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Abstract
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Abstract

Cold-formed steel members are increasingly used in industrial and civil 

construction. Their use allows optimised member cross sections and shapes, 

thereby reducing the amount of steel used as well as the weight of the 

structures and, consequently, reducing harmful effects on the environment. 

Cold-formed members are manufactured using various methods such as cold 

rolling or press braking. In the cold rolling method, the cold-formed member is 

made by passing a flat steel sheet through a series of deformation stages. In the 

press braking method, the cold-formed member is produced by bending a flat 

steel sheet along its length. Cold-formed steel circular and polygonal sections 

have been used for wind turbine tubular towers. In order to harness the 

maximum amount of the wind's kinetic energy, the height of wind turbine 

tubular towers has significantly increased over the last few decades. Using high 

strength steel material has proven to be a feasible solution to the problem of the 

increasing height of wind turbine towers. The use of high strength steel 

material for cold-formed members significantly improves their properties. It 

enables thinner, longer and stronger structures. Moreover, the quantity of steel 

material required for building cold-formed steel structures is considerably 

reduced, producing a beneficial effect on the environment. 
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This thesis describes experimental and numerical investigations of cold-formed 

high strength steel sections and the effects of cold-formed angles on their 

properties. The effect of cold-formed angles on the properties of high strength 

steel was studied using tensile coupon tests. Coupon specimens with different 

cold-formed angles and different thicknesses were considered. Experimental 

results revealed that the cold-formed angle has a significant effect on the 

material properties. Furthermore, the cold-formed angle dependencies of the 

yield and tensile strengths were determined, and the strengths obtained 

with/without considering the influence of the cold-formed angle were 

compared. The yield and tensile strengths both decreased with increasing cold-

formed angle. The behaviour of cold-formed high strength steel angles was 

also investigated. Thirty-six specimens with different cold-formed angles (90°, 

100°, 120°, 140°, 160°, and 170°) and different thicknesses (4 mm and 6 mm) 

were used for the investigation. Test results indicated that the resistance of the 

cold-formed angles significantly decreases, by 84%, with increasing cold-

formed angles from 90° to 170° (reducing influence of cold-forming). 

Moreover, a cold-formed angle significantly affects the failure modes of the 

angles. Experimental and numerical studies of cold-formed high strength steel 

circular and polygonal sections were carried out. A total of 32 cold-formed 

high strength steel circular and polygonal specimens, with and without 

openings, were tested under uniaxial compression. Initial geometric 

imperfections of the specimens were detected by using a 3D laser scanning 

method. Finite element analysis (FEA) models were compared with, and 

calibrated against, test results. The FEA results agreed well with the 

experimental results.
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Sammanfattning

Användningen av höghållfast stål i kallformade stålprofiler har de senaste åren 

ökat inom både industri- och byggtillämpningar. Genom att optimera tvärsnitt 

och form kan den totala stålanvändningen minska vilket leder till lägre vikt och 

minskad miljöbelastning från tillverkningsprocessen.

Kallformade profiler kan tillverkas med flera olika metoder. Vid kallvalsning 

formas profilen genom att en från början plan stålplåt genomgår ett antal 

valsningssteg. Vid kallbockning böjs stålplåten runt sin längdriktning.

Kallformade runda och polygonformade stålprofiler används ofta till 

tornkonstruktionen för vindkraftverk. De senaste åren har sådana torn gjorts

allt högre för att kunna utvinna mer energi ur vinden. Höghållfast stål har visat 

sig vara en bra lösning då det möjliggör slankare och lättare konstruktioner än 

motsvarande konstruktion av vanligt konstruktionsstål.

I denna avhandling presenteras experimentella och numeriska undersökningar 

av kallformade stålprofiler och speciellt hur den kallformade vinkeln påverkar 
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stålets egenskaper. Både den kallformade vinkeln och plåttjockleken har 

varierats i materialprov. Det visar sig att vinkeln har stor inverkan på 

materialegenskaperna. Även hur vinkeln påverkar flytspänningen och 

brottspänningen har undersökts och jämförelser har gjorts med respektive utan 

hänsyn tagen till de ändrade materialegenskaperna. Både flyt- och 

brottspänningen minskade med ökande vinkel.

Även kallformade profilers beteende vid belastning med tryckkraft i 

normalriktningen har undersökts genom provningar av 36 profiler med olika 

vinklar (90º, 100º, 120º, 140º, 160º och 170º) samt olika tjocklekar (4 mm och 

6 mm). Provningarna visade en kraftig reduktion, 84 % av bärförmågan när 

vinkeln ökas från 90º till 170º (minskad inverkan av kallformningen). 

Dessutom visade det sig att profilernas knäckmod påverkas av den kallformade 

vinkelns storlek. 

Runda och polygonformade sektioner har studerats både experimentellt och 

numeriskt. 32 sektioner testades i enaxligt tryck, en del med öppningar och 

resten utan.

En 3D-laserskanningsmetod användes för att bestämma den formade profilens 

imperfektioner. Finita elementanalyser har jämförts med och kalibrerats mot 

testresultaten. Överensstämmelsen mellan FEM och provningar var god.

Notera att en plan plåt har vinkeln 180º så en mindre vinkel svarar mot en 

större deformation

Nyckelord: Kallformad profil, Höghållfast stål, Imperfektioner, Experiment, 

Finita elementanalys, Torn för vindkraftverk.
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Notations and Abbreviations

Roman letters

A gross cross sectional area

0A original cross sectional area

effA effective cross sectional area

FA cross sectional area corresponding to applied tensile force F

E modulus of elasticity

TE elastic modulus at temperature T (°C)

F tensile force

yf yield strength of material

G shear modulus

h width of equal-leg angle

y yI moment of inertia for major axis
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z zI moment of inertia for minor axis

tI torsion constant of the gross cross section

wI warping constant of the gross cross section

0i polar radius of gyration

k strength coefficient

k buckling factor corresponding to the stress ratio and boundary 
condition

ek effective length factor

L length

0L original gauge length

FL gauge length corresponding to applied tensile force 

L change in original gauge length

totall total arc length scale factor

inl initial increment in arc length

,b RdN buckling resistance of a compression member

crN elastic critical load

,cr z zN elastic critical load for minor axis

,y ycrN elastic critical load for major axis

,cr TN torsional buckling critical load
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,cr TFN flexural-torsional buckling critical load

n degree of freedom of whole model

0P dead load

clP current load magnitude

nP preload pattern

refP reference load

nQ perturbation load pattern

,in corr radius of the inside surface of the corner specimen

t thickness

0 0,y z shear centre co-ordinates with respect to the centroid of the 
gross cross section

Greek letters

cold-formed angle

im imperfection factor

factor in calculation of flexural-torsional buckling critical 
load

1M partial factor

coefficient depending on yf

eng
engineering strain

f elongation at fracture
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T the strain at temperature T (°C)

true true strain

u tensile strain

u,T strain corresponding to ultimate stress at temperature T (°C)

y yield strain

,y T strain corresponding to yield stress at temperature T (°C)

load proportionality factor

non-dimensional slenderness

i eigenvalue

in initial load proportionality factor

reduction factor for plate buckling

eng
engineering stress

T stress at temperature T (°C)

true true stress

u tensile stress

u,T ultimate stress at temperature T (°C)

y yield stress

yc yield stress at corner
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,y T yield stress at temperature T (°C)

reduction factor for relevant buckling mode

Abbreviations

EC3       Eurocode 3: Design of steel structures

FEA finite element analysis

FE finite element

GNA geometrically nonlinear elastic analysis

GNIA geometrically nonlinear elastic analysis with imperfections 
included

GMNA geometrically and materially nonlinear analysis

GMNIA geometrically and materially nonlinear analysis with 
imperfections included

LA linear elastic shell analysis

LBA linear elastic bifurcation analysis

LVDT linear variable displacement transducer

MNA materially nonlinear analysis
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1 INTRODUCTION

1.1 Background

Wind turbines convert the wind's kinetic energy into electrical power. The 

support structure of a horizontal axis wind turbine consists of a tower and a 

foundation. Steel tubular towers have been commonly used for such wind 

turbines. A steel tubular tower has a conical shell shape with its diameter and 

wall thickness increasing from top to bottom. With this type of structure, the 

tubular tower can efficiently resist horizontal rotor thrust acting in any 

direction, meaning that the wind turbine can harness the maximum wind 

energy from different directions. 

A steel tubular tower is considered to be a thin-walled shell structure [1]. 

Linear elastic shell analysis (LA), linear elastic bifurcation analysis (LBA),  

geometrically nonlinear elastic analysis (GNA), materially nonlinear analysis 

(MNA), geometrically and materially nonlinear analysis (GMNA), 

geometrically nonlinear elastic analysis with imperfections included (GNIA), 

geometrically and materially nonlinear analysis with imperfections included 

(GMNIA) can all be used to analyse such thin-walled shell structures [2-3]. LA 

is suitable for hand calculations when assuming linear elastic material, small 
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linear deflections and perfect geometry. The structure of a tubular tower can be 

simplified and treated as a cantilever beam. GNA, GMNA and GMNIA are 

used to analyse tubular tower structures with the help of a finite element 

software package. GNA and GMNA are used for analysing shell structures 

without imperfections. GMNIA is widely used for analysing shell structures 

when geometric imperfections are to be taken into account.

A steel tubular tower is sensitive to geometric imperfections, which 

considerably decrease the compression resistance of the tower [4]. There are 

several methods available to determine the initial geometric imperfections of 

specimens. Bernard et al. [5] described three techniques for measuring 

geometric imperfections in cold-rolled thin-walled steel panels: close-range 

photogrammetry using a CRC1 camera, optical levelling using a Wild NA2 

automatic level and GPM3 parallel plate micrometer, and using a Leitz PMM 

866 co-ordinate measuring machine (CMM). They also combined the 

techniques to measure specimens: close-range photogrammetry with optical 

levelling and optical levelling with the CMM. The authors stated that close-

range photogrammetry is not appropriate, but the optical levelling and CMM 

techniques are adequate for measuring geometric imperfections of the 

specimens. Pircher and Wheeler [6] described a method for measuring 

geometric imperfections in cylindrical thin-walled members. They used 12 

LVDTs to determine geometric imperfections of tubes. The LVDTs were fixed 

to a frame to measure geometric imperfections of tubes rotated about their 

fixed central axis. The authors described a number of overlapping datasets and 

numerical methods to determine imperfections. They used this method to 

measure imperfections in six thin-walled steel tubes [7]. Sadowski et al. 

described two methods for determining geometric imperfections in spiral-

welded carbon steel tubes [8]. In the first method, they used a Sensopart FT50 
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RLA-40-F laser scanner placed on a specially designed mobile trolley. The 

trolley slowly travelled under the tube and scanned the surface of the 

specimen. The specimen was then rotated about its axis through a fixed 

increment and the scan repeated. In the second method, a Leica Scan Station 

C10 was used. The scanning device was placed level with the centreline and 

approximately 5000 mm away from the specimens. The average diameter and 

surveyed length of the specimens were approximately 834 mm and 9962 mm 

respectively. The scanning procedure was completed after the specimen was 

turned 90° four times. Scanning results were processed to determine geometric 

imperfections using the Matlab R2013a programming environment [9]. 

Recommendations for geometric imperfections of shell structures can also be 

found in EN 1993-1-6 [2].

There are two popular methods to represent geometric imperfections in finite 

element models. In the first method, buckling analysis is carried out on a 

model with a perfect geometry to obtain a buckling shape then nonlinear 

analysis is carried out on an imperfect model using the derived geometric 

imperfections. In the second method, the geometric imperfections of tested 

specimens are determined and transferred to the numerical models through 

nodes, so the nonlinear analysis is carried out on imperfect models with 

geometry similar to those of the tested specimens. 

Finite element analysis is widely used to study the behaviour of steel tubular 

tower structures. In 2002, Bazeos et al. [10] used FEA to study a prototype 

steel tower for a 450 kW wind turbine. The steel tower was approximately 37 

m high with varying diameters (2800 mm at the base and 1820 mm at the top) 

and varying thicknesses (16 mm at the base and 10 mm at the top). The steel 

material used for the tower had a yield strength of 360 MPa. Static, buckling, 
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seismic, fixed-base and elastic subgrade analyses were carried out on a 

numerical model of the steel tower. The authors specified that the finite 

element model had to be refined at specific critical locations. Distribution of 

stress in the tower and the influence of soil-structure interaction on the 

dynamic characteristics of the tower were also presented in this paper. In 2003, 

Lavassas et al. [11] published a numerical investigation of a prototype steel 

tower for a 1 MW wind turbine. The tower had a conical shell shape with 

variable thickness along its 44 m height. Steel material S355 was used to 

manufacture the tower. Numerical models of just the tower, and of the tower 

and foundation were considered. Shell elements, along with hexahedral and 

tetrahedral brick elements, were used for numerical models. The stress 

distribution in the tower and its foundation was analysed under load 

combinations. In 2008, Xu et al. [12] described numerical analysis of a wind 

turbine tower for a 600 kW wind turbine. The tower was approximately 38 m 

high with varying diameters (2987 mm at the base and 1930 mm at the top) 

and varying thicknesses (14 mm at the base and 8 mm at the top). Static

analysis was carried out on numerical models of the tower, with and without 

openings. Dynamic analysis was carried out on numerical models of the tower, 

with and without the foundation. Stress distribution, displacement, eigenmodes 

and eigenvalues of the tower were described. In 2011, a wind turbine tower 

with a square cross section was numerically analysed [13]. Five numerical 

models of the tower were considered. The numerical models were investigated 

under load combination (gravity, rotor force, wind load and vortex shedding 

action), and the maximum values and distribution of von Mises stress in the 

numerical models described. In 2014, Hu et al. [14] published a numerical 

investigation into the behaviour of steel tubular wind turbine towers. Three 

different towers (thick-walled tower with internal horizontal stiffening rings, 
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thick-walled tower without stiffening rings and thin-walled tower with 

stiffening rings) were considered. FE models of towers 50 m, 150 m and 250 m 

high with fixed boundary conditions were numerically examined. Shell 

element S4R and solid element C3D10 in the commercial finite element 

analysis program ABAQUS were used to simulate the tower and flange 

respectively. The self-weight of the towers and wind load were applied in the 

FE models. However, the mass of the nacelle and rotor system at the top of the 

tower was ignored. The results from static and dynamic analyses of the towers 

were presented in this paper.   

It is very expensive and, in some cases, impossible to study steel tubular

towers, one hundred or more meters high, experimentally. Therefore, 

experimental studies of steel tubular towers were carried out on scaled-down 

models of towers by Dimopoulos and Gantes [15]. They used six such models 

to investigate buckling of the wind turbine tower cylindrical shells with 

openings and stiffening under bending. The six models included two without 

openings, two with unstiffened openings and two with stiffened openings. The 

models were 4 mm thick with an external diameter of 400 mm. Steel material 

with a yield strength of approximately 270 MPa was used to produce them. 

The tests were set up to investigate buckling behaviour of the models under 

bending. Numerical investigations of the behaviour of the models were carried 

out using GMNA and GMNIA. Experimental and numerical results correlated 

well in terms of load-displacement curves and ultimate load. 

Cold-formed circular cross sections are widely used for steel tubular towers. 

Cold-formed polygonal cross sections are used for steel tubular towers as an 

alternative and can be used to overcome difficulties in transporting towers to 

construction sites. Cold-formed steel members are also widely used in other 
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industrial and civil construction. They are manufactured using various methods 

such as cold rolling or press braking. In the cold rolling method, the cold-

formed member is created by passing a flat steel sheet through a series of 

deformation stages. In the press braking method, the cold-formed member is 

produced by bending a flat steel sheet along its length. Using high strength 

steel material for cold-formed members significantly improves their properties. 

It reduces the width-to-thickness ratio of the cross sections leading to stronger, 

thinner, and lighter structures. Moreover, the quantity of steel material required 

for building cold-formed steel structures is considerably reduced, and is thus 

beneficial to the environment. 

There have been many scientific studies of cold-formed high strength steel 

sections over recent years. Wang et al. [16] published a study of the buckling 

behaviour of eight cold-formed high strength steel square hollow sections. 

High strength steel materials S500, S700 and S960 were used to produce 

specimens. The specimens were tested under pure axial compression. Load-end

shortening curves and failure modes of the specimens were presented in this 

paper. Ma et al. [17] described an experimental investigation of cold-formed 

high strength steel tubular beams in 2016. Twenty-five specimens were made 

from high strength steel with yield strengths of 700 MPa, 900 Mpa and 1100 

MPa. The specimens, with circular, rectangular and square hollow sections, 

were investigated under four-point bending. Test results were compared with 

design codes and the direct strength method. The comparison analyses revealed 

that experimental ultimate moments are higher than ultimate moments defined 

by design codes. Somodi et al. [18] investigated flexural buckling resistance of 

cold-formed high strength steel hollow section members. The authors used a 

total of 45 specimens consisting of 17 specimens made from high strength steel 

materials S500, S700 and S960, and 28 specimens made from steel materials 
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S420 and S460 for the investigation. The specimens were tested under 

compression with hinge support conditions. A numerical study using GMNIA 

was carried out. The experimental and numerical results were compared. The 

authors then suggested design buckling curves for cold-formed hollow section 

columns under specific conditions. Li et Young [19] presented a study of cold-

formed high strength steel rectangular and square hollow sections undergoing 

web crippling. The specimens were produced from high strength steel 

materials with nominal 0.2% proof stresses of 700 MPa and 900 MPa, and 

were tested under end-one-flange, interior-one-flange, end-two-flange and 

interior-two-flange loading conditions. Test results were compared with 

calculations from design codes. The authors specified that existing design 

codes are not capable of predicting nominal strengths of the cold-formed high 

strength steel square and rectangular hollow sections undergoing web 

crippling. Dinis et al. [20] published an experimental and numerical study of 

local-distortional interaction in cold-formed steel rack section columns. A total 

of ten fixed-ended cold-formed steel rack section columns with nominal 

lengths ranging from 1300 mm to 2500 mm were tested. The 1 mm and 1.2 

mm thick specimens were made from high strength steel material with yield 

strengths of 500 MPa and 550 MPa respectively. The specimens were tested 

under axial compression load. Experimental results were compared with 

numerical and design results in terms of post-buckling behaviour and the 

ultimate strength of the specimens. Experimental results showed clear evidence 

of local-distortional buckling interaction in the rack section columns. Studies 

of the potential applications of cold-formed high strength steel sections for 

wind turbine tubular towers were carried out and reported in two other studies 

[21-22].
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1.2 Objectives and research questions

To learn about the resistance of cold-formed high strength steel sections, three 

main objectives were set:

a. Assess the influence of cold-formed angles on the high strength steel 

material properties.

b. Investigate resistance of cold-formed high strength steel angles.

c. Study resistance of cold-formed high strength steel circular and 

polygonal sections.

The following research questions are addressed:

1. How does cold-formed angle affect the S650 high strength steel

material properties when producing polygonal sections? 

2. How is behavior of cold-formed high strength steel angle sections 

affected by cold-forming?

3. What proof stress should be used to give agreement between 

experimental and FEA results?

4. What are effects of thickness and openings on the resistance of the 

polygonal and circular cross sections?

5. How do initial geometric imperfections affect FEA results of the 

polygonal and circular cross sections?

1.3 Scientific approach

To achieve these objectives and to find answers to the addressed research 

questions, the following scientific approaches were used: 
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First, twenty-four tensile coupon tests were carried out to investigate effect of 

cold-formed angles on the S650 high strength steel material properties. Coupon 

specimens with different cold-formed angles (90°, 100°, 120°, 140°, and 160°) 

and different thicknesses (4 mm and 6 mm) were considered. 

Second, experiments and numerical models were used to investigate influence

of the different cold-formed angles on angle resistance. Thirty-six specimens 

with different cold-formed angles (90°, 100°, 120°, 140°, 160°, and 170°) and 

different thicknesses (4 mm and 6 mm) were examined. The 3D laser scanning 

method was used to determine initial geometric imperfections of the 

specimens. The experimental and FEA results were compared. 

Third, thirty-two down-scaled cold-formed high strength steel specimens with 

circular and polygonal sections were tested under uniaxial compression 

conditions to study their resistance. Material properties and initial geometric 

imperfections of the specimens were determined using coupon tensile tests and 

the 3D laser scanning method respectively. Numerical investigations were

carried out taking into account the influence of initial geometric imperfections 

and yield strengths of the material.

1.4 Limitations

Specimens were manufactured using the press braking method. The effect of 

this method on corner regions is described in this thesis. However, other 

methods, such as the rolling method, were not considered for this thesis.

In this thesis, all compression tests of circular and polygonal sections were

carried out on down-scaled specimens. Therefore, the results may not be fully 

representative for full-scale sections. 
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The other chosen factors such as steel material S650, thickness of specimen (4 

mm and 6 mm), not considering residual stress, number of specimens and 

boundary conditions may all be considered as limitations of this thesis.

1.5 Outline of the thesis

This is a composite thesis, based on the four journal articles appended to an 

overall summary of their content. The summary includes five chapters as 

follows:

Chapter 1 describes the background, objectives, and research questions. The 

scientific approaches and limitations are specified. A list of publications is also 

included in this chapter.

Chapter 2 describes determination of the S650 high strength steel material 

properties with influence of different cold-formed angles. This is based on 

Paper I.

Chapter 3 describes investigation of resistance of cold-formed high strength 

steel angles, and is based on Paper II.

Chapter 4 covers resistance of cold-formed high strength steel circular and 

polygonal sections, and is based on Paper III and Paper IV.

Chapter 5 sets out conclusions and answers to the research questions. Future 

research work is also suggested.

The four journal papers appended to the summary are listed below:

Paper I: A.T. Tran, L. Bernspång, M. Veljkovic, C. Rebelo, L. Simões da 

Silva, Influence of cold-formed angle on high strength steel material 
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properties, Advanced Steel Construction - an International Journal, Accepted

5/2019.

Paper II: A.T. Tran, L. Bernspång, M. Veljkovic, C. Rebelo, L. Simões da 

Silva, Resistance of cold-formed high strength steel angles, Advanced Steel 

Construction - an International Journal, vol. 15, No. 3, pp. 242–251, 2019.

Paper III: A.T. Tran, M. Veljkovic, C. Rebelo, L. Simões da Silva, Resistance 
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2 INFLUENCE OF COLD-FORMED ANGLE ON 
HIGH STRENGTH STEEL MATERIAL
PROPERTIES

2.1 Introduction

Coupon specimens are used in tensile coupon tests to determine steel material 

properties. Two main parts of a coupon specimen are the gauge section and 

shoulders for gripping. Cross sectional area of the gauge section is reduced 

during the test. Deformation and fracturing of the coupon specimen are 

localised in this section. Engineering stress ( eng ) and engineering strain ( eng )

are recorded in tensile coupon tests and are calculated using Eq. 2-1 and Eq. 2-

2 respectively.

0/ Aeng F 2-1

0/eng L L 2-2

where F is the tensile force, 0A is the original cross sectional area of the gauge 

section, 0L is the original gauge length, and L is the change in original gauge 
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length ( 0FL L L ). Yield stress, tensile stress and elastic modulus E are 

determined based on engineering stress and engineering strain data.  

True stress ( true ) and true strain ( true ) are used to account for the actual cross 

sectional area (changing area with respect to time) of the gauge section. The 

true stress and true strain are calculated using Eq. 2-3 and Eq. 2-4 respectively.

