be produced in a single weld
pass.
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Chapter 2

Literature Review
Flexural Buckling of Steel Columns

“History is a set of lies agreed upon.”

Napoleon Bonaparte

As noted by other researchers, the problem of stability of structural elements has been
addressed by many authors over time. It is impossible to treat the problem of buckling
without considering the strength of materials, so the two topics have been addressed in
parallel and are often intertwined. A comprehensive review of the history of research on
the elastic theory and the strength of materials covering the period from Galileo’s death
to 1850 was presented by Todhunter and Pearson [21]. However, this review focused
mainly on the mathematical evolution of the theories.

Several years later, Salmon [22] published his doctoral thesis on the historical evolu-
tion of the column theory, focusing on the construction and aeronautical industries up to
1920. Timoshenko [23] subsequently described the evolution of knowledge in this area,
focusing on several key structural issues including the stability of beams, columns, and
shells as well as material properties. Timoshenko presents relevant mathematical con-
siderations in a simplified manner as well as testing methods used by various researchers
up to 1950. Further developments up to the 1970s were reviewed by Mazzolani [24], who
summarised the state-of-art in the theory of column buckling in light of the introduction
of the European buckling curves.

A similar review covering the period up to 1971 was published by Ballio and Maz-
zolani [25]. Maquoi and Rondal [26] presented a comprehensive historical overview of the
derivation of the first European buckling curves, explaining that the curves were devel-
oped by modeling the effects of residual stresses as geometrical imperfections that induce
strength reductions equivalent to those caused by the modeled stresses. The authors also
note that the variation in material properties within the steel element is negligible com-
pared to the amplitude of the residual stresses, and that higher-strength steels exhibit
increased buckling resistance. This observation justified the use of buckling curves a0, a,
and b in place of curves a, b, and c when using higher strength steels. Marking a series of
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historical highlights in the development of column buckling theory, Johnston [27] men-
tions the contributions of the studies performed at the Fritz Laboratory on the effects of
residual stress on column resistance.

The sixth edition of the “Guide to Stability Design Criteria for Metal Structures” [28]
outlines the way in which the approach to calculating column resistance had changed
since the guide’s first edition. The computational method that was initially deemed
most appropriate for design purposes was the tangent-modulus method, which estimates
the resistance based on the residual stress distribution in the hot-rolled shapes. There
are thus two distinct approaches to estimating column resistance based on material prop-
erties: elastic and inelastic theories.

2.1. Elastic Theory

ν

z

x

y

N

N

L

Figure 2.1: Loaded column

The elastic theory of column buckling was the first
method introduced to estimate the maximum axial
load N an elastic bar could carry when subjected
to centric compression. It was not applied until
a few centuries after it was initially proposed be-
cause its development was protracted. The first
work on this theory was contributed by Leonard
Euler [29], who attempted, on Bernoulli’s recom-
mendation, to mathematically determine the load
N at which a perfectly elastic, centrally loaded col-
umn would suddenly bend. Euler derived an ex-
pression based on a simplified differential equation
[Eq. (2.1)]:

C
d2y

dx2
= −Ny (2.1)

where C is a constant with dimensions of force
multiplied by the length.

Lagrange continued the work of Bernoulli and
Euler, showing that the following solution to
Eq. (2.1):

y = ν sin

√
N

C
x (2.2)

where ν is the deflection at column mid-height, satisfies the end conditions only if:√
N

C
L = mx (2.3)

where m is an integer. Consequently, there are infinite solutions to the column buck-
ling problem, all of the form:
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N =
m2π2C

L2
(2.4)

It was only after Navier’s and Thomas Young’s contributions [30, 31] that an elastic
formulation for the column buckling based on the general theory of elasticity became
available. This formulation assumes that failure occurs because of the second order
bending moment, extending Coulomb’s work on bent beams and using Hooke’s law to
model the material’s behaviour. This bending moment was attributed to geometric im-
perfections (which were assumed to be sinusoidal) and the axial load. The critical elastic
(Euler) load Ncr was thus defined as the minimum axial compressive load required to
destabilise a perfectly straight elastic column:

Ncr =
π2EI

L2
cr

(2.5)

This model received little attention upon publication because it was only applicable
to very slender sections. Ayrton and Perry [32] adopted the same methodology but did
not allow the maximum stress within in a section to exceed the material’s elastic limit. It
was thus assumed that the column’s resistance was reached when the outer fibres reached
their elasticity limit stress:

σmax =
Nu

A
+
Nu · ν
Wel

(2.6)

where A is the cross-sectional area and Wel is the elastic sections modulus.
This equation requires an initial assumption of the amplitude of the initial imperfec-

tion ν0. This issue was addressed by Robertson [33], who collected experimental data on
cylindrical hollow sections and proposed the use of a fictitious value in the form of an
equivalent out-of-straightness bow imperfection for relatively slender struts that would
be in agreement with the experimental results. Robertson also suggested that the equiv-
alent imperfection factor η would vary linearly with the ratio of the length L and the
radius of gyration r, yielding Eq. (2.6):

(σE − σ)(fy − σ) = ησEσ (2.7)

where σE = Ncr/A, fy is the yield stress and η = αL/r with α = 0.003.
This approach was very convenient for practical use because it allowed engineers to

obtain safe approximations for the resistance of struts. It was therefore incorporated into
British Standard 449 [34], which introduced the use of the reduction factor η = (L/100r)2

in Eq. (2.8) to calculate the maximum allowable design stress σc.

σc =
fy + (η + 1)σE

2
−

√(
fy + (η + 1)σE

2

)2

− fyσE (2.8)

A major limitation of this approach was discussed by Dwight [35], who highlighted
the implications of using a generalized imperfection factor for different types of sections.
Dwight argued that sections manufactured using different methods would have different
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residual stresses, and that to account for this, different buckling curves should be used for
different steel grades, cross-sections, manufacturing methods, and buckling directions.

2.2. Inelastic Theory

The roots of the inelastic column buckling theory lie in efforts to determine the elastic
constants of materials. In the course of these efforts, it was observed that the buckling
loads of intermediate slenderness members deviated significantly from the Euler buckling
loads; these deviations were attributed to non-linear material behaviour.

According to several authors [24–27], Engesser and Consideré attempted to determine
an equivalent value for the elastic constant that could be used to estimate the buckling
resistance for materials that did not obey Hooke’s law beyond a certain stress. However,
Jasinski noted that buckling is accompanied by a relaxation in a part of the section, sug-
gesting that Engesser’s approach was invalid. Von Kármán later introduced the problem
of load eccentricity and proposed a method to calculate the buckling resistance based on
two overlapping geometrical imperfections: out-of-straightness and load eccentricity [36].

Another substantial contribution was the derivation of the neutral axis shift during
bending. Shanley [37] developed a theory that describes plastic column buckling and
accounts for the effects of both material non-linearity and initial imperfections. He
showed that the column begins buckling at the tangent modulus strength, but retains
some residual strength at this point. Failure of the column thus requires a further increase
in load. He recommended that Engesser’s theory should be used to predict column
buckling in the inelastic range.

The tangent modulus theory was considered to be the most suitable formulation
of the inelastic theory and therefore served as the basis for the first Column Research
Council (CRC) column curves. The introduction of high-strength steel (HSS) into the
construction market has made the importance of geometrical imperfections and residual
stresses increasingly apparent [28].

2.3. Imperfections

Geometrical imperfections were incorporated into analyses of column buckling to support
the theory of the second order bending moment [30, 31]. According to Salmon [22] and
Barta [38], Smith was the first to analyse the influence of global geometrical imperfections
on the resistance of columns. According to Massonnet and Maquoi [39], Dutheil strongly
influenced the subsequent adoption of probabilistic design approaches based on ultimate
strength.

Dutheil suggested that designs should be based on the ultimate resistance of imperfect
columns rather than the bifurcation load of perfect columns. Measurement of initial
imperfections thus became standard practice when preparing buckling experiments. This
yielded a large database of imperfections, which in turn allowed researchers to examine
the probabilistic distribution of the amplitude of imperfections.
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The European Convention for Constructional Steelwork (ECCS) conducted an exten-
sive experimental campaign involving 1067 specimens with a wide range of cross-sections
including open sections, ‘I’, ‘H’, ‘T’ and ‘C’ sections, and square and cylindrical hol-
low sections. The results of these experiments were summarized and discussed by Sfin-
tesco [40]. The experimental campaign focused on hot-rolled sections made of steel with
a nominal yield strength of 24 kg/mm2 (equivalent to S235 under the current European
standards). A set of welded sections was also tested, providing a basis for comparison.
The study was conducted across multiple European states, including France, Germany,
Great Britain, Italy, the Netherlands, and Yugoslavia, and examined a wide set of test
specimens used in practice at the time. The test procedure was described in a report by
Tebedge and Tall [41] and again later in a standardized form by the ECCS [42]. These
descriptions included details of the necessary experimental preparations and initial spec-
imen measurements.

2.3.1. Out-of-straightness

The main global geometrical imperfections that were considered by von Karman [36] to
have the highest impact on the buckling resistance of columns were the out-of-straightness
and out-of-plumbness (inclination). Current standards (e.g. [43, 44]) specify maximum
allowed values of these imperfections for delivered and erected steel columns. The stan-
dardized values were chosen on the basis of studies performed in between 1960 and 1980
in the USA, Europe, and Japan.

The out-of-straightness imperfection value used in the European buckling curves de-
pends on the member’s length, L, and is equal to L/1000 [45, 46]. The resulting curves are
slightly more conservative than those specified by the AISC 360 standard [18], which are
based on a reference out-of-straightness imperfection amplitude of approximately L/1500.
The AISC 360 imperfection value is close to the average value determined statistically
by Bjorhovde [47].

Fukumoto and Itoh [48] gathered and analysed results from buckling experiments
performed in Europe, the USA, and Japan. Their analysis showed that IPE160 sections
had the highest frequency of measured out-of-straightness imperfections on the order of
L/1000. However, hot-rolled tubular and wide flange welded sections had much smaller
out-of-roundness imperfections.

In addition to global imperfections, steel sections may exhibit local imperfections. The
shape and amplitude of local imperfections depends strongly on the fabrication method.
Tolerances for the magnitudes of such geometrical imperfections are generally specified
in manufacturing standards.

The influence of local imperfections on the buckling resistance of members was not
studied directly in the experimental campaigns discussed above. However, their influence
on flexural buckling resistance was addressed statistically along with other uncertainties
such as boundary conditions, out-of-plumbness, and material properties [47, 48]).



18 Literature Review. Flexural Buckling of Steel Columns

2.3.2. Residual Stresses

Residual stresses are also referred to as imperfections in the context of column buckling.
Stresses embedded within the material are more difficult to characterize than geomet-
rical imperfections. Although many methods of measuring residual stresses exist, they
are generally costly and unavoidably rely on a series of assumptions regarding mate-
rial behaviour. Existing methods and tools for measuring residual stresses, including
both destructive and non-destructive options, have been comprehensively reviewed by
the Society of Experimental Mechanics [49].

Measuring residual stresses is a tedious task that requires extensive preparation or
post-processing. The diverse characteristics of the available methods make it difficult to
identify one that is suitable for all purposes. Consequently, there are ongoing efforts to
make the available methods more accurate and/or less time-consuming. It is important to
understand the main characteristic of the available measurement methods to determine
which is best suited to the task at hand. Table 2.1 summarizes some of the major
characteristics of existing mechanical (destructive) methods that should be considered
when choosing a method.

Table 2.1: Mechanical methods for residual stress measurement(from [50])

Boring-out Hole-drilling
Features Layer removal Trepanning Sectioning Slitting

Near surface No Yes No Yes
Through-thickness Yes No Yes Yes
Experiment Time-

consuming
Simple Time-

consuming
Simple

Computation Simple Simple to
moderate

Complex Moderate

In-field application No Yes No No

Hauk [51] published a thorough review of non-destructive methods for assessing resid-
ual stresses in a wide range of materials. X-ray and neutron diffraction imaging are the
most commonly used non-destructive methods. However, they are generally expensive
and have a very limited measuring range. Therefore, to obtain through-thickness mea-
surements, they must be combined with destructive methods. In the context of structural
engineering, such methods are mainly used to assess weld-induced residual stress in cases
where fatigue is a concern. Other non-destructive methods such as ultrasonic and micro-
magnetic methods are difficult to apply because they rely on prior calibration of an
unaltered sample. When using these methods, changes in the microstructure of the in-
vestigated material can make the measurements non-conclusive. Additionally, ultrasonic
and micro-magnetic measurements can only be performed at locations that are separated
from any edges or sudden changes in geometry by a distance that is larger than the sensor
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size. This prevents accurate measurement in the vicinity of welds or at the flange tip in
H-, T-, or L-sections.

2.3.3. Residual Stress Measurements

A series of studies focusing on assessment of residual stresses in different types of struc-
tural steel members was performed at the Fritz Engineering Laboratory. Specifically,
the studies examined methods of measuring the amplitude and distribution of residual
stresses and their effects on buckling resistance [52–72]. Their results were reflected in
the proposed CRC column curve, which served as basis for the AISC and CSA design
guidelines [28]. The measured residual stresses σRS were often reported as fractions of the
yield strength fy used in manufacturing the steel members. However, no direct connec-
tion was found between the actual yield strength and the measured residual stresses [73,
74].

The sectioning method was the approach most commonly used to determine residual
stresses for the steel profiles used in the construction industry. The most important
residual stresses that can affect the ultimate limit state of a section are considered to
be the longitudinal stresses [11, 67, 70]. For profiles with wall thicknesses t < 40 mm,
the gradient of the longitudinal stresses is so shallow that the longitudinal stress can be
considered effectively constant over the thickness. Through-thickness residual stresses
can thus be determined using the slitting method.

Measurements of residual stresses on European sections were performed by Massonnet
and Campus [75] at the University of Liege and later by Mazzolani [76]. Additionally,
the Fritz Research Laboratory performed extensive research involving residual stress
measurements on both hot-rolled sections [60, 67, 77] and welded sections [47, 62, 72]
over several years.

Measurements on HSS sections showed that the residual stresses do not increase
linearly with the steel strength. Johansson et al. [78] therefore recommended that the
residual stresses should be limited to 500 MPa even if the steel’s nominal yield strength
is higher. This recommendation was based on a survey conducted by Clarin [79] that
compiled results of residual stress measurements on welded steel sections. The survey
included previously reported residual stress measurements on welded box, T-, and I-
sections made from steels with nominal yield strengths fyn > 460 MPa [80–82].

Rasmussen and Hancock [12, 83] measured the residual stresses in welded cruciform,
box, and I-sections made from quenched and tempered BISALLOY80 steel with nominal
yield strengths of 640 and 690 MPa. The test specimens were fabricated by manual gas
metal arc welding (GMAW) from nominal 5 and 8 mm plates of BISALLOY80 steel with
nominal yield stresses of 650 and 690 MPa, respectively. The welding was performed using
undermatching Lincolnweld L50 wire electrodes, and the 8 mm plates were preheated to
50◦ C before welding. The maximum compressive residual stress in the flanges of the
welded I-section was found to be σfc = −153 MPa, while that in the web was σwc = −109
MPa. No significant difference was observed between the magnitudes of the compressive
residual stresses in the flanges of the cruciform and I-sections.
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Cao et al. [84] used the sectioning method to measure residual stresses on welded
T-sections made from HSA800. Similar conclusions were drawn - the residual stresses
did not exceed the previously reported limit of 500 MPa even though the steel’s nominal
yield strength was as high as 800 MPa. The welded T-sections were manufactured from
flame-cut plates with a thickness of 7 mm. The plates were welded after pre-heating
using 6 mm fillet welds.

Welding procedures for HSS can sometimes require preheating of the entire section,
which limits the effect of locally applied heat [85]. Although the measured stresses did
not exceed the 500 MPa limit, the compressive flange stresses ranged from -162 MPa up
to -375 MPa in the compressed parts of the flanges. The highest tensile residual stresses
in the flanges σft occured in the most slender section. The sections with the highest
flange slenderness also exhibited the lowest compressive stresses in the compressed parts
of the flange.

Previously reported residual stress measurements were compiled by Tankova et al. [86]
in a state-of-art review on residual stresses in MSS and HSS welded I- and T-sections,
which included a total of 180 measurements of which 113 were MSS sections and 67
were HSS sections. This review focused on prismatic and tapered welded sections with
nominal yield strengths fyn ≤ 690 MPa. Table 2.2 shows the review’s key findings.

Table 2.2: Means and standard deviations of reported residual stresses compiled by
Tankova et al. [86]

Nominal yield strength range σfc/fyk σft/fyk σwc/fyk σwt/fyk bc/B

M
S
S

fyn < 420 MPa

x -0.18 0.78 -0.35 0.85 0.32
s 0.09 0.27 0.21 0.26 0.12
min -0.43 0.13 -0.83 0.38 0.11
max -0.01 1.07 -0.01 1.59 0.57
n 42 14 10 14 42

fyn = 460 MPa

x -0.19 0.45 -0.19 0.59 0.31
s 0.08 0.2 0.09 0.21 0.1
min -0.42 0.02 -0.38 0.07 0.03
max -0.04 0.83 -0.04 0.92 0.45
n 71 36 19 34 36

H
S
S

460 MPa < fyn ≤ 690 MPa

x -0.16 0.46 -0.13 0.67 0.25
s 0.06 0.16 0.05 0.11 0.07
min -0.29 0.15 -0.2 0.50 0.07
max -0.05 0.65 -0.05 0.78 0.39
n 67 23 15 8 23

The mean residual stress x and its standard deviation s are quoted as ratios of the
reported measured yield strength fyk, and the width of the flange subjected to a com-
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pressive residual stress bc is quoted as a ratio of the flange width B for the n measured
specimens. The maximum measured tensile residual stress in the flange σft ≈ 450 MPa
was found to be similar for all steel grades for which measurements were available. This
may thus represent a lower bound for residual stresses at the junction point between the
flange and the web.

In addition to the studies covered by Tankova et al. [86], residual stresses in six flame-
cut welded box and I-sections made from Q690 HSS were measured by Li et al. [87]. The
measured yield strength of the virgin plates was 772 MPa, and the maximum tensile
residual stresses in the I-sections were found to be 334 MPa at the web junction and 78
MPa at the flange tip.

Residual stress measurements on HSS with nominal yield strength fyn > 690 MPa
have been performed by Axhag [81] on flame-cut welded I-sections, Kim et al. [88] on
flame-cut welded T-sections, and Clarin [79] and Somodi and Kövesdi [16] on welded box-
sections. The results of these studies indicate that the residual stresses do not increase
linearly with the steel grade, which has implications for the compressive resistance.

(a) Weldox 700 (from [81])

(b) HSA800 (from [88])

(c) HSA800 (from [88])

Figure 2.2: Residual stresses measured in welded I- and T-sections
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Figure 2.2a shows the measured residual stress distribution and amplitude in a welded
I-section made of Weldox 700 with measured yield strengths fyk = 846 MPa for the flange
and 815 MPa for the web. The measured residual stresses did not reach the yield strength
in any part of the section. Additionally, the tensile residual stresses measured at the tip of
the flange in flame-cut HSS sections were comparable to those observed in mild-strength
steel (MSS) sections. Unfortunately, data on the tensile residual stresses in the flange at
the junction with the web were unavailable due to measuring difficulties [81]. The residual
stresses measured by Kim et al. [88] are shown in Figure 2.2b, and the corresponding
stresses normalized against the measured yield strength are shown in Figure 2.2c. The
patterns visible in these figures are typical for flame-cut welded sections. However, no
information on the welding procedure was provided by the authors.

2.3.4. Residual Stress Analytical Models

The wide spread of the reported residual stress measurements makes the task of finding a
unique analytical model almost impossible. Residual stresses can vary due to variation in
production process, section geometry, and the type of steel used. In hot-rolled sections,
stresses arise due to differential cooling, which gives rise to inelastic deformations [89]. In
I/H-sections, the flange tips cool more rapidly than the web-flange junction, generating
compression at the tips and tension in the area around the junction.

At present HSS producers typically focus mainly on plates rather than hot-rolled sec-
tions because they are better able to meet customers’ needs. Therefore, HSS members are
generally welded or cold-formed. The residual stress distribution in I/H-sections differs
significantly between hot-rolled and welded members because of the uneven heating and
cooling processes that occur in the vicinity of the weld. Another cause is the additional
flame-cutting process, which induces tension in the part affected by the heat. However,
plates delivered without prior cutting are not free of residual stress [47].

For common structural applications, the ECCS [11] has proposed several models nom-
inally applicable to hot-rolled and welded sections. The analytical forms of these models
are based on data for sections produced under the EURONORM conditions acquired in
the course of studies conducted to enable the standardization of buckling curves [75, 76,
90–93]. The analytical models developed on the basis of these residual stress measure-
ments were summarized by the ECCS [11]. A similar approach based on residual stresses
of different magnitudes was adopted in the Swedish regulations for Steel Structures BSK
07 [94]; these models are shown in Figure 2.3.

Abambres and Quach [95] revisited the existing analytical models focusing on sections
manufactured with steels having nominal yield strengths fyn < 500 MPa. These authors
reviewed a large set of analytical models for use in finite element analysis.

The amplitude and distribution of residual stresses is more relevant to the column
resistance for less slender columns that can develop a plastic failure mechanism. It was
also determined that the residual stresses have higher impact on the ultimate buckling
resistance than the variation of the yield strength of the material within the element.
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Figure 2.3: Residual stress models from BSK 07 [94]

Different residual stress patterns with varying amplitudes have been proposed and
included in national and international standards as well as design guidelines [11, 94].
Standardization committees responsible for addressing the column buckling problem have
proposed several different buckling curves to account for the distinct patterns and mag-
nitudes of residual stresses associated with specific section types.

Hot-rolled I/H-sections

HSS members are rarely fabricated using hot-rolled sections. However, the procedure used
to calculate the resistance of struts based on initial residual stresses was originally devel-
oped using data on hot-rolled sections. The European buckling curves penalize welded
sections because they assume that residual stresses resulting from welding adversely affect
buckling resistance. It is therefore important to establish a basis of comparison between
the two manufacturing methods and their impact on residual stresses.
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An initial proposal of residual stress distributions for the European profiles were pre-
sented by Beer and Schulz [90]. Figures 2.4 and 2.5 show the analytical models proposed
by these authors, which are based on measurements performed at the Fritz Engineering
Laboratory that were summarized by Beedle and Tall [89] and at the University of Liege
by Mas and Massonnet [92]. The magnitude of the residual stresses is given as a function
of the yield strength of the steel, as per Table 2.3.
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Figure 2.4: Hot-rolled H-sections residual stress distribution [90]
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Figure 2.5: Hot-rolled I-sections residual stress distribution [90]
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Table 2.3: Residual stress amplitude coefficients according to Beer and Schulz [90]

H/B Type hw/tw αf = αw βf = βw

≤ 1.2 1 ≤ 20 0.5 0.5
≤ 1.2 2 > 20 0.5 0.5
≤ 1.2 3 > 20 0.3 0.3
1.2− 1.7 4 and 5 - 0.3 0.3

Beedle and Tall [89] proposed a bi-linear distribution of stresses (see Figure 2.6)
based on residual stress measurements performed on sections produced in the USA. The
bi-linear distribution does not necessarily reflect the continuously varying temperature
conditions that give rise to the residual stresses in hot-rolled sections; the model assumes
that the stresses change suddenly over the web junction. Nevertheless, a bi-linear model
was used by the ECCS [96] to simplify numerical modeling in the design stage because
the use of such models does not significantly affect the accuracy of the predicted bearing
capacity for weak and strong axis buckling other than in the case of very tall sections
subjected to strong axis buckling.

Table 2.4: Residual stress amplitude coefficients for the bi-linear model [96]

H/B αf = αw βf = βw

≤ 1.2 0.5 0.5
> 1.2 0.3 0.3
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Figure 2.6: Residual stress bi-linear model [96]
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Based on additional measurements, Young [91] proposed maximum residual stress
values to be used with the type 1 parabolic distribution (Figure 2.4) and the bi-linear
distribution shown in Figure 2.6.

The residual stress distribution models presented above account for the section’s
geometry in terms of the height over breadth (width) ratio H/B, and the steel yield
strength. Young [91] proposed an alternative residual stress model that is independent
of the material’s yield strength and accounts for geometry in terms of the ratio of the
area between the web and the flanges, as per Eq. (2.9)-(2.11).

σf = 165

(
1− Aw

1.2Af

)
[MPa] (2.9)

σfw = −100

(
0.7 +

Aw

Af

)
[MPa] (2.10)

σw = 100

(
1.5 +

Aw

1.2Af

)
[MPa] (2.11)

where Af = 2Btf is the area of the flanges, Aw = hwtw is the area of the web, σf = αffy,
σfw = βffy and σw = αwfy

Alpsten [97] proposed a similar approach with separate calibrations for hot-rolled
sections of various sizes and geometries. Using the same distribution as that applied to the
type 1 parabolic and bi-linear distributions, he proposed expressions for the compressive
residual stresses in light, medium, and heavy sections which are given in Eq. (2.12)-(2.14).

σf = 180
Btw
Htf
− 53 [MPa] light sections (2.12)

σf = 290
Btw
Htf
− 58 [MPa] medium sections (2.13)

σf = 456

(
1− Btw

Htf

)
− 23 [MPa] heavy sections (2.14)

Non-linear analytical formulations for doubly symmetric hot-rolled I/H-section have
been proposed by Trahair [98] and Szalai and Papp [99]. Their models focus on accurately
representing equilibrium to account for torsional effects, and are based on an initial
assumption that the compressive residual stress in the flange does not exceed −0.35fy at
the tip in hot-rolled I-sections.

Welded I/H-sections

Welding operations are a major source of residual stresses. During welding the local
temperature raises to over 1200◦C, which causes local plastic deformation of the steel.
In mild steels, the strain at yield is approximately equal to the unrestrained thermal
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expansion per 100◦C. Welded columns are built up by means of longitudinal welds. It was
mentioned previously that longitudinal stresses (i.e. stresses aligned with the direction of
the weld) make the greatest contribution to buckling resistance. Therefore, most studies
on column stability have focused on longitudinal stresses.

The factors influencing the residual stress distribution and magnitude in welded sec-
tions depend strongly on the welding procedure, whereas in hot-rolled sections the ge-
ometry is considered to be the most important determinant of residual stress. Therefore,
the scatter of measured residual stresses for welded sections is considerably greater than
that for hot-rolled sections.

In general, analytical models of residual stresses in welded sections assume that the
yield strength of the steel is reached in the areas around the weld where the temperature
increase caused by welding affects the steel’s microstructure. This area is also known as
the heat-affected zone (HAZ). Static equilibrium over the section is achieved by assuming
that the rest of the steel plate is symmetrically compressed around the weld axis.

The study of residual stresses in welded sections has been reduced to the study of
individual welded plates to simplify the assessment of welding-induced residual stresses
(Figure 2.7). The ECCS [11] model assumes that the steel’s yield strength is reached
along the longitudinal weld and in the region within a width c of the weld’s centerline,
where the value of c is computed using Eq. (2.15).

c = 12000
pAw

fyΣt
(2.15)

where p is the welding process efficiency factor, Aw is the area of the added weld metal
in mm and Σt is the sum of the thicknesses of the plates meeting at the weld in mm2.
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Figure 2.7: ECCS model for a welded steel plate [11]

The compressive residual stress is thus obtained from the equilibrium of forces over
the width of the plate. In the case of flame-cut plates, the ECCS recommends based on
an empirical formula that the total width of the tension block around the weld cfw should
be calculated using Eq. (2.16).

c4
fw = c4

f + c4
w (2.16)
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where cf is the width of the tension block due to flame-cutting and cw is the width of the
tension block due to welding.

The BSK 07 [94] model for welded I-sections shown in Figure 2.3 assumes a constant
value for the width c = 1.5tf for the tensile part at the flange-web junction where the
maximum tensile stress is identical to the yield strength of the flange steel plate. The
stress varies linearly on the compression side over a width of 3tf. The relationship between
the compressive and tensile residual stresses thus depends on the yield strength and the
section’s geometry [Eq. (2.17)-(2.18)].

σwc =
(4.5t− b/2) +

√
(b/2)2 + 1.5bt+ 2.25t2

b− 3t
fy (2.17)

σfc =
(2.25t− b) +

√
b2 + 1.5bt+ 2.25(t/2)2

2b− 1.5t
fy (2.18)

where σwc is the compressive residual stress in the web and σfc is the compressive residual
stress in the flange.

Empirical residual stress models for flame-cut welded I-sections made from steel plates
with nominal yield strengths fyn = 460 have been proposed by Ban et al. [100] (model 1),
Wang et al. [101] (model 2), and Yang et al [102] (model 4). Models 1 and 2 assume that
the flange is subject to tensile residual stresses induced by the flame-cutting procedure
at the tips; these models are depicted in Figure 2.8. Model 4 is depicted in Figure 2.9.

Models 1 and 2 differ mainly in their treatment of the transition between the tensile
and compressive regions of the flange and the web: model 1 assumes linear variation
between the compressive and tensile regions, whereas model 2 assumes a sudden transition
from tension to compression.

Li et al. [87] proposed the same distribution as Wang et al. [101] (model 2) for flame-
cut welded I-sections made of steel plates with fyn = 690 MPa. The model assumes that
Xf = 0.05B and yw = 0.12hw. The magnitude of the stresses is discussed in the preceding
section.

The model proposed by Yang et al. [102] assumes that the stress at the tip of the
flanges is 0.05fy. Like model 1, the stress is assumed to vary linearly. The recommended
magnitudes of the stresses are given as ratios of the yield strength fy as follows: σftw =
0.5fy , σwt = 0.83fy, σfc = 0.22fy, σwc = 0.18fy. The widths of the individual stress
ranges are Xf = 0.06B, Xw1 = 0.15B, Xw2 = 0.05B and yw1 = 0.15hw.

An alternative model (model 3) proposed by Beg and Hladnik [80] uses the resid-
ual stress distribution shown in Figure 2.9. This model is based on measurements per-
formed on six welded I-sections manufactured from Nionicral 70 having the nominal yield
strength between 680 and 690 MPa and Niomol 490 having the nominal proof strength at
0.2% permanent deformation between 571 and 576 MPa. The average measured stresses
in these sections were used in conjunction with model 3 to perform non-linear numerical
analysis. The resulting compressive stresses were σwc = −50 MPa and σfc = −100 MPa,
while the tensile stresses in the flange and web were limited to σftw = 230 MPa and
σwt = 460 MPa, respectively. The widths for the tensile zone Xw = tw +

√
2aw and
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compressive zone in the flange are given as absolute values, whereas the widths in the
web are determined by the equilibrium of stresses.
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Figure 2.8: Residual stress models for welded I-sections with flange tips in tension [87,
100, 101]
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Rectangular Hollow Sections

The residual stresses in rectangular hollow sections (RHS) exhibit greater variation due
to the diversity of methods used to manufacture such sections: HSS RHS can be man-
ufactured by welding, cold-forming, or hot finishing. Figure 2.10 gives a brief overview
of residual stress models proposed for cold-formed [104] and seamless [105] HSS RHS.
The models presented in Figure 2.10 have been used in finite element (FE) simulations
to determine the influence of different types of residual stresses on the flexural buckling
capacity of HSS RHS. This topic is not of direct interest here, but is discussed at some
length in Paper E.
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Figure 2.10: Residual stress models for HSS RHS

2.4. European Buckling Curves

The European buckling curves are the result of the extensive work conducted by Com-
mission 8 of the ECCS to develop a standardized method for estimating the resistance
of compressed struts. The design method was intended to harmonize design codes across
Europe. There are currently five European buckling curves (a0, a, b, c, d) that represent
the lower 5% confidence limit of the resistance of centrically compressed struts. The
curves were validated by numerical modeling and probabilistic assessment for European
steel sections [26, 39, 46, 48].

The initially proposed curves were a, b and c [90]. According to Young [106], curve
a0 was added later to reduce the implicit safety factor and thereby optimise the design
resistance for hot-formed tubular sections. The addition of curve a0 was done because it
was noted that relatively higher-strength steels are generally used in tubular profiles, re-
sulting in higher resistances [45]. The a0 curve was thus introduced to represent tubular
sections without residual stresses. The introduction of heavy profiles in the UK sub-
sequently motivated the introduction of another curve because the residual stresses in
the heavy sections proved to have a higher magnitude than those in other section types,
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leading to a lower resistance. Curve d was therefore introduced for heavy wide flange
profiles with wall thicknesses above 40 mm.

Welded sections were assigned lower buckling curves than comparable hot-rolled pro-
files. Buckling curve assignments were mainly influenced by the residual stresses, which
were found to be larger in welded sections. Contemporary test results showed that the
use of higher steel grades improved the performance of welded sections. However, the
effect was not considered sufficient to justify the use of higher buckling curves during
design. This approach, implicitly assumes that the residual stresses induced by welding
increase proportionally with increases in yield strength.

This assumption proved to be wrong (as per [45, 106]) but the HSS available at the
time did not deliver a performance increase that would warrant the use of a different
buckling curve. The current code does not distinguish between different methods of
cutting plates for welded sections even though it was initially concluded that milled plates
exhibited lower resistance than flame-cut plates [45, 48, 107]. The better performance of
flame-cut plates can be attributed to both the tensile stresses introduced by flame-cutting
and the thermal effect of the flame-cut on the material properties of MSSs.

Fukumoto and Itoh [48] assigned buckling curves to different welded sections based on
the manufacturing methods available at the time. Light welded annealed sections with
yield strengths above 400 MPa were assigned to curve a, while heavy welded sections
tested as delivered were assigned to curve c. This advantage is probably less pronounced
for HSSs because such steels are not annealed after welding. Figure 2.11 shows how the
European buckling curves evolved to their present form.

The flexural buckling model of EN 1993-1-1 [108] is based on an Ayrton-Perry for-
mulation [32] that assumes the ultimate buckling resistance Nu is reached when the yield
stress fy = σmax in the outermost fiber, where σmax is defined by Eq. (2.6). The out-
of-straightness imperfection ν [defined in Eq. (2.19)] is considered to be a function of
the initial imperfection ν0 and the ratio of the ultimate load Nu to the elastic critical
buckling load Ncr for the first buckling mode.

ν = ν0 ·
1

1− Nu

Ncr

(2.19)

Eq. (2.6) was reduced to a non-dimensional form to facilitate iteration by defining
the reduction factor χ = Nu/Npl and the non-dimensional slenderness λ as a function of
fy [Eq. (2.20)]. This allows the solution to be obtained by solving the quadratic equation
given in Eq. (2.21).

λ =

√
A · fy

Ncr

(2.20)

λ
2 · χ2 −

(
1 + λ

2
+
ν0 · A
Wel

)
· χ+ 1 = 0 (2.21)

The existing models primarily differ in terms of their linear coefficients - specifically,
the coefficients for the initial out-of-straightness imperfection.
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Figure 2.11: Evolution of European column buckling theory

The Eurocode model replaces the imperfection term η from Eq. (2.7) with a similar
product of the initial imperfection factor α and the non-dimensional slenderness λ. The
imperfection factor α depends on the steel grade, cross-section type, fabrication method
and buckling direction. The reduction factor χ can be computed using Eq. (2.23) together
with the coefficient φ defined in Eq. (2.24).

ν0 · A
Wel

= α(λ− 0.2) (2.22)

χ =
1

φ+

√
φ2 − λ2

(2.23)

φ = 0.5[1 + α(λ− 0.2) + λ
2
] (2.24)

As seen in Eq. (2.22) the Eurocode models assumes that global instability can occur
only for columns with λ ≥ 0.2. The constant of 0.2 was not present in the initial form of
the equation; it was introduced at the suggestion of Dwight [35], who recommended the
inclusion of a horizontal plateau at low slenderness values.
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2.5. AISC Strength Curve

The column strength curve in the American standard AISC 360-16 [18] is mainly based
on extensive research conducted by Bjorhovde [47], who combined deterministic and
probabilistic analyses of column buckling. Using numerical simulations based on pre-
vious column tests and residual stress measurements performed at Lehigh University,
Bjorhovde generated 112 column curves, assuming a constant initial out-of-straightness
of L/1000. These curves were then grouped to produce the three main column strength
curves adopted by the Structural Stability Research Council (SSRC) [28]. Three ad-
ditional curves (SSRC curves 1P-3P) have been proposed based on the same methods
but with an assumed initial out-of-straightness of L/1470, which is equal to the mean
imperfection for the set of measured columns.

The American standard [18] adopted SSRC curve 2P and redefined it in the form of
two equations. These expressions represent a simplified approach in which the compres-
sive strength NRk is calculated as the product of the gross cross-sectional area of the
member A and the critical stress σcr [Eq. (2.25)]. The critical stress is then calculated
based on two equations corresponding to the slenderness ranges for inelastic and elastic
buckling [Eq. (2.26)].

NRk = σcrA (2.25)

σcr =

0.658
fy
σe fy, when Lcr

i
≤ 4.71

√
E
fy

or fy
σe
≤ 2.25

0.877σe, when Lcr

i
> 4.71

√
E
fy

or fy
σe
> 2.25

(2.26)

where σe = π2E/(Lcri)
2

The limit value 4.71
√
E/fy is equivalent to a non-dimensional slenderness λ = 1.5

and marks the transition point on the buckling curve beyond which the stresses in the
section are below 0.5fy. It is in this range of λ ≤ 1.5 that HSS members would benefit
from milder reduction factors. In its current form, Eq. (2.26) implies that the influence
of imperfections, residual stresses, and out-of-straightness on steel struts is independent
of the steel grade.

2.6. Buckling Curves for HSS Columns

In recent decades, several studies on flexural buckling in HSS columns with yield strengths
fy ≥ 600 MPa have shown that current design rules are unnecessarily conservative for
such columns. This section presents experimental data collected from the literature
relating to tests using HSS welded, cold-formed, and hot-rolled sections. The papers
highlighted here generally suggest the use of an existing buckling curve for sections of
these types, typically drawn from either European or American standards. Additionally,
two recently published models of flexural buckling over the weak axis of HSS members
are presented and discussed.
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2.6.1. Previous Tests on HSS Columns

Among the first researchers to investigate the flexural buckling capacity of welded steel
profiles with fy ≥ 600 MPa were Rasmussen and Hancock [12, 83], who performed
experimental measurements on 12 welded H-sections and 13 box sections. The results
of these measurements were then compared to the Australian, American, British and
European buckling curves. Their analysis indicated that the current design standards
are conservative, and that the Australian, American and British standards can be safely
applied. Additionally, the authors suggested that buckling curve a should be used instead
of curve c in the European standards for weak axis buckling of welded box and H-sections
made from HSS with a plate thickness t ≤ 40 mm.

Ban et al. [13] tested six welded box and H-sections manufactured with steel having
a nominal yield strength fyn = 960 MPa. The welded H-sections had Class 4 flanges, so
an additional reduction of the compressive resistance was expected due to local buckling.
The two specimens tested in eccentric compression cannot be validly compared to the
flexural buckling curves and are therefore not discussed further herein. The authors
concluded that the EN 1993-1-1 [108] buckling curve a is applicable to 960 MPa HSS
columns, and suggested that if supported by further research, a value of α = 0.16 could
replace the currently used value of αa = 0.21.

Experiments on 12 centrically compressed welded box and H-sections were reported
by Li et al. [14]. These columns were manufactured using complete penetration welding,
which gives rise to a unique residual stress distribution. Additionally, two of the columns
were straightened by flame heating. After flame heating, the welded box-section had an
out-of-straightness imperfection of L/104. Imperfections of this magnitude are incom-
patible with the relevant manufacturing standards, so these columns are not discussed
further herein. The straightness of the flame-heated I-section was within the imperfection
tolerances, but it is not discussed further here because of a lack of material data. Flame
heating would typically be expected to reduce the yield strength of steel. Datapoints
corresponding to these flame-heated specimens are labeled accordingly in Figures 2.12
and 2.13. The authors concluded that buckling curve a would fit the experimental ob-
servations better than curve c. However, due to the limited number of tests that were
performed, the authors recommended further research in the form of numerical simula-
tions.

Khan et al. [109] investigated the resistance of centrically compressed welded-box
sections made from high-strength materials. A total of 15 specimens with compact and
slender cross-sections were tested; from these 15, five unfilled rectangular hollow sections
(RHS) were selected for further analysis in this thesis. The selected specimens failed due
to global buckling. The study was conducted to establish design guidelines, primarily for
concrete filled welded box-sections. Therefore, the discussion and conclusions focused on
the behaviour of the composite columns rather than the unfilled steel sections. However,
they recommended the use of buckling curve a from EN 1993-1-1 [108] for composite
sections made of HSS and high-strength concrete (HSC).