/true FF A 2-3

0ln( / )true FL L 2-4

where FA and FL are the cross sectional area and gauge length corresponding 

to applied tensile force F respectively. Assuming constant volume and uniform 

deformation up to the point at which necking starts,

0 0F FL A L A 2-5

0 0/ / 1F F engA A L L 2-6

so true stress and true strain can be rewritten as follows:

0 0( / )( / ) (1 )true F eng engF A A A 2-7

ln(1 )true eng 2-8

Tensile coupon tests are widely used to investigate changing steel material 

properties due to cold-forming effects. Karren [23] used tensile coupon tests to 

determine yield stress at corners ( yc ). Nine different sheet steel materials of

varying chemical compositions, metallurgical history and gauges, with an
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original material yield strength up to 43.2 kips/in2 (approximately 298 MPa)

were examined. Three cold-forming methods were used: air press braking, coin 

press braking and cold roll-forming. Yield stress at corners ( yc ) was given as:

,
yc m

in cor

kb
r

t

2-9

1.0 1.3b n 2-10

0.855 0.035m n 2-11

where k is the strength coefficient, ,in corr is the radius of the inside surface of 

the corner specimen, t is the thickness of base steel sheet, and n is the strain-

hardening exponent. Chen et al. [24] used flat coupon specimens, inner corner 

coupon specimens (135° cold-formed angle) and outer corner coupon 

specimens (90° cold-formed angle) to study the effect of the cold-forming 

operation on steel material with a nominal 0.2% proof stress of 500 MPa. The 

coupon specimens were nominally 1.9 mm thick. The corner coupon specimens 

were tested at different temperatures, ranging from approximately 20°C to 

1000°C. The authors proposed a stress-strain curve model for the corners of 

cold-formed steel sections up to the tensile strain based on temperatures as 

follows:

,
,

, ,
, , , ,

, , ,

0.002

( )

T

T

n

T T
T y T

T y T

T m

T y T T y T
u T y T y T T y T

y T u T y T

for
E

for
E

2-12
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,
,1 0.002 /

T
y T

T T y T

EE
n E

2-13

For inner corner (135° cold-formed angle):

10 0.15Tn T 2-14

2.5 /1000Tm T 2-15

For outer corner (90° cold-formed angle):

10 0.1Tn T 2-16

4 / 500Tm T 2-17

where T is the strain at temperature T (°C), T is the stress at temperature T

(°C), TE is the elastic modulus at temperature T (°C), ,y T is the yield stress at 

temperature T (°C), ,y T is the strain corresponding to yield stress at 

temperature T (°C), u,T is the ultimate stress at temperature T (°C), and u,T is 

the strain corresponding to ultimate stress at temperature T (°C).

Afshan et al. [25] used tensile coupon tests to investigate the changes in 

properties of carbon steel material S355 due to cold-forming. Coupon 

specimens were extracted from cold-formed square and rectangular hollow 

section members. A total of twenty coupon specimens including twelve flat 

coupon specimens and eight corner coupon specimens were examined. Based 

on tensile coupon test results, the authors presented Ramberg-Osgood 

parameters to construct a stress-strain curve of the cold-formed steel material. 

Wang et al. [16] used flat coupon specimens and corner coupon specimens to 
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investigate the properties of high strength steel materials S500, S700 and S960 

having undergone the cold-forming process. The coupon specimens were 

extracted from cold-formed square hollow sections with thicknesses of 3 mm, 4 

mm, 5 mm and 7 mm. The stress-strain curves for the flat and corner coupon 

specimens were presented. The material properties of the flat and corner parts 

of the cold-formed sections were compared and analysed and described in this 

paper. Ma et al. [26] carried out sixty-six tensile coupon tests to investigate the 

properties of high strength steel materials with 0.2% offset yield strengths of 

700 MPa, 900 MPa, and 1100 MPa, including cold-formed specimens. The 

coupon specimens were extracted from square hollow sections and rectangular 

hollow sections (flat coupon specimens and corner coupon specimens), and 

circular hollow sections (curved coupon specimens). Based on tensile coupon 

test results, the authors proposed a new stress-strain relationship model, 

developed on the basis of the Ramberg-Osgood equation. These results 

revealed that the strength in the corner region of coupon specimens with 90° 

bends increased by up to 34% when cold-formed. In the papers mentioned, 

only Chen et al. [24] investigated 135° cold-formed angles, with other studies 

using 90° cold-formed angles to investigate the influence of cold-forming on 

the strength of steel materials.

In this thesis, coupon specimens with different cold-formed angles (90°, 100°, 

120°, 140°, and 160°) and different thicknesses (4 mm and 6 mm) were 

examined. High strength steel material S650 was used to produce the coupon 

specimens. Relationships between the cold-formed angle and the yield stress as 

well as the tensile stress of the material were determined, based on the tensile 

coupon test results. The yield and tensile stresses determined by considering 

influence of the cold-formed angle were compared with those determined 
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without considering this influence. Descriptions of tensile coupon tests and 

results are presented in detail in Paper I and briefly covered in this chapter.

2.2 Tensile coupon tests

In order to investigate the influence of cold-formed angle on properties of high 

strength steel material, in this thesis, twenty-four coupon specimens with 

different cold-formed angles (90°, 100°, 120°, 140°, and 160°) and different 

thicknesses (4 mm and 6 mm) were examined. The coupon specimen was 

produced using a three-step process. In the first step, L-section profiles were 

produced from the high strength steel plates using the press braking method. In 

the second step, a water jet was used to cut the coupon specimens from the 

profiles with an extra 5 mm on each side to avoid any heating of the coupon 

specimens. The position of the coupon specimen is shown in Figure 2-1a. In 

the last step, both sides of the specimens were made perfectly perpendicular to 

the specimen surface. The reader is referred to Paper I for more detailed 

dimensions of the coupon specimens. The coupon specimens are shown in

Figure 2-1b.

(a) (b)

Figure 2-1 (a) Position of coupon specimen and (b) Coupon specimens

[Paper I].
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Both ends of the specimens were then flattened to help gripping of the 

specimens during the tests. Chen and Young [24] also flattened ends of corner 

coupon specimens for tensile coupon tests to study the corner properties of 

cold-formed steel sections at elevated temperatures. However, this method may 

cause bending that affects tensile coupon test results. The Dartec testing 

machine (Figure 2-2a) with a maximum capacity of 250 kN was used to carry 

out the tensile coupon tests. These tests were carried out using the 

displacement control method with uniform crosshead displacement of 0.02 

mm/s. Displacements of the coupon specimens during the tests were measured

using an extensometer with 50 mm length gauge allowing ±12.5 mm (±25%) 

clearance in elongation. Figure 2-2b illustrates the typical set-up for the tensile 

tests. 

(a) (b)

Figure 2-2 (a) Dartec testing machine and (b) tensile coupon test set-up

[Paper I].
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2.3 Tensile coupon test results

Tables 2-1, 2-2 and 2-3 show the results for key parameters such as yield stress 

( y ), tensile stress ( u ), and yield strains ( y ), tensile strain ( u ) and 

elongation at fracture ( f ) of the high strength steel material S650 at the 

corner parts and flat parts. The following nomenclature was adopted for the 

specimens: Angle of coupon specimen {C1(90°), C2(100°), C3(120°),

C4(140°), C5(160°) and F(flat)} - Thickness {4 mm and 6 mm}-Test number 

in the test series {S1; S2; S3}. In some cases, the failure sections occurred 

outside the gauge lengths and, hence, those values (C1-4-S2, C4-4-S1 and C5-

6-S1, C5-4-S1, S2, S3, C4-6-S1, S2, S3) were not recorded.

Table 2-1 Key material properties determined from the tensile coupon tests of 

the flat coupon specimens [Paper I].

Specimen Angle y

(MPa)
y

(%)
u

(MPa)
u

(%)
f

(%)
F-4-S1 180° 762 0.60 802 10.6 19.2

F-4-S2 180° 763 0.60 807 8.6 19.1

F-4-S3 180° 762 0.60 806 8.5 19.0

F-6-S1 180° 801 0.40 845 5.7 14.4

F-6-S2 180° 793 0.40 843 6.0 14.8

F-6-S3 180° 791 0.40 843 5.9 14.9
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Table 2-2 Key material properties determined from the tensile coupon tests of 

the 4 mm thick coupon specimens [Paper I].

Specimen Angle y

(MPa)
y

(%)
u

(MPa)
u

(%)
f

(%)
C1-4-S1 90° 889 0.62 929 1.18 7.24

C1-4-S2 90° - - - - -

C1-4-S3 90° 925 0.64 951 1.24 7.09

C2-4-S1 100° 932 0.64 948 1.02 7.06

C2-4-S2 100° 927 0.64 948 1.12 6.98

C2-4-S3 100° 914 0.64 944 1.16 7.36

C3-4-S1 120° 837 0.60 895 1.25 7.34

C3-4-S2 120° 865 0.61 917 1.17 7.04

C3-4-S3 120° 859 0.61 898 1.15 6.97

C4-4-S1 140° - - - - -

C4-4-S2 140° 839 0.60 876 1.51 8.97

C4-4-S3 140° 831 0.60 859 1.07 7.66

Table 2-3 Key material properties determined from the tensile coupon tests of 

the 6 mm thick coupon specimens [Paper I].

Specimen Angle y

(MPa)
y

(%)
u

(MPa)
u

(%)
f

(%)
C1-6-S1 90° 782 0.57 896 1.50 9.39

C1-6-S2 90° 830 0.60 923 1.46 8.85

C1-6-S3 90° 874 0.62 896 1.22 9.20
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C2-6-S1 100° 843 0.60 898 1.37 9.48

C2-6-S2 100° 861 0.61 893 1.31 9.69

C2-6-S3 100° 853 0.61 890 1.37 9.41

C3-6-S1 120° 878 0.62 916 1.33 10.31

C3-6-S2 120° 883 0.62 917 1.32 10.41

C3-6-S3 120° 845 0.60 905 1.69 10.88

C5-6-S1 160° - - - - -

C5-6-S2 160° 778 0.57 867 1.67 11.52

C5-6-S3 160° 826 0.59 881 1.34 10.52

2.4 Influence of cold-formed angle on material properties

In order to investigate the effect of cold-formed angle on the original material 

strengths, yield stress and tensile stress at the corners were compared to those 

for the flat part. Table 2-4 shows the ratios between yield stress and tensile 

stress at the corners and at the flat parts, as well as thicknesses and angles of 

the tensile coupon specimens. The comparisons show that cold-formed angle 

has significant effect on the tensile and yield stresses of the high strength steel 

material S650. The yield and tensile stresses at the corner parts may be 

expressed as a function of those at the flat parts and the cold-formed angle 

using the trend line method based on the ratios; this relationship is given by:

( 0.001 1.2)corner flat 2-18
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Table 2-4 Stress comparison between the material with effects of cold-formed 

angle and its base material [Paper I].

Specimen Angle Thickness
(mm)

corner
y

flat
y

corner
u

flat
u

C1-4-S1 90° 4 1.17 1.15

C1-4-S2 90° 4 - -

C1-4-S3 90° 4 1.21 1.18

C2-4-S1 100° 4 1.22 1.18

C2-4-S2 100° 4 1.22 1.18

C2-4-S3 100° 4 1.20 1.17

C3-4-S1 120° 4 1.10 1.11

C3-4-S2 120° 4 1.13 1.14

C3-4-S3 120° 4 1.13 1.12

C4-4-S1 140° 4 - -

C4-4-S2 140° 4 1.10 1.09

C4-4-S3 140° 4 1.09 1.07

C1-6-S1 90° 6 0.98 1.06

C1-6-S2 90° 6 1.04 1.09

C1-6-S3 90° 6 1.10 1.06

C2-6-S1 100° 6 1.06 1.06

C2-6-S2 100° 6 1.08 1.06

C2-6-S3 100° 6 1.07 1.05

C3-6-S1 120° 6 1.10 1.09

C3-6-S2 120° 6 1.11 1.09

C3-6-S3 120° 6 1.06 1.07
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C5-6-S1 160° 6 - -

C5-6-S2 160° 6 0.98 1.03

C5-6-S3 160° 6 1.04 1.04

Figures 2-3 and 2-4 show influences of cold-formed angle on the yield stress 

and tensile stress of the S650 high strength steel material. Yield stress and 

tensile stress from the tensile coupon tests were related to various cold-formed 

angles using these figures. Tensile coupon test results carried out by Wang et 

al. [16] for high strength steel materials S500 and S960 at flat parts and corner 

(90°) parts are also shown in these figures. Trend lines are based on the tensile 

coupon test results. The trend lines of different high strength materials S500, 

S650 and S960 show a similar trend of increasing yield stress and tensile stress 

as the effect of cold-forming increases. It should be noted that flat coupon 

specimen is named as 180° cold-formed angle specimen. Based on the trend 

lines, effects of cold-formed angle on yield stress and tensile stress may be 

calculated using Eq. 2-19 and Eq. 2-20:

1.258 1007y 2-19

1.085 1027u 2-20

where y is the yield stress, u is the tensile stress, and is the cold-formed 

angle.
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Figure 2-3 Relationship between yield stress and cold-formed angle [Paper I].
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Figure 2-4 Relationship between tensile stress and cold-formed angle

[Paper I].
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3 RESISTANCE OF COLD-FORMED HIGH 
STRENGTH STEEL ANGLES

3.1 Introduction

Buckling is a mode of equilibrium instability which occurs in the members of a 

structure subjected to compressive force. In EC3, the analysis of the buckling 

of columns is based on a common static elastic instability model, the so-called 

divergence model or bifurcation model [29]. In the bifurcation model, the 

buckling behaviour of columns includes a pre-buckling path and a post-

buckling path. In the pre-buckling path, a column is subjected to stable 

conditions until the bifurcation point reached. After the bifurcation point, the 

column behaviour follows one of two (or more) equilibrium paths. The post-

buckling path may be either stable or unstable, depending on the type of 

bifurcation. There are three types of bifurcation: stable symmetrical 

bifurcation, unstable symmetrical bifurcation, and asymmetrical bifurcation.
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Figure 3-1 Bifurcation buckling.

(a) (b) (c)

Figure 3-2 Bifurcation types: (a) stable symmetric, (b) unstable symmetric, and 

(c) asymmetric.
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The elastic critical load ( ,cr z zN ) can be determined from Euler’s formula as

2 2

, 2 2( )
z z z z

cr z z
e cr

EI EIN
k L L

3-1

where E is the modulus of elasticity, z zI is the moment of inertia for the 

minor axis, L is the length of column, ek is the effective length factor

depending on boundary conditions, and crL is the effective length. Different 

boundary conditions produce different eigenvectors (buckling modes) and 

different eigenvalues (buckling loads) for the columns. The elastic critical load

can be determined using Eq. 3-1 for flexural buckling with pure deflection and 

without twist rotation. However, columns with angle cross sections are 

considered as thin-walled columns with open cross sections. Therefore, 

torsional buckling or flexural-torsional buckling may occur in the columns in 

compression. Critical loads for torsional buckling or flexural-torsional 

buckling of columns with cold-formed angle sections can be determined from

Eq. 3-2 and Eq. 3-3 respectively [29].

2

, 2 2
0

1 (GI )w
cr T t

cr

EIN
i L

3-2

2

,y y , , ,
,

, , ,

1 1 4
2
cr cr T cr T cr T

cr TF
cr y y cr y y cr y y

N N N N
N

N N N
3-3

where ,cr TN is the torsional buckling critical load, ,cr TFN is the flexural-

torsional buckling critical load, ,cr y yN is the elastic critical load for the major 
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axis, 0i is the polar radius of gyration, G is the shear modulus, tI is the torsion 

constant of the gross cross section, wI is the warping constant of the gross cross 

section, 2
0 01 ( / )y i , and 0 0,y z are the shear centre co-ordinates with 

respect to the centroid of the gross cross section.

In the European standard EN 1993-1-1 [30], the buckling resistance of a 

compression member should be determined as

,
1

y
b Rd

M

Af
N for Class 1, 2 and 3 cross sections                            3-4

,
1

eff y
b Rd

M

A f
N for Class 4 cross sections                                          3-5

where yf is the yield strength of material, 1M is the partial factor, A is the 

gross cross sectional area, effA is the effective cross sectional area, and is 

the reduction factor for relevant buckling mode. The effective cross sectional

area reflects the influence of local buckling on the resistance of members and 

may be determined by reducing the gross cross sectional area thus [31]:

effA A 3-6

where is the reduction factor for plate buckling. The reduction factor for 

outstand compression elements may be determined as follows: 

1 for 0.748 3-7

2
0.188 1.0 for 0.748 3-8
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where /
28.4

p
h t

k
3-9

and h is the width of the equal-leg angle, t is the thickness, k is the buckling 

factor corresponding to the stress ratio and boundary conditions, and 

235

yf
.

The reduction factor ( ) may be determined as [30]:

22

1
but 1.0 3-10

where 
2

0.5 1 0.2im 3-11

im is an imperfection factor, is the non-dimensional slenderness and may 

be determined as

y

cr

Af
N

for Class 1, 2 and 3 cross sections             3-12

eff y

cr

A f
N

for Class 4 cross sections 3-13

For flexural buckling, crN is calculated according to Eq. 3-1. For torsional and 

torsional-flexural buckling,  crN should be taken as:

,cr cr TFN N but ,cr cr TN N 3-14
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Experimental and numerical studies have been carried out to investigate the 

behaviour of cold-formed angles by Popovic et al. [32], Young [33], Ellobody 

et al. [34], Yang et al. [35], Silvestre et al. [36], Shifferaw et al. [37], and 

Landesmann et al. [38]. However, only 90° cold-formed angles were 

considered in these studies. The resistance of cold-formed L columns under 

compression, bending and a combination of compression and bending were 

investigated by Doležal and Podgayskyy [39]. L columns with different cold-

formed angles and different thicknesses, and with fixed and pinned boundary 

conditions, were considered. As tensile coupon tests had not been carried out,

the authors carried out FEA based on basic material properties. The influence 

of cold-forming on hand calculations was considered using EN 1993-1-3 [40]

based on nominal yield strength.

In this thesis, experiment and numerical investigations of thirty-six cold-

formed high strength steel angle specimens with different cold-formed angles 

(90°, 100°, 120°, 140°, 160° and 170°) and different thicknesses (4 mm and 6 

mm) were carried out. The thirty-six angle specimens were tested under 

compression. Numerical models with geometric imperfections and different 

materials for corners and flat parts were used for the numerical investigations. 

Detailed analyses and results for the behaviour of the cold-formed angles were 

described in Paper II. In this chapter, only selected analyses and results are 

presented.

3.2 Experimental investigation

3.2.1 Test specimens

Thirty-six angle specimens were tested under compression in order to 

investigate the influence of cold-formed angles on the angle resistance. The 
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specimens were divided into six categories with different cold-formed angles 

P1 (90°), P2 (100°), P3 (120°), P4 (140°), P5 (160°) and P6 (170°) with 

different thicknesses (4 mm and 6 mm). High strength steel material S650 was 

used to produce the cold-formed angle specimens. Nominal length (L) and 

widths of equal-leg angle (h) of the cold-formed angle specimens were 600 

mm and 60 mm respectively. The angle specimens were labelled as follows: 

angle {P1; P2; P3; P4; P5; P6} - thickness {4 mm; 6 mm} - test number in the 

test series {S1; S2; S3}. Figures 3-3 and 3-4 illustrate the typical cold-formed 

angle specimens with different cold-formed angles. It should be noted that the 

cold-formed angle specimens were produced using the press braking method

and provided by the Ruukki Company in Finland.

Figure 3-3 Typical angle specimens with different cold-formed angles

[Paper II].
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Figure 3-4 The 4 mm thickness specimens with different cold-formed angles

[Paper II].

A Dartec compression machine with a capacity of 600 kN was used for the 

compression tests. Four LVDTs (linear variable displacement transducers) 

were used to record displacements of the specimens during the tests. A typical 

set-up for the compression tests is shown in Figure 3-5. The load was applied 

at the top of the specimen. Displacement control was used for the compression 

tests. Boundary conditions of the specimens were considered to be a clamped 

support (all translations and rotations were restrained) at the bottom and at the 

top (all degrees of freedom were fixed except the displacement in the direction 

of the applied load).
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Figure 3-5 Set-up for the compression tests [Paper II].

3.2.2 Initial geometric imperfections

The 3D laser scanning method was used to measure the initial geometric 

imperfections of the thirty-six cold-formed angle specimens before the 

compression tests. Initial geometric imperfection data for the specimens were 

analysed using GOM Inspect software [41]. In order to determine these 

geometric imperfections, approximately 4100 points on the surface of each 

specimen, were considered. Figure 3-6 shows the pattern of initial geometric 

imperfections on the P4-4-S2 specimen from the 3D laser scanning test.
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Figure 3-6 Initial geometric imperfections of the P4-4-S2 specimen [Paper II].

A wide range of initial geometric imperfection amplitudes was used in 

previous studies for cold-formed angles. For instance, Popovic et al. [32]

measured initial geometric imperfection amplitudes of thirty cold-formed

angles and reported the average amplitudes at the tips of the legs and at the 

corners as L/1305 and L/2310 respectively. F. Yang et al. [35] used a

geometric imperfection amplitude of L/750 at the middle of cold-formed angle 

specimens for flexural buckling analysis. E. Mesacasa Jr et al. [42] used a

geometric imperfection amplitude of L/1000 at middle height of thin-walled 

equal-leg angle columns for flexural-torsional buckling and flexural buckling 

analyses.

Based on initial geometric imperfections of the thirty-six cold-formed angle 

specimens tested, an attempt was made to determine initial geometric 



Resistance of cold-formed high strength steel angles

39

imperfections for local buckling analysis and torsional/torsional-flexural 

buckling and flexural buckling analysis according to thickness and length of 

the specimens; the results are shown in Figure 3-7 and Figure 3-8 respectively. 

The magnitudes of initial geometric imperfections for local buckling analysis 

and flexural buckling analysis were determined from mean values and 

proposed as 17% of t and L/855 respectively (L and t are length and thickness

of specimen respectively).

Figure 3-7 Ratios in percentage between maximum initial geometric 

imperfections at sides and thicknesses of the specimens [Paper II].
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Figure 3-8 Ratios between maximum initial geometric imperfections at middle 

and lengths of the specimens [Paper II].

3.2.3 Test results

Ultimate loads and end shortenings of the columns are shown in Table 3-1 and 

Table 3-2. The cold-formed angle significantly affects both ultimate loads and 

end shortenings of the specimens, and failure modes as well. The average 

ultimate loads of the 4 mm and 6 mm thick specimens decreased 

approximately 84% with increasing (from 90° – 170°) cold-formed angle, 

while the average end shortenings of the 4 mm and 6 mm thick specimens 

reduced by 87% and 85% respectively. It should be emphasised that the class 

of the cross sections of the cold-formed angle columns is 4. Figure 3-9 shows 

typical failure modes of the 4 mm specimens with different cold-formed angles 

of 90°, 100°, 120°, 140°, 160°, and 170°. Flexural-torsional buckling occurs in 
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the specimens with cold-formed angles of 90°, 100°, 120°, and 140°. Flexural 

buckling occurs in the specimens with cold-formed angles of 160° and 170°.

Table 3-1 Ultimate loads and end shortenings of the 4 mm specimens

[Paper II].