Ma et al. [17] reported results for seven centrically compressed welded H-sections
made from S690. The slenderness of these specimens ranged from 0.77 to 1.41, and
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their cross-sections ranged from class 1 to class 3. Data on all seven of these sections
are included in the analysis presented here. Their study concluded that the current
design rules provided by EN 1993-1-1 underestimate the buckling resistances of slender
columns made from welded H-sections of S690 steel and therefore recommended the use
of a different buckling curve with greater structural efficiency. Unlike the European
standard, the resistance calculated using AISC 360 agreed well with the measured failure
load, suggesting that the American standard is applicable to the design of slender columns
of S690 welded H-sections.

The material and geometrical properties of the welded box- and I/H-sections discussed
in this section are given in Tables 2 and 3 of Paper A, respectively. Based on the
study presented in Paper A, it was concluded that EN 1993-1-1 [108] underestimates
the flexural buckling resistance of HSS welded box-sections and I/H-sections by 43%
and 30%, respectively. It should be noted that these values are averages and cannot be
generalised over the entire slenderness range. Furthermore, this conclusion is based on
test results for columns manufactured with steel grades from S690 up to S960.

The study presented in Paper A also indicated that the American standard [18] can
be used without leading to uneconomic designs. The average ratio of the experimen-
tally determined resistance Nexp to the characteristic resistance NRk calculated based on
measured values according to the AISC 360 standard was 1.17.

A set of eight hot-finished rectangular HSS columns with nominal yield strength fyn

= 690 MPa was tested and analyzed by Wang and Gardner [105]. The slenderness
values of these columns ranged from 0.44 to 2.25, covering the full slenderness range
typically encountered in structural engineering practice. All of the studied specimens
had compact cross-sections belonging to class 1. Based on a reliability analysis involving
both experiments and numerical simulations, the study concluded that hot-finished RHS
and SHS can be designed using the current provisions of the American standard as is, or
using the European standard (curve a0) with the application of a safety factor γM1 = 1.1.

Somodi and Kövesdi [15] conducted an experimental campaign focusing on the flexural
buckling of cold-formed rectangular HSS. The campaign covered 12 columns of which six
were made from S700 and six from S960. A reliability analysis based on the test results
and numerical simulations indicated that cold-formed RHS can be designed using the
ECCS [42] buckling curve b for steel grades from S500 to S700, and curve a for grade
S960.

Somodi and Kövesdi [110] also performed six additional flexural buckling tests on
welded box-sections. Three of these columns were made from S700 steel and three from
S960 steel. This investigation revealed that the buckling curve recommended in the
European standard for welded box-sections is conservative, so the authors proposed a
transition from buckling curve c to a for steel grades from S500 to S960. The test data
were compared to the current European design standard EN 1993-1-1[108]. Based on
the experimental results, the authors proposed a modified imperfection factor α as per
Eq. (2.27) to be applied to cold-formed columns manufactured by continuous forming
from circular to square.
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α = 0.49

(
235 MPa

fy

)0.5

(2.27)

The material and geometrical properties of the cold-formed and hot-finished rectan-
gular HSS are given in Table 4 of Paper A. Figures 2.12 and 2.13 show the scatter of
the reduction factor χ [Eq. (2.28)] calculated based on the experimental ultimate load
Nexp and the measured yield strength fyk. The results are shown as functions of the
non-dimensional slenderness, λ.

χ =
Nexp

A · fyk

(2.28)

The available test results for HSS columns having nominal yield strength fyn ≥ 690
were compared to normalized flexural buckling curves recommended in EN 1993-1-1 and
AISC 360 for different section types. The comparison is shown in Figures 2.12 and 2.13,
respectively.
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2.6.2. Other Analytical Expressions

Jönsson and Stan [111] proposed the incorporation of an additional term, ε =
√

235/fy,
into the imperfection factor to reduce the penalties on the flexural buckling resistance of
very high-strength steel (VHSS) columns. This approach can be justified by assuming
that the magnitude of the residual stress is lower relative to the yield strength in VHSS
than in MSS. A modified helping factor φJS can thus be computed using Eq. (2.29)

φJS = 0.5[1 + α(λε− 0.2) + λ
2
] (2.29)

The reduction factor χJS [Eq. ( 2.6.2.)] and the flexural buckling resistance NRk,JS

[Eq. ( 2.6.2.)] can subsequently be calculated using the same approach, in accordance
with EN 1993-1-1, with the modified helping factor φJS.

χJS =
1

φJS +

√
φ2

JS − λ
2

(2.30)

NRk,JS = χJSAfy (2.31)

Kövesdi and Somodi [112] proposed that the residual stresses and the geometrical
imperfection should be treated independently. Under this model, failure is assumed to
occur when σmax = fy,red, where σmax is defined by Eq. (2.6) and fy,red is a reduced yield
strength expressed as a function of slenderness red(λ) and the initial residual stress σRS,
in the fiber most prone to yielding in compression [Eq. (2.32)]
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fy,red = fy − red(λ) · σRS (2.32)

with red(λ) defined in Eq. (2.33).

red(λ) =
1

2

[
1− cos

(
λ− 0.3

0.9
π

)]
(2.33)

Using a simplification similar to that applied in the Eurocode model, the reduction
factor χKS calculated with Eq. (2.34) can be expressed as a function of the modified
factor φRS [Eq. (2.35)], the slenderness λ and the ratio kfy = fy,red/fy.

χKS = 0.5

(
φRS −

√
φ2

RS −
4kfy

λ
2

)
(2.34)

φRS = kfy +
1

λ
2 +

ksh · π
2Ldiv · λ

√
E

fy

(2.35)

The shape factor ksh is equal to the height of the section h divided by the relevant
radius of gyration i, both of which are defined with respect to the buckling direction
[Eq. (2.36)]. The initial geometrical imperfection factor Ldiv is defined as the ratio of the
member length L and the initial assumed out-of-straightness imperfection ν0 [Eq. (2.37)].

ksh =
h

i
(2.36)

Ldiv =
L

ν0

= 750 (2.37)

Kövesdi and Somodi [112] proposed two alternative ways (A, B) of defining the initial
geometrical imperfection factor Ldiv. The first is to use a constant value of Ldiv,A =
750, making it independent of the other parameters. According to EN 1090-2 [43], the
tolerance for the out-of-straightness imperfection should not exceed L/1000, and the
same limit is applied in the AISC 303 [44] standard. Approach A could thus yield
a conservative estimate of the flexural buckling resistance if the residual stresses are
explicitly considered. Under the second approach, Ldiv,B is treated as a function of fy

and λ as per Eq. (2.38).

Ldiv,B =


750 when λ ≤ 1.3

750 + 2.2fy−750

2

[
1− cos

(
λ−1.3

0.4
π
)]

when 1.3 < λ < 1.7

2.2fy when λ ≥ 1.7

(2.38)

The second model introduces various artificial initial geometrical imperfections based
on the steel grade, sacrificing consistency with the limits imposed by the manufacturing
tolerances.
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Finally, the flexural buckling resistance NRk,KS [Eq. ( 2.6.2.)] can be calculated using
an approach similar to that applied in the Eurocode model and the model proposed by
Jönsson and Stan using χKS.

NRk,KS = χKSAfy (2.39)

2.7. Summary

The flexural buckling curves currently applied in the European and American design
standards were founded on thorough experimental, analytical, and statistical analyses.
The reduction factors calculated according to EN 1993-1-1 and AISC 360 are also used
in interaction equations to calculate the resistance of columns subject to axial and bend-
ing loads. It is therefore difficult to propose new formulations because of the potential
implementation problems. Most researchers dealing with this issue proposed the use of
different buckling curves, corresponding to different imperfection factors α, when com-
paring their results to the European buckling curves. This is a straightforward approach
that avoids subsequent implementation issues. Researchers generally seem to agree that
the European buckling curves are too conservative and that a change can be justified for
welded and cold-formed HSS members (e.g. from curve c to a). However, the American
standard was found to be applicable to all HSS members as is.

Test data for a total of 72 specimens were collected from the publications reviewed
in this section. These data were used to create a unified database of flexural buckling
test results for HSS members with yield strengths of 690 to 960 MPa. The resistance
values determined in these tests, Nexp, were compared to the characteristic resistances
NRk calculated according to the European and American standards [18, 108] and the
analytical models described in Section 2.6.2..

The design resistance of these specimens is compared to the corresponding test data in
Paper B, while Paper A presents a more comprehensive study on the welded, cold-formed,
and hot-finished sections. Figure 2.14 compares the buckling curves recommended by the
authors of the papers presented in this chapter to the current recommended European
buckling curves and the collected test results. The similarities and differences between
these curves are discussed further in the following chapter.

Finally, the literature review revealed a lack of experimental data on weak axis flexural
buckling in welded I-sections made from HSS with a nominal yield strength of 960 MPa
in the intermediate slenderness range (0.2 < λ < 1.5). For practical reasons, many steel
members are likely to be designed in this slenderness range because the yield strength does
not greatly affect the resistance outside this range. Furthermore, it is in this slenderness
range that changes in the buckling curves are most likely to be needed because of a
reduction in the ratio of the compressive residual stresses to the yield strength σRS/fy.
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Chapter 3

Statistical Analysis
of Collected Test Results

“Certainty is the preserve of the youth.”

Rodrigo Borgia - The Borgias

Probability theories and classical statistical analysis are commonly used in reliability
assessments performed by structural engineers. Moreover, the current flexural buckling
design rules were established based on exhaustive testing in conjunction with numerical
and statistical analysis. To assess the applicability of the current recommended buckling
curves to HSS sections, a statistical evaluation of experimental flexural buckling data
drawn from the literature was performed. Such analyses are often useful first steps
because they can serve as a foundation for reliability studies. Statistical investigations
on the flexural buckling resistance of steel members have previously been conducted by
Bjorhovde [47] and Fukumoto and Itoh [48] during the early stages in the development
of the current design rules.

One of the most commonly used probability distributions in structural engineering is
the normal distribution. This is partly because its probability density functions (PDF)
are easily represented and integrated, enabling straightforward determination of safety
factors, reliability coefficients, and fragility curves. However, a major disadvantage of
relying on the normal distribution to assess safety factors for flexural buckling is that it
requires sampling of data corresponding to each variable (e.g. section type, fabrication
methods, steel grades, local slenderness, global slenderness, etc.).

As new experimental data becomes available, it can be useful to classify and assess the
influence of different manufacturing methods on the structural performance. It is some-
what unclear whether the best approach is to have specific buckling curves or formulations
for different manufacturing methods. However, such an approach would potentially al-
low for more accurate resistance prediction. The column curve used by the AISC 360
standard [18] agrees well with experimental results. However, the use of a single buckling
curve can lead to increased scatter with respect to the difference between the design and
actual resistance due to the uncertainties introduced by various manufacturing methods.
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3.1. Overview

As noted by other researchers (see Chapter 2), the current European standard is more
conservative than the American standard with respect to flexural buckling resistance for
HSS sections. It was therefore important to determine how previous flexural buckling
tests performed on MSS columns compare to recent tests performed on HSS columns.
The comparison focused on welded I/H-sections because the inelastic theory predicts that
the effects of residual stresses on the buckling capacity over the weak axis is strongest in
sections of these types.

To evaluate the difference, the data from the statistical evaluation of flexural buckling
tests on MSS columns compiled by Fukumoto and Itoh [48] were compared to the HSS
data collected in Paper A. No previous test data on flexural buckling of MSS cold-formed
or seamless RHS was known to the author. Therefore, the current study focused on
welded sections.

3.2. Assessment of MSS Columns Test Data

Fukumoto and Itoh [48] collected a large set of flexural buckling experiments performed
up to 1983 that served as the basis for the current European and American standards.
The collected data were then divided into several categories based on cross-section type,
manufacturing method, yield strength, and delivery conditions. Table 3.1 contains the
means x and standard deviations s reported by Fukumoto and Itoh [48] based on data
for 252 welded H-sections.

The statistical quantities (x, s) were calculated based on the ratio of the resistance
Nexp determined by empirical testing to the calculated resistance NRk obtained using
ECCS [11] buckling curve b and SSRC column curve 2. According to Ziemian [28], SSRC
column curve 2 was chosen as the current AISC 360 [18] column curve. The resistance
NRk was calculated based on the sections’ reported geometric and material properties.
Additionally, a characteristic design value for flexural buckling resistance was calculated
based on the reported data using the procedure specified in the EKS 11 standard [113].

The Swedish standard EKS 11 [113] does not allow the use of characteristic fractile
factor kn based on known coefficient of variation when calculating the characteristic value
Xk [Eq. (3.1)]. Instead kn is given in tabular form as a function of the population size
n. In this study kn = 1.64 was kept constant for all the sampled populations, meaning
that it was assumed that x and s would not change significantly if a larger sample were
examined.

Xk = x− kn · s (3.1)

The weighted average value of the Nexp/NRk,EN ratio based on the data collected by
Fukumoto and Itoh [48] for the welded I/H-sections relative to the b curve was 0.937
(Table 3.1). This value provides no insight into the scatter of the results but it does
partly justify the decision to use the c curve for weak axis global buckling in welded
I/H-sections.
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Table 3.1: Statistical quantities for MSS welded sections [48]

Section Fabrication n x x− 2s s

EN 1993-1-1
Built-up welded UDL 2 0.800 0.667 0.067
H-100x100x6x8 FDL 168 0.860 0.585 0.138
H-100x100x6x8 FEL 1 1.138 - -
H-125x125x6x9 FDL 5 0.987 0.786 0.101
H-125x125x6x9 UAL 5 1.232 0.880 0.176
H-125x125x6x9 UEL 5 0.954 0.688 0.133
H-200x200x8x10 FDL 30 1.150 0.918 0.116
I-reconstitute FDL 16 0.962 0.783 0.090
I-reconstitute FAL 6 1.284 1.048 0.118
10H61 FDH 2 1.264 0.862 0.201
12H79 FDL 3 1.057 0.822 0.118
14H202 FDL 3 1.032 0.994 0.019
6H27 FDH 2 1.224 0.979 0.123
6H27 SDH 2 1.209 1.088 0.061
6H27 UDL 2 0.835 0.718 0.059
H-sections Welded 252 0.937

B-100x6 FDL 20 1.292 1.190 0.051
Caisson 150x10 FDL 16 1.060 0.903 0.079

FAL 6 1.358 1.166 0.096
B-250x11 FDH 6 1.187 1.057 0.065

FAH 6 1.273 1.055 0.109
B-250x10 FDH 6 1.129 0.910 0.110

FAH 3 1.229 0.949 0.140
B-254x10 FDH 2 1.222 0.858 0.182

UDL 8 0.979 0.910 0.035
B-152x6.4 FDH 2 1.276 1.095 0.091

UDL 2 0.979 0.877 0.051
Box-sections Welded 77 1.181

AISC 360
H-sections Welded 68 1.084 0.820 0.132
Box-sections Welded 98 1.121 0.782 0.170

Note: U = universal mill, D = as delivered, L = fy < 250 MPa, F = flame-cut,
E = plate annealed, H = fy > 400 MPa, S = shear-cut.

Most tests were performed on welded, flame-cut H-100x100x6x8 sections made from
steel with fy < 250 MPa. The average value x = 0.860 was clearly well below unity, but
the H-200x200x8x10 section had an average value of x = 1.150. Since the same fabrication
method was used to produce all of the columns, it appears that residual stresses do not
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affect the resistance of larger welded H-sections to the same degree that they do in smaller
ones. This finding agrees well with the residual stress model proposed by the BSK 07 [94]:
the BSK 07 residual stress model (Figure 2.3) assumes that the residual stresses are a
function of the cross-sectional local slenderness, so the compressive residual stress in the
flanges of the welded I/H-sections decreases with increasing local slenderness [Eq. (2.18)].

There is however a degree of uncertainty due to the range of global slenderness
spanned by the sections. Fukumoto and Itoh [48] reported the coefficient of variation w
for slenderness intervals of 0.1 units, as seen in the lower part of Figure 3.1. It is assumed
that the s symbol in this part of Figure 3.1 was erroneously placed there because the
author clearly stated in the text of the paper that the bottom part of the figure showed
the coefficient of variation w.

Rolled H
Welded H
Welded box

Figure 3.1: Comparison of test results for MSS columns and predictions based on ECCS
column curve b (from [48])

Based on all of the reported data, the scatter was clearly highest in the slenderness
range λ = 0.8 ∼ 1.2 when comparing experimental results to predictions made using
ECCS column curve b.

Fukumoto and Itoh [48] also compared results from 68 tests on welded I/H-sections
to SSRC column curve 2. The average value of the Nexp/NRk,AISC ratio in this case
was x = 1.084 with a standard deviation of s = 0.132. This comparison is of interest
here because SSRC column curve 2 is used today as the AISC 360 flexural buckling
design curve [28]. The design resistance value is obtained as the product of the nominal
compressive resistance (given by SSRC column curve 2) and the resistance factor for
compression φc = 0.9.

The specimens compared to SSRC column curve 2 included hot-rolled and flame-cut
welded light I/H-sections subjected to both minor and strong axis buckling, welded box
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sections, and welded circular and massive tubes. The comparison of experimental results
to SSRC column curve 2 is shown in Figure 3.2.

Rolled H
Welded H
Welded box
Circular tube

Figure 3.2: Comparison of test results for MSS sections to SSRC column curve 2
(from [48])

The coefficient of variation w was highest at slenderness values of λ = 0.8 ∼ 1.4, in
keeping with the results observed for ECCS column curve b. As previously mentioned,
this is the interval in which the influence of the residual stresses is expected to be greatest.
The calculated coefficient of variation is based on data for columns that had different
cross-sections and were manufactured using different processes, so further sorting the test
data would be expected to reduce w.

3.3. Assessment of HSS Columns Test Data

The HSS data were collected from the references listed in Section 2.6.1. and represent
70 specimens in total; these data are summarised in Table 3.2. The ratio of Nexp to the
characteristic resistance NRk was determined in the same way as for the MSS sections,
using the recommended European and American buckling curves as references. In keeping
with the approach of Fukumoto and Itoh [48], ECCS column curve b and SSRC column
curve 2 were compared to test results for HSS welded box and H-sections. These curves
were used to enable direct comparison of the statistical results obtained for MSS and
HSS welded sections.
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Table 3.2: HSS columns data

Reference Number of tests Country Manufacturer

Welded I/H-section - 23 specimens
Ban et al (2013) 2 China -
Li et al (2016) 6 China -
Ma et al (2018) 7 China -
Rasmussen & Hancock (1995) 8 Australia Bisalloy

Industrial Steels
Welded box-sections - 26 specimens
Ban et al (2013) 2 China -
Somodi & Kovesdi (2017) 3 Hungary -
Somodi & Kovesdi (2017) 3 Hungary -
Khan et al (2017) 5 Australia -
Li et al (2016) 6 China -
Rasmussen & Hancock (1995) 7 Australia Bisalloy

Industrial Steels
Cold-formed RHS - 12 specimens
Somodi & Kovesdi (2017) 6 Hungary Rautaruukki
Somodi & Kovesdi (2017) 6 Hungary Rautaruukki
Hot-finished RHS - 11 specimens
Wang & Gardner (2017) 11 UK V&M

Deutschland
Total 72

The data were assumed to be normally distributed with a standard deviation s around
the mean value x. Separate Gaussian probability density functions (PDFs) [Eq. (3.2)]
were generated for each cross-section type.

f(x|x, s2) =
1√

2πs2
e−

(x−x)2

2s2 (3.2)

Additionally the kernel density estimate (KDE) was generated using the Statsmodel
package [114] of the Python programming language. Eq. (3.3) defines the KDE as a
function of the sample size n, the bandwidth h, and the common second order Gaussian
kernel function k(u) [Eq. (3.4)]. The bandwidth h = 0.9·A·n−0.2 was chosen to avoid over-
smoothing of the KDE and represents 90% of the bandwidth calculated using Silverman’s
rule of thumb [115]. The factor A represents the minimum of the sample’s standard
deviation s and the quotient of the interquartile range (IQR) and 1.34.

∼
f(x) =

1

nh

n∑
i=1

k

(
xi − x
h

)
(3.3)

k(u) =
1√
2π
e−

u2

2 (3.4)
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The KDE represents a compromise between the histogram and the normal distri-
bution. It provides a simple way to assess the deviation of the data from the normal
distribution.

A least squares linear regression was performed on the sampled data, using λ as
the main parameter, to identify the slenderness range over which the deviation from
the theoretical curves was most pronounced. The 90% high density interval (HDI) of
the linear regression was also determined to reveal uncertainty arising from a lack of
experimental data in specific slenderness ranges.

Figure 3.3 shows an example of the scatter in the results that highlights the relevant
statistical quantities. The statistical analysis is described further in Paper A.
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Figure 3.3: Representation of the statistical evaluation of the HSS test data

The distribution of the welded HSS columns relative to the ECCS column curve b is
shown in Figure 3.4a. It can be seen that the ratio Nexp/NRk is greater than unity over
the full slenderness range.

The scatter in the data is greatest over the slenderness range λ = 1.4 ∼ 1.8. This
was mainly attributed to the differences between the welded box and H-sections in this
slenderness range, which can be visualised by comparing Figure 3.4b and Figure 3.4c. The
HSS welded box-sections exhibited significantly higher resistances relative to the column
curve than the HSS welded H-sections; a similar difference was previously observed for
MSS welded sections.

Linear regression revealed that ECCS column curve b provides more conservative
results for λ > 0.8 than for λ ≤ 0.8. This deviation at higher slenderness values can
be attributed to the the equivalent imperfection approach on which the ECCS column
curves are based. The results obtained by comparing the collected experimental data to
ECCS column curve b are given in Table 3.3 and plotted in Figure 3.4; a comparison to
ECCS column curve c is presented in Paper A.
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(a) Welded HSS box and H-sections - 47 specimens
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(b) Welded HSS H-sections - 22 specimens
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(c) Welded HSS box-sections - 25 specimens

Figure 3.4: Comparison of welded HSS column test results to ECCS column curve b

As expected, the mean x and standard deviation s relative to ECCS column curve
b were smaller than for ECCS column curve c. The data for HSS welded sections are
thus better described by curve b than by curve c. The comparison of the HSS welded
sections and the AISC 360 column curve revealed a large scatter in the slenderness range
λ = 1.4 ∼ 1.8 similar to that observed for ECCS column curve b. Overall, the AISC 360
column curve estimated the flexural buckling resistance of the welded HSS sections more
accurately than the ECCS column curve, leading to a smaller x = 1.17 and s = 0.144 for
welded HSS sections.



3.3. Assessment of HSS Columns Test Data 49

Table 3.3: Statistical quantities for HSS sections

Model x s Xk = x− 1.64s

Welded box-sections – 25 specimens
AISC 360 1.22 0.16 0.957
EN 1993-1-1(a) 1.21 0.16 0.945
EN 1993-1-1(b) 1.34 0.17 1.059
EN 1993-1-1(c) 1.43 0.21 1.083
Welded H-sections – 22 specimens
AISC 360 1.11 0.09 0.956
EN 1993-1-1(a) 1.10 0.09 0.953
EN 1993-1-1(b) 1.19 0.12 0.992
EN 1993-1-1(c) 1.30 0.17 1.033
Hot-finished RHS – 11 specimens
AISC 360 1.15 0.07 1.024
EN 1993-1-1(a0) 1.14 0.08 1.017
Cold-formed RHS – 12 specimens
AISC 360 1.23 0.16 0.978
EN 1993-1-1(c) 1.61 0.26 1.187

The linear regression shown in Figure 3.5 exhibits the same conservative trend ob-
served for the ECCS column curve. It should be noted, however, that this figure only
shows results relating to welded HSS box-sections; no such trend was observed for welded
HSS H-sections with the AISC curve.

Figure 3.6 shows the results of separate linear regressions for the HSS welded box and
I/H-sections. The test results for HSS welded-box sections exhibit greater scatter than
those for the I/H-sections, in keeping with the observations previously made for MSS
welded box-sections. This may indicate that the manufacturing procedure has a greater
impact on the flexural buckling resistance of welded box-sections than on that of welded
I/H-sections.
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Figure 3.5: Comparison of welded HSS column test results to the AISC 360 column curve
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Figure 3.6: Linear regressions for HSS welded box and H-sections compared to AISC 360
column curve

3.4. Comparison of MSS and HSS Columns Test Data

The mean value x = 1.19 of the Nexp/NRk ratio relative to ECCS column curve b for
the HSS welded H-sections was significantly higher than that for MSS flame-cut welded
H-sections subjected to weak axis buckling. Although the comparison was done using
ECCS column curve b, it indicates that using the same column curve for MSS and HSS
yields overly conservative results for HSS.

Larger H-sections such as H-200x200x8x10 manufactured under the same conditions
(FDL) as H-100x100x6x8 and H-125x125x6x9 exhibited the highest average resistance.
The mean value of Nexp/NRk for H-200x200x8x10 compared to ECCS column curve b
was x = 1.15 (Table 3.1), which is very close to the value observed for HSS welded
H-sections. This may indicate that the effect of residual stresses is reduced in larger
H-sections, making their σRS/fy ratios comparable to those of HSS H-sections.

However, a welded H-200x200x8x10 section would be classified as a Class 4 section for
steel grades above S460. This prevents direct comparison because local buckling would
also affect the global buckling resistance.

The average Nexp/NRk values for the HSS welded H-sections did not differ significantly
from those for the MSS sections when compared to the AISC 360 curve. However, the
results for the HSS sections exhibited less scatter. The most pronounced differences
between experiment and the AISC 360 curve occurred in the same slenderness range,
λ = 0.8 ∼ 1.2, for both HSS and MSS welded H-sections.

The literature review (Section 2.6.1.) showed that most researchers recommend the
European buckling curve a as the best fit for welded box and H-sections. Therefore, the
collected HSS test results were also compared to buckling curve a, as shown in Figure 3.7b.

The ECCS buckling curve a gives similar results to the AISC 360 buckling curve.
However, the design resistance Pn calculated according to AISC 360 is equal to the
product of the characteristic compressive resistance NRk [Eq. (2.25)] and the safety factor
φc = 0.9. This safety factor would make the design resistance unnecessarily conservative.
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(a) HSS welded H-sections

(b) HSS welded box-sections

Figure 3.7: Test results HSS for welded sections compared to ECCS buckling curve a

Thus, for flexural buckling resistance of welded HSS calculated according to AISC 360,
a safety factor of φc = 0.95 might be suitable based on the results for MSS sections.
However, for ECCS buckling curve a the design resistance could lead to unsafe values
because the safety factor γM1 = 1. An alternative would be to use curve b.

The results obtained for welded flame-cut specimens with fy > 400 MPa were similar
those for welded HSS sections with fy > 600 MPa: their mean value was in the range
x = 1.129 ∼ 1.276 when compared to ECCS column curve b. This shows that a higher
reduction coefficient χ should be applied when considering HSS sections with higher steel
grades.

Although the HSS dataset represented 70 different specimens, only 2 of these were
welded H-section columns made of steel with a nominal yield strength of fyn = 960
MPa. These columns had a slenderness of λ = 1.23 and 1.87, corresponding to the limit
of elastic-plastic to pure elastic buckling. It is unlikely that results for columns in this
slenderness range could provide any useful insight into differences between the reduction
factors for MSS and HSS sections.
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3.5. Summary

The analysis presented in this section revealed that the Nexp/NRk values for HSS sections
are higher than those for comparable MSS sections when the same buckling curve is used.
This effect will become increasingly relevant as higher steel grades become available and
more widely used in practice.

Flexural buckling resistance calculations based on AISC 360 gave similar results to
the EN 1993-1-1 buckling curve a. However, for the American standard a safety factor
of φ′c = 0.95 for HSS welded section would be safe-sided and consistent with the results
for MSS welded sections. The ECCS column curve b appears to be suitable for welded
HSS sections. However, the use of this curve would not alleviate the pronounced scatter
observed over the slenderness range λ = 0.8 ∼ 1.2.

Current standards are clearly conservative for welded HSS sections. A new draft of
EN 1993-1-1 [9] has recently been prepared, which aims to include steel grades of up to
S700. In the current draft, welded box and I-sections with steel grades of up to S700
that are subject to weak axis buckling are assigned to the same buckling curves b and
c, as in the current standard, whereas hot-rolled profiles with steel grades above S460
to S700 have received a curve upgrade. Having implemented this change, the focus of
EN 1993-1-12 (which currently provides additional rules for steel grades S500 to S700)
will be shifted towards higher steel grades. There is thus a need to assess the flexural
buckling behaviour of sections made from steel grades above S700, such as S960.

As shown in Figure 3.8, there are only 2 welded I-sections made from S960 steel
for which results of flexural buckling tests over the weak axis have been reported in
the literature. Additional test results are thus needed, particularly for sections in the
intermediate slenderness range highlighted in Figure 3.8, where plastic-elastic buckling
is expected. As noted in the preceding section, differences between steel grades are
more pronounced in this intermediate slenderness range and the difference between the
buckling curves is largest around slenderness values of λ = 1.0.
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Figure 3.8: Comparison of test results for S960 welded H-sections to ECCS curve c



Chapter 4

Compressive Resistance Tests on
Welded HSS Columns

“If we knew what it was we were doing, it would not
be called research, would it?”

Albert Einstein

4.1. Overview

A total of 11 welded H-sections were tested in centric compression, of which four were
manufactured with S355 and seven with S960. The specimens were chosen to fill a gap
in the literature data due to a lack of reported experimental tests on HSS welded H-
sections with nominal yield strengths fyn > 700 MPa (see Figure 3.8). One additional
S960 specimen was manufactured for residual stress measurement.

S960 columns were designed with two different cross-section sizes to evaluate the
effect of the local slenderness on the compressive resistance without introducing local
instabilities. The specimens were classified as class 1 and class 2 cross-sections according
to EN 1993-1-1 [108], with the flange being the limiting criterion. Four reference speci-
mens made from S355 were also tested. Two of the reference specimens (H1-S355-06 and
H11-S355-06) had the same cross-section as the S960 columns. The remaining two (H12-
S355-06 and H2-S355-06) were designed to have the same flange λf and web slenderness
λw as the S960 columns.

An overview of the geometric and cross-sectional properties of the tested columns is
provided in Table 4.1 and Table 4.2. Figure 4.1 explains the convention used to assign
labels to these columns and shows their cross-sectional geometry and dimensions.

The experimentally determined resistances for these columns were then compared to
the corresponding resistances calculated according to the current European and American
design standards as well as the models proposed by Jönsson and Stan (JS) [111] and
Kövesdi and Somodi (KS) [112].
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H11-S355-06
H-section in class 1

Cross-section index

Steel grade Slenderness value
e.g. 06 ~ 0.6

(a) (b)

Figure 4.1: Label (a) and cross-section dimension (b) conventions for tested columns

Table 4.1: Nominal geometric properties of the tested specimens

H B tf tw Lcr A Iy Iz fyn

Label (mm) (mm) (mm) (mm) (m) (mm2) (cm4) (cm4) (MPa)
H1-S960-06 100 100 10 6 0.81 2480 432 167 960
H2-S960-06 110 110 10 6 0.90 2740 588 222 960
H1-S960-08 100 100 10 6 1.05 2480 432 167 960
H2-S960-08 110 110 10 6 1.15 2740 588 222 960
H1-S960-10 100 100 10 6 1.30 2480 432 167 960
H2-S960-10 110 110 10 6 1.41 2740 588 222 960
H1-S960-12 100 100 10 6 1.54 2480 432 167 960
H2-S960-12 110 110 10 6 1.68 2740 588 222 960
H1-S355-06 100 100 10 6 1.30 2480 432 167 355
H11-S355-06 110 110 10 6 1.41 2740 588 222 355
H12-S355-06 150 150 10 6 1.86 3780 1582 563 355
H2-S355-06 160 160 10 6 1.97 4040 1940 683 355

Table 4.2: Local and global slenderness of the tested specimens - nominal values

Label cw/tw cf/tf λw λf λz λy ε Class

H1-S960-06 13 4 0.44 0.48 0.67 0.37 0.49 1
H2-S960-06 15 5 0.50 0.53 0.67 0.37 0.49 2
H1-S960-08 13 4 0.44 0.48 0.87 0.50 0.49 1
H2-S960-08 15 5 0.50 0.53 0.87 0.49 0.49 2
H1-S960-10 13 4 0.44 0.48 1.08 0.62 0.49 1
H2-S960-10 15 5 0.50 0.53 1.07 0.61 0.49 2
H1-S960-12 13 4 0.44 0.48 1.28 0.75 0.49 1
H2-S960-12 15 5 0.50 0.53 1.27 0.74 0.49 2

H1-S355-06 13 4 0.27 0.29 0.66 0.38 0.81 1
H11-S355-06 15 5 0.30 0.32 0.65 0.37 0.81 1
H12-S355-06 22 7 0.45 0.46 0.63 0.36 0.81 1
H2-S355-06 23 7 0.48 0.49 0.63 0.36 0.81 2
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The reference S355 specimens were tested to reduce uncertainties introduced by the
testing conditions (which may be due to size effects, load eccentricity, boundary condi-
tions, and the strain rate, among other things). The reference sections were chosen to
provide:

• two specimens with identical cross-sectional properties and global slenderness λz to
S960 specimens:
H1-S355-06 and H11-S355-06 ∼ H1-S960-06 and H2-S960-06;

• two specimens with identical local (λf, λw) and global slenderness (λz, λy) to S960
specimens:
H12-S355-06 and H1-S960-06 ∼ H2-S355-06 and H2-S960-06;

• one specimen with identical cross-sectional properties and critical length to one
S960 specimen:
H11-S355-06 ∼ H2-S960-10.

To further reduce experimental uncertainties, 12 tensile tests were performed with
coupons extracted from virgin plates corresponding to three coupons for each combination
of steel grade and thickness. Additionally, imperfection and residual stress measurements
were also performed. These experimental studies are described in more detail below.

The S960 columns were manufactured in a single pass by gas metal arc welding
(GMAW) using matching Böhler X90-IG electrodes, which are recommended for high-
strength fine grained steels. The chemical composition of the steels and the solid wire is
presented in Table 4.3.

Table 4.3: Chemical composition of Böhler X90-IG solid wire and S960

C Si Mn Cr Ni Mo P S Cu B
Label (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Böhler X90-IG 0.10 0.80 1.80 0.35 2.25 0.60 - - - -
Strenx R© 960 0.20 0.50 1.60 0.80 2.00 0.70 0.02 0.01 0.30 0.005

The target range of the heat input during welding to prevent hydrogen cracking and
poor HAZ toughness was 0.71 ∼ 1.23 kJ/mm based on the welding procedure specification
(WPS) provided by the steel manufacturer. The applied current was 250 A at a travel
speed of 5.21 mm/s with a voltage of 26.5 V, giving a machine heat input of 0.916 kJ/mm.
The electrode was supplied at a rate of 7.8 m/min using a semi-automatic wire feeder.
The size of the weld throat aw resulted from a single weld pass was approximately 3 mm.
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4.2. Experimental Work

4.2.1. Material Properties

A total of 12 tensile tests were performed to determine the material properties, three
for each combination of thickness (t=6 and 10 mm) and steel grade (S355, S960). The
actual geometry was measured for each coupon using a digital micrometer. The original
gauge length Lo was the minimum length recommended in Table D.2 of EN ISO 6892-1
[116], corresponding to a width of 20 mm. Figure B.1 shows the geometry of the tensile
coupons. The tensile tests were conducted under strain rate control based on feedback
from an extensometer over the parallel length at a rate of ėLe = 0.00025s−1.

The average values of the upper yield strength ReH, the tensile strength Rm, and the
elastic modulus E were later used as characteristic values when evaluating the calculated
resistance and the non-dimensional slenderness. The stress-strain curves for the S355
coupons are shown in Figure 4.2 along with the properties characterising the steel grade.
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Figure 4.2: Tensile test results for S355

The same material properties were considered for the steel grade S960. As shown in
Figure 4.3, the material has a clearly defined yielding plateau. Additionally, the upper
yield strength can be easily identified. EN ISO 6892-1 [116] defines ReH as the stress
corresponding to a local force maximum after which (i)there is a drop in force of at least
0.5% and (ii) the force remains at least 0.5% below the local maximum over a strain
range of 0.05%. The values of the 0.2% proof stress Rp,0.2 and lower yield strength ReL

presented in Table 4.4 are shown for comparative purposes.

In all cases, the proof stress was in between the lower and upper yield strengths.
Currently, EN 1993-1-12 [8] requires that steel grades up to S700 satisfy the criterion
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Rm/ReH > 1.05 for elastic global analysis and exhibit an elongation at fracture of at
least 10%, both of which are satisfied by S960.
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Figure 4.3: Tensile test results for S960

Table 4.4: Tensile test specimens

Steel
Grade

Label
t b A ReL ReH Rp,0.2 Rm ReH/Rm E

(mm) (mm) (mm2) (MPa) (MPa) (MPa) (MPa) ( - ) (GPa)

S960

CP1 10.27 19.9 204.4 1007 1025 1014 1077 1.05 203
CP2 10.13 20.1 203.7 990 1010 997 1063 1.05 200
CP3 10.10 19.9 201.0 993 1025 1010 1074 1.05 199
CP4 6.13 19.7 120.9 970 976 976 1045 1.07 197
CP5 6.18 19.6 121.4 960 970 966 1035 1.07 192
CP6 6.04 19.8 119.7 982 987 986 1055 1.07 200

Mean 984 999 991 1058 1.06 199

S355

CP7 10.06 19.1 191.7 388 394 394 594 1.51 200
CP8 10.04 19.3 193.4 392 401 400 589 1.47 199
CP9 10.06 19.5 196.1 396 411 403 579 1.41 198
CP10 5.93 18.7 110.6 406 416 413 582 1.40 195
CP11 5.93 19.0 112.4 393 406 406 587 1.45 183
CP12 5.96 18.7 111.6 401 414 405 580 1.40 183

Mean 396 407 338 585 1.44 193
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4.2.2. Imperfections

Global Imperfections

The out-of-straightness and load eccentricity were measured using a digital image corre-
lation (DIC) system. For this purpose, adhesive targets were installed on the edges of
the section at positions marking quarters of the column length. Additional targets were
placed as references for imperfection measurement on the testing apparatus and the roller
bearings. The measurement setup is shown in Figure 4.4. Each adhesive target had a
point marking its center that was used for positioning. Alignment was ensured using a
positioning laser (Figure 4.4b).

(a) DIC measurement (b) Alignment

Figure 4.4: Imperfection measurement set-up

An initial attempt was made to measure the out-of-straightness imperfection prior
to the load eccentricity using a sliding linear variable differential transformer (LVDT)
at five evenly spaced positions along the column’s length, L, each separated from its
neighbors by a distance of L/4. Figure 4.5 depicts the procedure. This process proved to
be very tedious and gave similar results to the DIC measurement (the average deviation
of the two methods was ∼0.1 mm), so the DIC approach was preferred. The deviation
between the two methods may be due to differences in alignment between the LVDT and
DIC systems, the contact point of the LVDT, or irregularities in the measured surface.
Regardless, the observed level of deviation was considered acceptable for the purpose of
the study.

The final set-up is shown in Figure 4.11b. The specimens were initially positioned in
the testing machine and a load of ∼5 kN was applied to ensure contact with the specimen.
All global initial imperfections were measured at this point of the loading process.

The global imperfections are presented in Figure 4.6 relative to the tolerances of the
European [43] and American [18] manufacturing and execution standards. It is clear that
the same tolerances can be applied to HSS welded I/H-sections because no significant
differences were observed between the investigated steel grades. The values presented in
Figure 4.6 are also listed in Table A.9.
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Local Imperfections

The geometry of each column was measured at five points over its length. The measured
dimensions are shown in Figure 4.7a, and a list of the measured values is presented in
Annex A. The distances h1 and h2 were consistently smaller around the mid-section of
the columns; this effect was primarily attributed to the welding procedure. Towards the
ends, the end-plates prevented this deformation from occurring, so the shape was closer
to the nominal values.