Specimen Angle
Length

(mm)

Area

(mm²)

Ultimate load

(kN)

End shortening

(mm)

P1-4-S1 90° 593 446 195 2.06

P1-4-S2 90° 594 453 191 1.87

P1-4-S3 90° 593 453 195 2.03

P2-4-S1 100° 590 454 195 1.94

P2-4-S2 100° 593 459 199 1.93

P2-4-S3 100° 593 451 207 1.96

P3-4-S1 120° 591 472 203 1.85

P3-4-S2 120° 590 471 200 1.80

P3-4-S3 120° 591 470 198 1.72

P4-4-S1 140° 593 471 194 1.32

P4-4-S2 140° 592 475 194 1.42

P4-4-S3 140° 589 476 187 1.25

P5-4-S1 160° 591 471 81 0.58
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P5-4-S2 160° 593 479 80 0.59

P5-4-S3 160° 594 482 79 0.58

P6-4-S1 170° 592 483 28 0.24

P6-4-S2 170° 590 476 33 0.26

P6-4-S3 170° 591 474 31 0.26

Table 3-2 Ultimate loads and end shortenings of the 6 mm specimens

[Paper II].

Specimen Angle
Length

(mm)

Area

(mm²)

Ultimate load

(kN)

End shortening

(mm)

P1-6-S1 90° 591 654 443 2.35

P1-6-S2 90° 593 656 446 2.43

P1-6-S3 90° 594 654 445 2.37

P2-6-S1 100° 589 665 446 2.22

P2-6-S2 100° 591 671 466 2.41

P2-6-S3 100° 592 671 451 2.35

P3-6-S1 120° 591 695 450 2.02

P3-6-S2 120° 590 682 440 1.95



Resistance of cold-formed high strength steel angles

43

P3-6-S3 120° 590 687 442 2.02

P4-6-S1 140° 591 704 369 1.73

P4-6-S2 140° 589 700 389 1.85

P4-6-S3 140° 593 695 339 1.65

P5-6-S1 160° 590 715 147 0.78

P5-6-S2 160° 592 708 141 0.72

P5-6-S3 160° 594 706 147 0.77

P6-6-S1 170° 590 723 70 0.33

P6-6-S2 170° 590 721 73 0.33

P6-6-S3 170° 591 710 72 0.38
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Figure 3-9 Typical failure mode of the 4 mm thick specimens P1(90°), 

P2(100°), P3(120°), P4(140°) P5(160°) and P6(170°) [Paper II].

3.3 Numerical investigation

3.3.1 Numerical models

The commercial finite element analysis (FEA) program ABAQUS [43] was 

used to simulate the numerical models. Shell elements S4R (shell elements 

with four nodes, quadrilateral, reduced numerical integration and a large-strain 

formulation) were used for the numerical models [44]. Figure 3-10 shows the 

typical FE mesh of the numerical models. Materials in the corner parts and flat 

parts in the numerical models were modelled separately, based on the tensile 

coupon tests described in Chapter 2. Initial geometric imperfections of the 

specimens were used in the nonlinear analysis, based on results from 3D laser 

scanning tests. The boundary conditions of the numerical models were 

considered to be a clamped support (all translations and rotations were 
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restrained) at the bottom and at the top (all degrees of freedom fixed except the 

displacement in the direction of the applied load).

Figure 3-10 Typical mesh of the numerical models [Paper II].

3.3.2 Influence of yield strength on the FEA

Ottosen and Ristinmaa [45] specified that the offset strains used in most 

scientific experimental investigations are much smaller than 0.2%. Rees [46]

recommended that offset strains are in the range from 0.001% to 0.01%. In this 

thesis, 0.2%, 0.01% and 0.006% proof stresses were used to investigate the 

influence of proof stress on the resistance of the FE models. The specimens 

studied had different thicknesses (4 mm and 6 mm) and different cold-formed 

angles (90°, 100°, 120°, and 140°). Resistance values from the FEA were 

compared to corresponding results from the experiments, see Table 3-3. Mean 

values and standard deviation values are also shown in this table. Mean values 

of resistance ratios between experimental and FEA results with 0.2%, 0.01%, 

and 0.006% proof stresses were 0.91, 0.99, and 1.06, respectively. The 

difference in the average between the experimental and FEA results with 
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0.01% proof stress was just 1%. Therefore, 0.01% proof stress was used in this 

study.

Table 3-3 Ultimate load comparisons between the results of the experiments

and FEA with different proof stresses [Paper II].

Specimen Angle

Ultimate load (kN)

Experiment FEA 

testP 0.2P
0.2

testP
P 0.01P

0.01

testP
P 0.006P

0.006

testP
P

P1-4-S1 90° 195 211 0.93 196 1.00 191 1.02

P1-6-S3 90° 445 489 0.91 423 1.05 375 1.19

P2-4-S2 100° 199 214 0.93 200 0.99 194 1.02

P2-6-S1 100° 446 498 0.89 448 0.99 411 1.08

P3-4-S2 120° 200 217 0.92 201 1.00 194 1.03

P3-6-S1 120° 450 522 0.86 467 0.96 426 1.06

P4-4-S2 140° 194 213 0.91 203 0.96 196 0.99

Mean 0.91 0.99 1.06

Standard deviation 0.02 0.03 0.06

3.3.3 Finite element model validation

Table 3-4 shows the comparison between experimental and FEA results in 

terms of ultimate loads. The good agreement between ultimate loads derived 

from the FEA and experimental results validate the simulations. The difference 

in averages between the experimental and FEA results is just 1%. It should be 
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noted that the materials for the corner parts and flat parts in the numerical 

models were modelled separately based on the results from tensile coupon 

tests. Therefore, the FEA results for some cold-formed angles are not given in 

Table 3-4 because of lacking data from the tensile coupon tests. Figure 3-11 

shows the tested and FE failure modes of the 4 mm thick specimen with 100° 

cold-formed angle. The experimental and FEA results show good agreement.

Table 3-4 Comparisons between experimental and FEA results [Paper II].

Specimen Angle
Thickness

(mm)

Length

(mm)

Ultimate load (kN)

FEA 

( FEAP )

Experiment 

( testP )
FEA

test

P
P

P1-4-S1 90° 3.96 593 196 195 1.00

P1-4-S2 90° 4.02 594 197 191 1.03

P1-4-S3 90° 4.02 593 197 195 1.01

P2-4-S1 100° 3.97 590 200 195 1.03

P2-4-S2 100° 4.01 593 200 199 1.01

P2-4-S3 100° 3.94 593 200 207 0.97

P3-4-S1 120° 4.04 591 200 203 0.99

P3-4-S2 120° 4.03 590 201 200 1.01

P3-4-S3 120° 4.02 591 201 198 1.01

P4-4-S1 140° 3.98 593 202 194 1.04
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P4-4-S2 140° 4.01 592 203 194 1.04

P4-4-S3 140° 4.02 589 203 187 1.08

P1-6-S1 90° 6.01 591 423 443 0.95

P1-6-S2 90° 6.03 593 421 446 0.94

P1-6-S3 90° 6.01 594 423 445 0.95

P2-6-S1 100° 5.96 589 448 446 1.01

P2-6-S2 100° 6.01 591 445 466 0.96

P2-6-S3 100° 6.01 592 462 451 1.02

P3-6-S1 120° 6.03 591 467 450 1.04

P3-6-S2 120° 5.92 590 463 440 1.05

P3-6-S3 120° 5.96 590 467 442 1.06

Mean 1.01

Standard deviation 0.04
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Figure 3-11 Failure mode of the 4 mm thick specimen with 100° cold-formed 

angle (Experimental and FEA results) [Paper II].

3.3.4 Parametric study

After the FE models were validated, as described in section 3.3.3, a series of 

FE models were developed to investigate the influence of cold-formed angles 

on the relationship between non-dimensional slenderness ( ) and reduction 

factor ( ). The columns with 90° and 120° cold-formed angles were used for 

the investigation. The cross section dimensions of the columns were fixed, 

with 4 mm thickness and a 60 mm width of the equal-leg angle. The 

slenderness of the columns was varied by changing the length of the columns. 

The materials for the corner parts and flat parts of the columns were modelled 

separately based on tensile coupon tests. Initial geometric imperfections of the 

columns were used as 17% of thickness and 1/855 of length of the columns for 

flexural-torsional buckling analyses and flexural buckling analyses 

respectively. The boundary conditions of the columns were considered to be a 

clamped support (all translations and rotations were restrained) at the bottom 

and at the top (all degrees of freedom fixed except the displacement in the 

direction of the applied load).
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The reduction factor is calculated as follows:

ult

y

N
N

3-15

where ultN is the ultimate load determined by experiment or FEA, and yN is 

determined using the following equation:

, ,y corner y corner eff y flatN A A 3-16

where cornerA , effA are the areas of the corner part and the effective area of the 

flat part, respectively, and ,y corner , ,y flat are the yield stresses of the corner

part and the flat part, respectively. 

The non-dimensional slenderness is obtained from the following equation:

, ,corner y corner eff y flat

cr

A A
N

3-17

where crN is the elastic critical force.

Behaviour of angle columns with various lengths were numerically 

investigated and presented in [42, 50]. Mesacasa Jr. et al [42] and Dinis et al 

[50] used the commercial finite element analysis (FEA) programmes 

ABAQUS and ANSYS with shell elements for their studies respectively. Dinis 

et al [50] used cross section L70x70x1.2 mm3 and Mesacasa Jr. et al [42] used 

cross section L70x70x2.0 mm3 for the columns. It is worth to mention that 

class of the cross-sections of columns is 4. The authors specified that 

behaviours of short-to-intermediate and intermediate-to-long columns are 
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flexural-torsional buckling and pure flexural buckling, respectively and 

‘transition length’ between the two buckling behaviours. In the transition 

length, behaviour of the columns is coupling between two global buckling 

(flexural-torsional buckling and pure flexural buckling). Ultimate strengths of 

the columns significantly grow as the length reaches the transition value [42]. 

It notes that transition value is the coincidence of flexural-torsional and 

flexural buckling loads.

Figure 3-12 Critical load and column length curve of the 4 mm thick column 

with 90° cold-formed angle [Paper II].

In this work, the commercial finite element analysis (FEA) programme 

ABAQUS [43] was used to determine critical loads of the column with various 

lengths. Figure 3-12 and Figure 3-13 show relationship between column 
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lengths and critical loads, and reduction factors of the cross section L60x60x4 

mm3 (P1), respectively. Figure 3-12 also shows the study of L70x70x2 mm3

columns presented by Mesacasa Jr. et al [42]. It notes that F and P mentioned

in the Figure 3-12 are fixed and pined boundary conditions, respectively. The 

curves show good match in terms of shape and trend.

Figure 3-13 Reduction factor and column length curve of the 4 mm thick 

column with 90° cold-formed angle.

Figure 3-14 presented relationship between the non-dimensional slenderness 

and reduction factor curves of the 4 mm thick columns with 90° and 120° cold-

formed angles. The figure also shows results tested by Popovic et al [32] and 

test results of the P1 and P3 columns with approximately 600 mm length. The 

test results agree well to the FEA results.
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Figure 3-14 Non-dimensional slenderness and reduction factor curves of the 4 

mm thick columns with 90° and 120° cold-formed angles [Paper II].

It notes that Popovic et al [32] tested columns with L50x50x2.5 mm3 cross-

section under compression. The material properties in corner and flat part and 

compression test results of the L50x50x2.5 mm3 columns presented in Tables 

3-5 and 3-6, respectively. 

Table 3-5 Tensile coupon test results from Popovic et al [32].

Section Material yf (MPa) uf (MPa) E (MPa) (%)ue

L50x50x2.5 Corner 568 618 200516 10

L50x50x2.5 Flat 396 475 208318 23
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Table 3-6 Compression test results* from Popovic et al [32].

Section* Sample length L
( )mm *

Ultimate load
ultN (kN)*

Reduction factor
ult

y

N
N

L50x50x2.5 550 54.0 0.85

L50x50x2.5 970 41.5 0.65

L50x50x2.5 1379 37.0 0.58

L50x50x2.5 1747 31.3 0.49

L50x50x2.5 2199 26.4 0.41

L50x50x2.5 2598 22.3 0.35

Geometry of cross-section also affects buckling behavior of the columns. 

Comparison of cross section characteristic between the 120° and 90° angles is 

presented in Table 3-7. The torsion constant, warping constant and second 

moment of area for major axis of the 120° cross-section are 4%, 12% and 57% 

higher than 90° cross-section respectively. The results reveals that reduction 

factor of 120° cross-section column is slightly higher than 90° cross-section 

column as the non-dimensional slenderness decreases.
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Table 3-7 Comparison of cross section characteristic between the 120° and 

90° angles.

Characteristic of cross section
Cross section

P3 (120°)
Cross section

P1 (90°)
3

1

P
P

Torsion constant ( 4
tI mm ) 2426 2328 1.04

Warping constant ( 6
wI mm ) 691070 618780 1.12

Second moment of area for major axis

( 4
yI mm )

407680 260350 1.57
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4 RESISTANCE OF COLD-FORMED HIGH 
STRENGTH STEEL CIRCULAR AND 
POLYGONAL SECTIONS

4.1 Introduction

Circular and polygonal cross sections have been used for wind turbine tubular 

tower structures. Numerical FE and experimental investigations have been 

carried out to study the behaviour of wind turbine tubular tower structures with 

circular and polygonal cross sections. FEA has been widely used to study 

entire steel tubular tower structures [10-14], but it is very expensive and, in 

some cases, impossible to study steel tubular towers that are over one hundred 

metres high experimentally. Therefore, FEA and experiments were carried out 

on down-scaled specimens to study the behaviour of steel tubular tower 

structures [15]. 

Buckling analysis and nonlinear analysis of wind turbine towers are commonly 

carried out with the help of a finite element software package. Buckling 

analysis is carried out using a numerical model without initial geometric 

imperfections and assuming linear behaviour of the materials. Results from the 
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buckling analysis include eigenvalues and respective nominal buckling modes 

of the numerical model. Commonly, the first nominal buckling mode of the 

numerical model is used with a geometric imperfection amplitude as input data 

for further nonlinear analysis. The eigenvalue is used to determine the elastic 

critical buckling load. Normally, the lowest eigenvalue is of interest. In 

ABAQUS, the critical buckling load is determined based on eigenvalue ( i ), 

preload pattern ( nP ), perturbation load pattern ( nQ ), and degree of freedom of 

the whole model (n) [44]:

n n
cr iN P Q 4-1

The Riks method is widely used for unstable collapse and post-buckling 

analysis. It is originally developed by Riks [47-48] and Wempner [49] and then 

modified by other researchers. In this method, the analysis traces the static 

equilibrium path in the load-displacement space. Load magnitude is considered 

as an additional unknown and modified until convergence is achieved. In 

ABAQUS, the current load magnitude clP is determined as follows [44]:

0 0( )cl refP P P P 4-2

where 0P is dead load, refP is the reference load vector and is the load 

proportionality factor. The load proportionality factor at each increment is 

automatically introduced. The initial load proportionality factor in is 

calculated based on an initial increment in arc length inl and user-specified 

total arc length scale factor totall :
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in
in

total

l
l

4-3

In the reviewed studies above, FEA and experiments were carried out to 

investigate wind turbine towers constructed with common steel materials. For 

instance, Bazeos et al. [10] used FEM to study a prototype steel tower for a

450 kW wind turbine. The steel material used for the tower had a yield strength 

of 360 MPa. Lavassas et al. [11] published a numerical investigation of a steel 

prototype 1 MW wind turbine tower that used steel material S355. Dimopoulos 

and Gantes [15] studied down-scaled specimens to investigate buckling of 

wind turbine tower cylindrical shells with opening and stiffening under 

bending. A steel material with a yield strength of approximately 270 MPa was 

used to produce the down-scaled specimens. 

The aim of this thesis was to study the resistance of cold-formed high strength 

steel circular and polygonal sections used for steel wind turbine tubular towers. 

Experimental and numerical investigations were carried out on thirty-two 

down-scaled specimens of possible wind turbine towers. The thirty-two 

specimens included eight circular specimens without openings, eight circular 

specimens with openings, eight polygonal specimens without openings, and 

eight polygonal specimens with openings. High strength steel material S650 

with 4 mm and 6 mm thicknesses were used for the specimens. Detailed 

investigations and results were published in Paper III [27] and Paper IV [28]. 

In this chapter, only selected analyses and results are described.
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4.2 Experimental investigation

4.2.1 Test specimens

Thirty-two cold-formed high strength steel specimens were used to investigate 

the resistance of circular and polygonal cross sections. The specimens were 

arranged in four groups: 4 mm and 6 mm thick polygonal cross sections with 

and without openings, 4 mm and 6 mm thick circular cross sections with and 

without opening, Figure 4-1. The specimens were produced by down-scaling a

design of a possible wind turbine tower. Down-scaled ratios of 1:9.75 and 

1:6.5 were used for the 4 mm and 6 mm thick specimens respectively. High 

strength steel material S650 and the press braking method were used to 

produce the specimens. 

(a) (b)
Figure 4-1 (a) 4 mm circular specimens without and with opening, and (b) 4

mm  polygonal specimens without and with opening [Paper III].
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The thirty-two specimens were tested under compression, Figure 4-2. An 

Instron machine with a capacity of 4500 kN was used for the compression 

tests. Four linear variable displacement transducers (LVDTs) were used to 

measure the vertical displacement of the specimens during the tests.

Figure 4-2 Set up of the compression tests [Paper III].

4.2.2 Test results

The resistances of the 4 mm and 6 mm circular and polygonal specimens 

without and with openings are shown in Table 4-1 and Table 4-2, respectively.

The specimens were labelled as follows: Cross section {Circular (Cir); 

Polygonal (Pol)} - Thickness {4 mm and 6 mm} - Specimen length (1000 mm) 

- Test number in the test series {S1; S2; S3}.
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Table 4-1 Ultimate load and end shortening of the specimens without openings

[Paper III].

Specimen
Length

(mm)

Thickness

(mm)

Ultimate load

(kN)

End shortening

(mm)

Cir-4-1000-1 992 4.0 2115 4.9

Cir-4-1000-2 994 4.0 2103 4.7

Cir-4-1000-3 996 4.0 2098 4.8

Cir-4-1000-4 995 4.0 2124 4.7

Cir-6-1000-1 994 6.1 3259 5.8

Cir-6-1000-2 992 6.0 3254 5.3

Cir-6-1000-3 990 6.0 3238 5.3

Cir-6-1000-4 990 6.1 3250 5.3

Pol-4-1000-1 993 4.0 2102 4.1

Pol-4-1000-2 994 4.0 2092 3.9

Pol-4-1000-3 994 4.0 2081 4.1

Pol-4-1000-4 995 4.0 2097 4.0

Pol-6-1000-1 992 6.0 3268 6.0

Pol-6-1000-2 992 6.0 3282 5.8
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Pol-6-1000-3 991 6.0 3270 5.5

Pol-6-1000-4 989 6.0 3288 5.6

Table 4-2 Ultimate load and end shortening of the specimens with openings

[Paper III].

Specimen
Length

(mm)

Thickness

(mm)

Ultimate load

(kN)

End shortening

(mm)

Cir-D-4-1 993 4.0 1636 5.3

Cir-D-4-2 992 4.0 1613 5.5

Cir-D-4-3 996 4.0 1634 5.2

Cir-D-4-4 993 4.0 1640 5.4

Cir-D-6-1 989 6.0 2485 4.3

Cir-D-6-2 993 6.0 2488 3.5

Cir-D-6-3 991 6.0 2443 3.3

Cir-D-6-4 994 6.1 2495 3.5

Pol-D-4-1 996 4.0 1668 5.7

Pol-D-4-2 996 4.0 1640 5.4

Pol-D-4-3 993 4.0 1653 5.2
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Pol-D-4-4 995 4.0 1651 4.9

Pol-D-6-1 991 5.9 2465 4.3

Pol-D-6-2 994 6.1 2432 3.3

Pol-D-6-3 988 6.0 2402 3.4

Pol-D-6-4 992 6.0 2425 3.3

The experimental results reveal that the resistances of the circular and 

polygonal cross section specimens without openings increase approximately 

65% as the thickness of the specimens increases from 4 mm to 6 mm. The 

average ultimate loads of the 4 mm and 6 mm circular specimens without 

openings were 2110 kN and 3250 kN, respectively. The average ultimate loads 

of the 4 mm and 6 mm polygonal specimens without openings were 2093 kN 

and 3277 kN, respectively. With openings, the resistances of the 4 mm and 6 

mm cold-formed circular and polygonal cross section specimens decreased

approximately 23%, 24%, 21% and 26% respectively. It should be noted that 

the cross sectional areas at the middle of the 4 mm and 6 mm cold-formed 

circular and polygonal cross section specimens reduced approximately 9%,

11%, 9% and 14% respectively.

Figure 4-3 shows the typical failure modes of the 4 mm circular and polygonal 

specimens without and with openings. For the circular and polygonal 

specimens without openings, local buckling occurred both on the top and 

bottom of the specimens. The local buckling of the circular and polygonal

specimens with openings occurred around the openings. 
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(a) (b) (c) (d)

Figure 4-3 Failure modes: (a) circular specimen without opening, (b) 

polygonal specimen without opening, (c) circular specimen with opening, (d) 

polygonal specimen with opening [Paper III].

4.3 Numerical investigation

4.3.1 Numerical models

The commercial finite element analysis program ABAQUS [43] was employed 

to simulate the compression tests. The shell elements S4R (shell elements with 

four nodes, quadrilateral, reduced numerical integration and a large-strain 

formulation) [44] were used for buckling and nonlinear analyses. The typical 

FE meshes of the circular and polygonal numerical models with and without 

openings are illustrated in Figure 4-4. The numerical models were meshed 

according to the real geometric imperfections previously obtained from the 3D 

laser scanning tests. Gom Inspect [41] and Matlab software packages [9] were
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used to analyze the initial geometric imperfections, then the values obtained 

were transferred to numerical models through transferred nodes. 

(a) (b) (c) (d)

Figure 4-4 Mesh of numerical model of: (a) circular section without opening,

(b) circular section with opening, (c) polygonal section without opening and 

(d) polygonal section with opening [Paper IV].

The boundary conditions for the numerical models were as follows: clamped 

support at the bottom i.e. all translations and rotations were restrained, and all 

translations and rotations were restrained except the direction of applied load at 

the top. The materials for corner parts and flat parts of the columns were 

modelled separately based on tensile coupon tests. The engineering stress-

strain relationships obtained from the tensile tests were converted into the true 

stresses and the true plastic strains.
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4.3.2 Finite element model validation

Table 4-3 and 4-4 presents the comparison between experimental and FEA 

results in terms of ultimate loads. The good agreement between ultimate loads 

derived from the FEA and experimental results validates the simulations. The 

average resistances of the 4 mm and 6 mm circular models with openings were 

95% and 97% of the average values obtained in the corresponding tests. The 

resistances of the 4 mm and 6 mm polygonal numerical models with openings 

were closer to the corresponding test results, with less than 1% difference.

Figure 4-5 shows the tested and FE failure mode of the 6 mm circular 

specimen without opening. The experimental and FEA results show good 

agreement. The good agreement between failure modes derived from the FEA 

and experimental results also validates the simulations.

Table 4-3 Comparison between FEA and test results for the 4 mm specimens

[Paper IV].