The heights of the sections were generally lower on the side where welding was ini-
tiated. Before the first weld pass, the flange is less tightly constrained, allowing it to
rotate around the weld (Figure 4.7b). A similar welding-induced deformation occurs in
L- or T-sections. During the weld pass on the opposite side of the web, the flange de-
forms under stiffer boundary conditions; free rotation is prevented by the weld and the
web. Therefore, the flange bends instead, resulting in a shape similar to that shown in
Figure 4.7c.

(a) Measured dimensions (b) Flange out-of-squareness (c) Flange out-of-flatness

Figure 4.7: Local imperfections

For I/H-sections, the flange out-of-squareness can be reduced by alternately welding
the flanges on opposite sides of the web. However, this will instead lead to web out-of-
plumbness. This imperfection does not significantly affect the bearing capacity of the
evaluated columns because the specimens were aligned in the testing machine with refer-
ence to the central point of the flanges. Additionally, the contribution of the web is not
significant when flexural buckling over the weak axis occurs. However, this imperfection
could become important since it could cause problems during erection.

It is difficult to distinguish between out-of-squareness and out-of-flatness imperfec-
tions using conventional measuring methods. However, it is the magnitude of the im-
perfections rather than their source that is important when evaluating resistance. The
aforementioned local imperfections lead to changes in stiffness that are not expected to
significantly affect the resistance of class 1 and class 2 sections. They are therefore only
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mentioned here as a reference for the expected magnitudes of imperfection when welding
HSS I/H-sections.

The out-of-squareness and out-of-flatness imperfections were treated as a joint im-
perfection ∆sf,i (Eq. 4.1), with i being an index representing the side of the profile under
consideration; it takes values of 1 or 2, corresponding to h1 and h2.

∆sf,i =
|hi,m − hi|

2
(4.1)

To evaluate the ratio of the flange width to the measured deviation, the average flange
width was computed as bm = (b1+b2)/2. The measured local imperfections are presented
in Tables A.5 and A.6.

Figure 4.8 gives an overview of the maximum, minimum and the average values of the
local imperfections for each specimen. The tolerances imposed by EN 1090-2 [43] con-
cerning width deviations, out-of-squareness, and out-of-flatness are indicated by vertical
lines in the figure. Although in some cases ∆sf,i seems to lie outside these tolerances, this
imperfection is actually the sum of two individual imperfections (as explained above), so
it is unlikely that either imperfection alone would exceed the tolerance.

Figure 4.8: Measured local imperfections
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Width deviations were also analysed. This imperfection was considered to have the
greatest influence on the bearing capacity of columns, because it affects both the area
A and the second moment of area over the weak axis Iz. This imperfection is easier to
evaluate; as shown in Figure 4.8, all the specimens were well within the tolerance.

Residual Stresses

Longitudinal residual stresses were determined in specimen H2-S960-06 using the sec-
tioning method. The strain relaxation was measured using 31 strain gauges positioned in
the longitudinal direction as shown in Figure 4.9a. The procedure had two main steps:
a transverse cut was made at a distance of 10 mm from the middle of the column, then
a series of longitudinal cuts was made between the strain gauges.

The transverse cut was made using a band saw with flood cooling to avoid excessively
heating the specimen (Figure 4.9b). The longitudinal cuts were made manually with
a hand saw. Since no direct cooling was used at this stage, the cutting sequence was
chosen to avoid unnecessary local heating. Cuts were therefore made on alternating sides
of the flange. The strains were measured throughout the cutting process; measurement
was halted 5 min after the final cut, when the difference between consecutive readings
fell below 0.5%.

(a) Strain gauge positions (b) Band saw transverse cut

Figure 4.9: Residual stress measurement procedure

The longitudinal cuts revealed the importance of the size of the cut pieces when
assessing the residual stresses. Figure 4.10a and Figure 4.10b show the stress distributions
before and after cutting the side pieces of the upper flange. No significant relaxation was
observed in the side gauges in the upper flange before the final cuts. However, after the
final cuts, the upper and lower flanges exhibited similar stresses: 160 ∼ 247 MPa in the
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upper flange and 200 ∼ 255 MPa in the lower flange. This effect can be attributed to the
change in stiffness that occurs during cutting. It also indicates that the residual tensile
stresses introduced by plasma cutting are localized very close to the edge.
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Figure 4.10: Measured residual stresses

The maximum observed compressive residual stress was on the welded side of the
flange. Figure 4.10c shows the distribution of the maximum flange stresses for the welded
(’Inner’) and non-welded (’Outer’) sides. The maximum measured compressive residual
stress was located in the middle section of the flange. The measured residual stresses
reveal a pattern similar to that observed in MSS flame-cut welded H-sections by Cher-
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nenko and Kennedy [74], with tension on the tips of the flanges and around the weld.
Similar patterns of residual stresses have been found for HSS flame-cut welded H- and
T-sections [84, 87, 117, 118].

4.2.3. Flexural Buckling Tests

Test Setup

The test setup was configured in accordance with the recommendations of Tebedge and
Tall [41] and the ECCS testing procedure [42].

The load was applied to maintain a constant strain rate of 0.1 %/min (equivalent
to 10 MPa · min), in keeping with the ECCS column testing program. The ECCS [42]
recommends that the load increment for material testing should be applied using the
same strain rate as for the compressed column. However, steel producers offer material
data such as tensile yield strength for virgin plates, and it is this data that designers rely
on. Therefore, a standardized testing method [116] was preferred to make the resulting
data generally applicable.

A total of 13 strain gauges were installed on each tested column, positioned on the
outside of the outermost point of each flange at three locations over the column’s length;
an additional gauge was installed in the middle section of the flange. A schematic de-
piction of the test setup is presented in Figure 4.11a. The horizontal displacement was
monitored using three LVDTs positioned at distances of L/4 from the end plates. Ad-
ditionally, the end-rotations over the buckling axis were monitored using a digital image
correlation (DIC) system to reassess the assumed effective length and the corresponding
buckling shape.

The strain gauges positioned at the ends of the specimen were used to identify a
potential local buckling and to calculate the load eccentricity for the tested columns e0

as described by Gkantou et al [119] using Eq. 4.2.

e0 =
Wel(εcx − εcv)

A(εcx + εcv)
− ν0 (4.2)

where εcv and εcx are strain measurements corresponding to the concave and convex sides
of the specimen. The ’zeroed’ value of the strain gauges was considered before applying
the load.

The specimens were designed with end-plates made of the same material as the flanges
and having the same thickness. Each end-plate was then connected to a support plate,
machined to fit a roller support along the weak axis. The column was thus considered to
be pinned at both ends.

The average values of the measured dimensions were used to calculate the cross-
sectional properties and are henceforth referred to as characteristic values. Table 4.5
contains the characteristic values used to assess the characteristic resistance. The re-
ported yield strength fyk and elastic modulus Ek are the means of the corresponding
measurements made during the tensile tests presented in Section 4.2.1..
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(a)

Central Reference

(b)

Figure 4.11: Test setup: (a) sketch and (b) photo

The recorded load-displacement response of the tested struts is shown in Figure 4.12.
The start point of the horizontal displacement at the mid-point ν was shifted to match
the initial out-of-straightness ν0. The test results are summarised in Table 4.6.
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Table 4.5: Geometric and material properties of the tested specimens

H B tf tw Lcr A Iz fyk Ek

Label (mm) (mm) (mm) (mm) (m) (mm2) (cm4) (MPa) (GPa)
H1-S960-06 100.1 100.0 10.1 5.9 0.81 2500 169 998.7 200.7
H2-S960-06 109.4 109.5 10.2 6.0 0.90 2759 222 998.7 200.7
H1-S960-08 99.5 99.1 10.1 6.1 1.05 2492 165 998.7 200.7
H2-S960-08 108.6 109.3 10.2 6.1 1.15 2755 221 998.7 200.7
H1-S960-10 99.0 99.0 10.1 6.1 1.30 2483 164 998.7 200.7
H2-S960-10 109.4 110.0 10.1 6.0 1.41 2765 225 998.7 200.7
H1-S960-12 99.7 99.3 10.2 6.0 1.54 2500 166 998.7 200.7
H2-S960-12 109.8 110.7 10.3 6.0 1.68 2814 233 998.7 200.7
H1-S355-06 98.3 99.4 10.2 5.9 1.30 2482 167 407.1 199
H11-S355-06 107.8 109.6 10.1 5.9 1.41 2740 223 407.1 199
H12-S355-06 147.3 149.4 10.1 6.0 1.86 3793 563 407.1 199
H2-S355-06 158.1 158.7 10.1 6.1 1.97 4062 676 407.1 199

Table 4.6: Flexural buckling resistance of the tested columns

Label λz A Npl Nu χ = Nu/Npl

H1-S960-06 0.698 2500 2497 2096 0.840
H1-S960-08 0.914 2492 2489 2099 0.843
H2-S960-08 0.908 2755 2752 2425 0.881
H1-S960-10 1.134 2483 2480 1833 0.739
H2-S960-10 1.108 2765 2762 2240 0.811
H1-S960-12 1.338 2500 2497 1582 0.634
H2-S960-12 1.312 2814 2811 1670 0.594

H1-S355-06 0.724 2482 1010 678 0.671
H11-S355-06 0.709 2740 1115 764 0.685
H12-S355-06 0.693 3793 1544 1097 0.710
H2-S355-06 0.694 4062 1654 1163 0.703

The results show that the Nu/Npl ratio for class 2 cross-sections was highest for
slenderness values λ < 1.2. Similar results were obtained for welded MSS H-sections
by Fukumoto and Itoh [48] when comparing different section sizes to ECCS curve b, as
discussed in Chapter 3. This increase in strength can be attributed to the effect of the
residual stresses on the flexural buckling resistance in this slenderness range. At higher
λ values, the resistance depends mainly on the elastic resistance, which is governed by
factors such as geometric properties, the elastic modulus, and the boundary conditions.
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Figure 4.12: Load - displacement curves of the tested columns

Strut H1-S960-12 exhibited a higher Nu/Npl ratio than H2-S960-12, mainly due to
a smaller initial out-of-straightness and a greater contribution from buckling mode 2.
The column response during testing determined using the three LVDTs is shown in
Figure 4.13. The contribution from buckling mode 2 was due to the difference in length
on the four corners of the column. The measured column lengths for the S960 specimens
are shown in Table A.7. The differences in length introduced greater stresses on the
longer side (S2) of H2-S960-12 as shown in Figure B.8. The strain difference between
the two sides, S1 and S2, is visibly more pronounced in H2-S960-12 than in H1-S960-12.
The strain measurements at mid-height for H1-S960-12 is shown in Figure B.5.

Differences in length on the four corners of the end plates posed a similar problem for
the H1-S960-06 specimen. However, in this case, a significant bending moment occurred
over the strong axis. The readings of the strain gauges at the mid-height of the column
(Figure B.2) revealed differences in strain between opposing flanges of 864 and 942 µm,
respectively, on each side of the flange.
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Figure 4.13: Load-displacement responses for H1-S960-12 (a) and H2-S960-12 (b)
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Southwell Plots

Southwell plots are generally used to estimate a structure’s critical load on the basis of
experimental testing without having to reach its maximum capacity [120, 121]. Similarly,
a critical deformation can be calculated based on the experimentally determined critical
load. The intercept of the linear regression of the Southwell plot can then be interpreted
as an equivalent imperfection, leading to a critical flexural buckling resistance.

An interpretation of the Southwell plots arising from the performed tests is presented
in Figure 4.14 for the S355 struts, and in Figures 4.15 and 4.16 for the S960 struts.
The line that defines the critical load was obtained by performing a linear regression
based on the points in the data interval defined by the maximum load and the maximum
displacement. The Southwell plots can also be used to identify the participation of
buckling mode 3, which can be considered to make an appreciable contribution if the
ratio of the horizontal displacement at the mid-point (ν) and the applied load (N) is
below the 1/Ncr line.

ν, [mm]

0.002

0.004

0.006

ν
N

H1-S355-06

νeq = 0.20 mm 
Ncr = 690 kN

ν, [mm]

ν
N

H11-S355-06

νeq = 0.21 mm 
Ncr = 758 kN

0 2 4 6
ν, [mm]

0.002

0.004

0.006

ν
N

H12-S355-06

νeq = 0.19 mm 
Ncr = 1109 kN

0 2 4 6
ν, [mm]

ν
N

H2-S355-06

νeq = 0.30 mm 
Ncr = 1185 kN

Figure 4.14: Southwell plots for S355 columns

All of the S355 columns with class 1 sections had νeq values of approximately 0.2,
which were smaller than the corresponding values for H1-S960-06. Additionally, H1-
S960-06 and H1-S960-12 had similar values of νeq (0.37 and 0.39, respectively). The two
specimens both had large contributions from the deformation induced by the 3rd buckling
mode (Figure 4.13a).
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4.3. Comparison of Design Equations

The experimentally determined resistance was compared to the resistances calculated
using the analytical expressions presented in Chapter 2 and Paper A and the nomi-
nal and measured average (characteristic) geometric and material properties of the test
specimens. Table 4.7 contains the flexural buckling resistances calculated according to
AISC 360 [18], EN 1993-1-1 [108], and Jönsson & Stan [111] (JS) using the measured
values. The resistances predicted by the models when using the measured values are com-
pared to the experimentally determined resistances of the test specimens in Figure 4.17.

Table 4.7: Calculated vs. experimental resistance based on characteristic values

AISC 360 EN 3a JSa

Label λ Nexp NRk Nexp/NRk NRk Nexp/NRk NRk Nexp/NRk

H1-S960-06 0.698 2096 2036 1.03 1806 1.16 2224 0.94
H1-S960-08 0.914 2099 1754 1.20 1464 1.43 1872 1.12
H2-S960-08 0.908 2425 1948 1.24 1629 1.49 2081 1.17
H1-S960-10 1.134 1833 1448 1.27 1149 1.60 1447 1.27
H2-S960-10 1.108 2240 1651 1.36 1317 1.70 1663 1.35
H1-S960-12 1.338 1582 1180 1.34 925 1.71 1128 1.40
H2-S960-12 1.312 1670 1367 1.22 1071 1.56 1311 1.27

H1-S355-06 0.724 678 811 0.84 710 0.95 776 0.87
H11-S355-06 0.709 764 904 0.85 794 0.96 868 0.88
H12-S355-06 0.693 1097 1263 0.87 1115 0.98 1216 0.90
H2-S355-06 0.694 1163 1352 0.86 1193 0.97 1302 0.89

aCalculated with an imperfection factor of α = 0.49 (Curve c).

The EN 1993-1-1 curve c and the AISC 360 column strength curve give almost iden-
tical design reduction factors χ at λ = 0.6 ∼ 0.7, as shown in Figure 4.17. This clearly
shows that both design standards overestimate the resistance of the S355 specimens when
it is calculated using the average measured values.

Similarly, the JS model overestimates the resistance since it assumes a less severe
penalty for steels with yield strengths above fy = 235 MPa. Conversely, both standards
underestimate the resistance of the S960 specimens. These differences are especially
pronounced for specimens with λ ≈ 0.7.

The JS model achieves better agreement with experiment for the S960 specimens
with λ = 0.9 ∼ 1.34. However, as previously mentioned, specimen H1-S960-06 experi-
enced significant bending moments over the strong axis, which influenced its compressive
resistance.

The resistances calculated using the nominal values are compared to the strength
curves in Figure 4.18. As expected, the design codes give safe results for the S355
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specimens when nominal values are used. This outcome is mainly attributed to the
difference between the measured and nominal geometric and material properties.

The use of the nominal values reduces the calculated slenderness of the specimens
because the nominal area, moment of inertia, and elastic modulus are all greater than
the corresponding measured values. However, the resistance is most sensitive to the
yield strength. Therefore, the use of the nominal values rather than their measured
counterparts reduces the calculated resistance of the S355 specimens by approximately
8%.
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Figure 4.17: Comparison of calculated and test resistances based on characteristic values
for the studied specimens
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Figure 4.18: Comparison of calculated and test resistances based on nominal values for
the studied specimens
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No such effect was observed for the S960 specimens, for which the measured and
nominal values of the elastic modulus were almost identical, as were those for the yield
strength; the ratios of the measured values to the nominal values for these variables were
Ek/En = 1.04 and fyk/fyn = 1.05, respectively. Therefore, the compressive resistance
of HSS sections would be expected to exhibit less scatter than that of MSS sections
due to the lower proportional overstrength of the actual steel yield strength relative to
the nominal values. The resistances calculated for the studied specimens based on the
nominal values are given in Table 4.8.

Table 4.8: Calculated vs. experimental resistance based on nominal values

AISC 360 EN 3a JSa

Label λ Nexp NRn Nexp/NRn NRn Nexp/NRn NRn Nexp/NRn

H1-S960-06 0.671 2096 1972 1.06 1768 1.19 2147 0.98
H1-S960-08 0.869 2099 1736 1.21 1474 1.42 1866 1.13
H2-S960-08 0.867 2425 1921 1.26 1632 1.49 2065 1.17
H1-S960-10 1.076 1833 1466 1.25 1183 1.55 1492 1.23
H2-S960-10 1.065 2240 1637 1.37 1324 1.69 1672 1.34
H1-S960-12 1.276 1582 1205 1.31 950 1.66 1166 1.36
H2-S960-12 1.271 1670 1338 1.25 1056 1.58 1296 1.29

H1-S355-06 0.658 678 734 0.92 661 1.03 704 0.96
H11-S355-06 0.646 764 817 0.94 737 1.04 784 0.97
H12-S355-06 0.629 1097 1137 0.96 1030 1.06 1095 1.00
H2-S355-06 0.626 1163 1217 0.96 1104 1.05 1173 0.99

aCalculated with an imperfection factor of α = 0.49 (Curve c).

As noted in Chapter 2, one way to improve the prediction of resistance in HSS welded
I/H-sections would be to use the EN 1993-1-1 buckling curve a. Table 4.9 gives the values
of the ratio Nexp/NR relative to EN 1993-1-1 curve a for the nominal and characteristic
values. The resistance values obtained with curve a are similar to those for the JS model
for S960 using the c curve. However, neither of these buckling curves solves the problem
of the large deviations from experiment in the slenderness range λ = 0.8 ∼ 1.2.

One possible way of reducing the deviation from experiment in the slenderness range
λ = 0.8 ∼ 1.2 would be to explicitly account for geometric imperfections and residual
stresses. In the case of weak axis buckling in I/H-sections, the treatment of these factors
can be simplified because it is known that the residual stresses with the greatest impact
on the resistance are located at the tips of the flanges.

Therefore, the resistance was also calculated based on the measured values using the
analytical model proposed by Kövesdi and Somodi [112]. The residual stresses at the
tip were estimated using the BSK 07 [94] residual stress model for welded I/H-sections
[Eq. (2.18)]. The values obtained in this way are presented in Table 4.10.
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Table 4.9: Calculated vs. experimental resistance based on EN 1993-1-1 curve a

Label λn NRn Nexp/NRn λn NRk Nexp/NRk

H1-S960-06 0.671 2135 0.98 0.698 2121 0.99
H1-S960-08 0.869 1870 1.12 0.914 1806 1.16
H2-S960-08 0.867 2070 1.17 0.908 2007 1.21
H1-S960-10 1.076 1518 1.21 1.134 1423 1.29
H2-S960-10 1.065 1700 1.32 1.108 1632 1.37
H1-S960-12 1.276 1201 1.32 1.338 1124 1.41
H2-S960-12 1.271 1334 1.25 1.312 1305 1.28

Note: α = 0.21 (Curve a).

Table 4.10: Calculated vs. experimental resistances based on Kövesdi and Somodi
model with BSK 07 residual stresses with Ldiv = 750

Label ksh kRS kfy φRS χ NRk Nexp/NRk

H1-S960-06 3.85 0.16 0.93 3.12 0.82 2051 1.02
H1-S960-08 3.85 0.17 0.87 2.18 0.69 1729 1.21
H2-S960-08 3.86 0.15 0.88 2.21 0.71 1943 1.25
H1-S960-10 3.85 0.17 0.84 1.71 0.56 1397 1.31
H2-S960-10 3.86 0.15 0.85 1.76 0.58 1614 1.39
H1-S960-12 3.85 0.17 0.83 1.47 0.45 1129 1.40
H2-S960-12 3.85 0.15 0.85 1.51 0.47 1318 1.27

H1-S355-06 3.84 0.17 0.92 3.01 0.76 764 0.89
H11-S355-06 3.84 0.15 0.93 3.10 0.77 860 0.89
H12-S355-06 3.88 0.11 0.96 3.22 0.79 1224 0.90
H2-S355-06 3.89 0.10 0.96 3.22 0.79 1313 0.89

As shown in Table 4.10, for a constant Ldiv, the resistance reduction factor χ decreases
for more slender sections, leading to underestimation of the resistance by as much as 40%.

Table 4.11 compares the resistance calculated based on the same residual stress dis-
tribution [Eq. (2.18)] with Ldiv =1000 and the measured values Ldiv = Lcr/ν0 from
Table A.9.

After incorporating the measured imperfection into the analytical formulation, the
remaining deviation from experiment can be attributed to the influence of the residual
stresses, and particularly the factor kfy = fy,red/fy. The formulation for fy,red proposed
by Kövesdi and Somodi assumes that the residual stresses have the highest influence at
slenderness λ ≥ 1.2. This means that if tensile residual stresses are present at the tips
of the flanges in this slenderness range, an increase in resistance should be noticed. This
increase is observed for the S960 sections but is not noticeable for the S355 sections.
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Table 4.11: Calculated vs. experimental resistances based on the Kövesdi and Somodi
model with BSK 07 residual stresses

Ldiv = 1000 Ldiv - measured

Label φRS χ Nexp/NRk Ldiv φRS χ Nexp/NRk

H1-S960-06 3.11 0.85 0.99 1024 3.10 0.85 0.99
H1-S960-08 2.16 0.73 1.16 4028 2.09 0.82 1.03
H2-S960-08 2.19 0.74 1.19 1381 2.17 0.77 1.15
H1-S960-10 1.69 0.59 1.25 3326 1.64 0.68 1.09
H2-S960-10 1.75 0.62 1.32 3129 1.69 0.70 1.16
H1-S960-12 1.46 0.47 1.34 7687 1.40 0.54 1.17
H2-S960-12 1.50 0.49 1.21 2898 1.45 0.54 1.10

H1-S355-06 3.01 0.79 0.85 4076 2.88 0.89 0.76
H11-S355-06 3.11 0.81 0.85 1033 3.11 0.81 0.84
H12-S355-06 3.23 0.83 0.86 1037 3.23 0.83 0.85
H2-S355-06 3.23 0.83 0.85 1536 3.16 0.87 0.81

Since the residual stresses in the BSK 07 model are assumed to be proportional
to the yield stress, the magnitude of the residual stresses is also reduced, leading to
overestimation of the resistance for the S355 columns.

As an alternative, it could be beneficial to relate the equivalent compressive residual
stress to a quantity that remains constant independently of the steel grade, such as the
modulus of elasticity E. The data collected by Tankova et al. [86] (Table 2.2) show
that the highest compressive residual stress in the flanges that was independent of the
steel grade was approximately 200 MPa. This stress is reached at a strain value of
∼ 1µm/mm, assuming an elastic modulus of E = 210 GPa. Table 4.12 compares the
resistance calculated with σRS = 0.001E to the experimentally determined resistance.

It was noted in Chapters 2 and 3 that the residual stresses at the flange tips depend
on the manufacturing method. Hot-rolled sections generally have compressive residual
stresses at the flange tips, as do welded sections with plates not partitioned by flame
cutting. As stated by Fukumoto and Itoh [48], flame-cut plates generally exhibit higher
resistance than milled or shear-cut plates. Assuming that flame-cutting does not change
the steel’s yield strength, sections with slenderness values between the plastic and elastic
buckling limit should have increased compressive resistance due to the tensile stresses
present at the tips of the flanges.

Table 4.12 shows that the resistance is still underestimated for sections in the slender-
ness range λ = 0.8 ∼ 1.2. To overcome this problem, the tensile residual stresses could
be explicitly accounted for so that the compressive resistance would be increased. Upon
replacing the compressive residual stress with tensile residual stresses, kfy would become

kfy = 1 + red(λ)σRS (4.3)
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Table 4.12: Calculated vs. experimental resistance based on the Kövesdi and Somodi
model with σRS = 0.001E

Ldiv = 1000 Ldiv - measured

Label φRS χ Nexp/NRk Ldiv φRS χ Nexp/NRk

H1-S960-06 3.09 0.83 1.01 1024 3.09 0.84 1.01
H1-S960-08 2.14 0.71 1.19 4028 2.06 0.80 1.06
H2-S960-08 2.15 0.71 1.24 1381 2.13 0.74 1.19
H1-S960-10 1.66 0.58 1.27 3326 1.60 0.67 1.11
H2-S960-10 1.70 0.59 1.36 3129 1.64 0.68 1.19
H1-S960-12 1.42 0.47 1.35 7687 1.37 0.54 1.17
H2-S960-12 1.45 0.48 1.23 2898 1.40 0.54 1.11

H1-S355-06 2.87 0.68 0.99 4076 2.73 0.75 0.90
H11-S355-06 2.97 0.69 0.99 1033 2.96 0.69 0.99
H12-S355-06 3.08 0.70 1.01 1037 3.07 0.71 1.00
H2-S355-06 3.07 0.70 1.00 1536 3.01 0.73 0.96

When Eq. (4.3) was used to compute kfy , the resistance calculated using the KS model

exhibited better agreement with experiment for columns with slenderness λ = 1.0 ∼ 1.2.
The comparison of the calculated and the experimental values are shown in Table 4.13.

Table 4.13: Calculated vs. experimental resistance based on Kövesdi and Somodi model
with σRS = 0.001E in tension

Label kRS kfy Ldiv φRS χ Nexp/NRk

H1-S960-06 0.20 1.08 1024 3.25 0.97 0.86
H1-S960-08 0.20 1.15 4028 2.37 1.00 0.84
H2-S960-08 0.20 1.15 1381 2.43 0.93 0.95
H1-S960-10 0.20 1.20 3326 2.00 0.74 1.00
H2-S960-10 0.20 1.20 3129 2.03 0.77 1.05
H1-S960-12 0.20 1.20 7687 1.77 0.55 1.15
H2-S960-12 0.20 1.20 2898 1.80 0.56 1.06

H1-S355-06 0.49 1.22 4076 3.17 1.00 0.67
H11-S355-06 0.49 1.21 1033 3.38 1.00 0.68
H12-S355-06 0.49 1.20 1037 3.46 1.00 0.71
H2-S355-06 0.49 1.20 1536 3.40 1.00 0.70

However, this approach grossly overestimates the resistance for λ ≤ 0.8. To increase
the accuracy of this method, it would be necessary to evaluate the extent of the compres-
sive zone during loading. This might be challenging or impossible to achieve in practice.
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4.4. Proposed Design Model

The main advantage of the kfy factor is that it can be used to directly address the

influence of the compressive residual stresses in the flanges via the red(λ) term. The
disadvantage of the form proposed by Kövesdi and Somodi is that the reduction function
requires a preliminary step that uses rather complex models to calculate the compressive
residual stresses. However, the use of the compressive residual stress term σRS = 0.001E
proposed in Section 4.3 yielded accurate results for the tested columns. This suggests
that the use of a single residual stress value for all types and sizes of cross-sections may
limit predictive accuracy.

To overcome this limitation, a holistic reduction factor red(λg, λl) that depends on the
global λg = Lcr/i and local λl = b/t slenderness was proposed. This factor is intended to
reduce the influence of the residual stresses at global slenderness values where compressive
stresses are not the limiting factor while reducing the magnitude of the residual stresses
at higher local slenderness values.

The influence of residual stresses on the compressive resistance was shown to be
highest at global slenderness values of λ = 0.6 ∼ 1.2. Therefore, the reduction function
presented here was designed to be highest between these slenderness values. At lower
slenderness values, the local slenderness becomes more important, which may lead to
coupled instabilities; alternatively if stocky columns are used, the function should reach
the plastic capacity. However, the applicability of the proposed function at global non-
dimensional slenderness values of λ < 0.2 was not investigated.

The compressive residual stresses in welded sections have been shown to depend on
the slenderness of the welded parts. Residual stress models that take into account the
thickness ratio of the welded part and the constitutive plate have been proposed for
both welded MSS and HSS box and I/H-sections (see Chapter 2 and [16, 117, 122]).
However, the direct usefulness of these models in the column buckling problem is limited
because the effects of the residual stresses on the flexural buckling resistance depend on
the cross-section type and the column slenderness.

The ratio of the elastic critical stresses originating from global and local buckling
modes is also important because it provides a preliminary indication of the contribution
of the residual stresses on the global and local scales. The effects of the interaction
between global and local buckling were studied by finite element modeling of closed
polygonal cross-sections, as described in Paper C. It was concluded that at lower global
slenderness values, the local slenderness is more important than the residual stresses.

In terms of elastic stability, a solution can be derived from the ratio of the critical
mean stress that would lead to global buckling σcr,g and the critical stress σcr,l that would
lead to local buckling of the individual constituent parts of the cross-section.
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A red(λg, λl) function that accounts for these considerations was formulated, and is
shown in Eq. (4.4)

red(λg, λl) = 1−
√
σcr,g

σcr,l

(4.4)

where σcr,g and σcr,l are given by Eq. (4.5) and Eq. (4.6), respectively.
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where kσ is a plate buckling factor that considers the boundary conditions and the loading
scenario and ν is the Poisson coefficient taken as 0.3 for steel.

Eq. (4.4) can be written in the form of Eq. (4.7) by replacing σcr,g and σcr,l with
Eq. (4.5) and Eq. (4.5).

red(λg, λl) = 1−

√
12(1− ν2)λ2

l

kσλ2
g

(4.7)

The reduction function can be further simplified by assigning a known value to the
plate buckling factor. For the purposes of the current model, a uniform compression can
be assumed for the plate whereby kσ,o = 0.43 for outstand compression parts and kσ,i = 4
for internal compression parts. The two forms of the reduction factor given in Eq. (4.8)
were thus proposed for box and I/H-sections respectively.

red(λl, λg) =

{
1− 5λl/λg for I/H-sections

1− 1.6λl/λg for box sections
(4.8)

The resistance of the studied sections was recalculated based on Eq. (4.8) with an
assumed initial compressive residual stress of σRS = 0.001E, and the results obtained
were compared to the corresponding experimentally determined resistances yielding the
data presented in Table A.10. The measured initial imperfections for the HSS welded
I/H-sections were collected from the available literature and the measurements performed
on the tested columns.

This approach achieved better agreement with experiment (for both the test data
generated in this work and the results of previously reported tests on HSS welded I/H-
sections) than the other analytical models discussed above, as shown in Figure 4.19 .

Since the designer does not usually have any initial knowledge of the out-of-straightness
imperfection, calculations were also performed using the manufacturing tolerance ν0 =
L/1000. The results obtained showed that this approach could also be applied safely, as
shown in Figure 4.20.
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Figure 4.19: Comparison of the proposed model predictions to experimental results for
welded HSS I/H-sections with Ldiv based on reported values
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Figure 4.20: Comparison of the proposed model and test results for welded HSS
I/H-sections with Ldiv = 1000

The plate column buckling coefficient depends strongly on the loading conditions. A
value of kσ,i = 4 is an obvious choice for welded box sections because the compressed
plate is expected to be entirely under compression throughout the failure mechanism.
For welded I/H-sections, however, the choice of kσ,o is less straightforward.

Iterative calculations indicated that a value of kσ = 1.3 gives very accurate estimates
while being more safe-sided than the kσ = 0.43 value used for I/H-sections. This value
is equivalent to a ratio ψ between the stresses at the fixed edge of the flange σ2 and the
free edge σ1 of ψ = σ2/σ1 = 0.1.

Similar results were obtained for the HSS welded box section, as shown in Fig-
ure 4.21a(which presents results obtained by calculating Ldiv based on the measured
out-of-straightness global imperfection) and in Figure 4.21a (where it is assumed that
Ldiv = 1000). The values plotted in Figures 4.19 are listed in Table A.10 to Table A.12.

The ratios of the resistance calculated using the proposed model to the experimental
resistances for the S355 welded I/H-sections show that this model could also be applied
to MSS grades.
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Figure 4.21: Comparison of the proposed model and test results for welded HSS box
sections based on the measured Ldiv values (a) and an assumed constant Ldiv = 1000 (b)

4.5. Summary

A total of seven central compression tests were performed on flame-cut welded HSS
(S960) H-sections with a nominal yield strength of fyn = 960 MPa to asses their resis-
tance to flexural buckling over the weak axis. The slenderness of the columns was in the
elastic-plastic failure range, i.e. λ = 0.7 ∼ 1.34. The experimentally determined resis-
tance values for these columns were substantially higher than the resistances calculated
according to the current American and European standards.

Four additional tests were performed on flame-cut welded MSS H-sections with a
nominal yield strength fyn = 355 MPa (S355) to serve as a reference for the HSS sections.
The results for the S355 sections agreed well with the results obtained using current
American and European design standards. Although the calculated resistance slightly
exceeded the experimentally determined resistance when characteristic values were used,
the standards were found to be safe-sided for design purposes. The difference between the
experimental and calculated resistances was mainly attributed to the difference between
the measured and nominal yield strengths.

The residual stress measurements performed on one of the HSS sections revealed
stress values similar to those reported in the literature. The flame-cut side of the flanges
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was found to be under tensile residual stress whereas the internal part of the flange was
under compression. The highest compressive residual stresses σc,max = −233 MPa, were
found on the inner side of the flanges. An upper bound on the magnitude of compressive
residual stresses, σRS = 0.001E, was proposed for use when calculating the flexural
buckling resistance of welded I/H-sections, based on the measurements from this study
and from the literature.

The resistances calculated for the HSS sections using the current American and Eu-
ropean design standards as well as two additional design equations proposed by Jönsson
and Stan [111] and Kövesdi and Somodi [112] were compared to the experimentally de-
termined resistances. The standards were found to be conservative for HSS sections, even
when the measured sectional and material properties were used in the calculations. The
models were most conservative in the slenderness range λ = 0.8 ∼ 1.3. To maintain a
uniform safety margin over the full slenderness range, two changes were proposed to the
KS model, mainly affecting the kfy coefficient.

The proposed model was found to achieve a lower degree of scatter relative to experi-
ment than any other model considered here, based on both the new experimental results
presented in this thesis and previously reported experimental results drawn from the
literature for both welded I/H-sections and welded box sections. Furthermore, the new
model showed a lower deviation from unity than other models over the full slenderness
range λ = 0.2 ∼ 2.4 of the studied columns, as shown in Figures 4.22a and 4.22b.
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(a)

(b)

Figure 4.22: Comparison of the proposed model predictions to experimentally determined
resistances for welded HSS box sections with Ldiv based on reported values (a) and
Ldiv = 1000 (b)



Chapter 5

Finite Element Simulations

“Reality is frequently inaccurate”

The Restaurant at the End of the Universe

Douglas Adams

Finite element methods (FEM) are often used to overcome the limitations of available
design equations and have become increasingly popular in recent years due to the greater
availability of computational power. For design purposes, Annex C of EN 1993-1-5 [123]
provides general guidelines to be used when performing FEM simulations. Additionally,
EN 1993-1-5 lists a series of assumptions to consider when choosing what type of modeling
to perform.

The current study used a non-linear material model based on true-stress strain curves
derived from the coupon tests presented in Section 4.2.1.. A geometrically non-linear
analysis was applied to account for the effects of geometric and material imperfections,
classified as a geometrically and materially non-linear analysis with imperfections (GM-
NIA) according to EN 1993-1-6 [124].

A global bow imperfection of L/1000 corresponding to the EN 1090-2 [43] out-of-
straightness tolerance was used as a starting point for the FE models. Annex C of
EN 1993-1-5 refers to EN 1993-1-1 for guidance on choosing equivalent bow imperfec-
tions. Given that residual stresses and both local and global imperfections were incorpo-
rated into the FE model, the global bow imperfection magnitude L/1000 was used as a
reference value. Similar FEM studies have used the same value for the bow imperfection
magnitude because it corresponds to the allowed manufacturing tolerance [101, 105, 111,
125, 126].

The BSK 07 [94] residual stress models and two other proposed models for flame cut
welded I-sections (FC1 and FC2) were sequentially incorporated into the FE models.
Local imperfections such as the out-of-squareness and web out-of-straightness were also
incorporated.

The main parameters in this study were the initial geometrical imperfections (global
and local) and the residual stress models. Their effect was studied by examining various
combinations of values, as shown in Table 5.1.

83
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Table 5.1: Parameters considered in FEM simulations

Global Imperfections Residual stresses Out-of-squareness
imperfection

Web imperfection

L/1000 no no no
L/1000 BSK model no no
L/1000 FC1 model no no
L/1500 FC1 model no no
L/1500 FC1 model B/100 (+) no
L/1500 FC1 model B/100 (−) no
Measured BSK model B/100 (−) no
Measured FC1 model B/100 (−) no
Measured FC2 model B/100 (−) no
Measured FC2 model B/100 (+) hw/100
Measured FC2 model B/100 (−) hw/100

Note: (+) indicates that the flange tips are further apart on the convex side, (−) indicates
that the flange tips are closer on the convex side.

5.1. Finite Element Model Description

The FE analysis was performed using the commercial FEM software package Abaqus [127].
The columns were modeled using shell finite elements with reduced integration (S4R).
The S4R element is a four-node rectangular shell co-rotational element with six degrees
of freedom per node, one general integration point, and five thickness integration points
that are all integrated using the Simpson method. The Simpson method was preferred
to monitor the stress distribution between the two facets.

According to the Abaqus manual [127], the algorithm solves the problem using thin
shell formulation if the thickness is less than about 1/15 of a characteristic length on the
surface of the shell (e.g. the distance between supports or the wavelength of a relevant
buckling mode). Given that the columns analysed herein had a global first buckling
mode, the thin shell formulation was used, so the Kirchhoff-Love formulation for thin
plates was applied. In this form, the shell element is applicable to problems with finite
membrane strains and large rotations.

The FE model consisted of a single part defined as a continuous line sketch that
was extruded over the full length. The lines were then used as reference planes for the
thickness definition. The section thickness was defined so as to avoid material overlap.
To this end, an offset was introduced in the section definitions of the flanges to ensure
that the material was initiated from the definition plane and away from the web.

As noted above, the FE models incorporated material and geometric non-linearity,
geometric imperfections, and residual stresses (GMNIA). The residual stresses were in-
troduced by means of predefined stress fields and stabilized through an initial static step.
During the initial step, the applied boundary conditions restrained the axial deformation
of the section to prevent the release of stresses (Figure 5.1).
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A static arc-length (Riks) analysis was then performed to determine the flexural
buckling load. The algorithm used in this type of analysis is commonly used when a
snap-back structural response is expected to occur. In this study, the Riks analysis was
used because its solution algorithm can follow the deformation path under both load and
displacement control.

An initial force equal to Npl was applied to each modeled column to ensure that
the maximum load is reached within a relatively small number of steps. An initial arc
increment of 0.1 was applied, with a total arc length of 1.0. The FE software also returns
the load proportionality factor (LPF) based on the initial applied step. Using Npl as the
initial load gives LPF = N/Npl, which is very convenient for further data analysis. During
the loading step, the boundary conditions corresponded to a pinned-simply supported
column as shown in Figure 5.1.

N

y

x

z

y

x

z

U

x

, UR

y

 ≠ 0

U

y

, U

z

 = 0

UR

x

, UR

y

 = 0

UR

y

 ≠ 0

U

x

, U

y

, U

z

, = 0

UR

x

, UR

y

 = 0

U

x

, U

y

, U

z

 = 0

UR

x

, UR

y

, UR

y

 = 0

U

x

, U

y

, U

z

 = 0

UR

x

, UR

y

, UR

y

 = 0

Figure 5.1: Boundary conditions during stabilizing step 1 (left) and loading step 2 (right)

The boundary conditions were introduced using reference points located at the re-
strained ends in the center of gravity of the cross-sections. The reference points were
also used as master nodes for kinematic constraints. Two kinematic constraints were
used to connect the nodes of the shell elements situated on the same x-ordinate as the
corresponding reference points. The kinematic coupling constraint was used to model
the end-plates of the columns. It redistributes the load applied in the reference node to
the connected nodes and ensures compatible rigid body displacements and rotations of
the far end nodes of the shell elements (Figure 5.2).
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  RP−1

  RP−2

Figure 5.2: Representation of the kinematic coupling constraints

5.2. Material Models

The steel material models used in this study are based the non-linear material model pro-
posed by Yun and Gardner [128] and the simplified bi-linear model used in EN 1993-1-5 [123].
The non-linear material model was defined based on the average material properties ob-
tained from the coupon tests using Eq. (5.1).

f(ε) =


Eε for ε ≤ εy

fy for εy < ε ≤ εsh

fy + (fu − fy)
[
0.4εc + 2εc/ (1 + 400ε5

c)
1/5
]

for εsh < ε ≤ εu

(5.1)

where εc is a strain coefficient defined in Eq. (5.2).

εc =
ε− εsh

εu − εsh

(5.2)

The non-linear material model was implemented in the FE software by using the true
stress-strain material curves. The model was modified from its original proposed form to
match the tested coupon values for each plate thickness and steel grade. The values for
the relevant parameters used in Eq. 5.1 are given in Table 5.2.

Table 5.2: Material parameters

t εy εsh εu fy fu E
Steel Grade (mm) (%) (%) (%) (MPa) (MPa) (GPa)

S355
6 0.2 0.8 12 412 583 187
10 0.2 0.8 12 402 587 199

S960
6 0.5 1.0 6 977 1045 196
10 0.5 1.0 6 1020 1071 201
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Figure 5.3: Coupon tests and material model comparison for S355
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Figure 5.4: Coupon tests and material model comparison for S960

The true-stress strain curve was obtained from the linear stress σtrue = σ(1 + ε)
and logarithmic strain εtrue = ln(1 + ε) with σ and ε from Eq. (5.1). The comparison
between the tested coupons and the modeled stress-strain curve corresponding to each
plate thickness and steel grade are shown in Figure 5.3 and Figure 5.4. The FE software
Abaqus retains the last two points of the curve to extend the stress-strain relation beyond
the last values represented in the figures.
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The bi-linear material model for the S355 steel grade was defined based on the nominal
values for the yield and tensile strength as given in EN 1993-1-1: fy = 355 MPa and
fu = 470 MPa. Since no nominal values were provided for S960, the yield strength
fy = 960 MPa was assumed with the ultimate strength being fu = 1.05fy at a total
elongation of 6%.

5.3. Geometrical Imperfections

The geometrical imperfections were introduced by altering the initial point coordinates
rT
i = {xi, yi, zi} of the mesh elements through an imperfection shape function ∆ri(xi, yi, zi)

using the same coordinate system as shown in Figure 5.1. The imperfection shape func-
tion ∆ri given in Eq. (5.3) was defined as a vector of the global ν(xi) and local imper-
fection functions ∆(xi, yi, zi) and νw(x, z).

∆rT
i = {0, ν(xi)± νw(xi, zi),±∆(xi, yi, zi)} (5.3)

The ’±’ symbol in Eq. (5.3) is directly connected to the (+) and (−) signs in Table 5.1
and describes the direction of the deformation relative to the convex and concave sides
of the initial global deformation.

The initial global imperfection function ν(x) was defined using Eq. (5.4) as the typical
first buckling mode of a pinned-simply supported strut.

ν(x) = ν0sin
(πx
L

)
(5.4)

where ν0 = is the initial out-of-straightness considered at mid-span and x ∈ [0, L].

Similarly, the out-of-squareness imperfection that was applied strictly to the flanges
after introducing the global imperfection was defined as a function of the column length
L and the flange width B according to Eq. (5.5). This initial deformed shape was chosen
because it introduces deformation patterns similar to those observed experimentally.

As can be seen in Tables A.1 and A.3, the height of the sections was consistently larger
towards the end points for all the measured columns. The chosen sinusoidal shape was
used to avoid overlapping of buckling modes that could increase the overall compressive
resistance, although the minimum values of the measured out-of-squareness imperfection
were not always found at the middle of the column nor was a sinusoidal shape accurately
determined for this type of imperfection.

∆(x, y, z) = 2∆0
y

B
sin
(πx
L

)
sgn(z) (5.5)

where ∆0 = min(B/100, 3 mm), x ∈ [0, L], y ∈ [−B/2, B/2] and z ∈ [−hw/2, hw/2] with
hw the web height.

The web imperfection function νw(x, z) [Eq. (5.6)] was introduced using the same
sinusoidal variation over the column length. This approach was chosen to maintain
consistency between the flange out-of-squareness and the web imperfection.
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νw(x, z) = νw0 sin
(πx
L

)
cos

(
πz

hw

)
(5.6)

Finally, the updated point coordinates ru,i resulting from the introduction of the
initial geometric imperfections were calculated as the sum of the initial point coordinates
ri and the imperfection shape function ∆ri defined by Eq. (5.3).

ru,i =

xu,i

yu,i

zu,i

 =

xiyi
zi

+

 0
ν(xi)± νw(xi, zi)
±∆(xi, yi, zi)

 (5.7)

The shape of the section at mid-height resulting from Eq. (5.7) in the (+) scenario is
shown in Figure 5.5. In this scenario, the initial web imperfection has the same direction
as the global imperfection (Figure 5.5b)

(a) (b)

Figure 5.5: FE model imperfections with (a) and without (b) web imperfection

5.4. Residual Stress Models

The residual stresses were introduced by first dividing the FE part into sections to which
a predefined stress field was assigned in the longitudinal direction. To simplify the stress
assignment procedure, null stress values were used for the parts of the flanges and the
web where stresses are assumed to vary linearly. Figure 5.6 shows the resultants of the
introduced stress field with the unstressed section as obtained using the BSK model.

Three residual stress models were used in the FE analysis, one corresponding to the
BSK model for welded I-sections described in Section 2.3.4. and two new residual stress
model for flame-cut welded I-sections (FC1 and FC2) described below.
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Figure 5.6: Predefined stress for the BSK model (left) and the flame-cut model (right)

The proposed residual stress model for flame-cut welded I-sections assumes a distri-
bution similar to that proposed by Wang et al. [101] and later measured by Li et al. [87].
The model’s derivation requires some initial assumptions regarding the HAZ width that
will be under tensile residual stress. The widths of the tensile zones bftf, bftw and bwt are
given in Eq. (5.8) as functions of the weld size and flange thickness.

σftf

σfc

σftw

σwc

σwt

b ftf bftw b ftf

bw
t

σfc

σftf

bfc bfc

Figure 5.7: Residual stress distribution for welded HSS I-sections

The thickness of the welded plate and the weld size are input parameters when decid-
ing the heat input of the weld. Thus, the plate thickness and the weld size will naturally
be related to the HAZ. Since the effect of the weld and flame-cut are local, the calculated
widths do not require any input relating to other geometric properties.
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bftf = tf/2 (5.8)

bftw = 2
√

2aw + tw (5.9)

bwt = bftw/2 (5.10)

The average value of the tensile residual stress in the longitudinal direction due to
flame-cutting was found to be in the range of 200 - 300 MPa and not directly related
to the steel grade (Table 2.2). For the sake of consistency over all steel grades, it could
be beneficial to relate the tensile stress to the strain resulting from the cutting process.
Using Hooke’s law, one can determine that σftf ≈ Eεftf (Table 2.2). Introducing tensile
stresses in the case of column buckling can lead to unsafe designs since it will lead to an
increase in strength. Therefore, based on previous measurements of residual stresses in
flame-cut welded I/H-sections, an initial value for εftf = 1 mm/m is proposed.

Following the same approach, it is proposed that the values for σftw and σwt should
be defined according to Eq. (5.11).

σftw, σwt = 0.002E ≤ fy (5.11)

The higher value of the proposed initial strain/stress for the welded section can be
justified by the additional contraction forces introduced through welding. Unlike the
flame-cut edges, the welded plates will be subject to the extra compressive forces caused
by the cooling and solidification of the weld pool.

Once the size and the magnitude of the tensile residual stresses have been defined, the
compressive residual stresses can be calculated from the static equilibrium on half of the
flange [Eq. (5.12)] and the web respectively. The stresses are assumed to be uniform over
the thickness and the respective tensile or compressive width. This assumption limits
the applicability of the current model to steel plates of thickness t ≤ 40 mm in which a
uniform through-thickness residual stress distribution is plausible.

Ffc = Fftf + Fftw (5.12)

where Fftf = Aftfσftf and Fftw = Aftwσftw are the forces generated by the compressive
residual stresses at the flange tips and around the weld respectively. The area of the
tensile part at the flange tips can be intuitively calculated as the product Aftw = bftwtf.
The area around the weld Aftw contains the sum of areas of the flange part, the weld and
the web part in tension [Eq. (5.13)].

Aftw =

Aw︷︸︸︷
a2

w +

Awt︷ ︸︸ ︷√
2awtw/2 +

Aftw︷︸︸︷
bftwtf (5.13)

The compression stress is then calculated using Eq. (5.14):

σfc = Ffc/Afc (5.14)
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where Ffc is the compressive force obtained from Eq. (5.12) and Afc = bfctf with

bfc = B/2− bftf − bftw (5.15)

.
The residual stresses applied to the FE model were calculated based on the average

material values from the coupon tests (Table 4.4) corresponding to the web and flange
plate thickness, and are given in Table 5.3.

Table 5.3: Residual stress values used in the FE model FC1 and FC2

σftf σftw = σwt σfc FC1 σfc FC2 σwc

Label (MPa) (MPa) (MPa) (MPa) (MPa)

H1-S960-06 199 397 -125 -175 -208
H1-S960-08 199 397 -128 -179 -212
H2-S960-08 199 397 -112 -155 -188
H1-S960-10 199 397 -128 -179 -213
H2-S960-10 199 397 -111 -153 -185
H1-S960-12 199 397 -127 -178 -210
H2-S960-12 199 397 -110 -152 -184

H1-S355-06 193 386 -122 -177 -207
H11-S355-06 193 386 -107 -153 -182
H12-S355-06 193 386 -74 -101 -123
H2-S355-06 193 386 -69 -94 -113

Similarly the residual stresses calculated according to the BSK 07 [94] welded I-
sections model are given in Table 5.4. The residual stresses were calculated taking into
account the different yield stress for the 6 mm and 10 mm steel plates. Residual stress
values are thus given for the web and the flange accordingly.

The calculated compressive residual stresses in the web σwc are significantly higher
than the measured values for both proposed models. However, the calculated values for
the compressive residual stress lie in the intervals reported in Table 2.2. As expected, the
BSK 07 residual stress model introduces higher overall residual stresses with increasing
steel grade.

The difference between the FC1 and FC2 model lies in the width of the HAZ due to
flame-cutting. The FC1 model corresponds to a bftf as described in Eq. (5.8), whereas
FC2 has a value of bftf = tf. The modeled tensile and web compressive residual stresses do
not change in magnitude, but the affected zone changes as well as the flange compressive
stress. The comparison of the proposed models FC1 and FC2 and the residual stress
measurements on H2-S960-06 specimen is shown in Figure 5.8.
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Table 5.4: BSK 07 [94] residual stress values used in the FE model

σwt σwc σft σfc

Label (MPa) (MPa) (MPa) (MPa)

H1-S960-06 978 -211 1020 -168
H1-S960-08 978 -218 1020 -170
H2-S960-08 978 -193 1020 -153
H1-S960-10 978 -219 1020 -170
H2-S960-10 978 -189 1020 -153
H1-S960-12 978 -214 1020 -170
H2-S960-12 978 -189 1020 -153

H1-S355-06 412 -90 402 -67
H11-S355-06 412 -80 402 -60
H12-S355-06 412 -55 402 -43
H2-S355-06 412 -51 402 -40
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Figure 5.8: Comparison of the FC1 (a) and FC2 (b) model to the residual stress mea-
surement on H2-S960-06
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5.5. Finite Element Simulation Results

The results from the FE simulations are reported in Tables A.13 and A.14. Table 5.5
shows that the compressive capacity of the columns can be safely estimated using the
global initial imperfection ν0 = Lcr/1000 without residual stresses for λz > 0.8. The
slenderness limitation occurs due to the greater contribution of the residual stresses at
lower slenderness values.

Table 5.5: Comparison of experimental results to FE simulations for S960 columns

χFE χexp/χFE

ν01 ν02 ν01 ν02

Label χexp - BSK FC1 FC1 - BSK FC1 FC1

H1-S960-06 0.84 0.95 0.87 0.88 0.89 0.89 0.97 0.95 0.94
H1-S960-08 0.84 0.84 0.71 0.79 0.82 1.00 1.18 1.06 1.02
H2-S960-08 0.88 0.84 0.73 0.81 0.83 1.04 1.20 1.09 1.06
H1-S960-10 0.74 0.65 0.61 0.63 0.66 1.14 1.21 1.17 1.12
H2-S960-10 0.81 0.67 0.63 0.65 0.68 1.21 1.28 1.24 1.18
H1-S960-12 0.63 0.50 0.49 0.48 0.49 1.27 1.29 1.33 1.29
H2-S960-12 0.59 0.52 0.51 0.50 0.51 1.15 1.17 1.20 1.16

x 1.10 1.19 1.15 1.11
s 0.12 0.10 0.12 0.11
Xk 0.90 1.03 0.96 0.94

Note: ν01 = Lcr/1000 and ν02 = Lcr/1500

The ratio of the experimentally determined resistance Nexp to the resistance obtained
from the FE model using the BSK and FC1 residual stress models NFE was 0.97 and 0.95
respectively, for the H1-S960-06 specimen. The BSK 07 residual stress model was overall
more conservative than the FC1 model with less scatter when a constant imperfection
was introduced.

The proposed residual stress model FC1 showed better agreement with the test results
than the BSK model when the measured initial out-of-straightness and B/100 out-of-
squareness imperfections were incorporated into the FE model. The reduction factors
χ from the FE analysis and experimental results, and the ratios of the experimental
resistance values to the models’ outputs, are given in Table 5.6.
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Table 5.6: Comparison of experimental results to the output of FE simulations for S960
columns with measured global imperfections and B/100 out-of-squareness imperfections

χFE χexp/χFE

Label Test BSK
(−)

FC1
(−)

FC2
(−)

FC2a

(+)
FC2a

(−)
BSK
(−)

FC1
(−)

FC2
(−)

FC2a

(+)
FC2a

(−)

H1-S960-06 0.84 1.04 0.88 0.88 0.88 0.88 0.81 0.95 0.95 0.95 0.95
H1-S960-08 0.84 1.10 0.86 0.83 1.00 1.02 0.76 0.97 1.01 0.84 0.83
H2-S960-08 0.88 0.74 0.82 0.82 0.81 0.81 1.18 1.07 1.08 1.09 1.09
H1-S960-10 0.74 0.67 0.69 0.69 0.70 0.70 1.10 1.07 1.07 1.06 1.06
H2-S960-10 0.81 0.69 0.72 0.72 0.72 0.72 1.17 1.13 1.13 1.13 1.12
H1-S960-12 0.63 0.55 0.52 0.52 0.54 0.54 1.15 1.22 1.22 1.18 1.18
H2-S960-12 0.59 0.55 0.53 0.53 0.54 0.54 1.08 1.12 1.12 1.09 1.09

x 1.04 1.08 1.08 1.05 1.04
s 0.16 0.08 0.08 0.11 0.11
Xk 0.77 0.94 0.95 0.88 0.87

a with out-of-straightness web imperfection hw/100

If excessively high residual stresses are introduced into the FE model, the resistance
of the columns may be overestimated. This occurred in the cases of specimens H1-S960-
06 and H1-S960-08 when the BSK residual stress model was applied with the measured
out-of-straightness imperfection and the tolerance limit B/100 out-of-squareness imper-
fection.

For the H1-S960-06 FE model, the deformed shape resembles that resulting from
a combination of local flange buckling and the third global buckling mode, as shown
in Figure 5.9a. The combination of the two modes can be understood with the help of
Figure 5.10a, in which the positions of the web central mesh nodes are plotted at different
values of the column capacity (expressed as a percentage, N/NFE%).

For the H1-S960-08 FE model, the deformed shape more closely resembles the first
buckling mode, but it is not the dominant one. After the steel reaches the yield strength,
the failure mode becomes similar to a local buckling pattern (Figures 5.9b and 5.10b).

In this failure mode, the column loses its bearing capacity despite the small out-of-
plane deformation, as seen in Figure 5.10b.

Failure mode divergence did not occur when using the FC1 residual stress model. The
additional tensile stresses introduced at the tips of the flanges prevented the flanges from
reaching the plastic resistance at the tip, so the global failure mode remained dominant.
However, the introduction of the web imperfection caused the same problem to occur
with the FC1 model. This shows that it is not always optimal to increase the detail level
of the FE model.
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(a) H1-S960-06 (b) H1-S960-08

Figure 5.9: Deformed shape at failure predicted by the FE model with L/1000 out-of-
straightness imperfection and BSK residual stress model
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Figure 5.10: Deformed shape at failure predicted by the FE model with L/1000 out-of-
straightness imperfection and BSK residual stress model for the central axis at different
loading levels
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None of the residual stress models or the combinations of imperfections used in the
FE models could be used to accurately represent the behaviour of the S355 columns.
However, the FC2 model combined with the measured global imperfection and the out-
of-squareness imperfection B/100 came closest to the experimental results, both in terms
of failure mode and resistance. Using an out-of-straightness imperfection given by the
manufacturing tolerance L/1000 with the FC1 residual stress model yielded the most
conservative results for the S355 columns. However, the models used in this analysis are
not recommended, even with the use of a material model based on nominal properties
rather than measured properties.

Table 5.7 shows the results obtained with the FEM models based on nominal material
properties with a bi-linear material model with strain-hardening, as recommended in
Annex C of EN 1993-1-5 [123].

Table 5.7: Comparison of experimental results to the outputs of FE simulations for
S960 columns with L/1000 global imperfections and a bi-linear material model based on
nominal values

χexp/χFE χexp/χFE

Label Test BSK 07 FC1 BSK 07 FC1

H1-S960-06 0.84 0.86 0.87 0.98 0.96
H1-S960-08 0.84 0.70 0.81 1.19 1.03
H2-S960-08 0.88 0.73 0.82 1.21 1.07
H1-S960-10 0.74 0.62 0.67 1.18 1.10
H2-S960-10 0.81 0.65 0.70 1.25 1.16
H1-S960-12 0.63 0.52 0.51 1.21 1.24
H2-S960-12 0.59 0.54 0.53 1.10 1.12

x 1.16 1.10
s 0.09 0.08
Xk 1.02 0.96

5.6. Summary

A series of FE models were generated to evaluate the applicability of a proposed residual
stress model. The proposed model assumes that the longitudinal residual stresses around
the weld do not exceed a stress value equal to the lesser of the steel’s yield strength and
420 MPa (0.002E). Similarly, the value of the tensile stress induced by the flame cutting
procedure is limited to 0.001E.

The experimentally determined resistances for all of the tested columns with λz ≈ 0.7
were lower than those predicted by the FE models. Similarly, the BSK residual stress
model overestimated the resistance of the S355 columns while showing better agreement
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with experiment for the S960 columns. It is quite clear that both the BSK model and
the proposed FC1 model fail to accurately capture the resistance reduction at lower
slenderness values even when using the nominal material properties for the tested steel
grades.

The results obtained with the FE models exhibited overall good agreement with the
test results for the S960 columns. However, the resistance reached in the FE element
model was significantly higher for the S355 columns. The higher resistance obtained
in the FE analysis for the S355 columns with slenderness values λz ≈ 0.7 is partly
attributed to the lower global weak axis slenderness of the tested columns where the
global geometrical imperfection has a reduced influence on the bearing capacity. Upon
introducing local out-of-squareness imperfections, the FE model response came closer to
the test results. However, introducing local imperfections can force the FE model to
follow an equilibrium path that ultimately leads to plastic failure.

The experimentally determined resistances for all of the tested columns with λz ≈ 0.7
were lower than those predicted by the FE models. Similarly, the BSK residual stress
model overestimated the resistance of the S355 columns while showing better agreement
with experiment for the S960 columns. It is quite clear that both the BSK model and
the proposed FC1 model fail to accurately capture the resistance reduction at lower
slenderness values even when using the nominal material properties for the tested steel
grades.



Chapter 6

Closing Remarks

“In literature and in life we ultimately pursue, not
conclusions, but beginnings.”

Literature Unbound

Sam Tanenhaus

The work presented in this thesis addresses the problem of flexural column buckling
in welded HSS sections, with the aim of developing a generally applicable design model.
The current design standards in Europe and the USA do not provide rules for HSS with
yield strengths fy > 700 MPa. However, new design standards are being prepared in
Europe to address this issue, so the applicability of the current design rules to higher
steel grades needs to be assessed.

To this end, previously reported experimental results were gathered from the liter-
ature to assess the need for a new model as well as the implications and limitations of
existing design models. The literature review revealed that researchers generally agree
that the current European buckling curves are too conservative and that a change can
be justified for welded and cold-formed HSS members (e.g. a transition from curve c to a
in EN 1993-1-1 for welded HSS I/H-sections). Additionally, the American standard was
found to be applicable to all HSS members without any changes. Based on these findings,
it was hypothesised that the residual stresses caused by welding and cold-forming are not
proportional to the yield strength of the welded material.

Second, a statistical analysis was performed to compare experimentally determined
resistance values for MSS and HSS sections to those calculated using the European and
American design standards. The statistical analysis showed that higher steel grades are
penalised more heavily, and that the magnitude of the penalty increases with the steel
grade. This effect will become increasingly important as higher steel grades become
more widely used in practice. Furthermore, the MSS and HSS datasets both exhibited
considerable scatter over the slenderness range λ = 0.4 ∼ 1.2, where the influence of the
residual stresses on the compressive resistance is highest.

Third, the posed hypothesis was verified by testing welded HSS H-sections made
from S960 (Strenx R© 960). The manufactured specimens were designed to fill a gap
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in the available experimental data on weak axis flexural buckling in the intermediate
slenderness range λ = 0.6 ∼ 1.2. The experimental work included compressive tests on
11 welded columns, of which seven were manufactured with Strenx R© 960 and four with
S355. Material tests, imperfection measurements, and residual stress measurements were
also performed (residual stress was measured in a single HSS specimen). The test results
confirmed the hypothesis that the residual stresses are not proportional to the yield
strength. Furthermore, the design standards underestimated the compressive resistance
of the HSS columns while overestimating that of the MSS columns when characteristic
values were used.

Fourth, a holistic design method was proposed to predict the flexural buckling re-
sistance over the weak axis for the tested columns. The design model proposed herein
is based on the Ayrton-Perry model expressed using the closed form solution proposed
by Kövesdi and Somodi [112] with an additional material reduction factor that depends
on the local and global slenderness. The resistance calculated using the proposed model
was compared to the results of tests on welded HSS columns drawn from the literature.
The proposed model achieved lower scatter and better overall agreement with experiment
than current models.

Finally, a residual stress model was proposed for use during FE modeling. A series
of FE models were generated to evaluate the new residual stress model’s applicability.
The proposed model assumes that the longitudinal residual stresses around the weld
do not exceed a stress value equal to the lesser of the steel’s yield strength and 420
MPa (0.002E). Similarly, the value of the tensile stress induced by flame cutting was
limited to 0.001E. These limitations on the residual stresses were chosen on the basis
of measurements reported in the literature and the experiments described elsewhere in
this thesis. The results obtained using the FE models exhibited overall good agreement
with experiment for the S960 columns. However, the resistance predicted by the FE
model was significantly greater than that observed experimentally for the S355 columns.
This difference was partly attributed to the reduced global weak axis slenderness of the
tested columns (which would cause residual stresses to contribute more to the reduction
in resistance), and partly to the limitations of the new residual stress model.

The work summarised herein led to a series of conclusions that collectively answer
the research questions posed in Chapter 1. Additionally, the limitations of this work
revealed several research gaps that remain to be filled. The research gaps are discussed
in the corresponding chapters of the thesis, and are formulated as recommendations for
future research in Section 6.2 below.
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6.1. Conclusions

• What are the limitations of the current flexural buckling design methods ?

The European design standard uses a closed form solution of the Perry-Robertson
equation to which an equivalent imperfection factor is introduced to account for geometric
and material imperfections. The equivalent imperfections are expressed as functions of
the steel grade, cross-section and manufacturing conditions, and were calibrated based on
extensive experimental data and numerical simulations. The experimental data include
the results of flexural buckling tests that were mainly performed on mild-steel columns
and hot-rolled sections.

Based on the literature review presented in Chapter 2, it can be concluded that
current design methods can lead to overly conservative design rules for high-strength steel
columns. In particular, the resistance of the columns tends to be underestimated at lower
slenderness values where the residual stresses make a comparatively large contribution.
The European design rules use equivalent geometrical imperfection factors to account for
the effect of residual stresses; the magnitude of these imperfection factors increases in
proportion to the yield strength. This approach works very well for mild-steel columns
but leads to conservative designs when applied to very high-strength steel columns.

The consequences of this design method for HSS were known. However, due to a lack
of experimental data and the relatively small difference between mild-steels and the high-
strength steels available when the method was first introduced, the design methodology
was unanimously accepted in Europe. This acceptance was in large part due to the fact
that the method was presented in a form that was easy to use and to adapt to account
for axial and bending interaction effects that cause other instability phenomena such as
lateral-torsional buckling.

To enable more accurate designs for high-strength steel columns, most researchers
interested in flexural buckling have proposed the use of different buckling curves corre-
sponding to different imperfection factors when comparing their results to the European
buckling curves. This is a straightforward approach that avoids downstream implemen-
tation issues. However, changing the imperfection factor to better fit the experimental
results obtained from the high-strength steel columns does not directly address the flaws
of the underlying physical model; instead, it is a simplified model fitting approach.

• Is the current weak axis flexural buckling design method applicable to high-strength
steel columns ?

The literature review indicated that researchers generally agree that the European
buckling curves are too conservative and that a change can be justified for welded and
cold-formed HSS members (e.g. from curve c to a). Comparisons of test results collected
from the literature for MSS and HSS columns to the buckling curves clearly showed that
using the same buckling curve for all steel grades leads to conservative designs for HSS
columns. In particular, the buckling curves penalise HSS in columns with relatively low
slenderness values, which are the types of columns for which the use of HSS would be
most justifiable.
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To overcome the inconsistencies of current design methods concerning weak axis flexu-
ral buckling and to maintain comparable safety factors for MSS and HSS columns, a more
favorable buckling curve should be applied to the latter. Examples of possible changes
are given in Chapter 3 and are summarised in Table 6.1. The changes concerning the Eu-
ropean standard are suggested as part of the EN 1993-1-12 because it provides additional
rules for steel grades from S460 up to and including S700. However, simply changing the
buckling curve or the safety factor for design purposes does not directly address the flaws
of the underlying physical model of weak axis flexural buckling; instead, it compensates
for the large scatter in the experimental data for intermediate slenderness sections. Fig-
ure 6.1 compares the test results drawn from the literature to the recommended design
buckling curves.
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Figure 6.1: Comparison of the flexural buckling test results and the EN 1993-1-1 flexural
buckling curve a

Unlike the European buckling curves, the American standard was found to be ap-
plicable to all HSS members without further changes. However, based on the statistical
analysis presented in Chapter 3, an increased resistance factor for compression (φc = 0.95
instead of 0.90) could be applied for HSS columns. The comparison of the test results
and the AISC 360 column curve is shown in Figure 6.2
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Table 6.1: Summary of proposals concerning weak axis flexural buckling for
EN 1993-1-12 and AISC 360

Section Type
Proposed changes for S700 to S960

EN 1993-1-12 AISC 360

Welded I-sections
curve c→ a φc = 0.9→ φc = 0.95

Welded box-sections
Hot-finished RHS - φc = 0.9→ φc = 1.0
Cold-formed RHS curve c→ a -

Flame straightened

AISC 360AISC 360 - ϕc = 0.9

AISC 360 - ϕc = 0.95
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Figure 6.2: Comparison of the flexural buckling test results and AISC 360 column curve

• Can high-strength steels be used more effectively than mild steels to increase the
compressive bearing capacity relative to their plastic resistance?

For practical purposes, it is interesting to look directly into the potential for reducing
material usage by changing to a higher steel grade. Figure 6.3a compares the flexural
buckling resistance of several tested columns relative to their cross-sectional area.

Additional factors that influence the resistance such as the local and global slenderness
(and implicitly, the length of the element) must also be considered when making this
comparison. Figure 6.3c clearly shows that when the area of the cross-section is the
limiting criterion, a significant increase in resistance can be achieved by using a higher
steel grade.

The flexural buckling resistance was observed to increase in proportion to the yield
strength of the steel, as shown in Figure 6.3b, when comparing columns of the same
length and area. This increase occurs despite the higher non-dimensional slenderness λz
of the HSS columns.



104 Closing Remarks

2500 3000 3500 4000 4500
A, [mm2]

500
750

1000
1250
1500
1750
2000
2250
2500

N
ex

p, 
[k

N]

S355
S960

(a) All columns

2400 2500 2600 2700 2800 2900 3000
A, [mm2]

500

750

1000

1250

1500

1750

2000

2250

2500

N
ex

p, 
[k

N]

Steel
S355
S960
Class
"1"
"2"
Length
1.3 m
1.4 m

(b) Equal column length

2500 3000 3500 4000 4500
A, [mm2]

500

750

1000

1250

1500

1750

2000

2250

2500
N
ex

p, 
[k

N]
Steel
S355
S960
Class
"1"
"2"

λf
0.31
0.34
0.49
0.52

(c) λz ' 0.7

Figure 6.3: Compressive resistance of tested columns relative to the cross-sectional area

• How can the weak axis flexural buckling resistance be calculated accurately using
estimated residual stress values and manufacturing imperfections?

A holistic method for calculating the compressive resistance of a welded column is
proposed in Chapter 4. The method is adapted from the model developed by Kövesdi and
Somodi [112] to account for the influence of residual stresses and geometric imperfections
at a given local and global slenderness. The proposed method accounts for the influence
of residual stresses on the compressive resistance and for the variation of the residual
stresses relative to the slenderness of the constituent elements. The suggested changes
mainly affect the kfy coefficient, as explained in Section 4.4, and are summarised below:

1. Calculate the cross-section geometrical properties, e.g. gross A or effective area
Aeff, second moment of area I, radius of gyration i and shape factor ksh over the
relevant axis;

2. Calculate the elastic buckling resistance Ncr, local λl slenderness, global slenderness
λg and non-dimensional global slenderness λ over the relevant axis;
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3. Calculate the material coefficients kRS and kfy :

kRS =
σRS

fy

=
0.001E

fy

kfy = 1− red(λl, λg)kRS

4. Calculate the helping factor φ:

φ = kfy +
1

λ
2 +

ksh · π
2Ldiv · λ

√
E

fy

5. Calculate the reduction factor χ:

χ = 0.5

(
φ−

√
φ2 −

4kfy

λ
2

)

6. Calculate the flexural buckling resistance Nb,Rk:

Nb,Rk = χAfy

• the compressive residual stress can be expressed as a function of the elastic modulus
σRS = 0.001E rather than as a function of the steel grade to provide consistency
between steel grades;

• it was proposed that the reduction factor red(λ) should be replaced with [Eq. (4.8)]:

red(λl, λg) =

{
1− 5λl/λg for I/H-sections

1− 1.6λl/λg for box sections

• an Ldiv value corresponding to an initial out-of-straightness imperfection ν0 =
L/1000 similar to the manufacturing tolerances provided by EN 1090-2 [43] and
AISC 303 [44] can be applied in conjunction with the analytical model proposed
herein;

The method proved to be accurate when measured material properties and geomet-
rical imperfections were used to calculate the compressive resistance for the slenderness
range λ = 0.2 ∼ 2.4. The proposed method yielded significantly less scatter than the
existing method when its predictions were compared to the experimental results for the
tested columns and the data on welded HSS columns drawn from the literature.

The new method also provides safe-sided resistance estimations when nominal mate-
rial properties are used in conjunction with the maximum geometrical imperfections al-
lowed by the manufacturing tolerance. Importantly, it also achieved good agreement with
experiment for the tested MSS columns, giving more safe-sided results than EN 1993-1-1
when measured material properties were used in the calculations.
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• Can the same residual stress model be applied to both welded high-strength and
mild-strength steel I/H-sections in a FE model to obtain accurate resistance esti-
mates?

The residual stress model used in the Swedish standard BSK 07 [94] for welded I/H-
sections was incorporated into a series of FE models to predict the weak axis flexural
buckling resistance of the tested columns. Subsequent analysis showed that incorporating
the BSK 07 residual stress model into FE analyses does not provide accurate resistance
predictions at lower global slenderness values for either MSS or HSS sections. The model
assumes high tensile residual stresses around the weld at the web-to-flange junction,
which artificially increase the element’s stiffness. This can cause the solving algorithm to
choose a bifurcation path corresponding to a plastic failure or a failure mode similar to
a buckling shape corresponding to a higher buckling mode. However, the BSK 07 model
used in the FE models achieved good agreement with experiment for higher slenderness
values. The BSK 07 model was thus found to be safe-sided for global slenderness values
λ > 0.8.

Two additional residual stress models were proposed for flame-cut welded I/H-sections.
The proposed models assume that the longitudinal residual stresses around the weld do
not exceed a limit equal to the lesser of the steel’s yield strength and 420 MPa (0.002E).
Similarly, the tensile stress induced by the flame cutting procedure was limited to 0.001E.
The main difference between the two models relates to the width of the tensile zone at
the flange tip caused by flame-cutting. The width of the tensile zone is particularly im-
portant for columns with compact sections in the medium slenderness range. However,
the proposed FC1 model in which the tensile zone width is equal to half of the flange
thickness was found to give the most accurate overall results for the tested columns.

The BSK 07 model and the two additional models proposed herein were found to be
safe-sided for the tested HSS columns. When modeling compact columns (class 1, 2 or
3) with global slenderness λ ≤ 0.6, the results presented in this thesis suggest that the
shape of the column at failure should be verified to ensure that it corresponds to the
shape of the first global buckling mode.

6.2. Recommendations for Future Research

The analytical model for calculating flexural buckling resistance proposed herein should
be validated for strong axis buckling. However, there is a lack of experimental data for
buckling of this type. Therefore, strong axis buckling tests on HSS columns are needed
for further validation. The study should be extended to also include class 4 cross-sections.
The effect of the residual stresses should have similar implications at local levels, which
would affect the currently recommended class limits.

Additional compressive resistance tests on HSS columns with mono-symmetric I/H-
sections as well as L- and T-sections (both of which are commonly used in structural
applications) are also recommended for the same reason. The experimental campaigns
should aim to incorporate tests on columns made from steels with yield strengths of
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above 960 MPa, such as 1100 and 1300 MPa. For such steels, the welding procedure and
the filler materials are increasingly important for the magnitude of residual stresses.

Residual stress measurements performed within a single study rarely provide an ad-
equate foundation for drawing generalized conclusions. The distribution and magnitude
of the measured residual stresses presented in this study were consistent with those re-
ported in the literature. However, the proposed residual stress model was based on
empirical data rather than a physical model. While the model served its purpose in the
current study, further research is recommended with the aim of developing a consistent
physics-based model applicable to both HSS and MSS sections.

A detailed database of residual stresses that includes different manufacturing meth-
ods, steel grades, and plate thickness could be valuable if an accurate analytical method
for estimating residual stresses were developed.
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Statistical Analysis of Flexural-Buckling-Resistance
Models for High-Strength Steel Columns
Gabriel Sabau1; Ove Lagerqvist, Ph.D.2; and Nancy Baddoo, CEng.3

Abstract: Flexural buckling is one of the main problems steel structures are faced with in ensuring an economic design. In Europe, the
buckling resistance is calculated using an imperfection factor based on the section type, fabrication method, and steel grade. The current
European design standards contain guidelines for the imperfection factor for sections made of steels with yield strength up to and including
700 MPa. However, the current design codes are based mainly on tests performed on steels with yield strength below 460 MPa. Therefore, the
applicability of the methodology was reassessed. This paper reviewed the background documentation of the European flexural-buckling
design methodology and discussed the current design practice described in the American National Standard. A total of 72 flexural-buckling
experiments performed on cold-formed, hot-finished, and welded sections made of steel with yield strength in the range 690–960 MPa were
collected and analyzed. Four models for estimating the resistance of high-strength steel struts subjected to pure compression were statistically
evaluated based on the collected data. Finally, a recommendation for the estimation of flexural-buckling resistance of high-strength steel
members is presented. DOI: 10.1061/(ASCE)ST.1943-541X.0002529. © 2019 American Society of Civil Engineers.

Introduction

High-strength steels have been available for several decades.
However, the use of high-strength steels in the construction indus-
try still is relatively low. Several examples of high-strength steel
applications for bridges, trusses and high-rise structures were pre-
sented and discussed in previous works (Collin and Johansson
2005; Sedlacek and Müller 2005; Willms 2009). In Europe, steel
with a yield strength fy ≥ 460 MPa is considered to be high-
strength, whereas steel with fy ≥ 700 MPa is referred to as very
high–strength steel (VHSS) (Steenbergen and Pijpers 2018).
Alriksson and Henningsson (2015) conducted a survey in Sweden
of stakeholders from the steel industry from both the production
and the user side. The survey concluded that one of the barriers
to introducing new steel grades is the lack of standard and norms.
In recent years the use of VHSS has been introduced in several
European projects. In 2012, Friends Arena in Stockholm, Sweden
was completed. The arena is covered with a retractable roof sup-
ported by four trusses spanning 162 m. The trusses were built by
successfully combining three different steel grades, S460, S690,
and S900. In 2013 the urban bridge De Oversteek in Nijmegen,
Netherlands was finalized. The structure contains approximately
320 t of Grade S690QL steel. In 2015 and 2016 two projects were
completed in Seoul, South Korea, the SNU Kwanjean Library and
the Lotte World Tower (Roberts et al. 2018), which used HSA800
steel. Since 2015, three additional projects that included roof trusses

manufactured from different grades of high-strength steels and
VHSS (S355, S460, S500, and S700) have been finalized
• Posten og Bring, 2016, Tronhdeim, Norway;
• STIGA Sports Arena, 2016, Eskilstuna, Sweden (SCI 2019); and
• Elektroskandia factory, 2017, Örebro, Sweden

Currently, national or international design standards for VHSS
are not available, thus limiting its possible use. In Europe, design
rules for steel grades between S460 and S700 are covered by
EN 1993-1-12 (CEN 2007). However, no additional or special rules
were given for flexural buckling. The future version of the Euro-
code will transfer the content of EN 1993-1-12 (CEN 2007) to prEN
1993-1-1 (CEN 2018a), thus changing the focus of the current EN
1993-1-12 (CEN 2007) to cover steel grades above S700 to S960
(Baddoo 2017). The new version, prEN 1993-1-1 (CEN 2018a), rec-
ommends the use of more-favorable buckling curves only for high-
strength steel rolled and hot-finished sections, e.g., the flexural-
buckling curve for rolled sections with height:width ratio h=b ≤
1.2 and flange thickness tf ≤ 100 mm over the weak axis changed
from c to b and over the strong axis from b to a. However, no
changes were proposed for welded or cold-formed sections. This
approach can be understood as conservative due to the assumed
model of residual stresses for welded and hot-rolled and hot-
finished sections (ECCS 1976). Studies dealing with the compres-
sive resistance of cold-formed and welded high-strength steel
sections have concluded that the current design rules underestimate
the flexural-buckling resistance (Rasmussen and Hancock 1995;
Ban et al. 2013b; Li et al. 2016; Somodi and Kövesdi 2017a,
2018; Ma et al. 2018). The American Standard AISC 360 (AISC
2016b) covers steel grades with nominal fy ≤ 690 MPa, for exam-
ple, in accordance with ASTM 709/709M (ASTM 2018), without
providing any additional rules for the estimation of flexural buck-
ling of high-strength steel columns. The market for high-strength
steel is expected to grow by 8.4% in the next 5 years (Reportlinker
2018). Although the expected growth mainly concerns the automo-
tive industry, the construction industry could be a secondary benefi-
ciary. Thus, economic design rules should be developed to support
the introduction of new materials.

This paper contains an analysis of the results collected
from the reported flexural-buckling experiments to determine the
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applicability of the current design methods. Additionally, two mod-
els proposed by Jönsson and Stan (2017) (JS model) and Kövesdi
and Somodi (2017) (KS model) were discussed and evaluated. A
statistical evaluation in accordance with EKS 10 (Boverket 2016)
was performed for each considered model. The variability of the
material properties and the out-of-straightness imperfection also
was discussed.