Specimen Thickness 
(mm)

Ultimate load (kN)

FEA

FEAP

Experiment

testP

Ratio

FEA

test

P
P

Cir-4-1000-1 4.01 2195 2115 1.04

Cir-4-1000-2 4.01 2189 2103 1.04

Cir-4-1000-3 4.03 2201 2098 1.05

Cir-4-1000-4 4.01 2168 2124 1.02
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Cir-D-4-1 3.98 1547 1636 0.95

Cir-D-4-2 4.01 1542 1613 0.96

Cir-D-4-3 4.03 1543 1634 0.94

Cir-D-4-4 3.99 1543 1640 0.94

Pol-4-1000-1 4.00 2090 2102 0.99

Pol-4-1000-2 4.00 2017 2092 0.96

Pol-4-1000-3 4.02 2017 2081 0.97

Pol-4-1000-4 4.01 2094 2097 1.00

Pol-D-4-1 3.97 1647 1668 0.99

Pol-D-4-2 3.99 1660 1640 1.01

Pol-D-4-3 4.00 1665 1653 1.01

Pol-D-4-4 4.01 1667 1651 1.01

Mean 0.99
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Table 4-4 Comparison between FEA and test results for the 6 mm specimens

[Paper IV].

Specimen Thickness 
(mm)

Ultimate load (kN)

FEA

FEAP

Experiment

testP

Ratio

FEA

test

P
P

Cir-6-1000-1 6.10 3288 3259 1.01

Cir-6-1000-2 6.01 3298 3254 1.01

Cir-6-1000-3 5.99 3299 3238 1.02

Cir-6-1000-4 6.12 3338 3250 1.03

Cir-D-6-1 6.00 2413 2485 0.97

Cir-D-6-2 5.98 2409 2488 0.97

Cir-D-6-3 5.96 2357 2443 0.96

Cir-D-6-4 6.05 2404 2495 0.96

Pol-6-1000-1 6.01 3261 3268 1.00

Pol-6-1000-2 6.01 3183 3282 0.97

Pol-6-1000-3 5.98 3293 3270 1.01

Pol-6-1000-4 5.93 3377 3288 1.03
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Pol-D-6-1 5.92 2450 2465 0.99

Pol-D-6-2 6.09 2445 2432 1.01

Pol-D-6-3 6.04 2455 2402 1.02

Pol-D-6-4 5.95 2437 2425 1.01

Mean 1.00

Figure 4-5 Failure mode of a 6 mm circular specimen (FEA and experimental 

results) [Paper IV].

4.3.3 Influence of the initial geometric imperfections

In this section, the study of sensitivity of the initial geometric imperfections to 

the nonlinear analyses is described. Numerical models with geometric 

imperfections in accordance with EC 3, and 3D laser scanning tests were used 
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for the study. For the numerical model using geometric imperfections in 

accordance with EC 3, the buckling shape of the numerical model was 

obtained from buckling analysis before nonlinear analysis was carried out with 

nominal geometric imperfections introduced. For the numerical models based 

on geometrical imperfections from 3D laser scanning tests, the observed 

geometric imperfections of the tested specimens were transferred to the 

numerical models, so the nonlinear analysis was carried out on models with

geometries similar to those of the tested specimens.

Numerical investigations reveal that the resistances of the numerical models 

with geometric imperfections in accordance with EC 3 and 3D laser scanning 

tests are approximate. The average resistance difference between the models is 

1.8% and maximum difference is 7%. However, more importantly, there are 

substantial differences between failure modes of the tested specimens and of 

the numerical models with geometric imperfections based on EC3 and 3D laser 

scanning tests.

The failure modes of the 6 mm polygonal numerical models with EC3-based 

geometric imperfections were symmetrical, but not those of the tested 

specimens and numerical models with 3D scan-based geometric imperfections, 

Figure 4-6 and Figure 4-7. In the tested specimen and 3D scan-based numerical 

model without an opening, local buckling occurred at the top and bottom. 

However, in the numerical model without an opening and EC3-based 

geometric imperfections, local buckling occurred close to the middle. For the 

numerical model with an opening and EC3-based geometric imperfections, 

local buckling developed symmetrically and negatively at the top and bottom, 

and positively at the two sides of the opening. In contrast, in the numerical 
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model with an opening and 3D scan-based geometric imperfections, skewed 

local buckling occurred around the opening as in the tested specimen.

(a) (b) (c)

Figure 4-6 Failure modes of 6 mm polygonal sections without an opening: (a) 

numerical model using geometric imperfections in accordance with EC3, (b) 

numerical model using geometric imperfections measured using 3D scanning 

method, (c) tested specimen [Paper IV].
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(a) (b) (c)

Figure 4-7 Failure modes of 6 mm polygonal sections with an opening: a) 

numerical model using geometric imperfections in accordance with EC3; b) 

numerical model using geometric imperfections measured using 3D scanning 

method; c) tested specimen [Paper IV].
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5 DISCUSSION AND FUTURE RESEARCH

5.1 Research questions

1. How does cold-formed angle affect the S650 high strength steel material

properties when producing polygonal sections?

Paper I describes effect of cold-formed angle on the S650 high strength steel 

material properties when determined with twenty-four tensile coupon tests. 

Tensile coupon specimens with different cold-formed angles (90°, 100°, 120°, 

140°, and 160°) and different thicknesses (4 mm and 6 mm) were investigated. 

The experimental results indicated that cold-formed angle has significant effect 

on properties of the high strength steel material. Yield stress and tensile stress 

decreased by 9.4% and 10.3%, respectively, with increasing (from 90° – 180°) 

cold-formed angle. It should be noted that flat coupon specimen is named as 

the 180° cold-formed angle specimen. Based on the tensile coupon test results, 

relationships between cold-formed angle and yield stress as well as tensile 

stress of the material were described using equations.

2. How is behavior of cold-formed high strength steel angle sections affected 

by cold-forming?
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Behaviours of the thirty-six cold-formed high strength steel angles were

investigated experimentally and numerically for Paper II. The angle sections

had different thicknesses (4 mm and 6 mm) and different cold-formed angles 

(90°, 100°, 120°, 140°, 160° and 170°). Material used to produce the angle 

section was the S650 high strength steel material. The test results indicated that 

resistance of the angle sections significantly decreased by 84% with increasing 

cold-formed angles from 90° to 170°. Moreover, failure modes of the angle 

sections were also affected significantly by cold-forming. For example, for the 

4 mm thick cold-formed angle sections, flexural-torsional buckling behaviour 

occurred in the angles of 90°, 100°, 120° and 140°, and flexural buckling 

behaviour occurred in the angles of 160° and 170°. Relationships between non-

dimensional slenderness ( ) and reduction factor ( ) of the 4 mm thick 

columns with 90° and 120° cold-formed angles were established and described

in Paper II.

3. What proof stress should be used to get agreement between experimental 

and FEA results?

To answer this question, various proof stresses with different offset strains 

were determined using the coupon tensile test results. Different proof stresses 

were used in FEA for Paper II and Paper IV. The FEA results were compared 

to the experimental results. The comparisons revealed that choice of proof 

stress affects the FEA results. For instance, proof stresses at 0.2%, 0.01% and 

0.006% offset strains were used to numerically investigate influence of proof 

stress on resistance of the cold-formed high strength steel angles with different 

thicknesses (4 mm and 6 mm) and different cold-formed angles (90°, 100°, 

120° and 140°). Average resistance differences between experimental and FEA 
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results using proof stresses at 0.2%, 0.01%, and 0.006% offset strains were 9%, 

1% and 6%, respectively.

4. What are influences of thickness and openings on the resistance of the 

polygonal and circular cross sections?

A total of thirty-two cold-formed high strength steel circular and polygonal 

specimens with 4 mm and 6 mm thicknesses, with and without openings, were 

tested under uniaxial compression. The experimental results were described in 

Paper III. These results showed that resistances of the circular and polygonal 

cross sectional specimens without openings increased approximately 65% as 

the thickness of the specimens increased from 4 mm to 6 mm. Presence of the 

openings decreased resistances of the cold-formed circular and polygonal cross 

sectional specimens by approximately 23%.

5. How do initial geometric imperfections affect FEA results of the polygonal 

and circular cross sections?

A 3D laser scanning method was developed to determine initial geometric 

imperfections of the polygonal and circular cross sectional specimens. FEA of 

the polygonal and circular cross sections with geometric imperfections in 

accordance with the EC3 and the 3D laser scanning method were carried out, 

and described in Paper IV. The average difference in resistances of the 

numerical models using geometric imperfections in accordance with the EC3 

and the 3D laser scanning method was 1.8% and the maximum difference was 

7%. However, it is clear from the results that failure modes of the models using 

geometric imperfections mapped with the 3D laser scanning method were 

similar to those of the tested specimens and differed from those of models 

using geometric imperfections in accordance with EC3.
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5.2 Future research

Although, the research questions stated at the beginning of this thesis are 

answered, additional research to investigate further cold-formed high strength 

steel sections should be considered. Some proposals for future research follow:

The experimental results indicated some influence of cold-formed angles on 

the material properties of high strength steel S650. However, the number of 

tensile coupon tests carried out was limited for each cold-formed angle. 

Therefore, more tensile coupon tests are required to give more reliable, 

accurate results. In order to allow the convenient use of the equations between 

cold-formed angle and strength of steel materials in structural design, more 

tensile coupon tests are needed with different steel materials, different 

thicknesses and a greater number of cold-formed angles.

As described in the papers, down scaled specimens of a possible segment of a 

steel tubular wind turbine tower were used. In reality, a steel tubular wind 

turbine tower is constructed from various segments with different diameters 

and different thicknesses. The diameter and thickness of the segment on top is 

smaller than those of the segment on the bottom of the tower. Thus, more tests 

on cross sections with various diameters and thicknesses are needed. Nonlinear 

FE analyses may be useful for parametric studies on a segment level and on the 

entire tower level as well.

The cold-forming process affects not only the strength and ductility of the steel 

material but also its microstructure. A study of the microstructure including 

effects from cold-forming may contribute to the research of high strength steel 

material. It may reveal that there are rearrangements of the atomic structure of 

the high strength steel material.
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This paper describes a study of the S650 high strength steel material properties including the effect of cold-formed angle. 
Coupon specimens with different cold-formed angles (90°, 100°, 120°, 140°, 160° and 180°) and different thicknesses (4 
mm and 6 mm) were examined. Relationships between cold-formed angle and yield stress as well as tensile stress of the 
material were determined, based on the tensile coupon test results. Yield and tensile stresses assessed by considering the 
influence of the cold-formed angles were compared with those without considering this influence. Analyses revealed that 
both yield and tensile stresses decreased with increasing cold-formed angle. Ductile-damage material models available in 
the finite element analysis software ABAQUS were used to simulate tensile coupon tests. The experimental and numerical
results showed good agreements.

Received:
Revised:
Accepted:

K E Y W O R D S

High strength steel material;
Cold-formed angle;
Tensile coupon test;
Ductility;
Experimental investigation;
Finite element analysis;

Copyright © 2019 by The Hong Kong Institute of Steel Construction. All rights reserved.

1. Introduction

Cold-formed steel members are used increasingly in industrial and civil 
construction. Their use allows optimizing member cross sections and shapes, 
thereby reducing the amount of steel used as well as the weight of the structures 
and, consequently, reducing harmful effects on the environment. Cold-formed 
members are manufactured by either cold rolling method or press braking 
method. In the cold rolling method, the cold-formed member is obtained from 
passing flat steel sheet through a series of deformation stages. In the press 
braking method, the cold formed member is produced by bending a flat steel 
sheet along its length. The press braking method yields various cross sections 
and is therefore more popular than the cold rolling method. 

Cold forming has significant effect on ductility and yield and tensile 
stresses of steel materials. In EN 1993-1-3 [1], influence of cold forming is 
considered by increasing average the yield stress of the whole cross-section. 
The average yield stress depends on the number of 90° bends in the 
cross-section. Afshan et al. [2] determined the material properties of S355 
carbon steel via tensile coupon tests. Flat coupon specimens, 90° corner coupon 
specimens of the square hollow sections and rectangular hollow sections as 
well as circular coupon specimens of the circular hollow sections were inves-
tigated. The investigated cross sections had thicknesses of 5 mm and 6 mm. The 
Ramberg - Osgood parameters from the tensile tests were also presented in the 
study. In a previous study [3], the properties of high strength steel were de-
termined using tensile coupon tests. These tests were performed on corner 
coupon specimens and flat coupon specimens that were extracted from the hot 
finished and cold formed square hollow sections and rectangular hollow 
sections. The ratio of the yield stresses and tensile stresses of the corner and flat 
specimens were also determined. The stress-strain curves of flat and corner 
coupon specimens of S460, S500, and S690 materials also were compared. Ma 
et al. [4] investigated, via experiments, cold formed high strength steel mate-
rials with 0.2% offset yield stresses of 700 MPa, 900 MPa, and 1100 MPa. A 
total of 66 tensile coupon tests was performed and various coupon specimens 
were considered, namely the: flat coupon, corner coupon, and curved coupon, 
which were extracted from the square hollow sections, rectangular hollow 
sections, and circular hollow sections. A new constitutive model, which uses 
the Ramberg - Osgood expression, was developed based on the experimental 
results. These results revealed that cold forming has significant effect on the 
material strength. In fact, the strength in the corner part of coupon specimens 
with 90° bends, increased by up to 34% with effect of cold forming. Shi et al. 
[5] performed 46 tensile coupon tests on high strength steel materials that have 
nominal yield stresses of 500 MPa, 550 MPa, and 690 MPa. The coupon 
specimens were grouped into two categories, namely those with thicknesses of 
(i) <16 mm and (ii) >16 mm. Flat coupon specimens were tested at different 
load rates, different compliances, and different strain rates. The experimental 
results were used to develop a nonlinear constitutive model and a revised 

multi-linear constitutive model. Tran et al. [6] investigated the material 
strengths of the S650 high strength steel using 18 tensile coupon tests. The 
coupon specimens were extracted from the polygonal and circular cold-formed 
high strength steel sections.

This paper describes experimental and numerical studies of the S650 high 
strength steel material properties with effect of cold-formed angle using thirty 
tensile coupon tests. Tensile coupon specimens with different cold-formed 
angles (90°, 100°, 120°, 140°, 160° and 180°) and different thicknesses (4 mm 
and 6 mm) were considered. Relationships between the cold-formed angles and 
yield stress as well as tensile stress of the material were investigated. The yield 
and tensile stresses determined by considering the influence of the cold-formed 
angle were compared with those determined without considering this influence. 
Ductile-damage material models in the commercial finite element analysis 
(FEA) programme ABAQUS [14] were used to simulate tensile coupon tests 
and then, the experimental and FEA results were compared.

2. Experimental investigation

2.1. Coupon specimens

In order to investigate the influence of cold-formed angles on the proper-
ties of high strength steel material, thirty coupon specimens with different 
cold-formed angles (90°, 100°, 120°, 140°, 160° and 180°) and different 
thicknesses (4 mm and 6 mm) were examined. Number and thicknesses of the 
coupon specimens were considered as limitation in this study. The coupon 
specimens were produced using a three-step process. In the first step, 
L-section profiles were produced from the high strength steel plates using the 
press braking method, Fig. 1. 

Fig. 1 L section profiles with different cold-formed angles
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In the second step, a water jet was used to cut the coupon specimens from 
the profiles with an extra 5 mm on each side to avoid any heating of the 
coupon specimens. In the last step, both sides of the coupon specimens were 
made perfectly perpendicular to the specimen surface and both ends of the 
specimens were then flattened to help clamping specimens during the tests,
Fig. 2. Chen and Young [7] also flattened the ends of corner coupon speci-
mens for tensile coupon tests to study the corner properties of cold-formed 
steel sections at elevated temperatures.

Fig. 2 Coupon specimens

Fig. 3 shows general dimensions of the tensile coupon specimen. Total 
lengths (Lt) of the specimens were approximately 596 mm. The flattened part 
lengths (Lf) at both ends were used to help gripping the specimens during the 
tensile tests and were designed so that flattening does not affect the middle 
parts of the coupon specimens. The large radii (R2) were used to help failure 
sections occurred at middle of the specimens and were approximately 1513 
mm and 2113 mm for the 4 mm and 6 mm thick coupon specimens, respec-
tively.

Fig. 3 General dimensions of the corner coupon specimen

Fig. 4 shows a typical cross section of the coupon specimens. Considered 
dimensions are inner radius (R3), outer radius (R4), width of the inner curves 
(B1), width of the outer curves (B2), and thickness (t). These dimensions were 
measured three times by using a digital caliper device with 0.01 mm of preci-
sion and used to define the area of the cross-section.

Fig. 4 Typical cross section of a corner coupon specimen

Tables 1 and Table 2 show the measured dimensions of cross sections of the 4 
mm thick and 6 mm thick coupon specimens, respectively. The areas of the 
cross sections are also presented in these Tables. The following nomenclature 
are adopted for the specimens: angle of coupon specimen {C1(90°), C2(100°), 
C3(120°), C4(140°), C5(160°) and F(180°)} - thickness {4 mm and 6 
mm}-test number in the test series {S1; S2; S3}.

Table 1
Dimensions of cross sections of the 4 mm thick coupon specimens

Specimen Angle B1
(mm)

B2
(mm)

t
(mm)

A
(mm²)

C1-4-S1 90° 8.49 14.14 4.01 50.39

C1-4-S2 90° 8.40 14.22 4.01 50.36

C1-4-S3 90° 8.45 14.09 4.02 50.30

C2-4-S1 100° 7.69 12.82 4.02 44.74

C2-4-S2 100° 7.71 12.86 3.99 44.68

C2-4-S3 100° 7.66 12.91 4.00 44.68

C3-4-S1 120° 6.01 10.01 3.99 33.51

C3-4-S2 120° 6.05 10.03 3.96 33.37

C3-4-S3 120° 6.08 10.02 4.03 33.99

C4-4-S1 140° 11.62 14.36 4.00 55.34

C4-4-S2 140° 9.86 13.47 4.03 48.94

C4-4-S3 140° 7.10 9.58 4.01 34.63

F-4-S1 180° 10.90 10.90 4.10 44.60

F-4-S2 180° 10.60 10.60 4.10 43.20

F-4-S3 180° 10.80 10.80 4.10 44.40

Table 2
Dimensions of cross sections of the 6 mm thick coupon specimens

Specimen Angle B1 
(mm)

B2 
(mm)

t
(mm)

A
(mm²)

C1-6-S1 90° 12.73 21.21 6.00 113.10

C1-6-S2 90° 12.70 21.26 5.96 112.39

C1-6-S3 90° 12.71 21.18 6.02 113.23

C2-6-S1 100° 11.57 19.28 6.01 100.59

C2-6-S2 100° 11.62 19.31 6.03 101.31

C2-6-S3 100° 11.60 19.26 6.03 101.03

C3-6-S1 120° 9.02 15.01 6.02 75.75

C3-6-S2 120° 9.05 15.08 6.02 76.10

C3-6-S3 120° 9.00 15.01 6.00 75.41

C5-6-S1 160° 11.00 13.09 6.00 73.13
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C5-6-S2 160° 9.09 11.18 5.98 61.28

C5-6-S3 160° 6.62 8.71 6.02 46.60

F-6-S1 180° 11.10 11.10 6.01 66.7

F-6-S2 180° 11.10 11.10 6.00 66.4

F-6-S3 180° 11.00 11.00 6.01 66.1

2.2. Test set-up and instruments

Dartec testing machine with maximum capacity of 250 kN was used to 
perform the tensile coupon tests under laboratory temperature and humidity 
conditions. Displacements of the tensile coupon specimens during the tests 
were measured using an extensometer with 50 mm length gage allowing ±12.5 
mm (±25%) clearance in elongation. Fig. 5 illustrates the typical set up for the 
tensile coupon tests. The tensile coupon tests were carried out by displacement 
control method. EN 10002-1 [8] recommends rate limitations at crossheads for 
tensile coupon tests. For example, maximum and minimum stress rates of 6 
MPa/s and 60 MPa/s, respectively, are recommended for testing within the 
elastic range and at stresses up to the yield stress. Maximum strain rates of 
0.25% strain/s and 0.8% strain/s are recommended for testing within the plastic 
range at stresses up to the proof stress and greater than the proof stress, re-
spectively. In this study, the tensile coupon tests were performed at a uniform 
crosshead displacement of 0.02 mm/s.

Fig. 5 Set-up for the tensile coupon test

3. Experimental results

Results of the tensile coupon tests are summarized in Table 3 to Table 5, 
which show the key parameters such as the yield stress y , tensile stress u ,
yield strain y , tensile strain u and failure strain f . Cold-formed angles of 
the coupon specimens are also presented in those tables. It should be noted 
that flat coupon specimens are named as 180° cold-formed angles in this study. 
In some cases, the failure sections occurred outside the gauge lengths and, 
hence, those values (C1-4-S2, C4-4-S1 and C5-6-S1, C5-4-S1, S2, S3, 
C4-6-S1, S2, S3) were not recorded.

Cold-formed angle significantly affects material properties of the S650 
high strength steel. Average tensile stress of the 4 mm thick coupon speci-
mens with 90° cold-formed angle is 7.7% higher than those of the specimens 
with 140° cold-formed angles. Average tensile stress of the 6 mm thick cou-
pon specimens decreases from 905 MPa to 884 MPa when cold-formed angles 
increase from 90° to 160°. However, average strains at fracture significantly 
increase with increasing cold-formed angles. Average fracture strain of the 4 
mm thick coupon specimens increases from 7.17% to 8.32% with increasing 
cold-formed angles (from 90° to 140°). Average fracture strain of the 6 mm 
thick coupon specimens increases from 9.15% to 11.02% with increasing 
cold-formed angles (from 90° to 160°). Results reveals the similar shape of 
the engineering stress-engineering strain curves of the 6 mm thick coupon 
specimens with different cold-formed angles (90°, 100°, and 160°), Fig. 6.