Background

The European buckling curves are the result of the extensive work
conducted by Technical Committee 8 of the European Commission
of Constructional Steel (ECCS) to provide a standardized method
of estimating the resistance of compressed struts. The design
method was intended to harmonize design codes across Europe.
The current European buckling curves consist of five different
curves (a0; a; b; c, and d) that represent the lower 95% confidence
interval of the normal distribution of the resistance of centrically
compressed struts. The curves were validated by means of exper-
imental tests, numerical modeling, and probabilistic assessment for
European steel sections (Beer and Schulz 1975; Strating and Vos
1975; Young and Robinson 1975; Massonnet and Maquoi 1978;
Maquoi and Rondal 1978). The European buckling curves initially
proposed by Beer and Schulz (1975) were a, b, and c. According
to Young (1975), Curve a0 was added subsequently for hot-rolled
tubular sections to provide the same safety factor as for the other
profiles. Higher-strength steels generally are used in tubular pro-
files, thus leading to higher resistance. The a0 curve represents
tubular sections without residual stresses. The introduction of
heavy profiles in the United Kingdom drove the need for an addi-
tional curve because the residual stresses in the heavy sections
proved to have a higher magnitude than those in the other types
of sections, thus leading to lower resistance. Curve d then was in-
troduced for heavy wide-flange profiles with wall thickness greater
than 40 mm. Welded sections were assigned a lower buckling curve
than hot-rolled profiles. Furthermore, the welded high-strength
steel sections were not assigned to a buckling curve that would lead
to an increased buckling resistance. It was assumed that the residual
stresses induced through welding increase proportionally with the
steel strength, thus limiting the performance of the welded profiles.
According to Beer and Schulz (1975) and Young (1975), this
assumption was proven wrong, but the resistance difference for
the steels available at the time would not lead to such an increase
as to recommend the use of a different buckling curve. The current
code does not note a difference between the methods of cutting the
plates for the welded sections, although it was initially concluded
that milled plates exhibited a lower resistance than flame-cut plates
(Fukumoto and Itoh 1983; Young and Robinson 1975). This advan-
tage fades for VHSS because the heat resulting from the cutting
process softens the material. Researchers have concluded that
welded VHSS profiles exhibit lower residual stresses relative to the
yield strength than do mild steels (Clarin 2004; Ban et al. 2013a;
Launert et al. 2016; Somodi and Kövesdi 2018; Kim et al. 2014;
Khan et al. 2016; Li et al. 2016). This potentially would allow the
compressive resistance of high-strength steels and VHSS to be
calculated using more-favorable buckling curves than those for
conventional mild-strength steels.

Literature Review

The flexural-buckling model of EN 1993-1-1 2005 is based on an
Ayrton-Perry formulation (Maquoi and Rondal 1978) which as-
sumes that the ultimate buckling resistance Nu is reached when
the yield stress fy ¼ σmax in the outermost fiber, where σmax is

defined as per Eq. (1). The out-of-straightness imperfection ν
[defined in Eq. (2)] is considered as a function of the initial imper-
fection ν0 and the ratio of the ultimate load Nu to the elastic critical
buckling load Ncr for the first buckling mode

σmax ¼
Nu

A
þ Nu · ν

Wel
ð1Þ

where A = cross-section area;Wel = elastic sections modulus; and ν
is calculated as

ν ¼ ν0 ·
1

1 − Nu
Ncr

ð2Þ

Eq. (1) was reduced to a nondimensional form by defining the
reduction factor χ ¼ Nu=Npl to simplify the iterative process and
the nondimensional slenderness λ as a function of fy [Eq. (3)]. In
this way, the solution is obtained simply by solving the quadratic
expression in Eq. (4)

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
A · fy
Ncr

s
ð3Þ

λ2 · χ2 −
�
1þ λ2 þ ν0 · A

Wel

�
· χþ 1 ¼ 0 ð4Þ

The main differences between the investigated models is at the
level of the linear coefficient, specifically at the initial out-of-
straightness imperfection. The Eurocode model replaces the imper-
fection term using Eq. (5), where the imperfection factor α is given
based on steel grade, cross-section type, fabrication method, and
buckling direction. The reduction factor χ can be expressed as
Eq. (6) using coefficient ϕ defined in Eq. (7)

ν0 · A
Wel

¼ αðλ − 0.2Þ ð5Þ

χ ¼ 1

ϕþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2 − λ2

p ð6Þ

ϕ ¼ 0.5½1þ αðλ − 0.2Þ þ λ2� ð7Þ
The Eurocode model implies that the effect of the imperfections

increases proportionally with the yield strength and the slenderness.
Jönsson and Stan (2017) proposed introducing an additional term
ε ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

235=fy
p

in the imperfection factor that would reduce the pen-
alties on the flexural-buckling resistance of VHSS. This approach
can be justified assuming that the residual stress magnitude is lower
relative to the yield strength in VHSS compared with mild-steels.
The coefficient ϕJS thus is expressed as

ϕJS ¼ 0.5½1þ αðλε − 0.2Þ þ λ2� ð8Þ

Kövesdi and Somodi (2017) proposed that the residual stresses
and the geometrical imperfection should be treated independently.
Thus, failure is assumed to occur when σmax ¼ fy;red, where σmax is
as defined in Eq. (1) and fy;red is a reduced yield strength expressed
as a function of slenderness redðλÞ and the initial residual stress σRS
considered in the fiber first prone to yielding in compression

fy;red ¼ fy − redðλÞ · σRS ð9Þ

Following a simplification as for the Eurocode model, the reduc-
tion factor χKS [Eq. (10)] can be expressed as a function of the
modified factor ϕRS [Eq. (11)], the slenderness λ, and the ratio
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kfy ¼ fy;red=fy. The shape factor ksh is expressed as the height
of the section h divided by the relevant radius of gyration i, both
considered in the buckling direction [Eq. (13)]. The initial geomet-
rical imperfection factor Ldiv is defined as the ratio of the member
length L to the initial assumed out-of-straightness imperfection ν0
[Eq. (12)]. Kövesdi and Somodi (2017) proposed two models to
define the initial imperfection factor. The first model considers
Ldiv ¼ 750 as a constant value independent of the other parameters
corresponding to the tolerances specified in EN 1090-2 (CEN
2011). CEN (2011) was superseded by EN 1090-2 (CEN 2018b),
in which the tolerance for the out-of-straightness imperfection is
L=1,000, the same as that specified by AISC 303 (AISC 2016a).
This change could lead to an overconservative estimate of the
flexural-buckling resistance. The second model is a function of
fy and λ. However, this model was not considered herein because
it artificially introduces different initial geometrical imperfections
based on the steel grade, thus losing consistency with the limits
imposed by the manufacturing tolerances

χKS ¼ 0.5

0
B@ϕRS −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2
RS −

4kfy
λ2

s 1
CA ð10Þ

ϕRS ¼ kfy þ
1

λ2
þ ksh · π

2Ldiv · λ

ffiffiffiffiffi
E
fy

s
ð11Þ

Ldiv ¼
L
ν0

¼ 750 ð12Þ

ksh ¼ h
i

ð13Þ

Practicing designers would be inclined to use residual stress pat-
terns and magnitudes taken from design codes. An example is in
the Swedish Standard BSK 07 (Boverket 2007). The standard gives
fixed values for the magnitude of the residual stresses in hot-rolled
I-sections and for the tensile residual stresses in welded sections
(Fig. 1). Thus, the compressive residual stresses were calculated
considering that the cross section is kept in static equilibrium.
The compressive stresses were interpreted as per Eq. (14) for
welded I-sections and Eq. (15) for welded box sections

σI
RS ¼ ð2.25t − bÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 1.5btþ 2.25ðt=2Þ2

p
2b − 1.5t

fy ð14Þ

σB1
RS ¼ ð4.5t − b=2Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðb=2Þ2 þ 1.5btþ 2.25t2

p
b − 3t

fy ð15Þ

Somodi and Kövesdi (2018) proposed a residual stress model
for welded box sections that could be used in determining fy;red.
The model is based on residual stress measurements performed
on welded box sections with a range of fy ¼ 235–960 MPa. The
pattern considers the corners of the welded box sections in tension,
with tensile stresses reaching the yield strength of the steel similarly
as the BSK 07 (Boverket 2007) model. However, the width of the
tensile and compressive zones are determined based on the mag-
nitude of the compressive residual stresses in order to achieve static
equilibrium in the cross section. The magnitude of σB2

RS is given in
Eq. (16) as a function of the width b and the thickness t of the
welded box section for two ranges of thickness. The magnitude
represents the upper 5% quantile of the measured values

σB2
RS ¼

8>>><
>>>:

41− 21tþ t2 − ½2900− 3600 · ðt− 5Þ�
�
t
b

�
; if t ≤ 5 mm

41− 21tþ t2 − ½2900− 290 · ðt− 5Þ�
�
t
b

�
; if t ≥ 5 mm

ð16Þ

The two residual stress models [Somodi and Kövesdi (2018)
and BSK 07 (Boverket 2007)] have been used to calculate the char-
acteristic compressive resistance NRk of the welded sections as per
Eq. (17) where A is the gross are for cross sections in Classes 1–3
and effective area Aeff for cross sections in Class 4

NRk ¼ χAfy ð17Þ

The American standard AISC 360 (AISC 2016b) uses a simpli-
fied approach in which the compressive strength NRk is calculated
as the product of the gross cross-sectional area of the member Ag
and the critical stress σcr [Eq. (18)]. The critical stress then is cal-
culated based on two equations corresponding to the slenderness
ranges for inelastic and elastic buckling [Eq. (19)]

NRk ¼ σcrAg ð18Þ

σcr ¼

8>>>>><
>>>>>:

0.658σy=σeFy; when
Lcr

i
≤ 4.71

ffiffiffiffiffi
E
fy

s
or

fy
σe

≤ 2.25

0.877σe; when
Lcr

i
> 4.71

ffiffiffiffiffi
E
fy

s
or

fy
σe

> 2.25

ð19Þ
where σe ¼ π2E=ðLcriÞ2.

The limit value 4.71
ffiffiffiffiffiffiffiffiffiffiffi
E=fy

p
is equivalent to a nondimensional

slenderness λ ¼ 1.5, and marks the transition point on the buck-
ling curve after which the stresses in the section are below 0.5fy.
It is in this range of λ ≤ 1.5 that high-strength steel members
would benefit from milder reduction factors. In the current form,
Eq. (19) implies that the imperfections, residual stresses, and
out-of-straightness have the same influence on the steel struts
regardless of the steel grade.

Experimental Database

This study contains results from 72 simply supported centrically
compressed struts with nondimensional slenderness in the range
0.2–2.35. The reported failure mode for the gathered data was
global flexural buckling about the weak axis. The cross sections

Fig. 1. BSK residual stress model for welded box sections and
I-sections.
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were welded box and I-sections, cold-formed and hot-finished rec-
tangular hollow sections (HSS). The steel grades corresponding to
the investigated specimens had a reported fy in the range 660–
1.114 MPa. Compact cross sections that are not susceptible to
local buckling were targeted. The reported measured values of

the geometrical and material properties were used in the calcula-
tions. The column data collected from the references discussed
herein are summarized in Table 1.

According to Table B4.1a from AISC 360 (AISC 2016b), all
the sections considered are classified as nonslender based on the

(a) (b)

(c) (d)

Fig. 2. Results of centrical compression tests: (a) welded box sections; (b) I-sections; (c) hot-finished rectangular HSS; and (d) cold-formed
rectangular HSS.

Table 1. Columns general data

Reference Number of tests Country Manufacturer fyk (MPa) fyd (MPa)

Welded I-section
Ban et al (2013b) 2 China — 963–983 960
Li et al (2016) 6 China — 756–779 690
Ma et al (2018) 7 China — 753–800 690
Rasmussen and Hancock (1992, 1995) 8 Australia Bisalloy industrial steels 660–705 690

Welded box-sections
Ban et al. (2013b) 2 China — 963–983 960
Somodi and Kövesdi (2017b) 3 Hungary — 1,005–1,073 960
Somodi and Kövesdi (2017b) 3 Hungary — 670–741 700
Khan et al. (2017) 5 Australia — 745–778 690
Li et al. (2016) 6 China — 756–779 690
Rasmussen and Hancock (1992, 1995) 7 Australia Bisalloy industrial steels 660–705 690

Color-formed rectangular HSS
Somodi and Kövesdi (2017a) 6 Hungary Rautaruukki 1,088–1,114 960
Somodi and Kövesdi (2017a) 6 Hungary Rautaruukki 741–751 700

Hot-finished rectangular HSS
Wang and Gardner (2017) 11 UK V&M Deutschland 749–794 690
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flange requirements. Four of the welded I-section specimens
tested by Ma et al. (2018) had webs classified as slender according
to AISC 360 (AISC 2016b). However, no reduction was required
due to the local slenderness condition. Local buckling can be
ignored if the slenderness of the considered element does not ex-
ceed the limit imposed by inequality E7.1(a) from AISC 360
(AISC 2016b), which can be expressed as

hw
tw

≤ 1.49

ffiffiffiffiffiffiffi
E
σcr

s
ð20Þ

where hw and tw= width and thickness of column web.
EN 1993-1-1 (CEN 2005) requires that the local effects must be

accounted for regardless of the global slenderness. Thus, the effec-
tive area of the compression zones was calculated following the
guidelines of EN 1993-1-5 (CEN 2006). The reduction factor for
plate buckling ρ was calculated using Eq. (21) if the plate slender-
ness λp [Eq. (22)] was higher than 0.673 or 0.748 for the internal
and external compression elements, respectively

ρ ¼

8>>>><
>>>>:

λp − 0.22

λ2
p

for internal compression elements

λp − 0.188

λ2
p

for external compression elements

ð21Þ

λp ¼ b=t
28.4ε

ffiffiffiffiffi
kσ

p ð22Þ

where b = unsupported width portion of compression element as
defined by EN 1993-1-5 (CEN 2006); t = thickness of plate; and
kσ ¼ 0.43 and 4 for external compression elements and internal
compression elements, respectively.

Among the first researchers to investigate flexural-buckling
capacity of welded steel profiles with fy ≥ 600 MPa were
Rasmussen and Hancock (1992, 1995). Their study covered
12 welded I-sections and 13 box sections. Six of the welded
I-sections had flanges in Class 4 based on the EN 1993-1-1
(CEN 2005) classification. Thus, the net area was used when
calculating the compressive resistance for the models derived
from the Ayrton-Perry formulation [Eq. (1)]. A total of 8 welded
I-sections and 7 box sections with λ ≥ 0.2 were extracted from
their study.

Ban et al. (2013b) tested 6 welded box and I-sections manu-
factured with steel with nominal fy ¼ 960 MPa. The welded
I-sections had Class 4 flanges, and thus local buckling was taken
into account. Two of the specimens were tested in eccentric com-
pression and were not considered in this analysis.

Li et al. (2016) reported test results from 12 centrically com-
pressed welded box and H-sections. The columns were manufac-
tured using complete penetration welding. Two columns were
reported to be straightened by flame heating. After the flame heat-
ing, the welded box section had an out-of-straightness imperfection
of L=104. This column was not considered in the analysis. The
flame-heated I-section also was not considered in the analysis due
to the lack of material data, although the column was within the
imperfection tolerances. The flame-heated specimens are marked
in Fig. 2, which shows the scatter of the reduction factor χ
[Eq. (23)] calculated based on the experimental ultimate load
Nexp and the measured yield strength fyk. The data are represented
for corresponding values of λ

χ ¼ Nexp

A · fyk
ð23Þ

Khan et al. (2017) investigated the resistance of centrically com-
pressed welded box sections with high-strength materials. Fifteen
specimens with compact and slender cross sections were tested, of
which five were selected for the present study. The selected spec-
imens failed due to global buckling.

Ma et al. (2018) reported results from seven centrically com-
pressed welded H-sections manufactured from S690. The speci-
mens had slenderness ranging from 0.77 to 1.41, with cross
sections in Classes 1–3, all of which were included in the analysis.
The material and geometrical properties of the welded box and
I-sections are reported in Tables 2 and 3, respectively.

A set of eight hot-finished rectangular HSS with nominal fy ¼
690 MPa was tested and analyzed by Wang and Gardner (2017).
The columns covered the full range of slenderness most often en-
countered in structural engineering practice, from 0.44 to 2.25. All
the specimens in the study had compact cross sections in Class 1.

Somodi and Kövesdi (2017a) conducted an experimental cam-
paign focusing on the flexural buckling of cold-formed rectangular
HSS, six of which were S700 and six of which were S960. Addi-
tionally, six welded box sections were tested, of which half were
manufactured from S700 steel and half from S960 steel (Somodi
and Kövesdi 2017b). The material and geometrical properties of the
cold-formed and hot-finished rectangular HSS are reported in
Table 4.

Statistical Evaluation of Test Data

A total of 70 specimens were considered in the statistical evalu-
ation. The ratio of Nexp to characteristic resistance NRk determined

Table 2. Welded box section material and geometrical properties

Label
B

(mm)
t

(mm)
Lcr
(mm)

fyk
(MPa)

E
(GPa)

Nominal yield stress 960 MPa
B2-960 141.6 13.9 2,880 973 208
B3-960 141.5 13.9 4,382 973 208
W9-S120 × 6–2,800 119.7 6.1 2,940 1,005 210a

W9-S120 × 6–1,200 119.4 6.1 1,340 1,005 210a

W9-R160 × 8–2,600 160.0 8.0 2,740 1,073 210a

Nominal yield stress 700 MPa
W7-S140 × 6–2,800 140.2 6.0 2,940 670 210a

W7-S140 × 6–1,500 140.1 6.0 1,641 670 210a

W7-R180 × 8–2,800 180.0 8.1 2,940 741 210a

Nominal yield stress 690 MPa
B1150C 88.9 5.0 1,149 705 213
B1150E 87.6 5.0 1,150 705 213
B1950C 88.3 5.0 1,950 705 213
B1950E 89.4 5.0 1,950 705 213
B3450C 90.2 5.0 3,451 705 213
B3450E 89.9 4.9 3,451 705 213
BSC 88.8 5.0 400 705 213
B-30-1b 236.2 16.2 2,811 625 233.5
B-30-2 236.5 16.1 2,812 772 233.5
B-50-1 192.4 16.0 3,610 772 233.5
B-50-2 192.5 16.0 3,612 772 233.5
B-70-1 140.9 16.1 3,610 772 233.5
B-70-2 140.5 16.1 3,609 772 233.5
HS15SL1 74.1 4.9 1,512 762 214
HS20SL2 99.4 4.9 2,512 762 214
HS15SL2 74.6 4.9 2,512 762 214
HS20SL3 99.4 4.9 3,512 762 214
HS15SL3 74.2 4.9 3,512 762 214
aNominal values—no test data available.
bFlame-straightened specimen.
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according to the previously described models was calculated. The
data were considered to be normally distributed with a standard
deviation s around the mean value x. The probability density func-
tion (PDF) describing the Gaussian distribution was represented for
each cross-section type

fðxjx; s2Þ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2πs2

p e−ðx−xÞ2=ð2s2Þ ð24Þ

Additionally, the kernel density estimate (KDE) was represented
using the StatsModels package version v0.10.1 implemented in the

Table 3. Welded I-sections material and geometrical properties

Label H (mm) B (mm) tf (mm) tw (mm) Lcr (mm) fyk (MPa) E (GPa)

Nominal yield stress 960 MPa
H2-960 209.5 210.8 13.93 13.93 2,884 973 208
H3-960 209.9 211 13.92 13.92 4,382 973 208

Nominal yield stress 690 MPa
I1000C 155.4 141.5 7.70 7.70 1,000 660 210.5
I1000E 157.1 141.1 7.67 7.71 1,000 660 210.5
I1650C 156.9 141.5 7.70 7.66 1,649 660 210.5
I1650E 158.4 141.5 7.71 7.75 1,649 660 210.5
I2950E 157.5 140.3 7.75 7.74 2,950 660 210.5
ISC 157.5 140 7.73 7.73 400 725 210
I1SC1 133.9 95.1 5.96 5.96 350 725 210
I1SC2 133.1 95.4 5.92 5.91 350 725 210
H-30-1 259.2 260.9 16.08 16.08 2,011 772 233.5
H-30-2 260.4 260.8 16.25 16.25 2,010 772 233.5
H-50-1 236.3 241.8 16.03 16.03 2,912 772 233.5
H-50-2 238.2 240.5 16.16 16.16 2,911 772 233.5
H-70-1a 204.8 209.2 16.26 16.26 3,511 772 233.5
H-70-2 205.2 209.4 16.24 16.24 3,512 772 233.5
CH1P 141.3 119.6 9.93 5.81 1,995 756 212
CH2P 170 149 9.92 5.84 1,993 756 212
CH2Q 168.4 149.7 9.94 5.83 2,794 756 212
CH3P 231.2 200.4 16.01 9.93 1,996 800 209
CH3Q 232.1 200 15.98 9.94 2,794 800 209
CH4P 281 250.1 15.99 9.92 1,992 800 209
CH4Q 281.3 249.8 15.99 9.93 2,791 800 209
aFlame-straightened specimen not considered in statistical analysis.

Table 4. Cold-formed and hot-finished rectangular HSS material and geometrical properties

Label H (mm) B (mm) t (mm) tw (mm) ri (mm) Lcr (mm) fyk (MPa) E (GPa)

Cold-formed—nominal yield stress 960 MPa
CF9-R120 × 6 3A 120.3 120.7 6.0 5.95 8.1 2,938 1,088 210a

CF9-R120 × 6 3B 120.4 120.6 6.1 6.05 8.0 2,940 1,088 210a

CF9-R150 × 7 2A 153.2 152.5 6.9 6.90 9.1 2,940 1,114 210a

CF9-R150 × 7 2B 153.1 152.3 6.9 6.85 9.2 2,940 1,114 210a

CF9-R150 × 7 1A 154.5 152.2 6.9 6.90 9.1 1,840 1,114 210a

CF9-R150 × 7 1B 154.0 152.2 6.9 6.85 9.2 1,840 1,114 210a

Cold-formed—nominal yield stress 700 MPa
CF7-R150 × 8 2A 151.7 151.7 7.9 7.85 12.2 2,940 742 210a

CF7-R150 × 8 2B 151.7 151.7 7.8 7.75 12.3 2,940 742 210a

CF7-R150 × 8 1A 151.7 151.7 7.9 7.89 12.1 2,140 751 210a

CF7-R150 × 8 1B 151.6 151.6 7.9 7.88 12.1 2,140 751 210a

CF7-R120 × 6 3A 120.7 121.3 6.0 5.98 8.0 2,940 741 210a

CF7-R120 × 6 3B 120.8 121.1 5.9 5.93 8.1 2,940 741 210a

Hot-finished—nominal yield stress 690 MPa
C4L1 50.5 50.4 5.0 4.99 2.0 426 759 206
C4L2 50.5 50.5 4.8 4.76 2.2 669 759 206
C4L3 50.5 50.4 4.8 4.82 2.2 906 759 206
C4L4 50.7 50.5 4.8 4.79 2.2 1,220 759 206
C4L5 50.4 50.4 4.8 4.79 2.2 1,529 759 206
C4L6 50.6 50.4 5.0 4.95 2.1 1,700 759 206
C4L7 50.5 50.5 4.9 4.93 2.1 1,860 759 206
C4L8 50.6 50.5 4.8 4.84 2.2 2,150 759 206
C5L1 100.4 100.5 5.7 5.67 5.3 858 782 210
C5L2 100.5 100.5 5.7 5.72 4.8 1,760 782 210
C5L3 100.7 100.6 5.8 5.78 6.2 2,950 782 210

Note: ri = internal corner radius.
aNominal values—no test data available.
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programming language Python (Seabold and Perktold 2010).
Eq. (25) defines the KDE as a function of the sample size n,
the bandwidth h, and the common second-order Gaussian kernel
function kðuÞ [Eq. (26)]. The bandwidth h ¼ 0.9 · A · n−0.2 was
chosen to avoid oversmoothing of the KDE, and represents 90%
of the bandwidth calculated according to Silverman’s rule of thumb
(Silverman 1986). The factor A represents the minimum between
the samples’ standard deviation s and the ratio of the interquartile
range (IQR) to 1.34

f
∼
ðxÞ ¼ 1

nh

Xn
i¼1

k

�
xi − x
h

�
ð25Þ

kðuÞ ¼ 1ffiffiffiffiffiffi
2π

p e−u2=2 ð26Þ

The KDE represents a compromise between the histogram and
the normal distribution. A linear regression based on the least-
squares method of the sampled data with λ as the main parameter
was performed. The 90% high-density interval (HDI) of the linear
regression was represented to indicate the uncertainty regarding
the lack of experimental data in a certain slenderness range. The

characteristic design for flexural-buckling resistance was calculated
based on the experimental data, following the lines of EKS 10
(Boverket 2016). The Swedish standard EKS 10 (Boverket 2016)
does not allow the use of characteristic fractile factor kn based on
the known coefficient of variation when calculating the character-
istic value Xk [Eq. (27)]. Instead, kn is given in tabular form as a
function of the population size n. In this study, kn ¼ 1.64 was kept
constant for all the sampled populations, thus assuming that x and s
would not be significantly different if a larger sample were to be
collected

Xk ¼ x − kn · s ð27Þ
Table 5 contains the average, ximp, and standard deviation, simp,

of the normalized initial out-of-straightness imperfection ν0n ¼
ν0=Lcr‰ for the considered specimens.

Comparison of Test Results with Design Standards

Welded Box Sections
The ratio of the reported compressive resistance Nexp to the resis-
tance calculated according to AISC and EN 1993-1-1 for the
welded box sections is summarized in Table 6.

Fig. 3(a) compares AISC and the test results. The results indi-
cated good agreement between the model and the experimental val-
ues for lower slenderness values. The AISC model is no longer
dependent on fy for λ ≥ 1.5. Thus, the failure mode is assumed to
be completely dependent on the geometry of the section. The linear
regression showed that this approach becomes conservative for
VHSS sections. This also is observed in Fig. 3(b), which compares
EN 1993-1-1 and the test results. The generalized imperfection

Table 6. Welded box sections calculated and test resistance

Label λ Nexp (kN)

ANSI EN 3a JSa

Pn (kN) Nexp=Pn NRk (kN) Nexp=NRk NRk (kN) Nexp=NRk

B2-960 1.20 4,064 3,807 1.07 3,018 1.35 3,754 1.08
B3-960 1.82 2,193 1,828 1.20 1,590 1.38 1,829 1.20
W9-S120 × 6–2,800 1.43 1,598 1,166 1.37 928 1.72 1,120 1.43
W9-S120 × 6–1,200 0.65 2,615 2,287 1.14 2,062 1.27 2,501 1.05
W9-R160 × 8–2,600 1.01 3,730 3,397 1.10 2,781 1.34 3,590 1.04
W7-S140 × 6–2,800 0.96 1,942 1,467 1.32 1,215 1.60 1,457 1.33
W7-S140 × 6–1,500 0.54 2,347 1,924 1.22 1,784 1.32 2,012 1.17
W7-R180 × 8–2,800 0.79 3,386 3,143 1.08 2,725 1.24 3,286 1.03
B1150C 0.61 1,174 1,011 1.16 920 1.28 1,062 1.11
B1150E 0.62 1,137 981 1.16 890 1.28 1,030 1.10
B1950C 1.05 1,078 736 1.46 598 1.80 721 1.50
B1950E 1.03 962 756 1.27 616 1.56 743 1.29
B3450C 1.81 469 319 1.47 277 1.69 310 1.51
B3450E 1.82 438 314 1.40 273 1.61 306 1.43
BSC 0.21 1,236 1,148 1.08 1,162 1.06 1,219 1.01
B-30-2 0.57 9,752 9,561 1.02 8,794 1.11 10,140 0.96
B-50-1 0.91 6,445 6,150 1.05 5,158 1.25 6,329 1.02
B-50-2 0.91 7,180 6,156 1.17 5,164 1.39 6,336 1.13
B-70-1 1.29 3,259 3,099 1.05 2,445 1.33 2,914 1.12
B-70-2 1.29 2,897 3,078 0.94 2,428 1.19 2,893 1.00
HS15SL1 1.01 1,028 674 1.53 551 1.87 674 1.53
HS20SL2 1.24 888 748 1.19 591 1.50 707 1.26
HS15SL2 1.67 467 327 1.43 277 1.69 316 1.48
HS20SL3 1.73 499 417 1.20 356 1.40 405 1.23
HS15SL3 2.35 234 164 1.43 152 1.54 167 1.40
x̄ — — — 1.220 — 1.431 — 1.216
s — — — 0.160 — 0.212 — 0.182
Xk — — — 0.957 — 1.083 — 0.918
aCalculated with imperfection factor α ¼ 0.49 (Curve c).

Table 5. Normalized out-of-straightness imperfection

Section type x̄imp simp x̄imp þ 2simp

Welded box sections 0.453 0.286 1.025
Welded I-sections 0.261 0.168 0.596
Cold-formed rectangular HSS 0.148 0.053 0.254
Hot-finished rectangular HSS 1.027 0.076 1.180

© ASCE 04019210-7 J. Struct. Eng.

 J. Struct. Eng., 2020, 146(2): 04019210 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

G
ab

ri
el

 S
ab

au
 o

n 
12

/1
4/

19
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



factor led to conservative results at higher λ values, although the
function did not change. This approach is consistent with the residual
stress theory; however, the influence of the residual stresses on the
compressive resistance changes based on the slenderness. The AISC
model overall is less conservative for the welded box section and had
a lower standard deviation. By applying the recommended safety
factor ϕc ¼ 0.9 (AISC 2016b) to XAISC

k , the design value becomes
XAISC
d ¼ XAISC

k =ϕc ¼ 1.06. Based on the welded box section results,
a possible choice for the AISC safety factor could be ϕ 0

c ¼ 0.95. The
EN 1993-1-1 (CEN 2005) c curve is more conservative, although
the safety factor for stability γM1

¼ 1.0 did not have an impact on
the design resistance value XEN3

d ¼ XEN3
k =γM1

¼ 1.08.

Welded I-Sections
A strong correlation between the linear regression performed on
the normalized results of the welded I-sections and the AISC 360

(AISC 2016b) model is shown in Fig. 4(a). In contrast to the welded
box section, the model had a constant safety factor over the full slen-
derness range and significantly lower standard deviation. The safety
factor could be updated as for the welded box sections to ϕ 0

c ¼ 0.95.
The linear regression in Fig. 4(b) has a similar deviation between the
experimental resistance and the EN 1993-1-1 (CEN 2005) model at
higher values of slenderness. The design model of the European stan-
dard EN 1993-1-1 (CEN 2005) might seem to be a better choice
because it provides a design resistance value closer to unity. How-
ever, the model gives very conservative estimates for slender col-
umns, thus falsely compensating for nonslender columns. The KDE
had a similar shape for both of the investigated models. However, it
slightly differed from the normal distribution due to a test performed
by Ma et al. (2018), indicating a potential outlier. The resistance of
the column reached almost the plastic resistance at λ ¼ 1.0. Table 7
contains the data represented in Fig. 4.

(a)

(b)

Fig. 4. Linear regression of normalized results and statistical quantities for welded I-sections: (a) AISC 360; and (b) EN 1993-1-1.

(a)

(b)

Fig. 3. Linear regression of normalized results and statistical quantities for welded box sections: (a) AISC 360; and (b) EN 1993-1-1.
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Rectangular Hollow Sections
The European and the North American standards gave almost
identical statistical quantities (Table 8), e.g., x, s, and COV, when
calculating the flexural-buckling resistance of hot-finished rectan-
gular HSS. A reduced deviation from the experimental values is
shown in Fig. 5. Wang and Gardner (2017) specified that the spec-
imens were placed in the testing machine to achieve an effective
imperfection (out-of-straightness plus load eccentricity) close to
Lcr=1,000. Additionally, the residual stresses measured using the
sectioning method indicated very low amplitudes. Therefore, the
North American standard becomes very conservative with the safety

factor. Only one producer was considered in this study. Although
it is not a clear indicator of the scatter of data, the information can
be used to evaluate the suitability of the current curves to VHSS.
The data scatter is very likely to increase if additional tests are
performed.

The λ values for the tested VHSS cold-formed rectangular HSS
do not cover the full range of slenderness that could be found in
practice. However, they cover the transition region between plastic
and elastic buckling, in which the effect of imperfections is highest.
Both standards give conservative values when estimating the com-
pressive resistance of the cold-formed sections (Fig. 6), despite the

Table 8. Hot-finished rectangular HSS calculated and test resistance

Label λ Nexp (kN)

ANSI EN 3a JSb

Pn (kN) Nexp=Pn NRk (kN) Nexp=NRk NRk (kN) Nexp=NRk

C4L1 0.45 690 606 1.14 620 1.11 651 1.06
C4L2 0.70 637 515 1.24 536 1.19 589 1.08
C4L3 0.95 562 438 1.28 448 1.25 512 1.10
C4L4 1.27 391 323 1.21 309 1.26 343 1.14
C4L5 1.60 248 217 1.14 211 1.18 227 1.09
C4L6 1.78 201 180 1.11 180 1.12 192 1.05
C4L7 1.95 166 151 1.10 153 1.09 161 1.03
C4L8 2.25 119 112 1.07 115 1.03 121 0.99
C5L1 0.44 1,571 1,496 1.05 1,528 1.03 1,603 0.98
C5L2 0.89 1,420 1,174 1.21 1,211 1.17 1,382 1.03
C5L3 1.50 680 643 1.06 614 1.11 668 1.02
x̄ — — — 1.146 — 1.140 — 1.051
s — — — 0.075 — 0.075 — 0.047
Xk — — — 1.024 — 1.017 — 0.974
aCalculated with imperfection factor α ¼ 0.13 (Curve a0).
bCalculated with imperfection factor α ¼ 0.21 (Curve a).

Table 7. Welded I-sections calculated and test resistance

Label λ Nexp (kN)

ANSI EN 3a JSa KSb

Pn (kN) Nexp=Pn NRk (kN) Nexp=NRk NRk (kN) Nexp=NRk NRk (kN) Nexp=NRk

H2-960 1.22 4,282 4,328 0.99 3,345 1.28 4,133 1.04 4,031 1.06
H3-960 1.86 2,323 2,048 1.13 1,751 1.33 2,003 1.16 1,988 1.17
I1000C 0.53 2,092 1,909 1.10 1,734 1.21 1,953 1.07 1,860 1.12
I1000E 0.53 2,192 1,906 1.15 1,730 1.27 1,950 1.12 1,857 1.18
I1650C 0.87 1,751 1,558 1.12 1,284 1.36 1,535 1.14 1,483 1.18
I1650E 0.88 1,682 1,567 1.07 1,293 1.30 1,545 1.09 1,492 1.13
I2950E 1.58 745 748 1.00 607 1.23 687 1.08 691 1.08
ISC 0.22 2,369 2,314 1.02 2,256 1.05 2,292 1.03 2,018 1.17
I1SC1 0.31 1,377 1,297 1.06 1,277 1.08 1,349 1.02 1,281 1.08
I1SC2 0.30 1,367 1,288 1.06 1,268 1.08 1,339 1.02 1,271 1.08
H-30-1 0.59 8,493 8,054 1.05 7,382 1.15 8,544 0.99 8,035 1.06
H-30-2 0.59 8,994 8,147 1.10 7,467 1.20 8,643 1.04 8,130 1.11
H-50-1 0.91 7,207 6,018 1.20 5,053 1.43 6,199 1.16 5,905 1.22
H-50-2 0.92 7,125 6,029 1.18 5,054 1.41 6,201 1.15 5,916 1.20
H-70-2 1.26 3,690 3,806 0.97 3,004 1.23 3,591 1.03 3,577 1.03
CH1P 1.25 1,284 1,211 1.06 956 1.34 1,141 1.12 1,150 1.12
CH2P 0.99 2,714 1,903 1.43 1,505 1.80 1,838 1.48 1,825 1.49
CH2Q 1.38 1,510 1,285 1.18 980 1.54 1,148 1.32 1,192 1.27
CH3P 0.78 5,924 5,217 1.14 4,544 1.30 5,526 1.07 5,222 1.13
CH3Q 1.09 4,644 4,075 1.14 3,280 1.42 4,019 1.16 3,949 1.18
CH4P 0.61 7,739 7,125 1.09 6,273 1.23 7,375 1.05 7,010 1.10
CH4Q 0.86 7,284 6,089 1.20 4,982 1.46 6,138 1.19 5,909 1.23
x̄ — — — 1.110 — 1.305 — 1.115 — 1.154
s — — — 0.094 — 0.166 — 0.107 — 0.095
Xk — — — 0.956 — 1.033 — 0.940 — 0.998
aCalculated with imperfection factor α ¼ 0.49 (Curve c).
bWith BSK 07 residual stress model.
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very large standard deviations, with XAISC
d ¼ 1.09 and XEN3

d ¼ 1.19
(Table 9).

Comparison of Test Results with Analytical Models

The experimentally obtained compressive resistance was compared
with the characteristic resistance calculated based on the model
proposed by Kövesdi and Somodi (2017) [Eqs. (10)–(13)] and
Jönsson and Stan (2017) by introducing ϕJS in Eq. (6). Because the
models were derived from the Ayrton-Perry formulation, local buck-
ling was treated as recommended by EN 1993-1-1 (CEN 2005),
using effective cross-section properties.

Welded Box Sections
Two residual stress models, the BSK model defined in Eq. (15) and
the SK model defined in Eq. (16), were considered in the evaluation

of the KS model for the welded box sections. The calculated resis-
tances are presented in Table 10. Fig. 7(a) compares the experimen-
tal resistance with the KS model using the SK residual stress
pattern. The model had good agreement with the test results,
although it appears unsafe. Three of the tests performed by Li et al.
(2016) had resistance lower than the estimated values. This differ-
ence most likely is due to the thickness of the plates. The SK
residual stress model was calibrated against sections manufactured
with plate thicknesses between 6 and 12 mm, whereas the men-
tioned specimens had t ¼ 16 mm. This could be an indicator of
the applicability range of the SK residual stress model. For VHSS
compact sections, σB2

RS ≈ 0 which is the exact opposite of σB1
RS. The

BSK residual stress model applied to the KS formulation resulted in
a higher scatter around λ ¼ 1.0 [Fig. 7(b)]. The evaluation of the
data emphasized several limitations of the BSK residual stress

(a)

(b)

Fig. 6. Linear regression of normalized results and statistical quantities for cold-formed rectangular HSS: (a) AISC 360; and (b) EN 1993-1-1.

(a)

(b)

Fig. 5. Linear regression of normalized results and statistical quantities for hot-finished rectangular HSS: (a) AISC 360; and (b) EN 1993-1-1.
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model and the KS flexural-buckling-resistance model. The com-
pressive residual stress calculated as per BSK 07 (Boverket
2007) for welded box sections led to values of σRS > fy. This com-

bined with redðλÞ ¼ 1.0 for λ > 1.2 returns a value of kfy ¼ 0, thus
implying that the compressive resistance of the section is already
reached. Therefore, four specimens with kfy < 0.2 were not consid-
ered in the statistical evaluation because the reduction factor was

unrealistic. By maintaining limit of σB1
RS ≤ 0.35fy, the model had

very good agreement with the test results. The choice of the limit-
ing value 0.35fy can be justified by the upper bound of the residual
stresses calculated using Eq. (16). Additionally, residual stress
measurement of VHSS I-sections and box sections conducted by
Lagerqvist and Olsson (2001) and Khan et al. (2016) concluded
that the compressive residual stress did not exceed 0.3fy. The model

Table 10. Welded box sections calculated and test resistance—Kovesdi and Somodi model

Label

KS—B1a KS—B1b KS—B2

NRk (kN) Nexp=NRk NRk (kN) Nexp=NRk NRk (kN) Nexp=NRk

B2-960c 997 4.08 3,388 1.20 4,007 1.01
B3-960c 890 2.46 1,862 1.18 1,944 1.13
W9-S120 × 6–2,800 1,095 1.46 1,100 1.45 1,177 1.36
W9-S120 × 6–1,200 2,235 1.17 2,242 1.17 2,375 1.10
W9-R160 × 8–2,600 3,006 1.24 3,016 1.24 3,578 1.04
W7-S140 × 6–2,800 1,339 1.45 1,339 1.45 1,405 1.38
W7-S140 × 6–1,500 1,934 1.21 1,934 1.21 1,952 1.20
W7-R180 × 8–2,800 2,969 1.14 2,969 1.14 3,161 1.07
B1150C 972 1.21 988 1.19 1,006 1.17
B1150E 939 1.21 956 1.19 970 1.17
B1950C 593 1.82 632 1.71 666 1.62
B1950E 614 1.57 650 1.48 688 1.40
B3450C 315 1.49 320 1.47 325 1.44
B3450E 311 1.41 315 1.39 319 1.37
BSC 1,146 1.08 1,146 1.08 1,146 1.08
B-30-2 9,112 1.07 9,447 1.03 10,120 0.96
B-50-1 3,731 1.73 5,385 1.20 6,843 0.94
B-50-2 3,740 1.92 5,391 1.33 6,850 1.05
B-70-1c — — 2,730 1.19 3,220 1.01
B-70-2c — — 2,714 1.07 3,196 0.91
HS15SL1 486 2.12 582 1.77 595 1.73
HS20SL2 663 1.34 663 1.34 712 1.25
HS15SL2 299 1.56 322 1.45 325 1.44
HS20SL3 415 1.20 415 1.20 425 1.17
HS15SL3 168 1.40 173 1.36 173 1.35
x̄ — 1.419 — 1.299 — 1.214
s — 0.279 — 0.183 — 0.209
Xk — 0.961 — 0.999 — 0.872
a21 specimens.
bWith σRS ≤ 0.35fy.
cSpecimen not considered in statistical analysis of KS—B1 model.

Table 9. Cold-formed rectangular HSS calculated and test resistance

Label λ Nexp (kN)

ANSI EN 3a JSa

Pn (kN) Nexp=Pn NRk (kN) Nexp=NRk NRk (kN) Nexp=NRk

CF7-R150 × 8 2A 0.96 2,606 2,164 1.20 1,792 1.45 2,186 1.19
CF7-R150 × 8 2B 0.96 2,562 2,139 1.20 1,771 1.45 2,160 1.19
CF7-R150 × 8 1A 0.71 3,106 2,635 1.18 2,341 1.33 2,782 1.12
CF7-R150 × 8 1B 0.71 2,852 2,629 1.08 2,336 1.22 2,776 1.03
CF7-R120 × 6 3A 1.20 992 1,070 0.93 848 1.17 1,016 0.98
CF7-R120 × 6 3B 1.20 1,015 1,061 0.96 841 1.21 1,007 1.01
CF9-R120 × 6 3A 1.46 1,686 1,167 1.44 934 1.81 1,130 1.49
CF9-R120 × 6 3B 1.46 1,554 1,183 1.31 947 1.64 1,146 1.36
CF9-R150 × 7 2A 1.16 3,278 2,466 1.33 1,963 1.67 2,502 1.31
CF9-R150 × 7 2B 1.16 2,876 2,443 1.18 1,944 1.48 2,478 1.16
CF9-R150 × 7 1A 0.72 4,237 3,480 1.22 3,070 1.38 3,856 1.10
CF9-R150 × 7 1B 0.72 4,506 3,450 1.31 3,042 1.48 3,820 1.18
x̄ — — — 1.195 — 1.440 — 1.175
s — — — 0.144 — 0.188 — 0.144
Xk — — — 0.959 — 1.133 — 0.938
aCalculated with the imperfection factor α ¼ 0.49 (Curve c).
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proposed by Jönsson and Stan (2017) exhibited conservative results
for values of λ > 1.4 (Fig. 8). The model is a better match for the
estimation of the compressive resistance of welded box sections due
to a significantly lower standard deviation compared with the other
analytical models. However, AISC 303 (AISC 2016a) came closest
to the experimental values.

Welded I-Sections
The KS model was evaluated based on the BSK residual stresses.
The value of σI

RS did not exceed 0.133fy for any of the specimens.
Thus, no limitation was applied to Eq. (14). The KS model had very
good agreement with the test data [Fig. 9(a)], and is the optimal
candidate for the estimation of the compressive resistance of VHSS
welded I-sections subjected to flexural buckling over the weak axis.

The data scatter was much lower for the welded I-sections than
for the welded box sections. This difference can be attributed
to the effect of the boundary conditions on the resistance of
I-sections and box sections as well as to the reported global im-
perfections. The JS model had good agreement with the test data
for slender members, comparable to that of the AISC and KS
models; however, it was slightly unsafe in the nonslender range
(Table 7).

Rectangular Hollow Section
Based on residual stress measurements conducted by Wang and
Gardner (2017), it was concluded that the compressive residual
stress is approximately 0.021fy in hot-finished rectangular HSS.
This implies that fy;red ≈ fy because kfy ≥ 0.98, which ultimately

(a)

(b)

(c)

Fig. 7. Linear regression of normalized results and statistical quantities for welded box sections: (a) Kövesdi and Somodi, SK; (b) Kövesdi and
Somodi, BSK; and (c) Kövesdi and Somodi, σRS ≤ 0.35fy.

Fig. 8. Linear regression of normalized results and statistical quantities for welded box sections for Jönsson and Stan model.
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does not have a large influence on the calculated resistance. The
model proposed by Somodi and Kövesdi (2017b) becomes similar
to the original Ayrton-Perry formulation with an assumed value for
the initial out-of-straightness imperfection ν0 ¼ L=750. Somodi
and Kövesdi (2017c) conducted an experimental campaign focus-
ing on the measurement and evaluation of residual stresses in cold-
formed rectangular HSS. One of the main conclusions was that the
longitudinal residual stress is not constant through the plate thick-
ness, creating a plate bending state of stress with compressive stress
on the inner facet and tensile stress on the outer facet. The integral
of the longitudinal stresses over the thickness yields a null value.
Thus, only the model proposed by Jönsson and Stan (2017) was
considered for the statistical evaluation of both hot-finished and
cold-formed rectangular HSS. The JS model proved to be the most
accurate for both hot-finished and cold-formed rectangular HSS
(Fig. 10). Note that α ¼ 0.21 specific for the a curve was used

when evaluating the hot-finished rectangular HSS. As previously
mentioned, the a0 curve was artificially introduced due to the
higher yield strength observed in hot-finished tubular sections.
The JS model was proposed to specifically account for the change
of yield strength, and thus the use of the a0 curve would not be
justified. Tables 8 and 9 present the differences between AISC,
EN 1993-1-1, and the JS model for the hot-finished and cold-
formed HSS.

Discussions

The statistical quantities are summarized in Table 11 based on
section type and manufacturing method. The KS model with the
residual stresses as per BSK 07 (Boverket 2007) and a limit of σRS ≤
0.35fy stands out in comparison with the other models for welded

(a)

(b)

Fig. 10. Linear regression of normalized results and statistical quantities for the Jönsson and Stan model: (a) hot-finished rectangular HSS; and
(b) cold-formed rectangular HSS.

(a)

(b)

Fig. 9. Linear regression of normalized results and statistical quantities for welded I-sections: (a) Kövesdi and Somodi, BSK; and (b) Jönsson and Stan.
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box- and I-sections, showing the best agreement with the experimen-
tal data. However, the application of this formulation requires a fore-
knowledge of the residual stress magnitude in the section. Thus, the
applicability of this method is rather limited. Table 12 summarizes
the statistical quantities to directly evaluate the curves considering all
the included specimens.

The welded sections were considered as an independent group
to evaluate the KS model compared with the other models. Only the
BSK 07 (Boverket 2007) residual stress model was considered, with
and without the σRS ≤ 0.35fy limit. With all specimens considered,
the singular curve given in AISC 360 (AISC 2016b) had the lowest
standard deviation, 0.14, with an average value of 1.18, similar to the
JS model. However, due to the safety factor recommended by AISC
360 (AISC 2016b), the design value is more conservative than that of
EN 1993-1-1 (CEN 2005) and the JS model.

Conclusions

A total of 72 axially loaded columns subjected to flexural buckling
were analyzed. The investigated columns were manufactured using

VHSS with nominal yield strengths between 690 and 960 MPa and
comprised welded I-sections, box sections, and both cold-formed
and hot-finished rectangular HSS. The experimentally determined
resistance of the compressed specimens was compared with values
calculated according to current European and North American co-
des of practice [AISC 360 (AISC 2016b) and EN 1993-1-1 (CEN
2005)] and two additional analytical models proposed by Jönsson
and Stan (2017) and Kövesdi and Somodi (2017). Three patterns
and magnitudes of residual stresses were considered in the model
proposed by Kövesdi and Somodi (2017) for the welded box
sections. The models were assessed in accordance with EKS 10
(Boverket 2016).

EN 1993-1-1 (CEN 2005) currently provides the most conser-
vative results for VHSS welded box sections, whereas AISC 360
(AISC 2016b) provides the most conservative results for VHSS
welded I-sections and hot-finished rectangular HSS. The AISC 360
(AISC 2016b) formulation is applicable for VHSS if all specimens
are considered; however, it has a higher disadvantage for VHSS
hot-finished and cold-formed rectangular HSS.

The model proposed by Jönsson and Stan (2017) has the advan-
tage of simplicity, thus making it directly applicable to other types
of sections and fabrication methods, because it is based on the same
generalized imperfection as the European buckling curves. The
model also has proven to be very accurate for flexural buckling
of cold-formed and hot-finished rectangular HSS.

The model proposed by Kövesdi and Somodi (2017) with the
residual stresses defined by BSK 07 (Boverket 2007) using a limit
for the compressive residual stress magnitude of 0.35fy proved to
be most appropriate for welded sections. Additionally, a constant
mean deviation from unity is kept over the entire slenderness range.
The model can be difficult to use because it requires manufacturing-
specific details, such as amplitude of residual stresses in the section
parts where buckling should initiate. This approach shifts the focus
from determining an equivalent imperfection to accurate evaluation
of residual stress magnitude in the columns in question.

Data Availability Statement
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article. The code used during the study is available online (Seabold
and Perktold 2010).
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ABSTRACT 

Stability in a structural mechanics context has posed a continuous problem throughout history for 
mathematicians, engineers and architects. Flexural buckling is one of the main problems steel 
structures are faced with in order to ensure an economic design. Different equations have been derived 
to estimate critical loads that could lead to collapse of compressed members. The buckling resistance 
of compressed struts are calculated in Europe using the European buckling curves. The method of 
calculating the resistance implies the use of a reduction factor based on 5 different buckling curves. 
These buckling curves differ based on type of cross-section, fabrication method and steel grade. The 
method has been generally accepted since it proved to be reliable and versatile. The current design 
codes are assigning the same relevant buckling curve to the sections made of steels with yield stress 
of above 460 MPa. This conservative approach is one of the reasons that discourages the use of high-
strength steels in common structural applications, since the designer does not see a direct benefit from 
the additional steel strength. The first part of the paper briefly describes the origin of the European 
buckling curves. The second part presents two analytical models for calculating flexural buckling 
limit loads. Flexural buckling experiments performed on welded box and I-sections made of high-
strength steel, with the yield stress in the range of 690-960MPa. The third part analyses the existing 
buckling experiments and statistically evaluates the models proposed for estimating the resistance of 
high-strength steel struts subjected to pure compression. The final part addresses the potential future 
research in the context of developing adequate flexural buckling curves for high strength steel (HSS) 
members. 
 
Keywords: high-strength steel, flexural buckling, state-of-art, statistical evaluation 

INTRODUCTION 

The European buckling curves are the result of the extensive work conducted by Technical 
Committee 8 of the European Commission of Constructional Steel (ECCS) to provide a standardized 
method of estimating the resistance of compressed struts. The design method was intended to 
harmonize design codes across Europe (1; 2). The current European buckling curves consist of 5 
different curves (a0, a, b, c, d) that represent the lower 95% confidence interval of the normal 
distribution of the resistance of centrically compressed struts. The curves were validated by means of 
experimental tests, numerical modelling and probabilistic assessment for European steel sections (3-
7). The initial proposed curves were a, b and c (3). According to Young (8), curve a0 was added later 
to reduce the safety margin for hot-rolled tubular sections. It was noticed that higher-strength steels 
are generally used in tubular profiles, thus leading to higher resistance (3). The a0 curve represented 
tubular sections without residual stresses. The introduction of heavy profiles in the UK drove the need 
for an additional curve since the residual stresses in the heavy sections proved to have a higher 
magnitude than in the other types of sections, thus leading to lower resistance. Curve d was then 
introduced for heavy wide flange profiles with wall thickness above 40 mm. Welded sections were 
assigned a lower buckling curve compared to the hot-rolled profiles. Furthermore, the use of high-
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strength steels for the welded sections did not lead to an increased buckling resistance. It was assumed 
that the residual stresses that form due to welding increase proportionally with the increase of steel 
strength. This assumption was proven wrong (3; 8) but the resistance difference for the steels 
available at the time would not lead to such an increase as to recommend the use of a different 
buckling curve. The current code does not make a difference between the methods of cutting the 
plates for the welded sections, although it was initially concluded that milled plates exhibited a lower 
resistance as opposed to flame cut plates (9; 10). This advantage fades for high-strength steels because 
the flame softens the material. High-strength steel columns with strengths above 690MPa have not 
been tested as extensively as the mild-steel columns. The application of such steel is more frequent 
in the automotive industry and for machinery and cranes. However, there are a growing number of 
applications in bridges, trusses and in columns of high-rise structures (11; 12). 
Welded high-strength steels have shown to exhibit lower residual stresses relative to the yield strength 
as compared to mild steels. This would potentially allow the high-strength steel members to be 
calculated using a favourable buckling curve. However, the choice of the curve remains unclear since 
the residual stress magnitudes are highly dependent on the welding practices. A probabilistic 
evaluation can be performed to determine the applicability of the current design codes when 
estimating the flexural buckling resistance of high-strength steel.  
The paper presents a statistical evaluation of the experimental results gathered from dedicated 
literature. Two additional models proposed by Jönsson and Stan (13) and Kövesdi and Somodi (14) 
respectively are discussed and compared herein.  

1 LITERATURE REVIEW 

1.1 Analytical models 
The European buckling curves are represented using a modified Ayrton-Perry formulation. A 
generalised imperfection eeq was introduced in the original form of the formula to account for residual 
stresses and manufacturing imperfections. An initial assumption of the imperfection is necessary in 
order to take into account the bending moment caused by the lateral deflection. Different magnitudes 
of the generalised imperfection are being used to represent the five buckling curves through the 
imperfection factor α as per Eq. (1).  

	 0.2  (1)

where  is an imperfection factor corresponding to the EN1993-1-1 (1) buckling curves, 
 is the non-dimensional slenderness, 
W is the relevant section modulus 
A is the area of the cross-section. 

Jönsson and Stan (JS) (13) proposed an equivalent imperfection in which an additional term is 
introduced as a function of the reference material (S235) used in the validation of the European 
buckling curves. The equivalent imperfection thus becomes as per Eq. (2). The advantage of using a 
generalised imperfection is that the designer does not need to make initial assumptions about the 
pattern or the amplitude of the residual stresses.  

0.2  (2)

where , 

fy is the yield stress. 

Kövesdi and Somodi (KS) (14) proposed an alternative approach to defining buckling curves, without 
the use of a generalized imperfection. Their proposal is based on the use of known patterns and 
magnitudes of residual stresses to replace the generalized imperfection. The failure criteria is 
considered when the stress in the most compressed fibre reaches the true yield strength. The true yield 
strength would be the yield strength affected by the residual stresses. Thus, the maximum stress max 
expressed as per Eq. (3) satisfies Eq. (4) at failure. 
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 (3)

∙  (4)
where N is the acting axial load, 
Mmax is the bending moment at the mid-span considering the deflection  ∙  
RS is the initial compressive residual stress in the extreme fibre, 

1
2
∙ 1 cos

0.3
0.9

 (5)

The empirical parameter red(λ) accounts for plastic and elastic buckling. Finally, the flexural buckling 
reduction factor can be calculated as per Eq. (6). 

0.5
4 ∙

 (6)

1  (7)

1 ∙
2 ∙ 	 ∙

 (8)

where Ldiv is the ratio of the buckling length and the initial bow imperfection ( 750), 
kshape is the cross-section shape parameter; the ratio of the height and radius of gyration, 
E is the elastic modulus. 

1.2 Flexural buckling tests 
A total of 49 flexural buckling tests performed on welded ‘I’ and box sections were gathered and 
analysed (15-20). The reported measured yield stress of the specimens investigated was above 690 
MPa. In Fig. 1(a) the reduction factors  of the 27 welded box specimens were represented as a 
function of slenderness . The EN1993-1-1 (1) ‘c’ curve was also represented to serve as a 
comparison against the experimental results. The ‘c’ curve is not entirely representative for the tests 
performed since the curve was plotted based on the material nominal values. The reduction factor of 
the test values was calculated according to Eq. (9). The flame-straightened specimens marked in Fig. 
1 were left out of the statistical evaluation since they were considered outliners. The flame-
straightening applied to the strut softened the steel, thus affecting the yield strength and the ultimate 
resistance. Additionally, the welded box flame straightened specimen had an initial out-of-
straightness imperfection of L/130, well above the limit imposed by the European manufacturing 
standards.  
The reduction factors of the 22 I-section specimens is represented in Fig. 1(b) as a function of 
slenderness. The flexural buckling of all the gathered tests occurred around the weak axis. 

             (a) (b) 

Fig. 1. Flexural buckling tests performed on welded box sections (a) and welded I-sections (b) 

EN 1993‐1‐1 'c' curveFlame straightened
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Q690 (Li et al) S690 (Ma et al) S690 (Rasmussen & Hancock)
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∙ . ,
 (9)

where Nu is the reported maximum load determined experimentally, 
Ameas is the area calculated with the measured geometrical properties, 
0.2,test is the experimentally determined tensile proof stress. 

2 STATISTICAL EVALUATION 

The ratio of the reported experimental values Nu and the resistance NRk, calculated according to the 
models described in section 1.1 are presented in Fig. 2a to Fig. 4a. The mean value, standard 
deviation, the coefficient of variation and the lower 5% fractile have been calculated for the three 
different cases and summarized in Table 1. The sampled data is represented in Fig. 2b to Fig. 4b 
along with the probability density function (PDF), assuming a Gaussian distribution around the mean 
sampled value. Additionally the kernel density estimate (KDE) was also represented using a kernel 
size determined by means of a Gaussian estimator. The purpose of the KDE was to analyse to what 
extent the distribution of the test data resembles the Gaussian distribution and identify potential 
outliners.  

 
a) b) 

Fig. 2. a) Ratio of experimental results and EN1993-1-1 calculated resistance as a function of the slenderness, with error 
bar plots denoting the 95% confidence interval; b) distribution plot of results with the KDE and the normal PDF 

Fig. 2 shows that the current design codes give a safe estimate when predicting the flexural buckling 
resistance of both the welded box and I-sections. However, the linear regression performed on the 
test data shows an over conservative trend for values of slenderness of above 0.6. 

 
a) b) 

Fig. 3. a) Ratio of experimental results and JS model calculated resistance as a function of the slenderness, with error 
bar plots denoting the 95% confidence interval; b) distribution plot of results with the KDE and the normal PDF 

The model proposed by (14) shows a significantly higher dispersion than both of the other models 
for welded box sections as seen in Table 1. The reduction applied to the yield stress due to the residual 
stress was calculated based on the values recommended by BSK07 (21). The residual stresses are not 
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dependent on the global slenderness although their effect is more pronounced in the medium 
slenderness range. The linear regression performed on the ratio of the test results and the model 
proposed by (14) shows a constant deviation from unity independent of the slenderness. The 
calculated values deviate most from the test results between values of slenderness of 0.8 to 1.2.  

 

a) b) 

Fig. 4. a) Ratio of experimental results and KS model calculated resistance as a function of the slenderness, with error 
bar plots denoting the 95% confidence interval; b) distribution plot of results with the KDE and the normal PDF 

Table 1. Statistical quantities of the two different proposed models and European design guidance 

Section type Model Mean Std. deviation COV 5% fractile 
Characteristic 

value 

Box 
25 specimens 

EN 1.340 0.172 0.128 1.109 1.056 

JS 1.216 0.181 0.149 1.001 0.918 

SK 1.325 0.335 0.253 0.983 0.776 

I-section 
22 specimens 

EN 1.284 0.156 0.121 1.078 1.028 

JS 1.098 0.097 0.088 1.002 0.939 

SK 1.116 0.098 0.088 0.983 0.954 

All 
47 specimens 

EN 1.303 0.173 0.133 1.061 1.019 

JS 1.161 0.160 0.137 1.001 0.899 

SK 1.227 0.274 0.224 0.983 0.777 

 
The statistical quantities presented in Table 1 indicate that the proposed models can give accurate 
estimates when predicting the flexural buckling resistance over the weak axis of welded I-sections. 
The model showing the smallest standard deviation for the welded I-sections was the one proposed 
by (13). Additionally, the 5% fractile of the test results was above unity thus showing a safe estimate. 

3 SUMMARY AND CONCLUSSIONS 

The EN1993-1-1 is currently providing the most conservative results. The motivation to use European 
buckling curves can be understood since it provides safe estimates for over 96.1% of the sampled 
population values, assuming that the data will be normally distributed around the mean. However, 
the KDE shows a slightly different trend of the distributions, which indicates that different 
distribution functions, other than the Gaussian distribution, could be used to fit the sampled data more 
accurately. 
The model proposed by (14) seems to be more accurate at higher values of slenderness. The model 
neutralizes the effect of the residual stresses after values of slenderness of 1.2, thus resembling the 
Euler buckling load and adding the initial bow imperfection. This approach shows good agreement 
with the test results. Additionally, the model from (14) has a constant mean deviation from unity over 
the entire slenderness range. The model can be difficult to use for lower slenderness ranges since it 
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requires manufacturing specific details, such as amplitude of residual stresses in the section parts 
where buckling should initiate.  
The model proposed by (13) has the advantage of simplicity, thus making it directly applicable to 
other types of sections and fabrication methods, since it is based on the same generalized imperfection 
as the European buckling curves. The model has also proven to be very accurate for flexural buckling 
of welded high-strength steel I-sections. The ratio between the test results and the model achieved a 
5% fractile almost identical to unity thus showing a safe estimate.  
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towers
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Abstract
The pursuit for cheaper energy is leading the current wind tower design to increased heights. Common wind turbine tower designs 
would generate unjustified costs for transportation and erection leading to inefficient use of materials. In order to reduce these 
costs, several simplified erection methods have been proposed. One of such is the hybrid lattice-tubular steel tower. For economic 
feasibility, built-up cold-formed polygonal cross-sections have been proposed for the lattice part. This article presents a numerical 
investigation of the failure modes of closed polygonal cross-sections. The first part contains a presentation of structural systems which 
incorporate elements composed of plates and cold-formed members. The evaluation of the polygonal sections is done by means 
of finite element analysis considering local and global geometrical imperfections and residual stresses generated in the fabrication 
procedure. A comparative study is performed between several finite element models to propose a corresponding European buckling 
curve for calculating the flexural buckling resistance. The results show that the design of polygonal sections can be done according to 
European buckling curves methodology.

Keywords
Cold-formed, finite element simulation, flexural buckling, lattice wind tower, polygonal sections

Introduction

In the discussions regarding the erection of on-shore wind turbine towers with heights above 100 m, it is commonly agreed 
among the scientific community that the main limitations of the current tubular steel towers are the transportation and 
erection conditions.

The on-shore wind turbine towers are thus limited by the transportation conditions. To keep the on-shore wind turbines 
a competitive option, innovative solutions for the tower design are required. The most common configuration of sup-
port structures are the cylindrical and conical tubular shells. Alternatively, lattice structures have been used for the wind 
turbine towers, mainly due to the ease of transportation. Choosing only one type of configuration (tubular or lattice) one 
are limited by the disadvantages that these bring. Higher wind turbine towers would require a wider tubular section at the 
base that would be difficult to manufacture on site or transport if a cylindrical configuration is chosen, in comparison to a 
lattice tower where the problems would arise due to a time consuming and tedious erection process. As presented by Hau 
(2013), the conical tubes present a great advantage for heights up 80 m, as shown in Figure 1. However, from this point 
on, the mass and the costs increase significantly. The presented data do not specify if the prices include assembly costs.

An alternative to conical section was used to build the modular Steel Shell tower (Kryger and Ryholl, 2013). This tubular 
tower claimed to have the capacity of reaching heights of more than 150 m. One of such was built to the height of 140 m. 
However, it did not have a very high impact on the market. The tower is composed of bent plates as shown in Figure 2.

The cheapest option in this case would be the use of lattice towers. However, these types of towers have been used in 
the past and present a series of problems such as installation and maintenance costs. Regardless of their known issues, the 
designs can be improved and adapted to the specificity of the wind turbine. Recently, an 80-m wind turbine tower was 
suggested by Husemann and Meiners (2013). The idea behind the design lies in the ease of installation. It is a structure 
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composed of cold-formed polygonal elements (see Figure 3) for the legs that can easily be connected with the stabilizing 
diagonals and horizontal struts. This option becomes even more difficult for higher wind turbine towers due to the neces-
sary number of connections. The individual plates of the cross-section are relatively slender and S355 (mild-strength steel) 
is recommended. Building higher towers would require an increase in either the cross-section, leading to higher installa-
tion and transportation costs, or the strength of the material.

The optimality of a chosen structural system can vary based on different factors such as the number of connections 
required, the total material used, the installation costs, and the time needed for installation. The complexity of joints 
increases when dealing with polygonal geometries. However, connections are still feasible without welded solutions using 
semi-closed sections as shown in Figure 4. The target for investors is normally the total cost, which can vary in a very wide 
range based on the location of the construction and the fluctuation of the material costs. It is assumed that for the tower to 
be appealing for the manufacturers a fast execution time is required. Therefore, a reduction of the number of connections 
is recommended with members as long as possible without secondary bracings.

Figure 1. Tendencies of costs and mass for a 3-MW wind turbine with a rotor diameter of 100 m (2011 steel prices; Hau, 2013).

Figure 2. Plate used in the production of Steel Shell tower (Kryger and Ryholl, 2013).
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The resulting towers require a large amount of bolts, which can cause maintenance difficulties. Several solutions have 
been suggested for this application such as Bobtail® bolts which are considered to require minimum maintenance. Studies 
have been made to determine the tension loss of the bolts due to temperature variation (Matos et al., 2017).

A study of the independent plates has been performed by Tran et al. (2016a). The investigated cold-formed plates are 
made of S650 high-strength steel (HSS). The boundary conditions used in the experiments were considered to be fully 
fixed. Based on the experimental results, a comparison by means of finite element method was later made (Tran et al., 
2016b). It was concluded that a good agreement between ultimate loads can be achieved by considering the imperfections 
recommended by the EN 1993-1-1 (CEN, 2005).

As stated in the EN 1993-1-1 (CEN, 2005), the verification of the members subjected to pure compression allows for 
the full use of the cross-sectional area if it is proven to be in the range of classes 1–3. Therefore, the aim would be to use 
cross-sections at the limit of class 3 to class 4.

This article investigates the behavior of such cross-section considering the plates working as a complete polygonal 
cross-section, disregarding the contribution of the adjacent plates used for connecting the plates. The methodology for 

Figure 3. Plate used for the built-up polygonal cross-section (Stemwede and Bohmte, 2013).

Figure 4. Example of joint for polygonal lattice tower (Jovašević et al., 2016).
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assessing the cross-section class is presented together with the evaluation of the member failure modes. The results are 
then compared between different cross-section sizes. Finally, the conclusions are presented and discussed.

Methodology

Polygons with nine facets were considered for the analysis. The first step was to identify the limit between the classes of 
the polygonal cross-sections. The classification provided in EN 1993-1-1 (CEN, 2005) is based on the slenderness of the 
individual component plates. The classification is done in terms of plate width-to-thickness (b/t) ratio. The plate width 
was considered to be the distance between the rounded corners, referred to as bp in Figure 5. Although the reduction of 
effective area is required only for class 4 sections, according to EN 1993-1-5 (CEN, 2007) a reduction of area occurs in 
plates with slenderness λ p > 0 673. . A class 4 section is defined by local buckling of the cross-section before reaching the 
yielding point of the most compressed fiber. The class 4 limit could be defined by the change of the first buckling mode. 
The change of buckling modes can occur between the Euler buckling mode and the plate buckling mode or the simultane-
ous buckling of several plates if the bends do not provide a sufficiently stiff rotational constraint. Such behavior has been 
analyzed by means of generalized beam theory by Gonçalves and Camotim (2014).

The critical load of a double-symmetric compressed member with the buckling length, Lcr, and a second moment of 
area, I, is known to be defined by equation (1) and the critical load of a compressed plate of a given thickness, t, and width, 
b, is defined by equation (2)
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The elastic critical load defined by Euler is not valid for intermediate or short members. For values of slenderness of 
λ <1.2 , the yield strength of the material influences considerably the ultimate resistance. The European code proposes the 
formulation as per equation (3). The equation implies that the resistance is a function of the local and global slenderness 
and of the yield strength of the material

N A fb Rd eff y, = χ  (3)

The radius of the circle circumscribing the polygonal cross-section, R, and the effective buckling length of the members 
have been varied to visualize the extent of the potential area reduction if HSS is used. The ultimate purpose would be to 
determine a cross-section size to which HSS can be efficiently used. As shown in Figure 6, the advantage of the HSS is 
clear for low member slenderness. Afterwards, the potential advantage is gradually lost due to the instability effects.

Figure 5. Notations for the geometrical properties of the section and the bent corner.
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The second part of the study consisted of analyzing a series of selected cross-sections presented in Tables 1 and 2. The 
sections were chosen to have approximately equal areas, thus varying the local and global slenderness, by means of the b/t 
ratio and the second moment of area, I. The plate thickness range was chosen between values that are possible to fabricate 
using both normal-strength steel (NSS) and HSS, t = 6–10 mm. The section class and the corresponding effective proper-
ties were calculated according to EN 1993-1-1 (CEN, 2005).

Rounded corners were considered in the calculation of the geometrical properties. The hardening of the material in the 
bent corners was considered through the addition of residual stresses.

An initial buckling analysis of the members was performed. The purpose was to identify the buckling modes and to 
determine an appropriate imperfection pattern that would lead to a minimum failure energy. The requested number of 
modes was set to 5, in order to eliminate the closely spaced symmetrical modes.

The variation of area with length can be representative if the cross-section will keep the same class for different global 
and local slenderness. A surface can be plotted by keeping the area constant for different global slenderness as shown 

Figure 6. Variation of radius of the circle circumscribing the polygonal cross-section and the normalized critical loads as a function 
of effective member length for different steel grades.

Table 1. Geometrical properties of the analyzed struts S355.

R (mm) L (m) b (mm) b/t Class P A (mm2) Aeff (mm2)

350 5.00
6.43

204 23.80 1 1.00 18,149 18,149

375 7.86
9.29

221 27.52 2 1.00 18,287 18,287

400 10.71
12.14

240 31.97 3 0.986 18,399 18,173

450 13.57
15.00

271 40.58 4 0.854 18,257 15,822

Table 2. Geometrical properties of the analyzed struts S700.

R (mm) L (m) b (mm) b/t Class ρ A (mm2) Aeff (mm2)

320 5.00
6.43

179 19.01 1 1.00 18,375 18,375

330 7.86
9.29

180 19.74 2 1.00 18,150 18,150

350 10.71
12.14

204 23.80 3 0.966 18,149 17,626

375 13.57
15.00

221 27.52 4 0.886 18,287 16,459
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in Figures 7 and 8. Thus, the variation of the reduction factors due to flexural buckling χ and local buckling ρ can be 
observed. The “c” buckling curve was represented with α = 0.49. The slope of the surface in class 4 varies based on the 
type of steel used.

It can be observed that the range of class 2 and class 3 cross-sections is highly reduced regardless of the steel used.

Finite element model

A three-dimensional (3D) finite element model (FEM) was chosen for the simulation. The model was created using 4-node 
rectangular shell elements with reduced integration (S4R) and five thickness integration points, integrated using the 
Simpson method. The ultimate loads were determined using a load-controlled static modified Riks analysis, commonly 

Figure 7. Surface plot of the reduction factor based on the flexural and local slenderness for S355.

Figure 8. Surface plot of the reduction factor based on the flexural and local slenderness for S700.
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used in tackling stability problems. The model incorporated material nonlinearity geometrical imperfections and residual 
stresses (geometrical material nonlinear imperfection analysis (GMNIA)) as presented in Table 3. The size of the mesh 
elements was set to 20 mm.

The static scheme is a simple pinned–pinned strut subjected to compression. The torsional degree of freedom 
is restrained at one end. The translational degrees of freedom of the end nodes of the model were constrained to a 
center point to act as a rigid body. The loads and restraints were applied in the two reference points. The geometry 
of the section took into account the roundness of the corners considering a bending radius ri = 6t. The thickness 
was reduced by 1.5% in the rounded corners to account for the thinning due to the manufacturing process. Abvabi 
et al. (2015) evaluated the bending process and its effects on the longitudinal stresses and on the imperfection of 
V-shaped sections. The results obtained based on the numerical analysis performed on HSS show that the amplitude 
of longitudinal stresses is affected based on the thinning percentage of the plates due to cold forming. The residual 
stress models for the cold-formed sections are largely debated due to the manufacturing process, the b/t ratio of the 
bent plates, and the type of steel used. Some researchers consider that cold forming introduces mostly transversal 
residual stresses and that longitudinal residual stresses are almost inexistent. The model of residual stresses chosen is 
presented and has been applied for NSS and HSS as recommended in Somodi and Kövesdi (2017a,b). Compressive 
residual stresses were introduced in the flat part and tensile stresses in the corner. As stated by the authors, the 
application of residual stresses is limited to a certain manufacturing procedure, b/t ratio, plate thickness, and steel 
type. Some of the investigated elements are slightly outside the range of recommendation, but the hypothesis was 
considered valid due to simplicity.

The global out-of-straightness imperfection was defined as a sinusoidal shape with the maximum amplitude at the mid-
span of the member, as the methodology applied by Beer and Schulz (1970) to validate the European buckling curves. 
The local imperfections were defined as recommended by EN 1993-1-5 (CEN, 2007) for plate buckling, by considering a 
sinusoidal deformation applied on the two directions as shown in Figure 9.

The imperfections were introduced by translating the mesh nodes with horizontal displacements as defined by equa-
tions (4) and (5) as follows:

•• Local imperfection

Table 3. FEM combinations.

Model Global imperfections Local imperfections Residual stresses

M1 L/750 b/50 No
M2 L/750 b/200 No
M3 L/750 b/200 Yes
M4 L/1000 b/200 No
M5 L/1000 b/200 Yes

FEM: finite element model.

Figure 9. Schematic of applied local imperfections.
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The shape of the local imperfections is slightly different from the shape obtained by the buckling analysis. Since the 
number of corners is odd, the local buckling shape is not symmetrical resulting in a reduced amplitude of imperfection in 
one of the plates as shown in Figure 10. Thus, the most unfavorable combination of global and local imperfections would 
be omitted. The amplitude of the local imperfection was kept constant over the entire section and the global imperfection 
was added opposite to the plates with consecutive identical imperfections.

The amplitude of the imperfections was varied in order to evaluate their effect on the ultimate resistance. Studies con-
ducted by Dubina and Ungureanu (2014) have shown that the imperfections have a higher influence on the resistance of 
cross-sections when the interaction between modes occurs. The M1 model considers the maximum imperfections that can 
exist in the structural member as defined by the delivering specifications presented in CEN (2011).

The steel material model is multilinear based on the true stress–strain relationship of coupon tests available at the Steel 
Structures department at Luleå University of Technology. Two types of steel were chosen for the analysis: the mild steel 
Ruukki Multisteel S355 and the HSS SSAB Domex 700. Six points of each curve were introduced to describe the mate-
rial behavior in the FEM (Figure 11). The points were selected to define the plastic region and a modulus of elasticity of 
E = 210,000 MPa was assigned.

Results

The comparison between M1 and M2 shows that the local imperfection has a reduced effect on the ultimate resist-
ance of the compressed members with an average value of 8.60%. The maximum difference was recorded to be 
10.85% for the NSS class 3 cross-section and 10.47% for the HSS class 4 cross-section. Based on the results, the 
class that is mostly affected by the local imperfections seems to differ based on the type of steel used. This can be 
attributed to the interaction of plastic–elastic failure. Due to the hardening of the HSS, the buckling can occur before 
the steel reaches the softening plateau; however, the NSS reaches the softening plateau earlier, thus causing higher 
deformations to occur.

For the purpose of common designs, the variation of the global imperfection from L/1000 to L/750 does not affect 
much the ultimate resistance of the analyzed columns. The comparison between M2 and M4 shows an average difference 
of 1.88% of the ultimate resistance, with the maximum value of 3.81%. The dispersion of results obtained from compres-
sive experimental tests performed on different types of sections has proven to be much larger (Chan et al., 2015; Li et al., 
2016; Wang et al., 2014; Zhou et al., 2013). In numerical models, the choice of amplitude of imperfections can be safely 
estimated as the recommended fabrication value of EN 1090-2 (CEN, 2011). Higher amplitude of global imperfections 

Figure 10. First buckling modes.
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would certainly affect the ultimate resistance. However, for industrial application a global imperfection higher than L/750 
should not be accepted, as recommended by EN 1090-2 (CEN, 2011).

The modeled residual stresses have been shown to have a small influence on the resistance. The longitudinal bend-
ing residual stresses can compensate for the initial geometric imperfection, thus leading to an increased resistance. The 
overlapping of the two generally occurs on a random basis. The NSS was more affected by the residual stresses due to 
the nature of the expression, providing higher stresses relatively to the strength of the steel. Columns with higher global 
imperfection showed a higher sensitivity to residual stresses with a maximum of 2.03% between M2 and M3 and 1.35% 
between M3 and M4.

Models M2–M5 agree well with the Eurocode buckling curve “c,” providing a small factor of safety (Figure 12). This 
is more evident for the class 1 and 2 sections. At low global slenderness values λ < 0.6 , the results obtained with the M1 

Figure 11. Tension coupon tests and equivalent FE material.

Figure 12. Normalized ultimate strength compared to the “c” buckling curve.
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combination of imperfection tend to be lower than those obtained with the flexural buckling curve. The applied imperfec-
tions are exaggerated and serve as a verification of the imperfection sensitivity of the problem.

Conclusion

The article presents the motivation of choosing to investigate the polygonal cross-sections and the approach of the selected 
subject. A short introduction and state of the art on the current steel wind turbine towers’ structural typologies are pre-
sented. The methodology of the analysis is explained and the selected study cases are specified. The results from the 
numerical analysis are presented and discussed. Finally, the conclusions of the study are being presented together with 
the future work.

The EN 1993-1-1 (CEN, 2005) flexural buckling curve “c” can be used for designing class 1–3 polygonal cross-
sections if EN 1090-2 (2011) manufacturing standards are applied.

Cold-formed closed polygonal cross-sections in classes 1 and 2 can be designed using curve “c” for flexural buckling 
for both NSS and HSS. The results have shown that the same curve can be used for HSS class 3 cross-sections if the global 
slenderness is above 0.6. For lower slenderness as well as for class 4 cross-sections, the curve “c” does not prove to be a 
safe estimate. This part would require further experimental studies.

By limiting the plate buckling of the individual polygonal facets to the Euler buckling mode, a safe estimate can be 
made to keep the cross-section in class 3. However, the ultimate resistance of the member becomes sensitive to imperfec-
tions. This effect is expected to amplify if a built-up cross-section is used. In this situation, the combination of modes 
becomes a higher problem.

The model of residual stresses used does not have significant influence on the ultimate resistance of the members. The 
longitudinal residual stresses obtained from the bending procedure at a 120° angle should be further investigated.
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Appendix 1

Notation

Pcr, E critical load of a column according to Euler’s formula (kN)

E steel elastic modulus (MPa)

I second moment of area (mm4)

Lcr effective member length (m)

σcr critical stress (MPa)

t plate thickness (mm)

b plate width (mm)

k factor to account for the plate boundary conditions, the value of which is 4

υ Poisson coefficient, the value of which is 0.3

fy yield strength (MPa)

A total area of the cross-section (mm4)

r radius of gyration

λ nondimensional slenderness

χ   reduction factor based on the nondimensional slenderness

Aeff effective area affected by the plate buckling reduction factor, ρ

e0w magnitude of the local imperfections

n   index of facet, n∈ ⊂[ , ]1 9 ℕ
x′ local coordinate having the origin at the bottom corner of each facet

z global coordinate with the origin in the center of gravity of the bottom section

a distance between the start of the bending point of the adjacent corners

e0 magnitude of the global imperfections

z global coordinate with the origin in the center of gravity of the bottom section

L length of the member
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1 INTRODUCTION 

High-rise towers are traditionally realized as lattice structures or monopoles hollow sections. In 
the latter case the preferred section is the cylinder. As an alternative, a regular convex polygonal 
sections (RCPS) can be used, offering several advantages. 
In contrast to the cylindrical shells, limited studies can be found for the structural behaviour of 
RCPS. Even though experiments on RCPS profiles can be found in the literature, no systematic 
statistical evaluation has been performed so far. The objective of this paper is to evaluate the 
current rules available against experimental data. 