Table 3
Key material properties determined from the tensile coupon tests of the flat 
coupon specimens

Specimen Angle
y

(N/mm²)

y

(%)

u

(N/mm²)

u

(%)

f

(%)

F-4-S1 180° 762 0.60 802 10.6 19.2

F-4-S2 180° 763 0.60 807 8.6 19.1

F-4-S3 180° 762 0.60 806 8.5 19.0

F-6-S1 180° 801 0.40 845 5.7 14.4

F-6-S2 180° 793 0.40 843 6.0 14.8

F-6-S3 180° 791 0.40 843 5.9 14.9

Table 4
Key material properties determined from the tensile coupon tests of the 4 mm 
thick coupon specimens

Specimen Angle
y

(N/mm²)

y

(%)

u

(N/mm²)

u

(%)

f

(%)

C1-4-S1 90° 889 0.62 929 1.18 7.24

C1-4-S2 90° - - - - -

C1-4-S3 90° 925 0.64 951 1.24 7.09

C2-4-S1 100° 932 0.64 948 1.02 7.06

C2-4-S2 100° 927 0.64 948 1.12 6.98

C2-4-S3 100° 914 0.64 944 1.16 7.36

C3-4-S1 120° 837 0.60 895 1.25 7.34

C3-4-S2 120° 865 0.61 917 1.17 7.04

C3-4-S3 120° 859 0.61 898 1.15 6.97

C4-4-S1 140° - - - - -

C4-4-S2 140° 839 0.60 876 1.51 8.97

C4-4-S3 140° 831 0.60 859 1.07 7.66

Table 5
Key material properties determined from the tensile coupon tests of the 6 mm 
thick coupon specimens

Specimen Angle
y

(N/mm²)

y

(%)

u

(N/mm²)

u

(%)

f

(%)

C1-6-S1 90° 782 0.57 896 1.50 9.39

C1-6-S2 90° 830 0.60 923 1.46 8.85

C1-6-S3 90° 874 0.62 896 1.22 9.20

C2-6-S1 100° 843 0.60 898 1.37 9.48

C2-6-S2 100° 861 0.61 893 1.31 9.69

C2-6-S3 100° 853 0.61 890 1.37 9.41

C3-6-S1 120° 878 0.62 916 1.33 10.31

C3-6-S2 120° 883 0.62 917 1.32 10.41

C3-6-S3 120° 845 0.60 905 1.69 10.88

C5-6-S1 160° - - - - -

C5-6-S2 160° 778 0.57 867 1.67 11.52

C5-6-S3 160° 826 0.59 881 1.34 10.52
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Fig. 6 Engineering stress-strain curves of the 6 mm thick coupon specimens with 
different cold-formed angles

4. Proposed design rules

4.1. Influence of cold-formed angle on strength of material

Figs. 7 and 8 show the relationship between cold-formed angle and the 
yield stresses and tensile stresses of the material S650. Tensile coupon test 
results performed by Wang et al. [13] for high strength steel materials S500 
and S960 at the flat parts and corner (90°) parts are also shown in these fig-
ures. Trend lines are created based on the tensile coupon test results. The trend 
lines of different high strength materials S500, S650 and S960 show a similar 
trend of increasing yield stress and tensile stress as the effect of cold-formed 
angle increases. It should be noted that flat coupon specimen is named as 180° 
cold-formed angle specimen. Based on the trend lines, the effects of 
cold-formed angle on yield and tensile stresses may be calculated using Eq. 1 
and Eq. 2 respectively.

                                                                                       

1.258 1007y                                          (1)

                                                                                                                 
1.085 1027u                                          (2)

In these equations y , u , and are yield stress, tensile stress and 
cold-formed angle respectively.

Fig. 7 Relationship between the yield stress and cold-formed angle

Fig. 8 Relationship between the tensile stress and cold-formed angle

In order to investigate effect of cold-formed angle on the original materi-
al strength, yield stress and tensile stress at corner parts of the tensile coupon 
specimens were compared to those at flat parts. Table 6 shows the ratios 
between yield stresses and between tensile stresses at the corner parts and the 
flat parts, as well as thicknesses and angles of the tensile coupon specimens. 
The comparisons show that cold-formed angle has significant effect on tensile 
and yield stresses of the S650 high strength steel material. Trend lines based 
on analyses are presented in Figs. 9 and 10. Relationship between yield and 
tensile stresses at corner parts and at flat parts of the tensile coupon specimens 
may be expressed as following function:
                                                                        

( 0.001 1.2)corner flat                                   (3)

Table 6
Stress comparison between the material with effects of cold-formed angle and 
its base material

Specimen Angle Thickness
(mm)

,

,

y corner

y flat

u,

u,

corner

flat

C1-4-S1 90° 4 1.17 1.15

C1-4-S2 90° 4 - -

C1-4-S3 90° 4 1.21 1.18

C2-4-S1 100° 4 1.22 1.18

C2-4-S2 100° 4 1.22 1.18

C2-4-S3 100° 4 1.20 1.17

C3-4-S1 120° 4 1.10 1.11

C3-4-S2 120° 4 1.13 1.14

C3-4-S3 120° 4 1.13 1.12

C4-4-S1 140° 4 - -

C4-4-S2 140° 4 1.10 1.09

C4-4-S3 140° 4 1.09 1.07

C1-6-S1 90° 6 0.98 1.06
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C1-6-S2 90° 6 1.04 1.09

C1-6-S3 90° 6 1.10 1.06

C2-6-S1 100° 6 1.06 1.06

C2-6-S2 100° 6 1.08 1.06

C2-6-S3 100° 6 1.07 1.05

C3-6-S1 120° 6 1.10 1.09

C3-6-S2 120° 6 1.11 1.09

C3-6-S3 120° 6 1.06 1.07

C5-6-S1 160° 6 - -

C5-6-S2 160° 6 0.98 1.03

C5-6-S3 160° 6 1.04 1.04

Fig. 9 Relationship between yield stress ratio and cold-formed angle

Fig. 10 Relationship between tensile stress ratios and cold-formed angles

4.2. Influence of cold-formed angle on ductility of material

According to EN 1993-1-12 [9], S460 to S700 steel materials should ful-
fil the following requirements / 1.05u y , 15u y , elongation at failure: 

10%f where u and y are the tensile strain, and yield strain, respec-
tively. ASTM-A514 [10] code specifies that high yield stress, quenched and 

tempered alloy steel plate, suitable for welding, must satisfy the following 
tensile and hardness requirements: at thicknesses of up to 65 mm (tensile 
stress: 760 MPa – 895 MPa, minimum yield stress measured at 0.2% offset: 
690 MPa, minimum elongation: 18%); at thicknesses 65 mm – 150 mm 
(tensile stress: 690 MPa – 895 MPa, minimum yield stress measured at 0.2% 
offset: 620 MPa, minimum elongation: 16%). ASTM-A709 [11] specifies four 
yield stress levels (250 MPa, 345 MPa, 485 MPa, and 690 MPa) for seven 
grades (250, 345, 345S, 345W, HPS 345W, HPS 485W, and HPS 690W) of 
structural steel designated for bridges. At plate thicknesses of up to 100 mm, 
grades 250, 345, 345W, and 485W exhibit minimum elongations of 23%, 21%, 
21%, and 19%, respectively. Moreover, for plate thicknesses smaller 65 mm 
and 65 mm – 100 mm, the 690W grade exhibits minimum elongations of 18% 
and 16%, respectively. It should be noted that the ductility requirements in the 
codes are applied to flat coupon specimens without considering the influence 
of cold forming. 

Results of ductility analyses performed on the S650 high strength steel 
material, including influence of cold-formed angle, are presented in Fig. 11 to 
Fig. 13. The analyses show gathering of the results. It could prove quality of 
the coupon tensile tests. All results are outside of EN 1993-1-12 scope [9]. 
However, it emphasizes that the results are obtained with effects of 
cold-formed angle.

Fig. 11 Relationship between tensile stress and yield stress with effect 
of the cold-formed angles

Fig. 12 Relationship between tensile strain and yield strain with effect 
of the cold-formed angles

Fig. 13 Elongation at failure with effect of the cold-formed angles
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Ductility factors were determined by statistical and 95% probability 
analyses. The corresponding probability density function (pdf) [12] is given as 
follows:

                                                                       
2

2
( )
2

2
1, ,

x

f x e x                  (4)

Where is a non-negative scalar value, is a scalar value. Fig. 14 
to Fig. 16 present probability distributions of /u y , /u y and f respec-
tively. The probability distributions were determined based on the results of 
the tensile coupon tests. The 95% probability was used to determine ductility 
factors of the S650 high strength steel material including influence of 
cold-formed angle. The following ductility factors with effects of cold-formed 
angle are recommended:

- / 1.0u y                                            (5)

- elongation of failure 6.3f                                 (6)

- 1.8u y                                                (7)                                                       

Fig. 14 Probability distribution of /u y

Fig. 15 Probability distribution of /u y

Fig. 16 Probability distribution of f

4.3. Ductile damage analysis

In finite element analysis, the engineering stress ( eng ) and engineering 
strain ( eng ) are converted to the true stress ( tr ), true strain ( tr ), and true 
plastic strain ( pl

tr ) by using following Equations:

ln(1 )tr eng                                                          (8)

(1 )tr eng eng                                                       (9)

pl tr
tr tr E                                                           (10)

In ABAQUS [15], Eq. 8 to Eq. 10 are used to define plastic curves based 
on the assumption that material is undamaged and exhibits perfect plastic 
behavior. Equations describing the onset of damage and damage evolution are 
used to create material curves where material damage is considered. The 
equivalent plastic strain at the onset of damage is defined as a function of the 
stress triaxiality and the strain rate, and is given as follows: 

( , )pl pl
D

Where and 
pl

are the stress triaxiality and the equivalent plastic strain 
rate, respectively. Overall damage variable is D = 0 at onset of damage and 
reaches D = 1 at failure point. 

In this study, ductile damage material models were considered for FE 
analyses of the tensile coupon tests. Fig. 17 shows the meshes of the 6 mm 
coupon models with cold formed angles of 90°, 100°, and 160°. Elements (size: 
1.5 mm) with 8-node linear brick and reduced integration with hourglass 
control (C3D8R) were used for these analyses. The computation time was 
reduced by considering only a half of the models. Furthermore, symmetry 
boundary conditions were applied.

a) b) c)

Fig. 17 Meshes of the coupon models with cold-formed angles of: 
a) 90°, b) 100° and c) 160°
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Fig. 18 shows the distribution of Von Mises stresses in the coupon mod-
els with cold-formed angles of 90°, 100°, and 160° at the rapture points.
Cold-formed angle has significant effect on the stress distribution in the 
models. Considering the stress distributions at corner parts of the models, the 
stresses are spread farther along the length of the models and are closer to the 
end of the model with a 90° cold-formed angle than in the model with 160° 
cold-formed angle. At the rapture point, thicknesses of the models with 90° 
and 160° cold-formed angles are significantly reduced 35% and 38%, respec-
tively and their widths considerably decrease by 17% and 29%, respectively.

a) b) c)

Fig. 18 Stress distribution in coupon models with cold-formed angles of: a) 90°, b) 100°
and c) 160° at the rapture point

Fig. 19 and Fig. 20 reveal the good agreement between the experimental 
and FEA curves of the 6 mm thick coupon specimens with 100° and 160° 
cold-formed angles, respectively. At rapture point of the specimen with a cold 
formed angle of 100°, the stress and strain experimentally obtained differ by 
1.8% from the respective FEA-determined values. Similarly, the stress and 
strain differ by 5.6% and 3.6%, respectively, in the case of the specimen with 
160° cold-formed angle.

Fig. 19 Stress-strain curves obtained from the experiment and FEA of the 6 mm thick 
coupon specimen with 100° cold-formed angle

Fig. 20 Stress-strain curves obtained from the experimental and FEA of the 6 mm thick
coupon specimen with 160° cold-formed angle

5. Conclusions

The influence of cold-formed angle on properties of the S650 high 
strength steel material was assessed using tensile coupon tests and numerical 
simulations. Coupon specimens with different cold-formed angles (90°, 100°, 
120°, 140°, 160° and 180°) and different thicknesses (4 mm and 6 mm) were 
tested. Based on the experimental and FEA results, following conclusions can 
be drawn:
- The experimental results indicate that cold-formed angle has significant 
effect on properties of the S650 high strength steel material. The yield stress 
and tensile stress decrease by 9.4% and 10.3%, respectively, with increasing 
(from 90° – 180°) cold-formed angles. 
- Based on the tensile coupon test results, relationships between the 
cold-formed angles and yield stress as well as tensile stress of the S650 high 
strength steel material are described in Eq. 1 and Eq. 2. Stress relationship 
between the material with effect of cold-formed angle and its base material is
presented in Eq. 3. 
- It is clear from the results that cold-formed angle has considerable 
influence on ductility of the S650 high strength steel material. Ductility fac-
tors including the effect of cold-formed angle are recommended in Eq. 5 to Eq. 
7.  
- Ductile-damage material models in the ABAQUS software was used to 
simulate tensile coupon tests. The experimental and FEA results show good 
agreements. At the rapture point of the 6 mm coupon specimen with 100° 
cold-formed angle, the experimentally determined stress and strain differ by 
1.8% from the FEA results.
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A B S T R A C T  A R T I C L E  H I S T O R Y 
 
This paper describes a study of the behaviour of cold-formed high strength steel angles. Thirty-six specimens with 
different cold-formed angles (90°, 100°, 120°, 140°, 160°, and 170°) and different thicknesses (4 mm and 6 mm) were 
considered. The initial geometric imperfections of the specimens were determined using the 3D laser scanning method. 
The magnitudes of these geometric imperfections for torsional and torsional-flexural buckling and flexural buckling 
analyses were proposed. The commercial finite element analysis (FEA) programme ABAQUS with shell elements S4R 
was used for finite element analyses. Different material strengths in corner and flat parts along with different proof 
stresses (0.2%, 0.01%, and 0.006%) were considered in the numerical models. The experimental and FEA results showed 
good agreement. Influence of cold-formed angle on non-dimensional slenderness and reduction factor curves of the 4 mm 
thick columns with 90° and 120° cold-formed angles was analysed. 
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1.  Introduction 
 

The use of high strength steel material for cold-formed members 
significantly improves their properties. It enables thinner, longer and stronger 
structures. Moreover, the quantity of steel material required for building 
cold-formed steel structures is considerably reduced, and producing a 
beneficial effect on the environment. There are several standards that can be 
used for designing cold-formed steel structures: Australian/New Zealand 
cold-formed steel structures standard (AS/NZS-4600) [1], North American 
Specification for the design of cold-formed steel structural members 
(AISI-S100-12) [2] and European standard EN 1993-1-3 [3].  

Several studies about cold-formed angles have been published [4 – 11]. 
Cold-formed steel angles are considered as thin-walled members that are 
sensitive to effects of imperfections. The imperfections including initial 
geometric imperfects and loading eccentricity significantly reduce their 
buckling strength. However, it is hardly to eliminate the imperfections because 
of manufacturing tolerance, transportation and measurement. Popovic et al. 
(1999) experimentally studied 12 fixed-ended and 18 pin-ended cold-formed 
angles under axial compression load [4]. The thicknesses used were 2.5 mm, 4 
mm and 5 mm. As well as material investigations using tensile coupon tests, 
residual strains were measured with a Cambridge Insitu Extensometer and 
initial geometric imperfections were determined using a theodolite. The authors 
of that paper reported that experimental results were between 15% and 40% 
higher than the Australian and American specifications, respectively and 
additional eccentricity of L/1000 should only be applied to slender sections. It 
notes that nominal eccentricity of L/1000 about the minor axis was used for 18 
pin end tests. Young (2004) carried out 24 compression tests on fixed-ended 
cold-formed plain angle columns [5]. The angles were produced using the press 
brake method. The thicknesses of the columns were 1.2 mm, 1.5 mm and 1.9 
mm. The materials used were high strength zinc-coated steel grades G500 and 
G450. The experimental results were compared with American and 
Australian/New Zealand standards, and design rules for such fixed-ended 
cold-formed plain angle columns under compression load were proposed. He 
noted that additional moment (axial load multiplied by an eccentricity of 
L/1000) is used in design of compression members according to the AISI 
Specification and AS/NZS Standard. Ellobody et al. (2005) numerically 
investigated the behaviour of cold-formed steel plain angle columns [6]. Shell 
elements S4R in ABAQUS software were used for these investigations, which 
took into account initial geometric imperfection, residual stresses and material 
nonlinearities. Experimental and FEA results for 21 columns showed good 
agreement. The numerical models were developed for a parametric study, the 
results of which generally fitted design strengths calculated using equations 
described by Young [5]. Yang et al. (2011) studied buckling behaviour of 
cold-formed angles in transmission tower applications [7]. One series of equal 
angle specimens and three series of equal lipped angle specimens were 
considered. The angle specimens with different slenderness ratios and six 
constrained types were studied under axial compression load. The slenderness 

ratios were calculated based on minimum radius of gyration and length of 
specimens. The six constrained types at the end of the specimens were 
considered to reflect conditions of compression members in transmission 
towers. The six constrained types were determined based on slenderness ratio 
of the specimen and number of bolts used for the constraint. Shell elements 
SHELL181 in ANSYS software were used for a numerical investigation. FEA 
results were compared to experimental results, with the relationship between 
slenderness ratios and stability coefficients being modelled with a fitting curve 
and modification factors. Silvestre et al. (2013) summarised the development of 
the design of cold-formed steel angles [8]. The designs of fixed-ended and 
pin-ended equal-leg angle columns with short-to-intermediate lengths were 
considered. The experimental and FEA results from previous studies were 
taken into account in the study. The authors also described new design 
procedures based on the direct strength method (DSM). Shifferaw et al. (2014) 
presented a study of cold-formed steel lipped and plain angle columns with 
fixed ends [9]. In this study, the authors used ABAQUS with shell elements 
S9R5 to carry out a numerical investigation. Numerical models for fixed-ended 
and pin-ended angles with fixed and free warping were considered, with elastic 
critical buckling loads from the numerical investigations being compared to 
Young’s experimental results. The authors presented new design procedures for 
strength prediction of the cold-formed angle columns. Resistance of 
cold-formed L columns under compression, bending and combination of 
compression and bending were investigated and reported in [10]. The L 
columns with different cold-formed angles and different thicknesses and with 
fixed and pinned boundary conditions were considered. Steel materials S650 
and S500 were used in the study. As tensile coupon tests had not been carried 
out, the authors carried out FEA based on basic material properties. Influence of 
cold forming in hand calculation was considered according to EN 1993-1-3[3] 
based on nominal yield strength of the materials. Parametric study and 
comparison analyses were carried out. The authors recommend some changes 
in design procedure for cross sections with fixed boundary conditions. 
Landesmann et al. (2017) investigated the behaviour of short-to-intermediate 
slender pin-ended cold-formed steel equal-leg angle columns [11]. Nineteen 
columns with 1.55 mm nominal thickness, different leg widths (50 mm, 60 mm, 
70 mm, 80 mm and 90 mm) and lengths ranging from 500 mm to 1200 mm 
were considered. The specimens were made of ZAR-345 mild steel. ANSYS 
software with shell elements SHELL181 was used for numerical investigation. 
Amplitude L/1000 was used for numerical investigations of non-critical 
minor-axis flexural components. The experimental and FEA results were 
compared to results from a DSM-based design approach. The authors also 
presented a modification factor for the DSM-based design approach.  

Beside effects of initial imperfections and residual stress on cold-formed 
members were analysed in the publications [4-11]. Load-carrying capacity and 
material strength at corner also are significant differences in design of 
hot-rolled and cold-formed members. Yu (2000) indicated that load-carrying 
capacity of cold formed steel members are limited by buckling stress that are 
usually less than yield stress of the steel material [12]. Unlike hot-rolled 
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members, material strength in corners of cold-formed steel members 
significantly increase by manufacturing process. Ma et al. (2015) specified that 
0.2% proof stresses in the corner part with 90° bends increased by up to 34% 
with effect of cold forming [13]. 

This paper describes experimental and numerical investigations of the 
resistance of cold-formed high strength steel angles for polygonal cross 
sections with different side number in application for wind turbine tubular 
towers. Thirty-six specimens with different cold-formed angles (90°, 100°, 
120°, 140°, 160°, and 170°) and different thicknesses (4 mm and 6 mm) were 
studied. The initial geometric imperfections of the specimens were determined 
using the 3D laser scanning method. The magnitudes of initial geometric 
imperfections for torsional and torsional-flexural buckling and flexural 
buckling analyses were proposed. The commercial finite element analysis 
(FEA) programme ABAQUS [14] with shell elements S4R were used for finite 
element analyses. The influence of yield strength on the FEA was considered 
with different proof stresses (0.2%, 0.01%, and 0.006%). The experimental 
results were compared to FEA results. Furthermore, influence of cold-formed 
angle on non-dimensional slenderness ( � ) and reduction factor ( � ) curves of 
the 4 mm thick columns with 90° and 120° cold-formed angles was analysed. 
 
2.  Experimental investigation 
 
2.1. Test specimens 
 

In order to investigate the influence of cold-formed angles on the angle 
resistance, an experimental programme was carried out. Thirty-six angle 
columns with different thicknesses (4 mm and 6 mm) were studied. The 
columns were divided into six categories with different cold-formed angles P1 
(90°), P2 (100°), P3 (120°), P4 (140°), P5 (160°) and P6 (170°). The width of 
equal-leg angle (h) of the specimens was 60 mm. Compression tests were 
carried out on the thirty-six specimens. Figures 1 and 2 show the typical angle 
specimens with different cold-formed angles. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Typical angle specimens with different cold-formed angles 

 

 

Fig. 2 4 mm thick specimens with different cold-formed angles 

 
The thicknesses and lengths of the specimens were measured with digital 

callipers. Each dimension was measured three times. The average values of 
the measured dimensions and the areas of the cross sections for the specimens 
are given in Tables 1 and 2. The specimens are labelled as follows: Angle {P1; 
P2; P3; P4; P5; P6} - Thickness {4 mm; 6 mm} - Test number in the test 
series {S1; S2; S3}. 
 
 
 
 
 
 
 

Table 1 
Average measured dimensions of the 4 mm thick specimens 

Specimen Angle 
Thickness Length Area 

(mm) (mm) (mm²) 

P1-4-S1 90° 3.96 593 446 

P1-4-S2 90° 4.02 594 453 

P1-4-S3 90° 4.02 593 453 

P2-4-S1 100° 3.97 590 454 

P2-4-S2 100° 4.01 593 459 

P2-4-S3 100° 3.94 593 451 

P3-4-S1 120° 4.04 591 472 

P3-4-S2 120° 4.03 590 471 

P3-4-S3 120° 4.02 591 470 

P4-4-S1 140° 3.98 593 471 

P4-4-S2 140° 4.01 592 475 

P4-4-S3 140° 4.02 589 476 

P5-4-S1 160° 3.95 591 471 

P5-4-S2 160° 4.02 593 479 

P5-4-S3 160° 4.04 594 482 

P6-4-S1 170° 4.04 592 483 

P6-4-S2 170° 3.98 590 476 

P6-4-S3 170° 3.96 591 474 

 
Table 2 
Average measured dimensions of the 6 mm thick specimens 

Specimen Angle 
Thickness Length Area 

(mm) (mm) (mm²) 

P1-6-S1 90° 6.01 591 654 

P1-6-S2 90° 6.03 593 656 

P1-6-S3 90° 6.01 594 654 

P2-6-S1 100° 5.96 589 665 

P2-6-S2 100° 6.01 591 671 

P2-6-S3 100° 6.01 592 671 

P3-6-S1 120° 6.03 591 695 

P3-6-S2 120° 5.92 590 682 

P3-6-S3 120° 5.96 590 687 

P4-6-S1 140° 6.00 591 704 

P4-6-S2 140° 5.96 589 700 

P4-6-S3 140° 5.92 593 695 

P5-6-S1 160° 6.01 590 715 

P5-6-S2 160° 5.95 592 708 

P5-6-S3 160° 5.93 594 706 

P6-6-S1 170° 6.05 590 723 

P6-6-S2 170° 6.03 590 721 

P6-6-S3 170° 5.94 591 710 
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2.2. Test set-up and instruments 
 

A Dartec compression machine with a capacity of 600 kN was used for the 
compression tests. Fig. 3 shows a typical set-up for the compression tests. Two 
steel blocks were attached to the compression machine in order to create flat 
surfaces. The load was applied at the top of the specimen. Displacement control 
was used for the compression tests. Boundary conditions of the specimens were 
considered as a clamped support (all translations and rotations were restrained) 
at the bottom and at the top (all degrees of freedom were fixed except the 
displacement in the direction of the applied load). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3 Set-up for the compression tests 

 
Four LVDTs (linear variable displacement transducers) were used to 

measure the displacement. Three LVDTs were attached to the machine to 
measure displacement between the two steel blocks, with the other directly 
attached to the specimen, see Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Positions of LVDTs 

 
2.3. Experimental results 
 

Tables 3 and 4 present the ultimate loads and end shortenings of the 4 mm 
and 6 mm thick specimens, respectively. The cold-formed angle significantly 
affected both ultimate loads and end shortenings of the specimens. The average 
ultimate loads of the 4 mm and 6 mm thick specimens with 90° cold-formed 
angles were 194 kN and 445 kN, respectively. However, the average ultimate 
loads of the 4 mm and 6 mm thick specimens with 170° cold-formed angles 
were just 31 kN and 72 kN, respectively. The average ultimate loads of the 4 
mm and 6 mm thick specimens decreased by approximately 84%. The end 
shortening values also decreased with increasing cold-formed angles from 90° 
to 170°. The average end-shortenings of the 4 mm and 6 mm thick specimens 
reduced by 87% and 85%, respectively. The average end shortenings of the 4 
mm and 6 mm thick specimens with a cold-formed angle of 170° were 0.25 mm 
and 0.35 mm, respectively. 
 