1.1 General 

The popularity of the RCPS increased significantly once cold-formed elements were introduced 
in design codes. Cold-forming allowed manufacturing with minimum welding, which is highly 
important for fatigue, posing a major threat for such structures. 

More importantly, the number of circumferential welds needed is greatly reduced compared to 
cylinders. The length of the individual pieces is limited by the capacity of the press-brake and 
transportation conditions. Circumferential welds can be entirely avoided if the parts are connected 
with gravity slip joints, a method described in EN 50341-1. 

Monopole towers demand an increased moment of inertia at the base, driving the design to a 
conical shape. Achieving this shape imposes manufacturing difficulties, both for the traditional 
can-welding technique and the innovative spiral-welded towers. In contrast, it is very simple to 
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ABSTRACT: Regular convex polygon sections (RCPS) are commonly used as towers supporting 
transmission lines, stadium lightning and street lamps. Their use provides advantages in the bear-
ing capacity and can simplify erection. Over the last 50 years experimental studies have been 
conducted to check the applicability of the plate theory to stocky polygonal columns. The paper 
presents the processed data gathered from compression tests found in the literature. Results from 
70 specimens tested under pure compression were statistically analysed. Specimens with yield 
strength varying from 235 to 700 MPa and angles varying from 144 to 175.5 (5 to 40 sides) were 
investigated. The local non-dimensional slenderness was calculated using buckling lengths ac-
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of the paper was to compare the plate buckling resistance predictions to the experimental results. 
The paper concludes with a buckling width recommendation for evaluating the critical stress as 
calculated according to EN 1993-1-3 or EN 1993-1-5. 



taper an RCPS tower. Examples of tapered towers can be seen in Figure 1 and Figure 2 as supports 
for lighting and electrical lines. 

This study investigates the local behaviour of RCPS, with the expected failure mechanism due 
to the high stresses near the base. For higher slenderness members under pure compression (λ ≥ 
0.6), Sabau (2018) indicates that RCPS can be safely designed using the buckling curve “c”, pro-
vided that the profile is not in class 4. 

 

 
Figure 1. Example of RCPS light tower. 

 

 
Figure 2. Example of RCPS electricity support tower. 

1.2 Geometric and structural properties 

To describe the application of the alternative design methods, it is necessary to name some basic 
geometric properties. The cross-section of a hexagonal RCPS is shown in Figure 3. 

The RCPS resistance is calculated based on plate theory according to EN 1993-1-1, EN 1993-
1-5 using the width of the flat plate bf and the cross-section area Ap. 

𝑏𝑓 = 2(𝑟𝑝 sin 𝜃 − 𝑟𝑏 tan 𝜃) (1) 

𝐴𝑝 = 2t(𝑛𝑣𝑟𝑝 sin 𝜃 − 𝑛𝑣𝑎𝑏 tan 𝜃 + 𝜋𝑎𝑏𝑡) (2) 

where 𝑛𝑣 = number of sides; and 𝑎𝑏 = 𝑟𝑏/𝑡 

 



 

 
Figure 3. Basic geometric properties of a RCPS. 

 
To apply the calculations of EN 1993-1-6, an equivalent cylinder must be defined. The most 

intuitive way is to consider the cylinder with equal wall thickness and cross-section area to a 
RCPS. By doing so, the radius of the equivalent cylinder is expressed as follows. 

𝑟𝑐 =
𝑛𝑣

𝜋
(𝑟𝑝 sin 𝜃 − 𝑎𝑏𝑡 tan 𝜃) + 𝑎𝑏𝑡 (3) 

1.3 Description of experiments 

In this study, experiments from 7 different sources are gathered, with low flexural slenderness, λ 
≤ 0.2. Bulson (1969) performed the first and most extended experimental study (39 tests with nv 
varying from 4 to 40 and high local slenderness (56 ≤ b / t ≤ 790). 

The second study including experiments on RCPS was performed by Aoki et al. (1991). In 
their paper they presented results from 15 experiments with a much lower local slenderness and 
fewer sides (b / t ≤ 66.7 and nv ≤ 8). Soon after, Migita et al. (1992) added 9 more tests (similar 
nv and b / t ) with flexural slenderness reaching up to λ=0.5. 

Further on, 8 tests on octagonal profiles were performed by Harraq (1997), 4 of which were 
regular (RCPS). Only 2 of them were tested under pure compression. 

A more systematic study was performed by Godat et al. (2012) who reported previous experi-
ments and performed 6 new. Apart from Bulson’s slender profiles, this study provided the first 
results for nv > 8. Specimens of 8, 12 and 16 sides with local slenderness in the region of interest 
to civil engineering (31 ≤ b / t  ≤ 56) were tested. 

A numerical investigation coupled with 9 laboratory tests was performed by Manoleas (2018). 
The 9 additional tests covered higher-order polygons having 16, 20 and 20 sides. These are the 
only tests in high strength steel (S700). 

More recently, 3 additional tests on octagonal specimens were performed by Jiong-Yi et al. 
(2019) providing experimental results for thicker profiles (b / t  = 10.8). 

2 CALCULATION OF COMPRESSIVE RESISTANCE 

Considering European standards, RCPS can be designed based on EN 1993-1-1 in conjunction 
with either EN 1993-1-5, EN 1993-1-3 or EN 1993-1-6. In the first two cases, the facets of the 
RCPS are assumed as simply supported plates, adopting two definitions for the buckling width. 
In the third case, the RCPS is assumed to be a cylindrical shell. 

Additionally, some design rules specifically for RCPS are given in EN 50341-1. This standard 
extends the classification definitions of EN 1993-1-1 to RCPS of 6 to 18 sides. 



2.1 Resistance according to EN 1993-1-5 

By employing EN 1993-1-5, the RCPS is perceived as an extended rectangular hollow section 
(RHS). As such, the cross-section resistance is the sum of its individual facets. 

This definition implies two assumptions: 
 The buckling width is equal to the flat portion of the facet. 
 Each facet acts as a simply supported plate. 

The resistance is calculated for the reduced effective width of the plate as follows: 

𝑁𝑅𝑘 =  𝐴𝑒𝑓𝑓 ∙ 𝑓𝑦 (4) 

𝐴𝑒𝑓𝑓 = 𝑛𝑣(𝐴0,𝑒𝑓𝑓 + 𝐴𝑐𝑜𝑟𝑛𝑒𝑟) (5) 

where 𝐴0,𝑒𝑓𝑓 =  𝜌𝑏𝑓𝑡 and ρ = plate buckling reduction factor, EN 1993-1-5 4.4. 

2.2 Resistance according to EN 1993-1-3 

The application of EN 1993-1-3 for the RCPS requires the same basic assumption of the simply-
supported plate. Oriented towards cold-formed members, EN 1993-1-3 provides a more sophisti-
cated approach for the plate buckling width, which is measured between the midpoints of two 
adjacent corners on the mid-thickness line of the profile (Figure 3). 

Note that EN 1993-1-3 regards to thin gauge members and sheeting and its scalability to larger 
structures is questionable. In addition, the use of EN 1993-1-3 is limited to cold-formed corners 
between 135° and 90°, which implies RCPS with 4 up to 8 sides. 

2.3 Resistance according to EN 1993-1-6 

An alternative approach to calculate the resistance of a RCPS is to assume the equivalent cylinder 
and apply the hand calculation procedure of EN 1993-1-6. This assumption becomes increasingly 
valid as the number of sides increases. 

The local behaviour of an RCPS column under pure compression is equivalent to a short cyl-
inder with a uniform compressive meridional stress field. Eurocode defines four limit states, only 
two of which are relevant to monotonic compression loading: 

 Plastic limit state, LS1. 
 Buckling, LS3. 

Von Misses equivalent stress is considered for LS1. Thus, the case of simple meridional com-
pression this check is identical to the cross section check of EN 1993-1-1. On LS3, a reduction is 
applied to the characteristic yield stress, leading to the following formula. 

𝑁𝑅𝑘,𝑠ℎ𝑒𝑙𝑙 = 𝐴 ∙ 𝜎𝑥,𝑅𝑑 = 𝜒𝑥𝐴𝑓𝑦𝑘 (6) 

 
The reduction factor χx is calculated based on the critical stress, σx,Rcr, and the local imperfec-

tions. The critical stress is a function of the non-dimensional shell slenderness, ω = l / (r t)0.5.  

3 STATISTICAL EVALUATION OF EXPERIMENTAL DATA 

The ratio of the reported experimental resistance values Nu and the characteristic resistance NRk, 
using EN1993-1-3 and EN1993-1-5 as per section 2 are presented in Figure 5 and Figure 4 along 
with the probability density function (PDF), assuming a Gaussian distribution around the mean 
value. The kernel density estimate (KDE) was represented using a kernel size determined by 
means of a Gaussian estimator. The KDE gives a compromise between the histogram and the 
normal distribution. A linear regression was performed having as parameter the number of sides. 
The 90% confidence interval was represented for the regression estimate.  

 



 
 
Figure 4. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-3 
calculated resistance for RCPS  

 

 
 
Figure 5. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-5 
calculated resistance for RCPS. 

 
The characteristic value 𝑋k was calculated as per Equation 7 and is represented as the bottom 
limit (dashed line) of the standard deviation in Figure 4 to Figure 10. In Equation 7, 𝑘𝑛 was taken 
as 1.64, assuming that the result scatter would not change for higher number of test.  

𝑋𝑘 = �̅� − 𝑘𝑛 ∙ 𝑠 (7) 

where: �̅� = mean sample value; 𝑘𝑛 = is a coefficient considering the number of tests; and 𝑠 = 
sample mean standard deviation.  

Figure 4 and Figure 5 clearly show that the assumption of pure plate buckling does not stand 
with increasing number of sides. 

The applicability of the EN 1993-1-3 is limited to bending angles of 90° to 135° between two 
adjacent facets. Thus, it should allow for rectangular and octagonal sections. Additionally, the EN 
1993-1-3 rules are not applicable to cold-formed sections that do not satisfy the bending radius 𝑟 
criteria as per Equation 8.  

𝑟 > 0.04𝑡𝐸/𝑓𝑦 (8) 

where: 𝑡 = plate thickness; 𝐸 = elastic modulus; and 𝑓y = yield strength  
Figure 6 presents a linear regression of the test data as a function of number of sides. The 

statistical quantities were calculated for all the reported data. The information found in the litera-
ture was not sufficient to verify the requirement of Equation 8. However, the limitation allows for 
very large bending radius seldom used in cold-forming technology.  

Several octagonal specimens that reached a lower resistance than the value predicted by the 
EN1993-1-3 were reported to have plate imperfections e0/b of magnitude between 1/30 to 1/40. 
The reported imperfections do not satisfy the minimum requirements imposed by the EN1090-2 
for cold-formed profiles.  

EN 1993-1-3 provides a safer estimate than EN 1993-1-5 for RCPS of up to 18 sides. The 
statistical quantities do not differ significantly between the sampled population consisting of 
RCPS with up to 8 sides and 18 sides as seen in Figure 6 and Figure 7. Thus, EN 1993-1-3 is 
better for the estimating the plate buckling of RCPS up to 18 sides.  



 

 
 
Figure 6. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-3 
calculated resistance, the KDE and the normal PDF for RCPS of 5 to 8 sides. 
 

 
 
Figure 7. Scatter data and linear regression of the ratio between the experimental results and EN1993-1-3 
calculated resistance, the KDE and the normal PDF for RCPS of 5 to 18 sides. 

 
Annex K of EN 50341-1 recommends the use Table 5.3.2 of ENV 1993-1-1 (replaced by table 
4.1 of EN 1993-1-5) for effective widths of RCPS of 6 to 18 sides. The linear regression of Figure 
8 indicates a high uncertainty concerning this methodology. Thus, the recommended safety factor 
𝛾M1 = 1.1 might be insufficient. EN1993-1-1 provides rules for plates thicker than 3 mm. Figure 
8 shows the results of the tested RCPS. 

The limit of 18 sides of EN 50341-1 is justified by the failure mode change. The buckling 
wavelength is no longer restricted between edges, but extends to adjacent facets. In Figure 9 the 
ratio between the experimental and EN 1993-1-6 calculated resistance shows a significant uncer-
tainty for the lower bound limit of sides. Results from RCPS between 20 and 22 fall below the 
predicted values and show large scatter.  

 
Figure 8. Scatter data and linear regression of the ratio between the experimental results and EN 1993-1-5 
calculated resistance, the KDE and the normal PDF for RCPS of 6 to 18 sides and thickness above 3 mm. 

 



 
Figure 9. Scatter data and linear regression of the ratio between the experimental results and EN 1993-1-6 
calculated resistance, the KDE and the normal PDF for RCPS of 20 to 40 sides. 

 
Figure 10 contains the results from the RCPS with plate slenderness λp < 1.75, equivalent to 

50% effective area reduction. With that limitation, the sampled data show a more conservative 
trend. This limitation seems counterintuitive at first since a higher plate slenderness should push 
the buckling mode towards a plate buckling collapse. However, a higher plate slenderness ulti-
mately leads to a reduced in-plane stiffness of the bended corners. Buckling resistance is thus 
sensitive to interaction between plate and distortional imperfections, causing premature opening 
of the corners. It is unclear where the turning point between plate and meridional buckling is since 
it is a combination of multiple factors. A formula to predict the transition point between the two 
modes was suggested by Manoleas (2018). The formula is applicable even to high-strength steels.  

 

 
Figure 10. Scatter data and linear regression of the ratio between the experimental results and EN 1993-1-
6 calculated resistance, the KDE and the normal PDF for RCPS of 20 to 40 sides and λp < 1.75. 

 
The mean value, standard deviation, the coefficient of variation and the lower 5% fractile of the 
sampled data has been summarized in Table 1. 

 
Table 1. Statistical quantities of the analysed data. 

Number of 
sides 

Model Mean 
Standard 
deviation 

Coefficient of 
variation 

5% fractile 
Characteristic 

value 

All 
70 specimens 

EN 1993-1-3 0.934 0.142 0.152 0.679 0.701 

EN 1993-1-5 0.907 0.136 0.150 0.657 0.684 

EN 1993-1-6 0.822 0.245 0.299 0.367 0.419 

5 – 8 sides 
28 specimens 

EN 1993-1-3 1.000 0.114 0.114 0.772 0.814 

EN 1993-1-5 0.962 0.116 0.121 0.739 0.771 

6 – 18 sides 
43 specimens 

EN 1993-1-3 0.985 0.133 0.135 0.707 0.767 

EN 1993-1-5 0.953 0.131 0.137 0.693 0.739 

EN 1993-1-6 0.729 0.247 0.340 0.328 0.323 

20 – 40 sides 
EN 1993-1-61 0.989 0.141 0.142 0.798 0.758 

EN 1993-1-62 1.023 0.129 0.126 0.885 0.812 

1 – includes all 25 specimens; 2 – 15 specimens with λp < 1.75 



4 CONCLUSIONS 

A total of 70 centrically compressed tests performed on cold-formed RCPS specimens have been 
collected from literature and compared against current design standards. The results showed that 
the design standards are unsafe if simplified approaches are used. For 5-8 sides specimens, the 
EN 1993-1-3 gives safer results as opposed to the EN 1993-1-5. This shows that the buckling 
length extends over the flat part of the facet.  

The resistance calculated according EN 50341-1 showed good agreement with the test data. 
The use of the safety factor brings the characteristic value close to unity for specimens with t > 3. 

The methodology of EN 1993-1-6 could be applied to RCPS with more than 18 sides if higher 
safety factors are implied. The experimental values of specimens with 20-40 sides came closer to 
the EN 1993-1-6. However, there is an uncertainty regarding the specimens with 16-24 sides since 
none of the standards provided good estimates for this interval.  
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ABSTRACT 

Development of the wind energy industry continues to push the need for innovative solutions in terms of 

structural requirements. High-performance materials are thus needed to improve the efficiency of the 

structures and to ease the erection costs. The materials used for the towers have not improved significantly 

in the past years mainly because the design guidelines do not allow the efficient use of the high-strength 

steels. Lattice wind turbine towers could benefit from cost reductions if cold-formed high-strength steels 

would be used. Currently high-strength steel members have the same reductions factors for the relevant 

flexural buckling curve for cold-formed members regardless of the strength of steels. The paper discusses 

the approach towards the current European buckling curves and draws attention to potential limitations. 

The residual stresses present in rectangular hollow sections are discussed based on the method of 

fabrication. Different patterns of residual stresses are investigated by means of finite element simulations. 

The results indicate that the design codes slightly underestimate the flexural buckling resistance of high-

strength steel members in the medium slenderness range.  

NOMENCLATURE 

NSS = Normal strength steel 

HSS = High-strength steel (fy >460 MPa) 

RHS = Rectangular hollow section 

EC = Eurocodes 

fy = Yield strength 

t = Plate thickness 

h0 = Plate width between welds 

𝜎rc = Longitudinal compressive residual stress 

𝜎rt = Longitudinal tensile residual stress 

𝜎rb,flat = Longitudinal bending residual stress in the flat part  

𝜎rb,corner = Longitudinal bending residual stress in the bent corner 

χEC = Reduction factor for the relevant flexural buckling curve (a0,a,b,c) 

χFEM = Reduction factor obtained through FEM simulation 

Npl = Plastic resistance of the gross cross-section 

A = Cross-section gross area 

λg = Global non-dimensional slenderness 

c = Width of compression part (plate width) 
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1. INTRODUCTION 

The materials used for wind turbine towers have not improved significantly in the past years mainly 

because the design guidelines do not cover the use of the high-strength steels. One such example is the 

restriction of using cold-formed or welded high-strength steel hollow sections with 0.2% proof stress 

resistance above 460 MPa [1]. Lattice wind turbine towers could benefit from cost reductions if cold-

formed high-strength steels would be used. Furthermore, high-strength steel members have the same 

reductions factors for the relevant flexural buckling curve for cold-formed members regardless of the 

strength of steels. The hot-rolled sections have different imperfection factors corresponding to NSS and 

HSS.  

The current European buckling curves consist of 5 different curves (a0, a, b, c, d) that represent the 

lower bound of the resistance of centrically compressed struts. The necessity of having more than one 

curve arose from the differences in geometry, boundary conditions and fabrication methods of different 

cross-sections. The curves were derived based on extensive experimental results conducted on 

compressed pin-ended columns (struts). The basis of the curves date back in the 1970 when a 

comprehensive study of 1067 specimens was completed with the results summarized and discussed by 

Sfintesco [2]. The experimental campaign covered a wide variety of cross-sections that included open 

sections such as ‘I’, ‘H’, ‘T’ and ‘C’ and square and cylindrical hollow sections. The experimental 

campaign focused on hot-rolled sections made of steel with the nominal strength of 24 kg/mm2 

(equivalent to S235 of the current European standards). A set of welded sections was also tested to form 

a basis of comparison. The study was conducted across different European states, such as France, 

Germany, Great Britain, Italy, Netherlands and Yugoslavia that comprised of a wide set of test 

specimens used in practice at that time. The procedure for the tests is described in the form of a report 

[3] and summarized later in a standardized form [4]. The preparations and initial measurements required 

are also presented in the aforementioned testing procedure. A series of measurements was done to 

evaluate the residual stresses in several different cross-sections. Yield stress and residual stress 

measurements were specified as complementary tests to the column testing. Procedures for 

measurements of the residual stresses in steel profiles were available [5] however they were not 

standardized. 

Beer and Schulz [6] proposed a model of calculating the ultimate resistance of the compressed struts by 

means of accounting for the initial stresses locked in the steel bars as well as for the geometrical 

imperfections. The analytical formulation was then compared to the available experimental results. The 

fifth curve,‘a0’, was later introduced for tubular sections due to the observed reduced residual stresses 

and accounting for the higher strength steels used in fabrication [7]. 

Current European design standards for structural steel consider identical buckling curves for NSS and 

HSS hollow sections obtained through welding or cold forming. The recommended curves are ‘b’ or ‘c’ 

for welded section based on the thickness of the welds and section walls, and curve ‘c’ for cold-formed 

sections. The applied reduction assumes that in the case of HSS members the residual stresses have a 

proportional influence on the ultimate strength as for the NSS members since it is unreasonable to 

assume that the geometrical imperfections would be higher. Measurements of residual stresses 

performed on HSS seem to contradict this assumption [8]–[11].  

The study presents a summary of the buckling experiments performed on structural high-strength steel 

with 0.2% proof strength higher than 460 MPa. The investigated failure mode is flexural buckling. 

Additionally, a FE analysis is performed with two different residual stress patterns and compared with 

available experimental results. The purpose is to identify if the buckling curves recommended for HSS 

is justified to match those of NSS. 

2. METHODOLOGY 

A state-of-art review was performed to identify relevant flexural buckling tests performed on HSS 

rectangular hollow sections. Furthermore, the results from the residual stress measurements was 

analyzed and discussed. The recommendation for the higher steel grades is that the curves for S460 

should be used. Higher penalties are thus applied to HSS. From the premise that residual stresses have 

a lower impact on HSS than on normal structural steels, a comparison is made between the ultimate 
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strength of the HSS columns and the corresponding EC buckling curves. The experimental campaigns 

are generally accompanied by residual stress and imperfections measurements. 

2.1. Flexural buckling 
A total of 59 RHS flexural buckling experiments have been analyzed in this this paper based on the 

available literature, of which the most have been performed on cold-formed sections [10,12], as seen in 

Figure . The first experiments were performed on welded SHS [9,12] and again later in 2013 [8]. Most 

of the experiments have been conducted in China [8,13,14] and Hungary [12].  

   

Figure 1. Distribution of experiments on HSS RHS columns by countries and fabrication methods 

The experimental campaign conducted by Young and Lui [14] comprised specimens made of high-

strength stainless steel. The two grades of steel were considered to be equivalent to S590 and S700 based 

on their mechanical properties as per Figure 2. Wang and Gardner[16] tested hot-rolled high-strength 

steel SHS and RHS. The sections were made of the steels S460NH that was subsequently normalized 

and S690QH that was quenched and tempered.  

 

Figure 2. Comparison of the normalized buckling strengths with the buckling design strengths 

according EN 1993-1-1 (SHS) – nominal values 

The experimental results from the compression tests have the buckling strength of all the columns, well 

above the “a0” curve in the medium slenderness range. However, in the elastic buckling range, no 

substantial improvement could be noticed. Somodi and Kövesdi [12] stated that in the case of S960 steel 

grade the buckling strength of SHS have always been above the “a” curve. Li et al [15] performed flame 

strengthening on one of the RHS specimens which resulted in a drastic decrease of the material 

performance. The outliner can be easily spotted in Figure 2. The results draw further attention to the 

reduced effect of the residual stresses on the higher strength steel members in the medium slenderness 

range. 
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2.2. Residual stresses 
The residual stress measurements are not as extensive as the buckling tests. The main reason can be the 

difficulty and the time required for preparing and conducting the tests. The method most often applied 

was the sectioning method and the hole drilling method. The sectioning method is generally preferred 

since is gives a through thickness average value of the relevant residual stresses. Longitudinal stresses 

are considered to have the highest effect that can lead to premature yielding in the element.  

Reported longitudinal residual stresses on the seamless tubes [16] have been in the range of 0.055 fy in 

tension and 0.031 fy in compression. The proposed model consisted of longitudinal tension for the 

corners with an amplitude of 0.025 fy and compression in the plates with an amplitude of 0.021 fy,. as 

per Figure 3c. Ban et al [8] did not report the results from the residual stress measurements, but proposed 

a value of 690 MPa in tension in the corners and according to Eq.(1) for the central part of the plates 

(Figure 3a). 

 𝜎rc = − 95 − 1450 (
𝑡

ℎ0
) − 270 (

1

𝑡
) [𝑀𝑃𝑎] (1) 

Rasmussen and Hancock [9] reported measured values for the central part of each of the sides with the 

maximum compressive residual stress being -145 MPa and minimum -92 MPa, equivalent to 0.21 fy and 

0.13 fy.  

Young and Lui [14] measured the residual stress in both longitudinal and transversal directions for cold-

formed high-strength stainless steel sections. The results are reported for one of the specimens 

(200x110x4) with the maximum value of the compressive residual stress near the weld. The measured 

value was approximately 200 MPa. The ratio between the maximum residual stress measured and the 

0.2% proof stress becomes irrelevant since the dispersion of the results obtained from tensile test makes 

it difficult to classify the steel. One of the most comprehensive studies on HSS cold-formed RHS has 

been performed by Somodi and Kövesdi [11], covering steel grades from S460 to S960. The authors 

[11] emphasize the importance of the Bauschinger effect in the cold-forming of HSS, indicating that a 

smaller stress level can be reached at a target deformation. They proposed the analytical formulation for 

residual stress distribution for HSS cold-formed RHS obtained through indirect forming (cylindrical-

rectangular) for the ratio of plate width to thickness of 10-40, as per Eq.(2) and Eq.(3). It is important to 

notice that in this case the residual stresses are not referred to as compression and tension but bending 

residual stresses, indicating a through-thickness stress variation. The residual stress distribution is 

presented in Figure 3b. 

 𝜎rb,flat = ± (1.28 −
𝑓𝑦

1270 𝑀𝑃𝑎
) 𝑓𝑦 [𝑀𝑃𝑎] (2) 

 

 𝜎rb,corner =0.55 𝜎rb,flat [𝑀𝑃𝑎] (3) 

 

(a) (b) (c) 

Figure 3. Residual stress models for welded HSS (a), cold-formed HSS (b) and hot-rolled HSS (c) 
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3. NUMERICAL STUDY

A numerical study using the FEM software Abaqus was performed to quantify the reduction in buckling 

resistance of SHS based on different amplitudes and distributions of residual stresses. Two distribution 

patterns M1 and M2 were chosen according to Somodi and Kövesdi [11] and Wang and Gardner[16]. 

The first one corresponds to cold-formed sections while the second corresponds to hot-rolled sections 

as seen in Figure 3(b) and (c). The global imperfections were introduced according to EN 1993-1-1 [17] 

and it was considered as the dominant imperfection. The local imperfection was applied as plate plate 

imperfections and was reduced to 70% of the recommended value based on Annex C of EN 1993-1-5 

[18].  

A 3D finite element model was created using 4 node rectangular shell elements with reduced integration 

(S4R) and 5 thickness integration points, integrated using the Simpson method. The Simpson method 

was preferred in order to introduce a linear distribution of the residual stresses between the two faces of 

the shell element as seen in Figure 4(a). The material was modelled based on the True Stress-Strain 

curve presented in Figure 4(b), determined from a coupon tensile test corresponding to an S700. The 

ultimate loads were determined using a load controlled static modified Riks analysis, commonly used 

in tackling stability problems. The model incorporated material non-linearity, geometrical imperfections 

and residual stresses (GMNIA). The residual stresses were introduced by means of predefined fields and 

stabilized through an initial static step. The amplitudes of the residual stresses for the two models are 

presented in Table 4. 

Table 4. Applied residual stresses 

M1 M2 

𝜎𝑟,𝑓𝑙𝑎𝑡 ±508𝑀𝑃𝑎 −14.5𝑀𝑃𝑎

𝜎𝑟,𝑐𝑜𝑟𝑛𝑒𝑟 ±280𝑀𝑃𝑎 −17.5𝑀𝑃𝑎

Figure 4. Residual stress distribution over the shell thickness (a). Steel material stress-strain curve (b). 

The investigated parameters are presented in Table 5. The global and local slenderness were used as 

variables and the area was kept constant. The different bending radius corresponding to the different 

thickness causes a small variation of area of 2.1%. The bending radius was taken as 2.5𝑡. The 

slenderness range was chosen between 0.5 and 1.3. Lower slenderness would lead to plastic failure while 

higher values would be in the range of elastic buckling.  

4. FE SIMULATION RESULTS

The resistance obtained from the FE analysis was compared to the values calculated according to EN 

1993-1-1 [17] and presented in Table 5. The difference between the two models (M1 and M2) emphasize 

the importance of longitudinal bending residual stresses in the cold-formed sections. Although the 

average longitudinal stress is null for the M2 case, the stress values are higher. The resistance given by 

the M2 models matches the trend line of curve ‘b’, while still being on the safe side. This shows that the 

cold-formed residual stresses pattern is more detrimental for the flexural buckling scenario in the chosen 
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slenderness range. The hot-rolled section corresponding to model M1 showed an improvement in 

resistance with values above the ‘a0’ curve. These observations are also valid for the experimental 

results extracted from available literature presented in Figure 2.  

Table 5. Investigated parameters and obtained results 

Section 
Lcr 

[m] 

A 

[mm2] 

c 

[mm] 
c/t λg 

Npl 

[kN] 
Class χEC,a0 χEC,c χFEM,1 χFEM,2 

S170x12 

2.030 

7404 170 14.4 

0.549 

5109 1 

0.941 0.815 0.925 0.964 

2.436 0.658 0.910 0.750 0.863 0.941 

2.843 0.768 0.869 0.682 0.791 0.902 

3.249 0.878 0.810 0.614 0.718 0.854 

3.655 0.987 0.735 0.547 0.649 0.776 

4.061 1.097 0.651 0.486 0.578 0.683 

4.467 1.207 0.568 0.431 0.513 0.589 

4.873 1.316 0.495 0.382 0.453 0.512 

S200x10 

2.328 

7562 198 19.6 

0.535 

5218 2 

0.946 0.823 0.931 0.960 

2.794 0.642 0.920 0.760 0.871 0.937 

3.259 0.749 0.884 0.694 0.801 0.905 

3.725 0.855 0.834 0.627 0.732 0.863 

4.190 0.962 0.768 0.562 0.661 0.795 

4.656 1.069 0.690 0.501 0.591 0.709 

5.122 1.176 0.610 0.445 0.527 0.616 

5.587 1.283 0.535 0.396 0.468 0.539 

S210x9.5 

2.479 

7618 212 22.5 

0.529 

5257 3 

0.947 0.824 0.923 0.954 

2.974 0.635 0.921 0.762 0.869 0.932 

3.470 0.741 0.885 0.697 0.801 0.902 

3.966 0.847 0.836 0.631 0.733 0.861 

4.462 0.952 0.771 0.566 0.663 0.796 

4.957 1.058 0.694 0.505 0.594 0.713 

5.453 1.164 0.614 0.450 0.531 0.623 

5.949 1.270 0.539 0.401 0.472 0.545 

 

Figure 5. Comparison of EN 1993-1-1 buckling curve and results of FEM simulations 
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The results show that buckling resistance has a higher sensitivity to residual stresses in the range of 0.66 

to approximately 1.2. The maximum difference 16.88% has been recorded at the slenderness 0.962. No 

difference has been observed between the different section classes.  

 

 
Figure 6. Comparison of EN 1993-1-1 relevant flexural buckling curves and experimentally and 

numerically obtained results 

The comparison between the experimental results and the relevant buckling curves as seen in Figure 6 

show that in the range of medium slenderness a more economical design can be achieved. The difference 

is presented in percentage, where positive values represent an increase in resistance compared to the 

recommended buckling curve. Good agreement is shown between the numerical and experimental 

values. The difference can be attributed to different amplitudes of geometrical imperfections and 

residual stresses. 

5. CONCLUSIONS 

The paper presents a state-of-art on available flexural buckling experiments performed on RHS HSS 

members as well as the accompanying residual stress measurements and a numerical analysis. The 

investigation emphasizes the importance of through thickness variation of longitudinal residual stresses. 

The through thickness stresses are more difficult to determine and are generally assumed as constant for 

thin plates. This assumption can sometimes lead to unsafe estimations. 

A clear difference can be observed in the amplitude of the residual stresses between the cold-formed 

and seamless sections. Since many factors can influence the residual stresses resulted from welding, it 

is still too early to draw a general conclusion corresponding to HSS. However, the ratio between the 

residual stresses and the 0.2% proof strength observed in cold-formed HSS RHS have shown to have a 

reduced ratio compared to NSS. A holistic approach towards the buckling resistance of steel members 

should be considered.  

A general agreement is seen between the researchers concluding that a smaller reduction should be 

applied to HSS, leading to less conservative flexural buckling estimations. This can be justified by the 

reduced amplitude of residual stresses and is mainly focused in the slenderness range susceptible to 

elasto-plastic buckling. The FE results have shown that members with a slenderness between 0.66 and 

1.2 are highly sensitive to residual stresses. The extent of the sensitivity should be further investigated.  
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The experimental results gathered from the literature and the numerical simulations have shown that the 

Eurocodes slightly underestimate the capacity of RHS HSS members subjected to flexural buckling.  
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ABSTRACT 
Steel cylindrical shell structures are used in a large variety of civil engineering applications such as 
off- shore platforms, tanks, silos, wind turbine towers, etc. The local stability of such structures and 
their sensitivity to imperfections is a well-known problem. In current engineering practice the design 
method is based on the selection of an imperfection class for the shell and subsequently calculating a 
reduction factor,χ, to the resistance of the shell. One such methodology is supplied by the 
EN1993-1-6; special conditions are given to pressurized tubes subjected to meridional compression.  
Past studies have focused on the stability of cylindrical shells with internal pressure. The stability 
problem of a long cylinder considering the internal pressure as a simple static load was addressed. 
Thus, the approaches considered the fluid as compressible. 
The purpose of the present work is to investigate numerically the potential benefit of using an 
incompressible fluid fully enclosed in a circular cylindrical shell. The constraint imposed by the 
presence of the liquid in the interior of a shell will be referred to as "hydraulic constraint". As 
liquids are nearly incompressible, the buckling of a liquid-filled shell has to satisfy the condition 
that the integral of all the displacements normal to the shell surface is equal to the volume variation 
of the contained liquid. The volume variation of the shell interior has to be equal to the dilation of 
the shell due to liquid pressure increments associated to the onset of geometrical instability. 
Additionally, the weight of the contained liquid causes additional circumferential tension in the 
cases of vertically placed cylinders.  
The methodology followed is the numerical analysis of cylindrical shells by means of the ABAQUS 
Finite Element code and a comparison with the methods given in the Eurocode. 

Keywords: shell analysis, imperfections, hydraulic constraints, finite element analysis 

1 INTRODUCTION 
Thin cylindrical shells are known to have a large field of application. The topic has received 
worldwide attention in numerous studies mainly concerned with the buckling phenomena. The 
structures are known to be stiff, but highly sensitive to imperfections. The effect of the sensitivity 
can be observed by analysing the large discrepancy in the available data. Most of the studies have 
been directed towards the prediction of the knock-down factor [1–3] . A commonly used method is 
to define the most unfavourable imperfections for the stress conditions of a given structure [4]. 
However, this problem becomes very complicate when the most unfavourable imperfection is 
unknown. Many structures in which thin cylindrical shells are used, have a complicated stress state, 
e.g. wind turbine towers. It is difficult to define an initial imperfection state that can provide reliable 
results to handle for the given stress state. A recommendation given by Winterstetter and Schmidt 
[5] is to use the guidelines provided by the Eurocodes. The authors consider the method to be well-
explored. Another common approach is to use the buckling modes from an initial buckling analysis 
to model the imperfect structure. The buckling modes provided are a function of the loads 
considered in the buckling step and are not necessarily covering the most unfavourable scenarios. 
Overestimating the knock-down factor can lead to catastrophic results while underestimating it will 
lead to unnecessary waste of materials.
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Later studies have investigated the effects of internal pressure on the global behaviour of shell 
structures. The study is of interest for infinitely long shells such as pressure pipes, or pressurized 
vessels as well as for containment tanks or silos in which cases the presence of the pressure might 
increase the buckling resistance. An attempt to quantify the effect of internal pressure on the 
wrinkles caused by the bending of pipes is presented in numerous previous studies[6–11]. The 
method covers the collapse mechanism of the pipe subjected to pure bending. Additionally, the 
methods are limited to pressurised pipes disregarding the influence of the contained fluid. Similar 
methods have been used to determine the effect of internal pressure on the ultimate axial resistance 
in silos [5, 12–15]. Another approach to the buckling phenomena is presented by [16]. The study is 
considering the effects of the contained fluid. However, the fluid is considered as compressible and 
can spill out of the investigated shell. Furthermore, the study presents results obtained from a 
dynamic explicit analysis in which the step time was dramatically increased and the masses were 
scaled to accelerate the solution. Attempting to use the method for real large structures is not 
currently feasible. A different approach to modelling the fluid is presented in the current paper.  
The paper introduces a method for simulating fluid filled cavities and investigates the potential 
resistance increase when using high-strength steel. The introduction contains a brief state-of-art on 
pressurized cylindrical shells subjected to bending and/or compression. Different methods of 
introducing geometrical imperfections in FEM are also discussed. The FE analyses cover several 
cylindrical shell sections with and without the enclosed incompressible fluid. The focus is to assess 
the effect of the liquid on the failure modes of the investigated shells stability problems. The 
ultimate goal of this work is to present results that emphasize the potential of liquid-filling 
cylindrical shells for various steel grades. 
Two structural configurations were compared. One case is considered to be an empty vessel while 
the other is filled with an incompressible fluid. Several design codes can be used to assess the 
resistance. The filled tower creates a complicated stress state that is investigated by means of FEM. 
The fluid modelling is discussed in the modelling considerations. Finally, the results are being 
presented and discussed, followed by a short summary. 

2 MODELING CONSIDERATIONS 
An 81 m cylindrical shell was investigated as seen in Fig. 1. The shell was divided in 9 parts with 
varying thickness of 9m each. At the sides 2 spherical caps were added with the height equal to the 
radius of the cylinder. The thickness variation along the height can be seen in Table 1.  
The cylinder was designed to have an optimal (as close to, but not exceeding unity) ratio of 
utilisation in every sector. The ratio of utilisation was calculated according to EN 1993-1-6[17] with 
the following considerations: 

• the sectors have the pinned boundary conditions, corresponding to Case 3;  
• the sectors are calculated independently; 
• the stress distribution is taken from the linear elastic analysis 
• the hydrostatic pressure was not considered. 

The load factor on design actions, r, is thus calculated according to Eq.(1) and will be referred to as 
load proportionality factor (LPF). The value is used to describe the available resistance when the 
structure is subjected to the design loads.   

 
d

d

R
Fr =  (1) 

where r is the load factor on design actions/load proportionality factor, 
Fd is the design actions, 
Rd is the design resistance. 
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Table 1. Distribution of thickness and cross-section utilisation ratio along the height 
Sector Height Thickness Ratio 

[-] [m] [mm] [-] 
1 9 55 0.993 
2 18 45 0.795 
3 27 40 0.825 
4 36 35 0.857 
5 45 30 0.897 
6 54 25 0.956 
7 63 25 0.659 
8 72 20 0.649 
9 81 15 0.634 

 Maximum utilisation ratio 0.993 
 LPF 1.007 

 

 

Fig. 1.Geometry and boundary conditions of the investigated structure  

The mesh size, smesh was chosen based on a general recommendation [18] as seen in Eq.(2). In order 
to obtain a smooth transition during the buckling phase the mesh grid was reduced to 80 mm. 