Table 3 
Ultimate loads and end shortenings of the 4 mm thick specimens 

Specimen Angle 
Length Area Ultimate load End shortening 

(mm) (mm²) (kN) (mm) 

P1-4-S1 90° 593 446 195 2.06 

P1-4-S2 90° 594 453 191 1.87 

P1-4-S3 90° 593 453 195 2.03 

P2-4-S1 100° 590 454 195 1.94 

P2-4-S2 100° 593 459 199 1.93 

P2-4-S3 100° 593 451 207 1.96 

P3-4-S1 120° 591 472 203 1.85 

P3-4-S2 120° 590 471 200 1.80 

P3-4-S3 120° 591 470 198 1.72 

P4-4-S1 140° 593 471 194 1.32 

P4-4-S2 140° 592 475 194 1.42 

P4-4-S3 140° 589 476 187 1.25 

P5-4-S1 160° 591 471 81 0.58 

P5-4-S2 160° 593 479 80 0.59 

P5-4-S3 160° 594 482 79 0.58 

P6-4-S1 170° 592 483 28 0.24 

P6-4-S2 170° 590 476 33 0.26 

P6-4-S3 170° 591 474 31 0.26 

 
Table 4 
Ultimate loads and end shortenings of the 6 mm thick specimens 

Specimen Angle 
Length Area Ultimate load End shortening 

(mm) (mm²) (kN) (mm) 

P1-6-S1 90° 591 654 443 2.35 

P1-6-S2 90° 593 656 446 2.43 

P1-6-S3 90° 594 654 445 2.37 

P2-6-S1 100° 589 665 446 2.22 

P2-6-S2 100° 591 671 466 2.41 

P2-6-S3 100° 592 671 451 2.35 

P3-6-S1 120° 591 695 450 2.02 

P3-6-S2 120° 590 682 440 1.95 

P3-6-S3 120° 590 687 442 2.02 

P4-6-S1 140° 591 704 369 1.73 

P4-6-S2 140° 589 700 389 1.85 

P4-6-S3 140° 593 695 339 1.65 

P5-6-S1 160° 590 715 147 0.78 

P5-6-S2 160° 592 708 141 0.72 

P5-6-S3 160° 594 706 147 0.77 

P6-6-S1 170° 590 723 70 0.33 

P6-6-S2 170° 590 721 73 0.33 

P6-6-S3 170° 591 710 72 0.38 

 

Fig. 5 shows the typical deformations of the specimens with cold-formed 
angles 90°, 120°, and 170° during the tests. Fig. 6 gives typical failure modes 
of the 4 mm specimens with different cold-formed angles 90°, 100°, 120°, 
140°, 160°, and 170°. Cold-formed angles significantly affected buckling 
behaviour of the specimens. Flexural-torsional buckling occurred in the 
specimens with cold-formed angles of 90°, 100°, 120°, and 140°. Flexural 
buckling occurred in the specimens with cold-formed angles of 160° and 
170°. 
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Fig. 5 Typical deformations of the specimens P1 (90°), P3 (120°) and P6 (170°) 

 

 

Fig. 6 Typical failure modes of the 4 mm thick specimens P1 (90°), P2 (100°), P3 (120°), 

P4 (140°) P5 (160°) and P6 (170°) 

 
3.  Numerical investigation 
 
3.1. Numerical model 
 

The commercial finite element analysis (FEA) programme ABAQUS [14] 
was used to simulate the columns with different cold-formed angles under 
axial compression load. It should be emphasised that the thicknesses of the 4 
mm and 6 mm specimens are approximately 0.67% and 1% of their lengths, 
respectively. In ABAQUS, there are several types of shell elements available 
[15]. Shell elements S4R (shell elements with four nodes, quadrilateral, 
reduced numerical integration and a large-strain formulation) were used in this 
study. Fig. 7 shows a typical FE mesh used for the numerical models. The 
sizes of shell elements on each side of the columns were approximately 2 mm. 
The curves at the corner parts were seeded with 8 elements.   
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Typical mesh of the numerical models 

 
 
 

Fig. 8 shows the typical boundary conditions used for the numerical 
models. Numerical models with pined and fixed supports were performed and 
compared with test results. FEA results from the numerical model with fixed 
support had good match with test results in terms of load-displacement curve, 
ultimate load and failure mode. Therefore, numerical models with fixed 
support were used in this study. A clamped support (all translations and 
rotations were restrained) was applied at the bottom and at the top, and all 
degrees of freedom were fixed except the displacement in the direction of the 
applied load. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Typical boundary conditions used for the numerical models 

 
In EN 1993-1-3 [3], influence of cold forming is considered with 

assumption of increasing yield stress of whole cross sections (corner part and 
flat part as well) by an average yield stress. In this study, the cold-formed 
angle specimens were produced by press braking method. In this method, 
plastic deformation appears in corners of the specimens. It leads to increasing 
material strength in comparison with original material. An experimental 
programme using tensile coupon tests was carried out to investigate the 
mechanical properties of the high strength steel material S650 at the corner 
and flat parts. In this study, material strengths in corner part and flat part are 
considered separately. 

Key parameters such as yield stress ( y� ), tensile stress ( u� ), and yield 
strain ( y� ) and tensile strain ( u� ) of the material at the corner and flat parts 
are shown in Tables 5, 6 and 7. The following nomenclature was adopted for 
the specimens: Angle of coupon specimen {C1(90°), C2(100°), C3(120°), 
C4(140°), C5(160°) and F(flat)} - Thickness {4 mm and 6 mm}-Test number 
in the test series {S1; S2; S3}. In some cases, the failure sections occurred 
outside the gauge lengths and, hence, those values (C5-4, C4-6, C1-4-S2, 
C4-4-S1 and C5-6-S1) were not recorded. 
 
Table 5 
Key material properties determined from tensile tests of flat coupon 
specimens 

Specimen Angle 
y�  

(N/mm²) 

y�  

(%) 

u�  

(N/mm²) 

u�  

(%) 

F-4-S1 180° 762 0.60 802 10.6 

F-4-S2 180° 763 0.60 807 8.6 

F-4-S3 180° 762 0.60 806 8.5 

F-6-S1 180° 801 0.40 845 5.7 

F-6-S2 180° 793 0.40 843 6.0 

F-6-S3 180° 791 0.40 843 5.9 

 
 
 
 
 
 
 



Anh Tuan Tran et al. 246 

 

Table 6 
Key material properties determined from tensile tests of 4 mm thick coupon 
specimens 

Specimen Angle 
y�  

(N/mm²) 

y�  

(%) 

u�  

(N/mm²) 

u�  

(%) 

C1-4-S1 90° 889 0.62 929 1.18 

C1-4-S2 90° - - - - 

C1-4-S3 90° 925 0.64 951 1.24 

C2-4-S1 100° 932 0.64 948 1.02 

C2-4-S2 100° 927 0.64 948 1.12 

C2-4-S3 100° 914 0.64 944 1.16 

C3-4-S1 120° 837 0.60 895 1.25 

C3-4-S2 120° 865 0.61 917 1.17 

C3-4-S3 120° 859 0.61 898 1.15 

C4-4-S1 140° - - - - 

C4-4-S2 140° 839 0.60 876 1.51 

C4-4-S3 140° 831 0.60 859 1.07 

 
Table 7 
Key material properties determined from tensile tests of 6 mm thick coupon 
specimens 

Specimen Angle 
y�  

(N/mm²) 

y�  

(%) 

u�  

(N/mm²) 

u�  

(%) 

C1-6-S1 90° 782 0.57 896 1.50 

C1-6-S2 90° 830 0.60 923 1.46 

C1-6-S3 90° 874 0.62 896 1.22 

C2-6-S1 100° 843 0.60 898 1.37 

C2-6-S2 100° 861 0.61 893 1.31 

C2-6-S3 100° 853 0.61 890 1.37 

C3-6-S1 120° 878 0.62 916 1.33 

C3-6-S2 120° 883 0.62 917 1.32 

C3-6-S3 120° 845 0.60 905 1.69 

C5-6-S1 160° - - - - 

C5-6-S2 160° 778 0.57 867 1.67 

C5-6-S3 160° 826 0.59 881 1.34 

 
Multi-linear constitutive model was used to model the material properties, 

Fig. 9. In the commercial finite element analysis (FEA) programme ABAQUS, 
the engineering stress-strain relationships need to be converted into the form 
of true stress and true plastic strains using Eq. (1) and (2) [15]: 

 
                                                            (1) 
 
 
                                        (2) 
                                                                                                                                             
                                                                                                                                             
 where: true� is true stress, eng� is engineering stress, ,true p� is true plastic strain, 
and eng� is engineering strain. 

Residual stress in cold-formed steel plain angle columns was studied by E. 
Ellobody and B. Young [6]. The authors specified that ultimate load and 
shortening of the columns with and without residual stress are almost identical. 
Therefore, residual stress was not considered in this study. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Material model 

 

3.2. Initial geometric imperfections 
 

Initial geometric imperfections significantly affect the resistance of the 
specimens. Therefore, the geometric imperfections of the specimens were 
determined before testing. There are several methods to determine initial 
geometric imperfections of specimens. B. W. Schafer et al. [16] used a milling 
machine, a direct current differential transformer (DCDT) and a computer to 
measure the initial geometric imperfections of eleven specimens. This method 
was also used to determine the geometric imperfections of S460NH and 
S690QH specimens by J. Wang et al. [17]. A theodolite with micrometer 
plates was used to measure the geometric imperfections at the tips of the legs 
and at the corners of thirty cold-formed angles [4]. B. Young used two 
theodolites to obtain the geometric imperfections at the mid-length and near 
both ends of nineteen cold-formed steel plain angle columns [5]. E. Ellobody 
and B. Young used a coordinate measuring machine to measure the geometric 
imperfections at the middle and quarter length of their specimens [6]. Tran et 
al. used a 3D laser scanning method to measure the geometric imperfections 
of thirty-two cold-formed circular and polygonal specimens with and without 
openings [18]. In this study, the 3D laser scanning method was also used to 
measure the initial geometric imperfections of the thirty-six cold-formed 
angles. Fig. 10 shows the initial geometric imperfections of the P4-4-S2 
specimen. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Initial geometric imperfections of the P4-4-S2 specimen 

In order to determine geometric imperfections of the specimens, 
approximately 4100 points on the surface of each specimen were considered. 
The biggest geometric imperfection amplitudes of the specimens at the sides 
( te ) and at the middle ( le ) of angles are given in Tables 8 and 9. Direction of   

te  and le  are perpendicular to side surface and vertical direction of 
specimen respectively. 
 
 
 
 
 

(1 )true eng eng� � �� �

, ln(1 ) true
true p eng E
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Table 8 
Initial geometric imperfections of the 4 mm thick specimens 

Specimen Angle 
Thickness Length Max imperfection amplitude 

(mm) (mm) te  (mm) le  (mm) 

P1-4-S1 90° 3.96 593 0.76 0.64 

P1-4-S2 90° 4.02 594 0.90 0.61 

P1-4-S3 90° 4.02 593 0.60 0.50 

P2-4-S1 100° 3.97 590 0.67 0.58 

P2-4-S2 100° 4.01 593 0.93 0.70 

P2-4-S3 100° 3.94 593 0.96 0.76 

P3-4-S1 120° 4.04 591 0.60 0.53 

P3-4-S2 120° 4.03 590 0.71 0.71 

P3-4-S3 120° 4.02 591 0.70 0.63 

P4-4-S1 140° 3.98 593 0.80 0.80 

P4-4-S2 140° 4.01 592 0.72 0.72 

P4-4-S3 140° 4.02 589 0.71 0.69 

P5-4-S1 160° 3.95 591 0.80 0.79 

P5-4-S2 160° 4.02 593 0.81 0.78 

P5-4-S3 160° 4.04 594 0.90 0.88 

P6-4-S1 170° 4.04 592 0.70 0.67 

P6-4-S2 170° 3.98 590 0.59 0.51 

P6-4-S3 170° 3.96 591 0.74 0.65 

Mean    0.76 0.67 

Standard deviation   0.11 0.11 

 
Table 9 
Initial geometric imperfections of the 6 mm thick specimens 

Specimen Angle 
Thickness Length Max imperfection amplitude 

(mm) (mm) te (mm) le (mm) 

P1-6-S1 90° 6.01 591 1.04 0.94 

P1-6-S2 90° 6.03 593 1.11 0.80 

P1-6-S3 90° 6.01 594 1.04 0.72 

P2-6-S1 100° 5.96 589 1.17 0.83 

P2-6-S2 100° 6.01 591 1.25 0.82 

P2-6-S3 100° 6.01 592 0.62 0.87 

P3-6-S1 120° 6.03 591 0.90 0.69 

P3-6-S2 120° 5.92 590 1.01 0.65 

P3-6-S3 120° 5.96 590 0.89 0.62 

P4-6-S1 140° 6.00 591 0.75 0.73 

P4-6-S2 140° 5.96 589 0.94 0.71 

P4-6-S3 140° 5.92 593 0.70 0.82 

P5-6-S1 160° 6.01 590 0.61 0.74 

P5-6-S2 160° 5.95 592 0.78 0.84 

P5-6-S3 160° 5.93 594 0.71 0.51 

P6-6-S1 170° 6.05 590 0.72 0.65 

P6-6-S2 170° 6.03 590 1.14 0.60 

P6-6-S3 170° 5.94 591 1.04 0.91 

Mean    0.91 0.75 

Standard deviation   0.20 0.12 

 
According to EN 1993-1-5 [19], in relation to local buckling of a panel or 

subpanel with a short span a or b, the magnitude of the equivalent geometric 
imperfections is the lower value of a/200 and b/200. In respect of flexural 
buckling, according to EN 1993-1-1 [20], the magnitudes of initial 
imperfections for elastic analysis and plastic analysis are L/200 and L/150 
respectively (buckling curve c). The magnitudes of initial geometric 

imperfections have been described in several papers. The average geometric 
imperfections of 30 cold-formed angles at the tips of the legs and at the 
corners were L/1305 and L/2310, respectively [4]. The authors also specified 
that the geometric imperfections at the tips were much higher than at the 
corners. F. Yang et al. used L/750 at the middle of cold-formed angles for the 
initial overall geometric imperfection [7]. E. Mesacasa Jr et al. used geometric 
imperfection amplitude L/1000 at middle height of thin-walled equal-leg 
angle columns in FEA for flexural-torsional buckling and flexural buckling 
analyses [27]. According to EN 1090-2:2008+A1:2011, the permitted 
deviation 	 of cold-formed profiled sheets should be / 50b	
� (b is the 
nominal width) [25].  It should be emphasised that the width of the equal-leg 
angle (h) of the specimens was 60 mm. Therefore, the maximum imperfection 
amplitudes of our specimens were within the recommendation according to 
EN 1090-2:2008+A1:2011. 

In attempt to determine geometric imperfections for cold-formed angle 
specimens, collected data on geometric imperfections of thirty-six specimens 
were performed. Fig. 11 shows the ratios between the maximum geometric 
imperfection magnitude at the sides of the angles and the thicknesses of the 
specimens, as a percentage. Fig. 12 shows the ratios between the lengths and 
the maximum geometric imperfection magnitude at the middle of the 
specimens. Average values of the ratios are determined and also presented in 
Figs 11 and 12. The magnitude of initial geometric imperfections for local and 
torsional/torsional-flexural buckling and flexural buckling analyses of 
cold-formed angle specimens are proposed as 17% t and L/855 respectively, 
where L and t are the length and thickness of the specimen, respectively. It 
emphasized that the specimens in this study were provided by Ruukki 
Company in Finland. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Ratio of percentage between maximum initial geometric imperfection at sides and 
thickness of each specimen 

 

 
Fig. 12 Ratio between maximum initial geometric imperfection at the middle and length 

of each specimen 
 
3.3. Influence of yield strength on the FEA 
 

Proof stress significantly affects the resistance of finite element analysis 
(FEA) models [21]. According to EN 1993-1-6, if the behaviour between stress 
and strain is nonlinear, the yield strength should be taken as 0.2% proof stress 
[22]. However, N.S. Ottosen and M. Ristinmaa specified that offset strains used 
in most scientific experimental investigations are much smaller than 0.2% [23]. 
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D. Rees recommended that offset strains are in the range from 0.001% to 0.01% 
[24]. In this study, 0.2%, 0.01% and 0.006% proof stresses were used to 
investigate the influence of proof stress on the resistance of the FEA models. 
The specimens studied had different thicknesses (4 mm and 6 mm) and 
different cold-formed angles (90°, 100°, 120°, and 140°). Resistance values 
from the FEA were compared to corresponding results from the experiments, 
see Table 10. Mean values and standard deviation values are also shown in this 

table. Mean values of resistance ratios between experimental and FEA results 
with 0.2%, 0.01%, and 0.006% proof stresses were 0.91, 0.99, and 1.06, 
respectively. The difference in average between the experimental and FEA 
results with 0.01% proof stress was just 1%. Therefore, 0.01% proof stress was 
used in this study. 
 

 
Table 10 
Initial geometric imperfections of the 6 mm thick specimens 

Specimen Angle 

Ultimate load (kN)    

Experiment FEA     

Ptest P0.2 P0.01 P0.006 Ptest/P0.2 Ptest/P0.01 Ptest/P0.006 

P1-4-S1 90° 195 211 196 191 0.93 1.00 1.02 

P1-6-S3 90° 445 489 423 375 0.91 1.05 1.19 

P2-4-S2 100° 199 214 200 194 0.93 0.99 1.02 

P2-6-S1 100° 446 498 448 411 0.89 0.99 1.08 

P3-4-S2 120° 200 217 201 194 0.92 1.00 1.03 

P3-6-S1 120° 450 522 467 426 0.86 0.96 1.06 

P4-4-S2 140° 194 213 203 196 0.91 0.96 0.99 

Mean          0.91 0.99  1.06 

Standard deviation    0.02 0.03 0.06 

 
3.4. Finite element model validation 
 

Resistance comparisons of the specimens with different thicknesses and 
different cold-formed angles between the experimental and FEA results are 
presented in Table 10. It should be noted that materials of corner part and flat 
part in the numerical models were modelled separately based on tensile coupon 
tests. Therefore, FEA results of some cold-formed angles are not presented in 
Table 11 because of lacking data from the tensile coupon tests. The mean and 
standard deviation values were 1.01 and 0.04, respectively. The difference in 
average between the experimental and FEA results was just 1%. The good 
agreement between ultimate loads derived from the FEA and experimental 

results validate the simulations. It should be noticed that different materials 
were used for the different parts (flat and corner parts) and the initial geometric 
imperfections of the specimens were determined using the 3D laser scanning 
method described in section 3.2. Experimental and numerical 
load-displacement curves for the 4 mm thick specimen with 90° cold-formed 
angle and 120° cold-formed angle are presented in Figs 13 and 14 respectively. 
They show good agreement in terms of shapes and ultimate loads. Figs 15 and 
16 show the deformation and failure mode of the 4 mm thick specimen with 100° 
cold-formed angle, respectively. The experimental results matched those from 
the FEA well. 
 

 
Table 11 
Comparisons between experimental and FEA results 

Specimen Angle 
Thickness Length  Ultimate load (kN)  

(mm) (mm) 
 

FEA (PFEA) Experiment (Ptest) PFEA/Ptest 

P1-4-S1 90° 3.96 593  196 195 1.00 

P1-4-S2 90° 4.02 594  197 191 1.03 

P1-4-S3 90° 4.02 593  197 195 1.01 

P2-4-S1 100° 3.97 590  200 195 1.03 

P2-4-S2 100° 4.01 593  200 199 1.01 

P2-4-S3 100° 3.94 593  200 207 0.97 

P3-4-S1 120° 4.04 591  200 203 0.99 

P3-4-S2 120° 4.03 590  201 200 1.01 

P3-4-S3 120° 4.02 591  201 198 1.01 

P4-4-S1 140° 3.98 593  202 194 1.04 

P4-4-S2 140° 4.01 592  203 194 1.04 

P4-4-S3 140° 4.02 589  203 187 1.08 

P1-6-S1 90° 6.01 591  423 443 0.95 

P1-6-S2 90° 6.03 593  421 446 0.94 

P1-6-S3 90° 6.01 594  423 445 0.95 

P2-6-S1 100° 5.96 589  448 446 1.01 

P2-6-S2 100° 6.01 591  445 466 0.96 

P2-6-S3 100° 6.01 592  462 451 1.02 

P3-6-S1 120° 6.03 591  467 450 1.04 

P3-6-S2 120° 5.92 590  463 440 1.05 
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P3-6-S3 120° 5.96 590  467 442 1.06 

Mean       1.01 

Standard deviation      0.04 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13 Load-displacement curves obtained from the FEA and test results for 4 mm thick 
specimens with 90° cold-formed angle 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14 Load-displacement curves obtained from the FEA and test results for 4 mm thick 
specimens with 120° cold-formed angle 

 
 

 

 

 
Fig. 15 Deformation of the 4 mm thick specimen with 100° cold-formed angle (FEA and 

experimental results) 
 
 
 
 
 
 
 

 

    

 
Fig. 16 Failure mode of the 4 mm thick specimen with 100° cold-formed angle 

(experimental and FEA results) 
 
4.  Parametric study 
 

Behaviour of angle columns with various lengths were numerically 
investigated and presented in [26-27]. Dinis et al [26] and Mesacasa Jr. et al 
[27] used the commercial finite element analysis (FEA) programmes 
ABAQUS and ANSYS with shell elements for their studies respectively. 
Dinis et al [26] used cross section L70x70x1.2 mm3 and Mesacasa Jr. et al [27] 
used cross section L70x70x2.0 mm3 for the columns. It is worth to mention 
that class of the cross-sections is 4.   

The authors specified that behaviours of short-to-intermediate and 
intermediate-to-long columns are flexural-torsional buckling and pure flexural 
buckling, respectively and ‘transition length’ between the two buckling 
behaviours. In the transition length, behaviour of the columns is coupling 
between two global buckling (flexural-torsional buckling and pure flexural 
buckling). Ultimate strengths of the columns significantly grow as the length 
reaches the transition value [27]. It notes that transition value is the coincident 
flexural-torsional and flexural critical buckling load. 

In this work, the commercial finite element analysis (FEA) programmes 
ABAQUS [14] used to determine critical loads of the column with various 
lengths. Fig. 17 shows relationship between critical loads and column lengths 
of the cross section L60x60x4 mm3. The curve presented by Mesacasa Jr. et 
al in [27] is also showed in this figure. It notes that F and P in the curve from 
Mesacasa Jr. et al are fixed and pined boundary conditions respectively. The 
curves of the L70x70x2 mm3 columns and L60x60x4 mm3 columns with 90° 
cold-formed angle show good match in term of shape and trend. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17 Critical load and column length curve of the 4 mm thick column with 90° 
cold-formed angle 

 
After FE models validated in section 3.4, a series of FE models were 

developed to investigate relationships between non-dimensional slenderness 
( � ) and reduction factor ( � ) curves of the columns with 90° and 120° 
cold-formed angles. Cross-section dimensions of the columns were fixed with 
4 mm thickness and 60 mm width of equal-leg angle. Slenderness of the 
columns was determined by changing length of the columns. Material in 
corner part and flat part of the columns were modelled separately based on 
tensile coupon tests. Initial geometric imperfections of the columns were used 
as 17% of thickness and 1/855 of length of the columns for torsional-flexural 
buckling behaviour and flexural buckling behaviour respectively. Boundary 
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conditions of the columns were a clamped support (all translations and 
rotations were restrained) at the bottom and at the top (all degrees of freedom 
fixed except the displacement in the direction of the applied load). 
The reduction factor was calculated as follows: 
 

(3)                                                            
                                                                                                                       
where ultN  is the ultimate load determined by experiment or from FEA, and 

yN is determined using the following equation: 
                                                                                                                               

(4) 
 
where cornerA , effA  are the areas of the corner part and the effective area of 
the flat part, respectively, ,y cornerf  and ,y flatf  are the yield strengths of the 
corner part and the flat part, respectively. It should be noted that the class of 
the specimens is 4. According to EN 1993-1-5 [19], a gross cross-sectional 
area for a class 4 cross section is reduced to an effective area of a compression 
zone. The effective area is determined by Eq. (5). 
 

   (5) 
                                                                                                                       
where �  is the reduction factor for plate buckling, and gA  is the gross 
cross-sectional area. The reduction factor for the plate buckling is determined 
as follows:  
 
                     for                                     (6)            

 
                                                                       

                     for                         (7) 
                                                                              
 
where:                                                       (8)                                                                             
 
 
and h is the width of the equal-leg angle, t is the thickness, k�  is the 
buckling factor, and 
 
                                        (9) 
 
 
The non-dimensional slenderness �  is obtained from the following 
equation: 
 
 
                                       (10) 
                                  
                                                         
where crN  is the elastic critical force for flexural buckling and 
torsional-flexural buckling. 
 

Fig. 18 presented relationship between the non-dimensional slenderness 
and reduction factor curves of the 4 mm thick columns with 90° and 120° 
cold-formed angles. The figure also shows results tested by Popovic et al [4] 
and test results of the P1 and P3 columns with approximately 600 mm length. 
Popovic et al [4] tested columns with L50x50x2.5 mm3 cross-section under 
compression. The material properties in corner and flat part and compression 
test results of the L50x50x2.5 mm3 columns presented in Tables 12 and 13 
respectively. The test results agree well to the FEA results. 
 
Table 12 
Tensile coupon test results from Popovic et al [4] 

Section Material 
y staticf  

(MPa) 
y staticf  

(MPa) 

E 
(MPa) 

ue  
(%) 

L50x50x2.5 Corner 568 618 200516 10 

L50x50x2.5 Flat 396 475 208318 23 

 
Table 13 
Compression test results* from Popovic et al [4] 

Section* Sample length L 
(mm)* 

Ultimate load testN  
(kN)* 

Reduction factor 
test

y

N
N

  

L50x50x2.5 550 54.0 0.85 

L50x50x2.5 970 41.5 0.65 

L50x50x2.5 1379 37.0 0.58 

L50x50x2.5 1747 31.3 0.49 

L50x50x2.5 2199 26.4 0.41 

L50x50x2.5 2598 22.3 0.35 

 
Characteristic comparison between the 120° and 90° cross-sections is 

presented in Table 14. The torsion constant, warping constant and second 
moment of area for major axis of the 120° cross-section are 4%, 12% and 57% 
higher than 90° cross-section respectively. It is worth to note that, in this work, 
slenderness of the columns was determined by changing length of the columns. 
The column length decrease (non-dimensional slenderness decrease) causes 
increasing effect of cross section characteristic (for the major axis) on the 
flexural-torsional buckling. It leads the reduction factor of 120° cross-section 
column is higher than 90° cross-section column as the non-dimensional 
slenderness decreases. 
 
Table 14 
Characteristic comparison between 90° and 120° cross-sections 
Characteristic of cross section Cross section 

P3 (120°) 
Cross section 

P1 (90°) 3

1

P
P

 

Torsion constant ( tI  mm4) 2426 2328 1.04 

Warping constant ( wI  mm6) 691070 618780 1.12 

Second moment of area for major axis  
( yI  mm4) 

407680 260350 1.57 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18 Non-dimensional slenderness and reduction factor curves of the 4 mm thick 
columns with 90° and 120° cold-formed angles 

 
5.  Conclusions 
 

The resistance of the thirty-six specimens with different thicknesses (4 
mm and 6 mm) and different cold-formed angles (90°, 100°, 120°, 140°, 160°, 
and 170°) was investigated experimentally. Numerical models were developed 
and calibrated against the experimental results. Based on experimental and 
FEA results, the following conclusions are suggested: 

- The resistance of the specimens significantly decreases by 84% with 
increasing cold-formed angles from 90° to 170°. 

- The initial geometric imperfections of the thirty-six specimens are 
investigated using the 3D laser scanning method. Magnitudes of the initial 
geometric imperfection for torsional and torsional-flexural buckling and 
flexural buckling analyses are proposed 17% b and L/855 respectively. 

- The influence of 0.2%, 0.01%, and 0.006% proof stresses on the 
resistances in FEA are considered. The differences between experimental and 
FEA results corresponding to 0.2%, 0.01% and 0.006% proof stresses are 9%, 
1%, and 6% respectively. 

- Relationships between non-dimensional slenderness ( � ) and reduction 
factor ( � ) of the 4 mm thick columns with 90° and 120° cold-formed angles 
were analysed and presented. 
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This paper presents results from experiments performed on cold-formed high strength steel circular and polyg-
onal sections. The test specimens were conceived to provide necessary information for development of tubular
towers for wind turbines. A total of 32 high strength steel specimens were tested under uniaxial compression.
Various thicknesses, openings and geometric imperfections were studied. Sixteen specimens without opening
and sixteen specimens with opening were tested under axial compression in order to investigate influences of
opening on the resistances. Tensile tests of coupon specimens taken from flat part, circular part and corner
part were used to investigate basic properties of high strength steel material S650 and to evaluate influence of
corner on the material strength and ductility. Initial geometric imperfections of the specimens were determined
by using a 3D laser scanning method. The coupon test results were used to calibrate the ductile damagematerial
models for modelling of fracture. Results from the experiments are fully described in this paper.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

High strength steel (HSS) is applied inmany types of steel structures
such as bridge structures and roof structures of stadiums [1–3] and
shows potential for being used in support structures for wind turbines.
The use of HSS can significantly reduce the width to thickness ratio of
the cross-sections leading to thinner, lighter structures and more cost
effective fabrication. There are many studies focusing on application of
HSSwith differentwelded sections [4–8]. Rasmussen and Hancock test-
ed 13 boxes and I-section columns under compression. These speci-
mens were fabricated from high strength steel S650. Results from the
test programme were compared with Australian, American, British
and Eurocode 3 specifications [4]. Yang-Bo Wang et al. [5] studied be-
haviour of HSS H-section columns with different column slenderness
and various width-thickness ratios under compression. The H-section
columns have been fabricated from steel plates with nominal thick-
nesses of 21 mm and 11 mm. High strength steel S460 has been used
in this study. The test results were compared with Eurocode 3 and GB
50017-2003 [5]. Results from the experimental investigation of overall
buckling behaviour of S460 steel columns were presented in [6]. In
this study, totally twelve welded box and I-section were considered.
Material used is high strength steel S460. The authors presented a
new column curve with 0.254 imperfection factor. Gang Shi et al. inves-
tigated local buckling of high strength steel S460 welded section stub
columns under axial compression in [7]. The results specified that

design methods overestimate the ultimate stress of the local buckling
of the box-section members. Huiyong Ban et al. described six pin-
ended S960 steel columns under axial compression in [8]. All column
specimens were failed by overall flexural buckling and buckling
strengths of most specimens were higher than the corresponding de-
sign curve for normal strength steel. Studies of HSS application on cold
formed sectionswere presented in [9–11]. Nicole Schillo et al. [9] tested
25 high strength steel stub columns under compression tests from
which, 14 were cold-formed stub columns. The high strength steel ma-
terials S500, S700 and S960 were used for the cold-formed stub col-
umns. Investigations of basic material strengths of flat parts and
corner parts were also presented [9]. Jia-LinMa et al. [10] studiedmate-
rial characterization of cold form high strength steel hollow sections
through tensile coupon tests. The coupon specimens at corner parts,
flat parts and circular parts were machined from cold formed rectangu-
lar, square and circular hollow sections. Distributions of stresses around
the sections were presented. Hualin Fan et al. [11] used 18Mn2CrMoBA
steel material with nominal yield strength of about 745MPa to 800MPa
for four high strength thin-walled box-section stub columns. The stub
columns were fabricated from two cold-formed channel section mem-
bers welded together. Compression tests of the four stub columns
were performed. However, in this study, influences of the corner onma-
terial strength were disregarded.

Experiments on real scale towers or its components are not feasible.
Therefore, down scale experiments are cost effective choice in order to
predict behaviour of wind turbine towers. Dimopoulos and Gantes pre-
sented results from an experimental and numerical study on buckling of
wind turbine tower in [12]. In their study the authors focused on the
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buckling behaviour of the tower with opening and stiffening subjected
to bending. Six test specimens were splitted into three segments.
Segment 1 and segment 3 were used for all tests. Segment 2 was
replaced for each test by 6 specimens: two without opening, two with
opening and two with reinforced openings. However, in these studies,
only circular cross sectionswith normal strength steel were considered.
The authors specified that strength of the specimen with opening

reduces about 24% in comparison with the specimen without opening.
Olga et al. [13] investigated the 12 polygonal downscale specimens for
wind turbine. Polygonal specimens with 6 mm thickness and 8 mm
thickness and 400 mm length and 900 mm length were tested in
compression. Results from the tests shown that yield strength of
1100 bended areas increases 29% in comparison with the flat part.
Dimopoulos et al. [12] used materials with 272 MPa, 269 MPa and

Fig. 1. Cross sections of the a) 4 mm circular tower segment; b) 4 mm polygonal tower segment.

Fig. 2. Cross sections of the a) 6 mm circular tower segment; b) 6 mm polygonal tower segment.

Fig. 3. a) Circular specimen without opening, b) polygonal specimen without opening.

Fig. 4. a) Circular specimen with opening, b) polygonal specimen with opening.
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270MPa yield strengths and Olga et al. [13] used S355 steel grade for
the specimens.

To get better understanding of the resistance of cold formed high
strength steel sections, experimental investigations are performed on
high strength material S650, which are presented in this paper. The
study focuses on investigation of an appropriate technique for measur-
ing geometric imperfections and on the compressive resistance of circu-
lar and polygonal cross sections. Tensile coupon tests are machined

from the circular part of circular cross-section and from the flat and cor-
ner parts of the polygonal cross-section. The tensile coupon tests are
performed in order to investigate properties of high strength steel ma-
terial S650 and influence of corner on thematerial strength as well. Ini-
tial geometric imperfections are determined by the 3D laser scanning
method. Resistance of the circular and polygonal cross sections and in-
fluence of opening on the resistance aswell are analysed. Both load–dis-
placement curve as well as failure modes of the specimens also are
presented in this paper. In addition, results of coupon tests are used to
calibrate the ductile damage material models for modelling fracture.

2. Test specimens

A total number of 32 downscale specimens are tested. The speci-
mens are manufactured in scale 1:9.75 and 1:6.5 of a possible wind tur-
bine tower. The diameter and thickness ratio of all the downscale
specimens are kept at 103.56. The diameters of the 4 mm and 6 mm

Fig. 5. Side view of specimen.

Fig. 6. Opening of polygonal specimen: a) front view, b) side view.

Fig. 7. a) Circular specimens without and with opening, b) polygonal specimens without
and with opening.

Table 1
Average measured dimensions of specimens without opening.

Specimen Ls (mm) tp (mm) ts (mm) hs (mm) W (mm)

Cir-4-1000-1 992 4.0 10.1 100.0 306.2
Cir-4-1000-2 994 4.0 10.0 100.0 306.0
Cir-4-1000-3 996 4.0 10.0 99.9 306.5
Cir-4-1000-4 995 4.0 10.0 99.9 307.0
Cir-6-1000-1 994 6.1 10.0 99.9 450.6
Cir-6-1000-2 992 6.0 10.0 99.9 452.2
Cir-6-1000-3 990 6.0 10.0 100.0 451.6
Cir-6-1000-4 990 6.1 10.0 100.0 451.8
Pol-4-1000-1 993 4.0 10.0 100.0 303.9
Pol-4-1000-2 994 4.0 10.0 100.0 304.1
Pol-4-1000-3 994 4.0 10.0 99.9 304.1
Pol-4-1000-4 995 4.0 10.0 99.9 304.9
Pol-6-1000-1 992 6.0 10.0 100.0 453.1
Pol-6-1000-2 992 6.0 10.0 100.0 453.5
Pol-6-1000-3 991 6.0 10.0 100.0 452.6
Pol-6-1000-4 989 5.9 10.0 100.1 452.8

Table 2
Average measured dimensions of specimens with opening.

Specimen Opening Ls (mm) tp (mm) ts (mm) hs (mm) W (mm)

Cir-D-4-1 x 993 4.0 10.1 100.0 307.0
Cir-D-4-2 x 992 4.0 10.0 99.9 307.3
Cir-D-4-3 x 996 4.0 10.0 99.9 306.8
Cir-D-4-4 x 993 4.0 10.0 100.0 306.8
Cir-D-6-1 x 989 6.0 10.0 100.0 451.6
Cir-D-6-2 x 993 6.0 10.0 100.0 451.5
Cir-D-6-3 x 991 6.0 10.1 99.9 452.3
Cir-D-6-4 x 994 6.1 10.0 99.9 452.5
Pol-D-4-1 x 996 4.0 10.0 100.0 303.5
Pol-D-4-2 x 996 4.0 10.0 100.0 305.0
Pol-D-4-3 x 993 4.0 10.0 100.0 304.2
Pol-D-4-4 x 995 4.0 10.0 100.1 305.8
Pol-D-6-1 x 991 5.9 10.0 100.1 453.6
Pol-D-6-2 x 994 6.1 10.0 100.0 453.5
Pol-D-6-3 x 988 6.0 10.0 100.0 452.3
Pol-D-6-4 x 992 6.0 10.0 100.0 452.1
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thickness circular specimens are 414 mm and 621 mm respectively. In
order to define sections of the polygonal specimens, the circles with
the same diameter as the circular specimens are divided into 16 sided
polygonal sections [14]. Figs. 1 and 2 illustrate the circular and polygo-
nal cross sections of the 4 mm and 6 mm tower segments respectively.

These 32 specimens are arranged in four equal sized sets: polygonal
cross section with and without opening, circular cross section with and
without opening. Figs. 3 and 4 show the specimen cross-sections re-
spectively without and with opening. Fig. 5 illustrates the side view of
the specimens.

Fig. 6 illustrates the stiffener around openings of the 6mmpolygonal
specimen with opening. The shape of the opening consists of two half
ellipses at the two endings and rectangular part in themiddle. Thickness
of the opening stiffener is 1.5 times the plate. The stiffener is welded to
the plate by fillet welding. The size of filletweld is 3mmon both sides of
the plate.

The specimens are manufactured by cold forming. The polygonal
and circular cross sections are made from high strength steel plates
with two different plate thicknesses, 4 mm and 6 mm. Fig. 7 shows
the 4mm circular and polygonal specimenswith andwithout openings.

Inner radii of 4 mm and 6 mm specimens are 203 mm and 305 mm
respectively. Angles of the polygonal specimens are 158°.

Accurate measurements of the cross section dimensions are per-
formed. The thickness of the steel plate tp, thickness of the stiffener ts,
and height of the stiffener hs are measured accurately by a digital calli-
per. Each dimension is measured three times. The average measured
dimensions of the specimens are presented in Tables 1 and 2. Length
of the specimen Ls and width of the specimen W are also reported in
Tables 1 and 2. The specimens are labelled as follows: cross section
{circular (Cir); polygonal (Pol)}-thickness {4 mm and 6 mm}-specimen
length (1000 mm)-test number in the test series {S1; S2; S3}.

3. Material properties

3.1. Coupon specimens

An experimental programme is planned to investigate material
properties of the specimens. A total of 18 coupon specimens for tensile

Fig. 8. Positions of coupon specimens: a) circular part, b) flat part and corner part.

Fig. 9. Typical dimensions of coupon specimens.

Fig. 10. Cross section of corner coupon specimens.

Table 3
Dimensions of cross section of 4 mm thick coupon specimens.

Specimen B1 (mm) B2 (mm) t (mm) A (mm2)

C-F-4-S1 10.9 10.9 4.1 44.6
C-F-4-S2 10.6 10.6 4.1 43.2
C-F-4-S3 10.8 10.8 4.1 44.4
C-P-4-S1 9.5 11.1 4.1 42.4
C-P-4-S2 9.0 10.6 4.1 40.4
C-P-4-S3 9.6 11.1 4.1 42.7
C-C-4-S1 9.9 10.1 4.1 40.8
C-C-4-S2 10.0 10.2 4.1 41.3
C-C-4-S3 10.0 10.1 4.1 41.2

Table 4
Dimensions of cross section of 6 mm thick coupon specimens.

Specimen B1 (mm) B2 (mm) t (mm) A (mm2)

C-F-6-S1 11.1 11.1 6.01 66.7
C-F-6-S2 11.1 11.1 6.00 66.4
C-F-6-S3 11.0 11.0 6.01 66.1
C-P-6-S1 10.3 12.2 5.96 67.0
C-P-6-S2 10.3 12.2 5.98 67.3
C-P-6-S3 10.3 12.3 5.98 67.4
C-C-6-S1 11.0 11.1 5.97 66.0
C-C-6-S2 11.0 11.0 5.97 65.6
C-C-6-S3 11.0 11.1 5.96 65.7
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tests are machined from flat parts, corner parts and circular parts of the
specimens. The positions of coupon specimens are shown in Fig. 8.

It should be stressed that the specimens are manufactured by press
breaking. Therefore, the material strength between different parts of
the specimen is different. It leads to nonlinear material behaviour of
the specimens.

In order to avoid effects of heating, water cutting is used. Machining
of coupon specimens is carried out in two steps. First, two side surfaces
of coupon specimens are cut off perpendicularly. Secondly, the slopes of
side surfaces are machined coincidently to radius of the corresponding
curve. Center line of corner coupon specimens coincidedwith the center
line of the corresponding corner. This machining technique avoids con-
centrated stress at corners of the coupon specimens. It also reflects cor-
rectly the distribution of stress over cross section of the coupon
specimens.

General dimensions of coupon specimens are shown in Fig. 9. Both
ends of the coupon specimens are flattened in order to help gripping
of specimens during the tests. Lengths Lf of the flattened parts are
designed so that flattening does not affect themiddle part of the coupon
specimens. Middle part is considered with 1447 mm radius in order to
initiate the failure section in the middle of the coupon specimens. The
coupon specimens are dimensioned and tested in accordance with EN

10002-1 [15]. Lt is the total length of the coupon specimen. Original
gauge length (L0) is equal to 5:65

ffiffiffiffiffi
S0

p
(S0 is the area of cross section).

A digital calliper is used to accurately measure dimensions of the
width and the thickness of the coupon specimens.

The description of circular and corner cross sections is presented in
Fig. 10. R1 and R2 are the inner and outer radii respectively. B1 and B2
are the width of the inner and outer curves respectively; t is the thick-
ness of cross section. The dimensions are also measured by a digital
calliper device with 0.01 mm of precision.

The average measured dimensions and cross-sectional area of the
coupon specimens with 4 mm and 6 mm thicknesses are presented in
Tables 3 and 4. The coupon specimens are named in format: coupon
specimen {C}-position {flatten (F); corner (P); circular (C)}-thickness
{4 mm and 6 mm}-test number in the test series {S1; S2; S3}.

Fig. 11. a) Tensile machine, b) set-up for tensile tests.

Table 5
Key material properties for tensile tests of 4 mm thick coupon specimens.

Specimen σ0.2% (N/mm2) ε0.2% (%) σu (N/mm2) εu (%) εf (%)

C-F-4-S1 762 0.6 802 10.6 19.2
C-F-4-S2 763 0.6 807 8.6 19.1
C-F-4-S3 762 0.6 806 8.5 19.0
C-P-4-S1 768 0.4 853 3.2 14.1
C-P-4-S2 806 0.6 851 2.9 13.5
C-P-4-S3 806 0.6 851 3.6 14.9
C-C-4-S1 675 0.5 830 7.7 19.3
C-C-4-S2 417 0.4 837 7.2 17.1
C-C-4-S3 780 0.6 834 7.3 20.1

Table 6
Key material properties for tensile tests of 6 mm thick coupon specimens.

Specimen σ0.2% (N/mm2) ε0.2% (%) σu (N/mm2) εu (%) εf (%)

C-F-6-S1 801 0.4 845 5.7 14.4
C-F-6-S2 793 0.4 843 6.0 14.8
C-F-6-S3 791 0.4 843 5.9 14.9
C-P-6-S1 904 0.6 941 1.4 10.4
C-P-6-S2 881 0.6 935 1.3 10.7
C-P-6-S3 899 0.6 940 1.4 10.6
C-C-6-S1 632 0.3 830 5.8 16.1
C-C-6-S2 617 0.3 831 6.0 15.9
C-C-6-S3 617 0.3 834 6.4 16.3

Fig. 13. Ratio between ultimate strain and yield strain.

Fig. 12. Ratio between ultimate tensile strength and yield strength.
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3.2. Coupon tests

Ultimate loads from coupon tests were estimated before the tests,
based on nominal yield strength of the material and the area of cross
section. Two tensile testing machines are used for the coupon tests.
Dartec machines (Fig. 11) with maximum capacities of 100 kN and
250 kN are used for the 4 mm and 6 mm thick coupon specimens
respectively. The coupon tests are carried out at laboratory temperature
and displacement of the coupon specimens aremeasuredwith a 25mm
length gauge allowing 12.5 mm clearance in elongation.

The tests are performed in displacement control. According to the EN
10002-1 [15] recommendations, the rate of separation of the crossheads
of the machine should be kept constantly within stress rate limits of 6–
60 MPa/s for material with modulus of elasticity above 150,000 MPa.
Therefore, displacement rate range of the material with modulus of
elasticity above 210,000 MPa and a 25 mm gauge length is 0.0007–
0.007 mm/s. The EN 10002-1 [15] also recommends that strain rate
should not exceed 0.25% strain/s for plastic range up to the proof
strength. Maximum limit of strain rate for tensile strength is 0.8%
strain/s. Therefore, uniform crosshead displacement used for the tensile
tests is 0.01 mm/s.

Results of the tensile tests are summarized in Tables 5 and 6, which
show the key parameters: proof stress σ0.2, ultimate tensile stress σu

and respective strain obtained from the stress–strain curve.
The cold forming process significantly affects material strength. Av-

erage tensile strengths at corner parts of the coupon specimens with
4 mm and 6 mm thicknesses are 852 MPa and 939 MPa respectively.