Rtsmesh 5.0≤  (2) 

where smesh is the size of the mesh grid, 
R is the radius of the shell of revolution, 
t is the thickness of the shell 

The parameters used in the analysis are summarized in Table 2. 

|972



 

 © Ernst & Sohn Verlag für Architektur und technische Wissenschaften GmbH & Co. KG, Berlin ∙ CE/papers (2017) 

Table 2. Analysis parameters 

E fy L R Fluid Fluid Bulk 
Modulus 

[MPa] [MPa] [m] [m] [-] [MPa] 

210000 355, 460, 
690, 960 81 2.0 w/ or w/o 2150 

 
2.1 Imperfections 
In most cases the definition of imperfections is the most important task when aiming to determine 
the resistance of a shell structure. A large number of studies have been performed to determine the 
sensitivity of shell structures to imperfections[1–3, 9, 19–22]. Several methods of applying 
imperfections have been recently studied for the application on composite conical shell structures 
[1]. They can be summarised as follows: single perturbation load, single dimple imperfection, 
geometric and axisymmetric dimple imperfection, EigenMode imperfection, random geometric 
imperfections and measured geometric imperfections.  
A common approach is to introduce the imperfections based on the first buckling modes [23] The 
disadvantage of the method is that important buckling modes can be overlooked if the mesh is not 
fine enough. Furthermore, the method is computationally expensive and no clear guidelines exist to 
interpret the results. The interpretation becomes difficult when the stress components interact. The 
interaction between the stress components normally requires additional study to determine the most 
unfavourable situation. In such cases the stresses are isolated and analysed individually, thus the 
interaction can be overlooked. This emphasises the importance to consider a realistic model of 
imperfection in the structural analysis. The measured geometric imperfections normally give the 
most accurate results. However, the method cannot be used in the design phase.  
In this study the imperfections are introduced by means of mesh perturbation according to EN 
1993-1-6 [17]. The method of applying imperfection was chosen since using the buckling shapes 
for the two situations would not be feasible. As stated in previous research [14] the equivalent 
imperfections provided in ECCS [23] has proven to be a good estimate of the real shell 
imperfections. The dimple imperfections were introduced according to a normal Class C erection 
procedure, thus  

016.0max,0 =U  (3) 

The values for the dimple sizes and lengths were calculated as per EN 1993-1-6 (eq.6.6-6.10)[17].  
The imperfection function introduced was defined as shown in Eq. (3) 

),()(),,( θθ RRzRzRR ∆+∆≤∆  (4) 

where R, θ, z are the cylindrical coordinates, 
∆R is the radial perturbation function. 











∆=∆

θ
θ

θπθ
gl
RwRR 2cos),( 0  (5) 

 and  











∆=∆

gx
x l

zwzR π2cos)( 0  (6) 

where ∆w0x is the depth of the initial meridional dimples, 
∆w0θ is the depth of the circumferential dimples, 
lgx is the meridional half-wavelength of the dimple, equivalent to the measuring gauge 
lgθ is the circumferential half-wavelength of the dimple. 
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The imperfection function presented in Eq. (4) to (6) generates an unsymmetrical out-of roundness 
imperfection as seen in Fig. 2.  

 
a)  

 
b)  

Fig. 2. Imperfections a)Out-of roundness; b)Dimple.  

2.2 Loads 
The loads were taken from a 5 MW wind turbine with the nacelle situated at 185m above ground 
level [24]. The loads taken from the wind turbine serve as initial condition design. The loads from 
the wind turbine were chosen to create a complex stress state in the shell and would potentially 
represent the upper 80m of a hybrid wind turbine tower. The dynamic effects and the wind load on 
the structure were disregarded.  
The loads have been applied in 2 steps. The first step was a non-linear static analysis in which the 
gravity loads and the hydrostatic pressure were introduced. The two aforementioned loads were 
considered to remain constant. The second step was a Riks analysis [25, 26]. The loads applied in 
the second step were incrementally increased to assess the buckling resistance. 
In the first step the gravity load and the hydrostatic pressure were introduced as uniform distributed 
loads in the median axis of the shell. In the second step the loads were applied as static point loads 
in the centre of gravity of the section. 
The applied loads are given in Table 3. 

Table 3. Loads applied at the top of the cylinder 
Fx Fy Fz(gravity) Mx My Mz 

[kN] [kN] [kN] [kNm] [kNm] [kNm] 
2068.5 479.6 3700 18561 17037 3807.4 

 

2.3 Structural configurations 
The boundary conditions applied to the structure consist of fixed end at the bottom and free 
movement allowed at the top. The nodes are constrained to remain planar with free rotation. Thus, 
the static system can be considered as a cantilever.  
The fluid filled tower was defined by creating a Fluid Cavity function provided by the software 
Abaqus. The cavity generates an additional pressure field based on the contained fluid bulk 
modulus when the volume modifies. The pressure change due to the volume variation is given in 
Eq. (7)  
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 −
−=

0

0

V
VVKp  (7) 

where p is the current pressure, 
K is the bulk modulus, 
V is the current fluid volume 
V0 is the fluid volume at zero pressure and initial temperature. 

In the current study the temperature was considered to be constant.  

3 DISCUSSION OF NUMERICAL RESULTS 
A total of 20 static Riks analyses have been conducted. Fig. 4 shows that the steel grade has a 
positive effect on the ultimate strength of the designed structure varying the load proportionality 
factor (LPF) from 0.901 to 1.597 for S355 and S960 respectively. The increase can relate only in 
part with the addition of the fluid cavity. The two failure modes of the GNIA[17] show that the 
fluid cavity has a leading role in the post-buckling response (Fig. 3). After the first local-buckling 
the volume of the structure changes affecting the internal pressure. The additional pressure provides 
a local support that prevents further displacement of the cylindrical shell towards the axis of 
revolution. The perfect structures in the geometrical non-linear analyses (GNA) display a similar 
behaviour in terms of ultimate strength. The second order bending moment has a reduced influence 
on the global behaviour. The fluid cavity has a visible positive influence when plasticity is not 
introduced in the material model.   

0 2 4 6 8 10 12

Top Displacement, m
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2
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4
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L
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GNIA-Fluid filled

GNA-Empty

GNA-Fluid filled

 

Fig. 3. Comparison of the GNA and GNIA with and without the fluid cavity 

The LPF for the steel grade S460 obtained from the GMNIA gives a good estimation of the ultimate 
strength compared to the value provided by the design standard. The values of the LPFs are 
presented in Table 4. The ultimate limit state (ULS) of the cylinders was considered to be criterion 
2 as per EN 1993-1-6.Thus, the post-buckling curve was not considered in the assessment as shown 
in Fig. 4-Fig. 5.  
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b)  

Fig. 4. GMNA - Top displacement vs. LPF a) without fluid cavity; b) with fluid cavity 
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b)  

Fig. 5. GMNIA - Top displacement vs. LPF a) without fluid cavity; b) with fluid cavity 

The imperfections have a higher deleterious effect as the steel grade is increased. It also emphasises 
that an increase in the non-dimensional slenderness of the structure amplifies the effects of the 
imperfections. 

Table 4. Load proportionality factors and plastic strain energy of the investigated structures 

Steel 
grade 

LPF Deleterious effect 
of imperfections 

rR,GMNA rR,GMNIA rR,GMNIA/rR,GMNA 

Empty Fluid 
Cavity Empty Fluid 

Cavity 
Empty Fluid 

cavity 
S355 1.338 1.315 0.917 0.901 0.686 0.686 
S460 1.698 1.694 1.131 1.040 0.666 0.614 
S690 2.431 2.510 1.361 1.074 0.560 0.428 
S960 3.130 3.459 1.379 1.597 0.440 0.462 

 
GNA GNIA   

3.537 5.616 1.518 1.978 0.429 0.352 
 
The failure modes of the investigated cylinders are due to the large plastic deformations that occur 
in the circumferential dimples. Thus, the increase of the steel grade has a direct effect on the 
ultimate load. The plasticisation of the empty cylindrical shell occurs on both sides (compression 
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and tension) of the cylinder, while the fluid filled cylinder exhibits higher significant plastic 
deformations on the compression side (Fig. 6).  

 
a)  

 
b)  

Fig. 6. Equivalent plastic strain distribution for S460 a) without fluid cavity; b) with fluid cavity 

The total plastic strain energy is generally larger in the fluid filled cylinders in the GMNAs. The 
imperfections generate a local increase of stresses, thus leading to local plastic mechanisms. A 
higher yield strength would prevent the formation of the plastic areas as can be seen in Table 5 for 
the steel grade S960. The reduced plastic energy suggests that the failure mode is local as is the case 
of the cylinder with the steel grade S690. The hydraulic constraint allows a redistribution of stresses 
thus leading to a global failure mechanism. Thus, it is expected that the fluid filled cylinder would 
have a better dynamic behaviour.  

Table 5. Maximum plastic strain energy of the investigated models 
Plastic strain energy, [kJ] 

GMNA GMNIA 
Empty Fluid 

cavity 
Empty Fluid 

cavity 
81.44 92.93 729.57 197.31 
58.63 82.45 158.01 56.20 
11.37 51.83 12.91 0.81 
4.30 37.27 0.19 259.62 
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Fig. 7. Plastic strain energy vs. pressure 

|   977



 

 © Ernst & Sohn Verlag für Architektur und technische Wissenschaften GmbH & Co. KG, Berlin ∙ CE/papers (2017) 

The plastic deformations prevent the internal pressure of the fluid cavity to increase, as seen in Fig. 
7. The pressure value displayed in the aforementioned figure is then added to the hydrostatic 
pressure. Thus, the hydrostatic pressure does not reduce the stress localized in the dimples. 

4 SUMMARY 
The paper introduces a method for simulating fluid filled cavities and investigates the potential 
resistance increase when using high-strength steel. The introductory part covers a discussion of 
previous methods used for estimating the resistance of pressurized cylindrical shells subjected to 
bending and/or compression. Different methods of introducing geometrical imperfections are also 
discussed. The finite element model investigated is first designed to withstand the expected loads 
according to EN 1993-1-6[17] using as material the steel grade S460. The choice of imperfections 
used in the FE model is based on the same design standard and applied by mesh perturbation.  
The results show that the ultimate resistance of the designed cylindrical shell is in good agreement 
with the FEM results. The dimples used as imperfections generate additional bending which 
ultimately lead to higher stress concentration. The failures of the investigated cylinders are 
governed by the large plastic deformations. An effect of the stress concentrations is that the ultimate 
strength of the cylinders does not linearly increase with the steel yield strength.  
The GNIA show that a stable post-buckling response can be obtained if the fluid cavity is 
considered. The total plastic strain energy developed by the models show that the fluid filled 
cylinders can lead to better plastic distribution in the structure, when no imperfections were 
considered. However, the benefit was observed only when S960 steel was used. The higher yield 
strength prevented the structure from forming local plastic mechanisms.  
In order to better assess the strength increase potential of fluid filled vessels, a different design 
approach should be made. By limiting the design stresses in the shell, buckling is generally avoided, 
thus the failure occurs through material failure. A study on the behaviour of fluid filled vessels 
when the limiting criterion is the buckling stress could therefore be a continuation of the current 
paper.  
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Annex A - Additional tables

Table A.1: Measured properties - S355 I

Label Sect. h1 h2 b1 b2 t1 t1’ t2 t2’

H1-S355-06

A 97.98 99.20 99.47 99.07 10.25 10.21 10.12 10.20
B 97.93 99.52 99.60 99.66 10.20 10.17 10.16 10.15
C 97.60 98.35 99.09 99.09 10.12 10.27 10.16 10.15
D 97.04 97.82 99.73 99.86 10.15 10.20 10.17 10.17
E 98.38 99.21 98.98 99.54 10.27 10.22 10.11 10.05

H11-S355-06

A 109.32 108.55 109.21 109.81 10.17 10.24 10.22 10.24
B 107.08 106.44 109.60 109.66 10.07 10.09 10.12 10.22
C 106.60 106.15 109.52 109.65 10.07 10.11 10.16 10.17
D 107.16 106.59 109.66 110.00 10.04 10.09 10.11 10.11
E 110.16 109.76 109.49 109.76 10.15 10.20 10.11 10.26

H12-S355-06

A 149.77 148.02 149.90 148.72 10.13 10.19 10.20 10.12
B 147.55 145.50 150.13 148.76 10.07 10.03 10.25 10.00
C 147.14 144.95 150.10 148.68 10.14 10.03 10.12 10.02
D 147.24 145.60 150.27 148.92 10.08 10.06 10.31 10.07
E 149.25 147.60 150.14 148.73 10.18 10.04 10.33 10.09

H2-S355-06

A 159.77 159.33 159.35 159.30 10.11 10.19 10.14 10.17
B 157.78 155.80 157.74 158.57 10.18 10.08 10.10 10.13
C 158.67 155.52 158.91 157.00 10.07 10.17 10.10 10.14
D 158.70 154.99 160.14 157.34 10.14 10.07 10.12 10.15
E 162.05 157.94 159.57 158.83 10.25 10.23 10.23 10.11

Note: All values are given in mm
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Table A.2: Measured properties - S355 II

Label Sect. tw1 tw2 cbl cbr cfl cfr

H1-S355-06

A 5.87 5.94 46.16 47.37 46.83 47.00
B 5.85 5.91 47.53 46.90 47.81 46.54
C 5.92 5.93 46.49 47.33 46.90 46.83
D 5.81 5.90 47.02 47.67 47.22 47.56
E 5.84 5.87 47.14 46.91 47.38 46.84

H11-S355-06

A 5.81 5.81 52.67 51.53 52.73 51.53
B 5.91 5.91 53.41 50.73 53.87 50.26
C 5.89 5.93 53.45 50.75 54.09 50.06
D 5.93 5.94 54.29 49.96 55.31 49.12
E 5.88 5.87 51.86 51.79 52.61 50.75

H12-S355-06

A 6.14 6.04 73.44 70.47 72.25 71.13
B 6.02 6.05 73.90 70.12 72.77 70.99
C 5.90 6.05 74.00 69.91 73.02 70.53
D 6.02 6.11 72.24 71.90 72.04 72.01
E 6.00 6.10 72.87 71.33 72.50 71.08

H2-S355-06

A 6.22 6.23 77.11 76.52 78.11 76.06
B 6.13 5.98 77.49 75.39 77.85 75.10
C 6.06 6.00 77.22 75.81 76.39 75.23
D 6.14 6.12 77.02 76.87 75.44 76.67
E 6.14 6.17 77.19 76.89 77.26 76.98

Note: All values are given in mm



197

Table A.3: Measured properties - S960 I

Label Sect. h1 h2 b1 b2 t1 t1’ t2 t2’

H1-S960-06

A 101.40 101.36 100.31 99.67 10.17 10.17 10.29 10.01
B 99.82 98.96 100.21 99.70 10.10 10.09 10.15 10.10
C 100.20 98.92 100.11 99.65 10.10 10.18 10.13 10.08
D 100.38 98.29 99.80 100.32 10.17 10.11 10.09 10.11
E 102.61 99.38 99.80 100.64 10.14 10.05 10.14 10.13

H2-S960-06

A 110.73 109.80 109.25 109.20 10.12 10.13 10.10 10.17
B 109.00 108.20 109.14 109.45 10.07 10.15 10.06 10.08
C 109.31 108.34 109.68 109.60 10.10 10.18 10.10 10.29
D 109.07 108.43 109.74 109.50 10.39 10.15 10.06 10.06
E 110.65 110.13 110.13 109.33 10.43 10.35 10.07 10.08

H1-S960-08

A 99.46 101.21 99.15 99.49 10.14 10.22 10.20 10.14
B 97.80 99.62 98.55 99.36 10.09 10.14 10.17 10.12
C 97.62 99.56 99.06 98.96 10.10 10.18 10.09 10.12
D 98.20 99.73 99.44 98.31 10.15 10.14 10.11 10.03
E 100.08 101.43 99.86 99.24 10.27 10.19 10.10 10.18

H2-S960-08

A 108.12 110.78 108.40 110.00 10.20 10.16 10.12 10.12
B 107.00 108.54 108.66 110.02 10.24 10.10 10.17 10.14
C 107.70 108.52 108.68 110.11 10.23 10.20 10.09 10.25
D 108.16 107.97 108.74 110.16 10.22 10.17 10.06 10.08
E 110.05 108.96 108.62 109.96 10.20 10.12 10.07 10.18

H1-S960-10

A 100.00 99.38 99.75 98.24 10.15 10.15 10.07 10.15
B 98.22 98.41 100.00 96.94 10.13 10.21 10.15 10.09
C 98.05 98.40 100.12 97.50 10.10 10.16 10.13 10.10
D 98.03 98.40 99.85 98.56 10.14 10.06 10.10 10.15
E 100.22 101.00 99.73 99.15 10.13 10.05 10.11 10.26

H2-S960-10

A 109.60 109.90 110.24 109.86 10.20 10.14 10.17 10.11
B 109.00 109.18 109.90 109.94 10.10 10.15 10.11 10.12
C 109.03 109.54 109.75 110.10 10.13 10.15 10.24 10.12
D 108.76 109.10 109.75 110.20 10.09 10.17 10.17 10.16
E 109.64 109.90 109.67 110.40 10.12 10.10 10.12 10.16

H1-S960-12

A 99.40 101.50 99.80 99.50 10.20 10.29 10.27 10.21
B 98.07 99.75 99.70 99.01 10.22 10.18 10.18 10.14
C 98.34 99.96 99.97 97.90 10.20 10.24 10.18 10.16
D 98.00 100.30 100.10 97.50 10.20 10.21 10.15 10.08
E 99.70 101.80 99.52 99.60 10.22 10.24 10.22 10.24

H2-S960-12

A 110.05 110.52 111.56 110.09 10.26 10.39 10.44 10.43
B 109.44 109.36 111.50 110.05 10.30 10.30 10.25 10.24
C 110.00 109.17 111.61 110.09 10.37 10.19 10.20 10.22
D 110.00 109.35 111.70 110.04 10.20 10.24 10.30 10.29
E 110.25 110.03 110.57 110.00 10.18 10.32 10.35 10.29

Note: All values are given in mm
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Table A.4: Measured properties - S960 II

Label Sect. tw1 tw2 cbl cbr cfl cfr

H1-S960-06

A 5.91 5.88 48.44 45.82 48.18 47.28
B 5.96 5.97 48.51 46.83 47.52 46.26
C 5.94 5.94 48.62 47.21 47.79 47.27
D 5.93 5.96 47.90 47.38 47.89 48.15
E 5.94 5.96 47.95 47.04 47.51 48.59

H2-S960-06

A 6.00 6.00 53.20 51.54 52.49 51.94
B 6.01 6.01 53.61 51.11 52.55 52.13
C 5.95 5.95 53.36 51.59 52.23 52.53
D 6.02 6.02 53.30 51.98 51.61 53.27
E 6.05 6.05 53.26 51.98 51.52 53.07

H1-S960-08

A 6.04 6.05 46.37 47.30 46.44 47.98
B 6.00 6.07 46.77 46.76 47.17 47.00
C 6.08 6.07 47.64 46.34 47.85 46.06
D 6.08 6.10 47.75 46.44 47.78 45.85
E 6.11 6.15 47.39 47.00 47.28 46.64

H2-S960-08

A 6.11 6.15 53.08 51.94 52.38 51.78
B 6.05 6.01 53.27 51.51 52.36 51.74
C 6.05 6.05 52.23 51.51 53.24 51.93
D 6.01 6.03 52.20 51.94 52.72 51.47
E 6.05 6.02 53.96 50.76 53.10 51.21

H1-S960-10

A 6.04 6.04 46.55 47.03 46.09 46.78
B 6.12 6.09 47.70 46.78 46.66 46.28
C 6.09 6.10 46.95 47.61 45.67 47.57
D 6.07 6.00 47.36 47.45 46.21 48.00
E 6.05 6.03 47.30 47.77 46.24 48.42

H2-S960-10

A 5.98 6.00 52.38 52.47 52.43 52.59
B 5.98 6.07 51.90 53.29 52.48 52.80
C 5.98 6.06 52.51 52.82 51.51 52.70
D 6.06 5.96 53.28 51.84 53.65 51.76
E 5.96 5.94 52.42 52.86 52.40 52.95

H1-S960-12

A 5.93 5.97 46.64 47.84 46.63 47.65
B 6.00 5.96 46.72 47.62 46.76 47.14
C 6.01 5.98 48.05 46.31 47.90 45.36
D 5.99 6.01 47.94 46.31 47.99 45.08
E 6.03 5.98 47.09 46.78 47.72 45.80

H2-S960-12

A 5.97 6.06 52.67 53.20 52.14 52.97
B 6.04 5.97 52.68 53.26 51.77 53.35
C 6.00 6.02 52.15 53.88 51.08 53.23
D 6.04 5.99 51.89 53.79 51.20 53.37
E 5.98 5.99 52.97 51.87 53.00 52.03

Note: All values are given in mm
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Table A.5: Local imperfections - S355

h1 h2 h1/∆sf1h2/∆sf2 b1 b2 b1/∆b1 b2/∆b2

Label (mm) (mm) (-) (-) (mm) (mm) (-) (-)

H1-S355-06

Max. 98.38 99.52 329.2 282.3 99.73 99.86 558.3 478.1
Min. 97.04 97.82 262.2 197.6 98.98 99.07 504.4 531.8

Avg. 97.79 98.82 99.37 99.44

H11-S355-06

Max. 110.16 109.76 103.1 95.0 109.66 110.00 1335.3 980.1
Min. 106.60 106.15 147.6 159.5 109.21 109.65 765.7 1742.5

Avg. 108.06 107.50 109.50 109.78

H12-S355-06

Max. 149.77 148.02 187.6 173.6 150.27 148.92 1853.2 1883.1
Min. 147.14 144.95 282.3 211.5 149.90 148.68 1443.3 3628.3

Avg. 148.19 146.33 150.11 148.76

H2-S355-06

Max. 162.05 159.33 120.0 119.8 160.14 159.30 318.9 289.8
Min. 157.78 154.99 198.0 181.5 157.74 157.00 227.0 261.9

Avg. 159.40 156.72 159.14 158.21

Note: ∆sfi,max = |hiavg−himax|
2

and ∆sfi,min = |hiavg−himin|
2

where i = the index of the
measuring point as per Figure 4.7a
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Table A.6: Local imperfections - S960

h1 h2 h1/∆sf1 h2/∆sf2 b1 b2 b1/∆b1 b2/∆b2

Label (mm) (mm) (-) (-) (mm) (mm) (-) (-)

H1-S960-06

Max. 102.61 101.36 116.8 100.5 100.31 100.64 757.9 310.5
Min. 99.82 98.29 190.0 182.0 99.80 99.65 813.4 578.0

Avg. 100.88 99.38 100.05 100.00

H2-S960-06

Max. 110.73 110.13 224.4 189.5 110.13 109.60 404.4 1189.3
Min. 109.00 108.20 291.9 279.4 109.14 109.20 489.2 1013.1

Avg. 109.75 108.98 109.59 109.42

H1-S960-08

Max. 100.08 101.43 136.2 179.2 99.86 99.49 306.2 474.0
Min. 97.62 99.56 194.9 267.3 98.55 98.31 299.7 260.0

Avg. 98.63 100.31 99.21 99.07

H2-S960-08

Max. 110.05 110.78 117.4 119.3 108.74 110.16 1810.3 2000.9
Min. 107.00 107.97 179.4 221.5 108.40 109.96 987.5 2445.6

Avg. 108.21 108.95 108.62 110.05

H1-S960-10

Max. 100.22 101.00 150.3 105.3 100.12 99.15 868.6 183.0
Min. 98.03 98.40 226.3 276.1 99.73 96.94 1248.6 172.4

Avg. 98.90 99.12 99.89 98.08

H2-S960-10

Max. 109.64 109.90 503.3 582.6 110.24 110.40 581.3 734.0
Min. 108.76 109.10 489.7 516.6 109.67 109.86 1144.4 917.5

Avg. 109.21 109.52 109.86 110.10

H1-S960-12

Max. 99.70 101.80 197.8 176.9 100.10 99.60 707.9 219.8
Min. 98.00 99.75 281.2 220.7 99.52 97.50 669.9 164.2

Avg. 98.70 100.66 99.82 98.70

H2-S960-12

Max. 110.25 110.52 728.1 263.0 111.70 110.09 714.0 6114.1
Min. 109.44 109.17 432.9 425.1 110.57 110.00 272.3 4076.1

Avg. 109.95 109.69 111.39 110.05

Note: ∆sfi,max = |hiavg−himax|
2

and ∆sfi,min = |hiavg−himin|
2

where i = the index of the
measuring point as per Figure 4.7a
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Table A.7: Measured length - S960

Label Side Length Average Lcr

H1-S960-06

S1 684

681 809
S1’ 681
S2 679
S2’ 679

H1-S960-08

S1 919

919 1047
S1’ 920
S2 918
S2’ 920

H2-S960-08

S1 1018

1019 1147
S1’ 1018
S2 1019
S2’ 1019

H1-S960-10

S1 1169

1169 1297
S1’ 1169
S2 1170
S2’ 1169

H2-S960-10

S1 1281

1280 1408
S1’ 1280
S2 1280
S2’ 1279

H1-S960-12

S1 1410

1409 1537
S1’ 1409
S2 1409
S2’ 1410

H2-S960-12

S1 1552

1553 1681
S1’ 1553
S2 1553
S2’ 1554
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Table A.8: Measured length - S355

Label Side Length Average Lcr

H1-S355-06

S1 1176

1176 1304
S1’ 1176
S2 1176
S2’ 1177

H11-S355-06

S1 1277

1277 1405
S1’ 1277
S2 1277
S2’ 1278

H12-S355-06

S1 1728

1728 1856
S1’ 1727
S2 1728
S2’ 1728

H2-S355-06

S1 1839

1838 1966
S1’ 1837
S2 1838
S2’ 1838

Table A.9: Out-of-straightness

Lcr ν0 Lcr/ν0

Label (mm) (mm) -

H1-S960-06 809 0.79 1024
H1-S960-08 1047 0.26 4028
H2-S960-08 1147 0.83 1381
H1-S960-10 1297 0.39 3326
H2-S960-10 1408 0.45 3129
H1-S960-12 1537 0.20 7687
H2-S960-12 1681 0.58 2898

H1-S355-06 1304 0.32 4076
H11-S355-06 1405 1.36 1033
H12-S355-06 1856 1.79 1037
H2-S355-06 1966 1.28 1536
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Table A.10: Comparison of the experimental and calculated resistance with proposed
σRS and red(λ) for welded I/H-sections

Label λ red(λ) kRS kfy Ldiv kshape φRS χ Nexp/NRk

H2-960 1.22 0.38 0.21 0.92 1930 4.14 1.63 0.59 0.89
H3-960 1.86 0.59 0.21 0.87 1119 4.14 1.21 0.27 1.07
I1000C 0.53 -0.45 0.32 1.14 1428 4.23 4.89 1.00 0.99
I1000E 0.53 -0.44 0.32 1.14 769 4.25 4.97 1.00 1.04
I1650C 0.87 0.12 0.32 0.96 4000 4.24 2.31 0.89 0.93
I1650E 0.88 0.12 0.32 0.96 1639 4.25 2.35 0.82 0.96
I2950E 1.58 0.52 0.32 0.83 1470 4.25 1.29 0.36 0.96
ISC 0.22 -2.52 0.29 1.73 1000 4.25 22.25 1.00 1.03
I1SC1 0.31 -1.29 0.29 1.37 1000 4.43 12.50 1.00 1.02
I1SC2 0.30 -1.33 0.29 1.38 1000 4.42 12.63 1.00 1.02
H-30-1 0.59 -0.19 0.30 1.06 2011 4.15 4.08 1.00 0.91
H-30-2 0.59 -0.18 0.30 1.05 4020 4.15 4.02 1.00 0.96
H-50-1 0.91 0.29 0.30 0.91 2912 4.13 2.16 0.82 1.03
H-50-2 0.92 0.31 0.30 0.91 5822 4.14 2.12 0.85 0.97
H-70-2 1.26 0.57 0.30 0.83 2341 4.11 1.49 0.55 0.90
CH1P 1.25 0.56 0.28 0.84 2493 3.94 1.51 0.57 0.97
CH2P 0.99 0.32 0.28 0.91 6642 3.94 1.95 0.84 1.14
CH2Q 1.38 0.51 0.28 0.86 2794 3.94 1.41 0.49 1.09
CH3P 0.78 0.25 0.26 0.94 6653 3.96 2.61 0.91 0.97
CH3Q 1.09 0.46 0.26 0.88 5588 3.97 1.74 0.75 0.93
CH4P 0.61 -0.19 0.26 1.05 3983 3.96 3.75 1.00 0.95
CH4Q 0.86 0.15 0.26 0.96 3488 3.96 2.34 0.89 1.00
H1-S960-06 0.70 0.25 0.20 0.95 1024 3.85 3.12 0.86 0.97
H1-S960-08 0.91 0.44 0.20 0.91 4028 3.85 2.13 0.85 0.99
H2-S960-08 0.91 0.37 0.20 0.93 1381 3.86 2.21 0.79 1.11
H1-S960-10 1.13 0.55 0.20 0.89 3326 3.85 1.69 0.70 1.06
H2-S960-10 1.11 0.48 0.20 0.90 3129 3.86 1.74 0.72 1.13
H1-S960-12 1.34 0.62 0.20 0.88 7687 3.85 1.44 0.54 1.16
H2-S960-12 1.31 0.56 0.20 0.89 2898 3.85 1.49 0.54 1.09
H1-S355-06 0.72 0.54 0.49 0.73 4076 3.84 2.69 0.71 0.95
H11-S355-06 0.71 0.48 0.49 0.76 1033 3.84 2.94 0.67 1.02
H12-S355-06 0.69 0.26 0.49 0.87 1037 3.88 3.14 0.76 0.93
H2-S355-06 0.69 0.22 0.49 0.89 1536 3.89 3.10 0.81 0.87

x 1.00
s 0.07
Xk 0.88
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Table A.11: Comparison of the experimental and calculated resistance with proposed
σRS and red(λ) for welded box sections

Label λ red(λ) kRS kfy Ldiv kshape φRS χ Nexp/NRk

B2-960 1.20 0.76 0.21 0.84 2483 2.70 1.56 0.63 0.93
B3-960 1.82 0.84 0.21 0.82 6172 2.70 1.13 0.30 1.06
W9-S120x6–2.8 1.43 0.57 0.21 0.88 1515 2.57 1.40 0.46 1.27
W9-S120x6–1.2 0.65 0.06 0.21 0.99 1493 2.57 3.42 0.95 1.01
W9-R160x8–2.6 1.01 0.36 0.20 0.93 4000 2.57 1.93 0.84 0.85
W7-S140x6–2.8 0.96 0.36 0.31 0.89 5556 2.56 1.98 0.84 1.07
W7-S140x6–1.5 0.54 -0.14 0.31 1.04 3846 2.56 4.53 1.00 1.08
W7-R180x8–2.8 0.79 0.23 0.28 0.94 3448 2.56 2.55 0.90 0.92
B1150C 0.61 0.25 0.30 0.93 2873 2.59 3.63 0.90 1.10
B1150E 0.62 0.26 0.30 0.92 958 2.59 3.62 0.86 1.14
B1950C 1.05 0.56 0.30 0.83 3250 2.59 1.76 0.74 1.25
B1950E 1.03 0.55 0.30 0.83 1950 2.59 1.80 0.72 1.13
B3450C 1.81 0.74 0.30 0.78 3451 2.59 1.09 0.30 1.32
B3450E 1.82 0.74 0.30 0.78 908 2.59 1.12 0.28 1.33
BSC 0.21 -1.19 0.30 1.36 1000 2.59 23.60 1.00 1.06
B-30-2 0.57 0.35 0.30 0.89 1000 2.62 4.09 0.85 1.05
B-50-1 0.91 0.68 0.30 0.79 1125 2.66 2.06 0.70 1.06
B-50-2 0.91 0.68 0.30 0.79 3610 2.66 2.01 0.76 1.09
B-70-1 1.29 0.85 0.30 0.74 2408 2.74 1.37 0.54 0.97
B-70-2 1.29 0.85 0.30 0.74 3610 2.74 1.36 0.55 0.85
HS15SL1 1.01 0.61 0.28 0.83 3609 2.62 1.82 0.76 1.30
HS20SL2 1.24 0.55 0.28 0.84 1000 2.57 1.55 0.55 1.14
HS15SL2 1.67 0.76 0.28 0.79 1000 2.62 1.18 0.33 1.36
HS20SL3 1.73 0.68 0.28 0.81 1000 2.57 1.18 0.31 1.13
HS15SL3 2.35 0.83 0.28 0.77 1000 2.62 0.98 0.17 1.32

x 1.11
s 0.15
Xk 0.87
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Table A.12: Comparison of the experimental and calculated resistance with proposed
σRS and red(λ) for welded sections with Ldiv = 1000

Welded I/H-sections Welded box sections

Label φRS χ Nexp/NRk Label φRS χ Nexp/NRk

H2-960 1.66 0.55 0.96 B2-960 1.59 0.58 1.01
H3-960 1.21 0.27 1.08 B3-960 1.16 0.28 1.12
I1000C 4.95 1.00 0.99 W9-S120x6–2.8 1.41 0.45 1.30
I1000E 4.91 1.00 1.04 W9-S120x6–1.2 3.45 0.93 1.03
I1650C 2.41 0.77 1.08 W9-R160x8–2.6 1.97 0.75 0.96
I1650E 2.40 0.77 1.03 W7-S140x6–2.8 2.04 0.73 1.23
I2950E 1.31 0.35 1.00 W7-S140x6–1.5 4.63 0.99 1.09
ISC 22.25 1.00 1.03 W7-R180x8–28 2.61 0.84 0.99
I1SC1 12.50 1.00 1.02 B1150C 3.70 0.87 1.14
I1SC2 12.63 1.00 1.02 B1150E 3.61 0.86 1.14
H-30-1 4.17 0.96 0.95 B1950C 1.81 0.66 1.41
H-30-2 4.17 0.96 1.00 B1950E 1.84 0.67 1.22
H-50-1 2.24 0.73 1.17 B3450C 1.12 0.28 1.39
H-50-2 2.22 0.72 1.16 B3450E 1.12 0.28 1.32
H-70-2 1.54 0.50 1.00 BSC 23.60 1.00 1.06
CH1P 1.56 0.51 1.08 B-30-2 4.09 0.85 1.05
CH2P 2.04 0.69 1.39 B-50-1 2.07 0.69 1.07
CH2Q 1.46 0.44 1.20 B-50-2 2.07 0.69 1.20
CH3P 2.72 0.81 1.09 B-70-1 1.41 0.49 1.07
CH3Q 1.81 0.62 1.12 B-70-2 1.40 0.49 0.96
CH4P 3.87 0.96 0.99 HS15SL1 1.87 0.67 1.47
CH4Q 2.42 0.79 1.13 HS20SL2 1.55 0.55 1.14
H1-S960-06 3.12 0.86 0.98 HS15SL2 1.18 0.33 1.36
H1-S960-08 2.20 0.75 1.12 HS20SL3 1.18 0.31 1.13
H2-S960-08 2.23 0.76 1.15 HS15SL3 0.98 0.17 1.32
H1-S960-10 1.74 0.61 1.21
H2-S960-10 1.79 0.63 1.28
H1-S960-12 1.50 0.48 1.32
H2-S960-12 1.53 0.50 1.19
H1-S355-06 2.82 0.64 1.05
H11-S355-06 2.94 0.67 1.02
H12-S355-06 3.15 0.76 0.94
H2-S355-06 3.16 0.78 0.91

x 1.08 1.17
s 0.11 0.15
Xk 0.90 0.93
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Table A.13: Test results comparison with FE simulations of the tested columns

χFE χexp/χFE

ν01 ν02 ν01 ν02

Label χexp - BSK FC1 FC1 - BSK FC1 FC1

H1-S960-06 0.84 0.95 0.87 0.88 0.89 0.89 0.97 0.95 0.94
H1-S960-08 0.84 0.84 0.71 0.79 0.82 1.00 1.18 1.06 1.02
H2-S960-08 0.88 0.84 0.73 0.81 0.83 1.04 1.20 1.09 1.06
H1-S960-10 0.74 0.65 0.61 0.63 0.66 1.14 1.21 1.17 1.12
H2-S960-10 0.81 0.67 0.63 0.65 0.68 1.21 1.28 1.24 1.18
H1-S960-12 0.63 0.50 0.49 0.48 0.49 1.27 1.29 1.33 1.29
H2-S960-12 0.59 0.52 0.51 0.50 0.51 1.15 1.17 1.20 1.16
H1-S355-06 0.67 0.87 0.72 0.71 0.72 0.77 0.93 0.94 0.92
H11-S355-06 0.68 0.88 0.74 0.74 0.75 0.77 0.92 0.92 0.90
H12-S355-06 0.71 0.88 0.78 0.79 0.81 0.80 0.90 0.89 0.88
H2-S355-06 0.70 0.88 0.79 0.80 0.82 0.80 0.89 0.88 0.86

x 0.99 1.09 1.06 1.03
s 0.18 0.15 0.15 0.14
Xk 0.69 0.83 0.82 0.81

Note: ν01 = Lcr/1000 and ν02 = Lcr/1500

Table A.14: Test results comparison with FE simulations of the tested columns with
measured global imperfections and B/100 out-of-squareness imperfections

χFE χexp/χFE

Label Test BSK
(−)

FC1
(−)

FC2
(−)

FC2a

(+)
FC2a

(−)
BSK
(−)

FC1
(−)

FC2
(−)

FC2a

(+)
FC2a

(−)

H1-S960-06 0.84 1.04 0.88 0.88 0.88 0.88 0.81 0.95 0.95 0.95 0.95
H1-S960-08 0.84 1.10 0.86 0.83 1.00 1.02 0.76 0.97 1.01 0.84 0.83
H2-S960-08 0.88 0.74 0.82 0.82 0.81 0.81 1.18 1.07 1.08 1.09 1.09
H1-S960-10 0.74 0.67 0.69 0.69 0.70 0.70 1.10 1.07 1.07 1.06 1.06
H2-S960-10 0.81 0.69 0.72 0.72 0.72 0.72 1.17 1.13 1.13 1.13 1.12
H1-S960-12 0.63 0.55 0.52 0.52 0.54 0.54 1.15 1.22 1.22 1.18 1.18
H2-S960-12 0.59 0.55 0.53 0.53 0.54 0.54 1.08 1.12 1.12 1.09 1.09
H1-S355-06 0.67 0.98 0.93 0.80 0.83 0.84 0.68 0.72 0.84 0.81 0.80
H11-S355-06 0.68 0.74 0.73 0.75 0.74 0.75 0.92 0.92 0.91 0.91 0.90
H12-S355-06 0.71 0.78 0.79 0.79 0.78 0.78 0.90 0.89 0.90 0.91 0.90
H2-S355-06 0.70 0.81 0.82 0.81 0.80 0.80 0.87 0.86 0.87 0.88 0.87

x 0.97 0.99 1.01 0.99 0.98
s 0.17 0.14 0.12 0.12 0.12
Xk 0.69 0.77 0.81 0.79 0.78

a with out-of-straightness web imperfection hw/100
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B.1. Geometry of Tensile Tests Coupons
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Figure B.1: Geometry of tensile tests coupons
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B.2. Strain Measurements at Mid-Height Section for

S960 Columns
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Figure B.2: Strain measurements at mid-height section - H1-S960-06
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Figure B.3: Strain measurements at mid-height section - H1-S960-08

−7000 −6000 −5000 −4000 −3000 −2000 −1000 0
Strain, [μm]

0

250

500

750

1000

1250

1500

1750

Fo
rc

e,
 [k

N]

H1-S960-10

Mid
S1
S1'
S2
S2'
S1C

Figure B.4: Strain measurements at mid-height section - H1-S960-10
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Figure B.5: Strain measurements at mid-height section - H1-S960-12
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Figure B.6: Strain measurements at mid-height section - H2-S960-08
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Figure B.7: Strain measurements at mid-height section - H2-S960-10
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Figure B.8: Strain measurements at mid-height section - H2-S960-12
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B.3. Strain Measurements at Mid-Height Section for

S355 Columns
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Figure B.9: Strain measurements at mid-height section - H1-S355-06
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Figure B.10: Strain measurements at mid-height section - H11-S355-06
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Figure B.11: Strain measurements at mid-height section - H12-S355-06
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Figure B.12: Strain measurements at mid-height section - H2-S355-06
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B.4. Comparison of Flexural Buckling Tests and FE

Simulations for S960 Columns
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Figure B.13: Experiment vs FEM for H1-S960-06
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Figure B.14: Experiment vs FEM for H1-S960-08
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Figure B.15: Experiment vs FEM for H1-S960-10
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Figure B.16: Experiment vs FEM for H1-S960-12
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Figure B.17: Experiment vs FEM for H2-S960-08
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Figure B.18: Experiment vs FEM for H2-S960-10
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Figure B.19: Experiment vs FEM for H2-S960-12
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B.5. Comparison of Flexural Buckling Tests and FE

Simulations for S355 Columns
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Figure B.20: Experiment vs FEM for H1-S355-06
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Figure B.21: Experiment vs FEM for H11-S355-06
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Figure B.22: Experiment vs FEM for H12-S355-06
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Figure B.23: Experiment vs FEM for H2-S355-06