Average tensile strengths at flat parts of the coupon specimens with
4 mm and 6 mm thicknesses just reach 805 MPa and 844 MPa respec-
tively. Whereas, strain corresponding to the tensile strengths of the
4 mm and 6 mm coupon specimens at the corner parts is higher 5.8%
and 11.3% than at the flat parts, respectively.

According to EN 1993-1-1 [16] nominal values for steel grades up to
S460, the ratio between specifiedminimumultimate tensile strength σu

and specified minimum yield strength σy should be greater than 1.10,
the elongation at failure is not less than 15% and the ultimate strain is
greater than 15 times the yield strain. For steel grades between S460
and S700 are shown in EN 1993-1-12 [17]. The ratio between specified
minimumultimate tensile strength σu and the specifiedminimum yield
strength σy is greater than 1.05 and elongation at failure is not less than
10%. Comparison between tensile test results and EN 1993-1-1 [16] and
EN 1993-1-12 [17] is presented in Figs. 12 to 14. There are only some re-
sults of the circular coupon tensile tests fulfilling EN 1993-1-12 [17] re-
quirements. Most results of the tensile tests do not accomplish with the
EN 1993 specifications.

According to EN 1993-1-3 [20], the cold forming causes increasing
the yield strength of material. The average yield strength is determined
as follows:

f ya ¼ f yb þ f u− f yb
� � knt2

Ag
ð1Þ

where fyb is the basic yield strength, fu is the tensile strength, Ag is the
gross section, k is a numerical coefficient, n is the number of 90 bends

Fig. 14. Elongation at failure.

Fig. 15. Curve of tensile tests of 6 mm thick specimens.

Fig. 16. Numerical models of a) flat coupon specimen and b) corner coupon specimen.

Table 7
Input data of ductile damage models.

Flat coupon test Corner coupon test

Initial gauge length l0 50 mm 50 mm
Average necking zone length lloc 7 mm 7 mm
Localization rate factor αL 0.35 0.6
Damage eccentricity factor αD 1.7 1.7
Finite element size LE 1.5 mm 1.5 mm
Finite element size factor λS 0.81 0.81
Element type factor λE 2.5 2.5
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in the cross section, and t is the design core thickness of the steel mate-
rial before cold forming. Average yield strengths of the 4mm and 6mm
cross sections are 768 MPa and 805 MPa respectively. These average

yield strengths are smaller 3.2% and 10% than the yield strengths in
the corners from the 4 mm and 6 mm coupon tests respectively.

Engineering stress–strain relationship of the 6 mm coupon speci-
mens at flat part and corner part is presented in Fig. 15. Influence of
corner on the material strength is considerable. The tensile strength at
the corner part reaches 938.5 MPa. It is about 10% greater than the

Fig. 17. Critical damage of a) flat coupon specimen and b) corner coupon specimen.

Fig. 18. Comparison between tensile test and FEA results of flat coupon specimen.

Fig. 19. Comparison between tensile test and FEA results of corner coupon specimen.
Fig. 20. Preparation of specimens for scanning tests: a) specimen without opening,
b) specimen with opening.
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tensile strength in the flat part. Both corner part and flat part strains at
fracture are higher than 10%.

3.3. Calibration

The parameters of the ductile damage material model are a damage
initiation criterion and a damage evolution response. The onset of dam-
age is defined by thedamage initiation criterion and it depends on stress
triaxiality. It is equivalent plastic corresponding to ultimate tensile

strength. The relation between the equivalent plastic strain εpl0 and the
tri-axial stress θ is addressed in [26–28]. In this study, the equation pre-
sented in Pavlovic et al. [28] is used:

εpl0 θð Þ ¼ εpln � exp −1:5 � θ−1=3ð Þ½ � ð2Þ

in which, εpl0 is the equivalent plastic strain at the onset of damage, εnpl is
the uniaxial true plastic strain at onset of necking, and θ is the stress
triaxiality. After the necking point, the damage evolution law used
describes the rate of stiffness degradation. In Abaqus, damage variable
is a scalar Di used in the damage evolution law and is defined as follows
[28]:

Di ¼ 1−σ i=σ ið ÞαD;n≤ i≤r
1; i ¼ f

�
ð3Þ

in which, n is at necking point, r is at ‘rapture’ point, f is at fracture point,
αD is the damage eccentricity constant 1.7, σi is the true stress and σ i is
the true stress assumingperfect plastic behaviour. The scalarDi depends
on the equivalent plastic displacement (mm).

The tensile tests of the 6 mm flat and corner coupon specimens are
calibrated by ductile damage material models in Abaqus [29]. The
numeric models of the 6 mm flat and corner coupon specimens are
presented in Fig. 16. Symmetry boundary conditions were used to
reduce the model size. Solid elements with reduced integration
(C3D8R) are used. The size of the elements is 1.5 mm. Parameters
used as input data of the ductile damage models are presented in
Table 7.

Fig. 17 shows distribution of Von Mises stresses at critical damage
step for the 6 mm flat and corner coupon specimens. This step is just
before the total damage step (fracture point).Widths of the cross sections
reduce significantly by approximately 30%.

Figs. 18 and 19 present good match between experimental and FE
analyses results for the 6 mm flat and corner coupon specimens

respectively. The engineering strain at the fracture using FEA differs
from the corner coupon specimen just 0.3%, Fig. 17.

4. Initial geometric imperfections

Initial geometric imperfections are rather important variable in the
analyses of steel members in compression. According to EN 1995-1-3
[18] concerning plated structural elements, themagnitude of geometric
imperfections of a panel or a subpanel with short span a or b is themin-
imum value between a/200 and b/200. According to EN 1993-1-6 [19]
concerning design verification of shell structures, the characteristic im-
perfection amplitude is defined as follows:

Δwk ¼
1
Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r
t
�

r
t ð4Þ

where: t is the thickness, r is the radius and Q is the meridional com-
pression fabrication quality parameter. Obviously, the geometric
imperfections given by the standard do not reflect accurate geomet-
ric imperfections of the specimens. These nominal geometric imper-
fection amplitudes are applied to all different specimens with the
same dimension. In fact, the different specimens have significantly
different geometric imperfections. More importantly, geometric
imperfections of particular areas of the specimens are not able to
be defined by these recommendations.

Fig. 21. 3D laser scanner.

Table 8
Geometrical imperfections amplitude of 4 mm specimens.

Specimen
Scanning method Eurocode 3

Max amplitude (mm) Min amplitude (mm) Amplitude (mm)

Cir-4-1000-1 1.2 −2.6 0.7
Cir-4-1000-2 0.8 −2.4 0.7
Cir-4-1000-3 0.7 −3.3 0.7
Cir-4-1000-4 0.8 −3.0 0.7
Cir-D-4-1 2.9 −3.0 0.7
Cir-D-4-2 4.7 −2.6 0.7
Cir-D-4-3 4.3 −2.9 0.7
Cir-D-4-4 2.0 −3.3 0.7
Pol-4-1000-1 2.8 −1.4 0.4
Pol-4-1000-2 3.3 −1.1 0.4
Pol-4-1000-3 4.7 −3.1 0.4
Pol-4-1000-4 3.2 −2.0 0.4
Pol-D-4-1 4.4 −2.3 0.4
Pol-D-4-2 4.3 −2.1 0.4
Pol-D-4-3 4.3 −2.5 0.4
Pol-D-4-4 4.1 −2.3 0.4

Table 9
Geometrical imperfections amplitude of 6 mm specimens.

Specimen
Scanning method Eurocode 3

Max amplitude (mm) Min amplitude (mm) Amplitude (mm)

Cir-6-1000-1 1.0 −3.0 1.1
Cir-6-1000-2 1.6 −2.4 1.1
Cir-6-1000-3 4.2 −2.4 1.1
Cir-6-1000-4 1.8 −1.5 1.1
Cir-D-6-1 2.5 −2.5 1.1
Cir-D-6-2 2.3 −4.2 1.1
Cir-D-6-3 5.7 −4.0 1.1
Cir-D-6-4 2.5 −2.8 1.1
Pol-6-1000-1 4.8 −2.1 0.6
Pol-6-1000-2 4.7 −4.9 0.6
Pol-6-1000-3 2.3 −2.7 0.6
Pol-6-1000-4 2.3 −2.0 0.6
Pol-D-6-1 2.0 −2.1 0.6
Pol-D-6-2 2.9 −2.1 0.6
Pol-D-6-3 2.4 −2.6 0.6
Pol-D-6-4 3.3 −1.9 0.6
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At Lueå University of Technology, various methods have been used
to accurately measure initial geometric imperfections. The common
method is using low voltage displacement transducers (LVDTs) to mea-
sure discrete points of specimens. This method is presented in previous
studies [21–23]. Othermethod using 3D laser handy scanner is present-
ed in [24]. It is the non-contact method and it can scan the geometric
imperfections of uneven surfaces with unlimited sizes. The initial geo-
metric imperfections of all the 32 specimens are recorded by using 3D
laser scanner.

4.1. Specimen preparation

The surfaces of the 32 specimens are prepared by painting grey
colour and gluing target discrete spots. The painting helped to prevent
reflection of laser light to the scanning device. Distances between the
target points of the specimens are kept around 5 cm with exception of
the regions around opening where the distance between the target
points is smaller. Fig. 20 shows preparation of the specimen without
and with opening.

Fig. 22. Geometric imperfection distributions of: a) circular specimen without opening, b) polygonal specimen without opening, c) circular specimen with opening, and d) polygonal
specimen with opening.

Fig. 23. Set-up of compression tests.

Fig. 24. Positions of LVDTs.
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4.2. Measurement

Fig. 21 illustrates the VIU Handy-scan 3D equipment used for scan-
ning. Firstly, the prepared specimen is scanned with a coordinate sys-
tem frame. The software Vxelements created a coordinate system for
the specimen. Secondly, the coordinate system frame is removed. Third-
ly, the laser scanner ismoved over the surface of the specimen. The right
distance between specimen and the equipment is controlled by indicat-
ed signals in the equipment and on the monitor as well. The two laser
lines catch target points and create the representation of the specimen's
surface.

4.3. Experimental results

Tables 8 and 9 present the geometric imperfection amplitudes of the
4 mm and 6 mm thickness specimens respectively. Scanning geometric
imperfection amplitudes of the specimens are in general higher than the
amplitudes according to EN 1993-1-5 [18] and EN 1993-1-6 [19]. In
comparison to the maximum scanning results, amplitudes according
to Eurocode just equal 15.3% and 8.6% of the 4 mm circular specimens
and the 4 mm polygonal specimens respectively. For the 6 mm circular
specimens and the 6 mm polygonal specimens, these percentages are
slightly higher reaching 19% and 12.4% respectively. Measured geomet-
ric imperfections of the specimens in the same group are significantly
different. The maximum differences in the same group of the 4 mm
circular specimens with opening and the 6 mm polygonal specimens
without opening are 56.5% and 59.2% respectively. Differences between
themaximum amplitudes andminimum amplitudes in the same group
are also considerable. They equal to 9.7 mm and 7.8 mm for the 6 mm
circular specimens group and the 4 mm polygonal specimens group
respectively.

Graphical visualization of the measured geometric imperfections is
implemented using GOM Inspect software [25]. Fig. 22 shows the geo-
metric imperfections distribution of the 6 mm specimens. The geometric
imperfections disperse over the surfaces of the specimens. The positive
imperfections spread on the top and on the left of the circular specimen
without opening. Negative imperfections of the polygonal specimen
without opening occur on the right top. The circular specimen has nega-
tive imperfections on the right handside region of the opening. Geometric
imperfections of the specimens are used as input data for simulating
numeric models.

5. Compression tests

5.1. Set-up of compression tests

A total of 32 circular andpolygonal specimenswith andwithout open-
ing are tested in order to investigate resistance of the circular and polyg-
onal cross section and influences of the openings on the resistances. An
Instron machine shown in Fig. 23 with a capacity of 4500 kN is used for
all the compression tests. Since the heights of the specimens are approx-
imately 1000 mm, the height of the Instron system frame had to be
extended by steel blocks.

It must be emphasized that the material of the specimens is high
strength steel S650. Therefore, in order to avoid thrust of the specimens
in the steel blocks, two high strength protection steel plates Ramor 500

Fig. 25. Checking centre line of specimen.

Table 10
Ultimate load and end shortening of specimens without openings.

Specimen
Ls tp Ultimate load End shortening

(mm) (mm) (kN) (mm)

Cir-4-1000-1 992 4.0 2115 4.9
Cir-4-1000-2 994 4.0 2103 4.7
Cir-4-1000-3 996 4.0 2098 4.8
Cir-4-1000-4 995 4.0 2124 4.7
Cir-6-1000-1 994 6.1 3259 5.8
Cir-6-1000-2 992 6.0 3254 5.3
Cir-6-1000-3 990 6.0 3238 5.3
Cir-6-1000-4 990 6.1 3250 5.3
Pol-4-1000-1 993 4.0 2102 4.1
Pol-4-1000-2 994 4.0 2092 3.9
Pol-4-1000-3 994 4.0 2081 4.1
Pol-4-1000-4 995 4.0 2097 4.0
Pol-6-1000-1 992 6.0 3268 6.0
Pol-6-1000-2 992 6.0 3282 5.8
Pol-6-1000-3 991 6.0 3270 5.5
Pol-6-1000-4 989 6.0 3288 5.6

Table 11
Ultimate load and end shortening of specimens with openings.

Specimen
Ls tp Ultimate load End shortening

(mm) (mm) (kN) (mm)

Cir-D-4-1 993 4.0 1636 5.3
Cir-D-4-2 992 4.0 1613 5.5
Cir-D-4-3 996 4.0 1634 5.2
Cir-D-4-4 993 4.0 1640 5.4
Cir-D-6-1 989 6.0 2485 4.3
Cir-D-6-2 993 6.0 2488 3.5
Cir-D-6-3 991 6.0 2443 3.3
Cir-D-6-4 994 6.1 2495 3.5
Pol-D-4-1 996 4.0 1668 5.7
Pol-D-4-2 996 4.0 1640 5.4
Pol-D-4-3 993 4.0 1653 5.2
Pol-D-4-4 995 4.0 1651 4.9
Pol-D-6-1 991 5.9 2465 4.3
Pol-D-6-2 994 6.1 2432 3.3
Pol-D-6-3 988 6.0 2402 3.4
Pol-D-6-4 992 6.0 2425 3.3
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are inserted between specimens and steel blocks at the top and bottom.
The yield strength of the steel plate Ramor 500 is 1450 MPa.

Four Linear Variable Displacement Transducers (LVDTs) are used to
measure the vertical displacement. Two LVDTs are attached to the steel
blocks LVDT1 and LVDT2 to measure the displacement between the
steel blocks. Two LVDT3 and LVDT4 are attached to the specimens.
Fig. 24 shows arrangement of the displacement sensors.

Before the tests, centre lines of the specimens are checked using
laser equipment. Centroid of the specimen is adjusted to be coincident
with the centre of applied load. Fig. 25 shows set-up of the laser equip-
ment. This check can avoid additional moments on the specimens dur-
ing the tests due to eccentricity.

5.2. Experimental results and discussions

Tables 10 and 11 present ultimate loads and end shortenings of the
specimens without openings and with openings respectively. Ultimate
loads of the specimens in the same group are quite similar. Minimum
and maximum differences between the ultimate loads are 0.6% and
2.5% respectively. However, there are big differences between end
shortenings in the specimens with openings groups. Themaximum dif-
ferences between the 6 mm circular specimens with openings and
6 mm polygonal specimens with openings are 23.5% and 22.8%.

The openings significantly affect ultimate loads of the specimens.
The ultimate loads of the 4 mm circular and polygonal specimens

Fig. 26. Load–displacement curves of 4 mm circular specimens a) without and b) with openings.

Fig. 27. Load–displacement curves of 4 mm polygonal specimens a) without and b) with openings.

Fig. 28. Load–displacement curves of 6 mm circular specimens a) without and b) with openings.
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without openings are higher 22.7% and 21.0% than the 4 mm circular
and polygonal specimens with opening respectively. For the 6 mm
thickness specimens, these percentages are even higher reaching
23.8% and 28.8% for the circular and polygonal specimens in comparison
to the circular and polygonal specimens with opening respectively. Re-
lations between loads and displacements of the specimens are present-
ed in Figs. 26 to 29.

Fig. 30 shows failure modes of the 4 mm specimens. For the circular
and polygonal specimens without opening, local buckling occurs both
on the top and bottom of the specimens. The openings significantly af-
fect failure modes of the specimens. The local buckling of the circular
and polygonal specimens with openings occurs around openings.
Asymmetrical and significant different failure modes between the spec-
imens prove considerable influence of geometric imperfections.

6. Conclusions

An experimental programme on a total of the 32 specimens, includ-
ing 4mmand 6mmcircular and polygonal specimenswith andwithout

openings, are described. The results from 18 tensile coupon tests and 32
scanning tests for geometric imperfection survey are also presented.
Based on the experimental results following conclusions are drawn:

– The cold forming influences on strength of the high strength steel
material S650. Tensile strengths of 4 mm and 6 mm cross sections
in the corner parts with 158° angles are higher 6% and 11% than at
flat parts respectively.

– Average yield strengths of 4 mm and 6 mm cross sections according
to EN 1993-1-3 are smaller than the yield strengths in the corner
parts with 158° angles are 3% and 10% respectively.

– Geometric imperfection amplitudes according to Eurocode 3 are
smaller than the results from the 3D laser scanning tests and just
about 19% of maximum amplitudes.

– The openings considerably affect resistances of the circular and po-
lygonal cross sections. The resistances of the 4mmcircular specimen
without opening and 4 mm polygonal specimen without opening
are higher 23% and 21% than the 4mmcircular specimenwith open-
ing and 4 mm polygonal specimen with opening respectively. The
resistances of the 6 mm circular specimen without opening and

Fig. 30. Failure modes: a) circular specimens without opening, b) polygonal specimen without opening, c) circular specimen with opening, and d) polygonal specimen with opening.

Fig. 29. Load–displacement curves of 6 mm polygonal specimens a) without and b) with openings.
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6 mm polygonal specimen without opening are higher 24% and 29%
than the 6mm circular specimenwith opening and 6mmpolygonal
specimenwith opening respectively. It also proves that influences of
thicknesses on the resistances are significant.

– Geometric imperfections significantly influence on the failuremodes
of the specimens. Geometric imperfections result to asymmetric
local buckling shapes of the specimens. For the specimens without
openings, local buckling occurs on the top and the bottom of the
specimens. For the specimens with openings, local buckling occurs
around openings.
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This paper is the second part of the study on the cold-formed high strength steel circular and polygonal sections
intended to be used in tubularwind towers. Results from32numericalfinite element analysis (FEA)modelswere
comparedwith and calibrated against results of the tests on 32 corresponding specimens. The FEA results agreed
well with the experimental results in terms of resistances and load-displacement curves. Further investigations
on the numericalmodelswere performed. Yield stress used in the FEA significantly affected the resistances of the
numerical models. Using 0.2% proof stress leaded to higher resistance than the experimental results. Corners sig-
nificantly influenced buckling behaviour in the polygonal section models. Analyses of an oval opening in the tu-
bular specimens showed that peak stresses around the opening were considerably higher in the polygonal
section models than in the circular section models. Finally, investigation of sensitivity to geometrical imperfec-
tions indicated that failure modes of numerical models with geometrical imperfections according to EC3 signifi-
cantly differed from those of tested specimens and numerical models with geometrical imperfections obtained
from the 3D scans.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Finite element analysis (FEA) is particularly useful for studying
structural behaviours. It is widely used to investigate structures' behav-
iours and extend understanding obtained from test results.
Baniotopoulos et al. have used Strand7 software and STATIK-3 software
to investigate the behaviour of a prototype 1 MW 44 m high wind tur-
bine tower in Laconia, Greece [1]. The diameters at the base and top of
this prototype are approximately 3.3 m and 2.1 m, respectively, and
wall thicknesses vary from 18 mm at the bottom to 10 mm at the top.

The tower structure was investigated under gravity, seismic and
wind loadings. The cited authors presented stress distributions and de-
sign recommendations for the tower. FEA has also been used to study
design issues associated with use of square cross-sections in wind tur-
bine towers instead of circular cross-sections in [2], under dynamic
and static fatigue loads, and load cases according to IEC 61400-1
(2015) [3]. Maximum and Von Mises stress distributions in the square
cross-sections have been presented. Lee et al. have used FEA to predict
the lateral buckling load of a 45 m high wind turbine tower [4]. The
FEA resultswere comparedwith data obtained froma 600 kWwind tur-
bine that collapsed in JeJu, Korea, in 2010.

Cold-formed and high strength steel structures have been extensive-
ly studied by numerical models using the finite elementmethod (FEM).
Notably, Abaqus software has been used for two-step numerical simula-
tion of the buckling behaviour of high strength steel cold-formed pur-
lins [5], involving elastic analysis to obtain buckling modes, and then
nonlinear Riks analysis with introduction of geometric imperfections.
FE results have been compared to the test results. FE simulations of
the behaviour of axially compressed high strength steel (S460) columns
with H-sections have also been compared with results from tests on six
specimens (particularly the ultimate strengths obtained), and a para-
metric analysis of 72 numerical models has been applied to develop
buckling design curves for such columns [6]. The behaviour of cold-
formed steel perforated sections in compression has been examined in
comparative numerical FE and experimental investigations of 16 stub
columns, and the sensitivity to various geometrical imperfections in
the numerical models has been examined [7]. The local buckling analy-
ses of 460 MPa high strength steel welded section stub columns using
the FE program ANSYS (considering four box section members and
nine I-section members under axial compression) have been published
[8]. The results have showed good agreement with experimental data.
Parametric analyses with 13 square box specimens and 33 I-section
specimens have been also performed in the same study, then results
from the experiments and parametric analysis have been compared to
recommendations in three design codes: GB 50017-2003 [9], AISC
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360-10 [10] and Eurocode 3 [11]. The cited authors have concluded that
using design codes for theflanges of I-sectionmembers lead to underes-
timation of the ultimate stress.

In the study presented here numerical investigations were per-
formed on 32 cold-formed high strength steel circular and polygonal
sections tested under compression in [12], using Abaqus [13]. First,
FE models were constructed and calibrated against the experimental
results. Then we examined the significant influence of yield strength
on resistances of the numerical models, effects of the polygonal
cross-sections' folding zones on their buckling behaviour, and be-
haviours of openings in the circular and polygonal section models.
Finally, sensitivity to geometrical imperfections in the numerical
models was analysed by introducing geometrical imperfections ac-
cording to EC 3 and real geometrical imperfections obtained from
3D scans of the specimens.

2. Finite element model

2.1. Finite element type and mesh

The 32 specimens have circular or polygonal cross-sections, they are
4 or 6 mm thick, and are either entire or have oval openings, as previ-
ously described in detail [12]. The thicknesses of the 4 mm and 6 mm
specimens are approximately 0.4% and 0.6% of their lengths, respective-
ly, and in both cases approximately 1.4% of their widths. Therefore, use
of shell elements is suitable for the numerical models. Several types of
shell elements are available in the commercial FEA program Abaqus
[13]. The one used here is S4R, a shell element with four nodes and re-
duced numerical integrationwhich is suitable andwidely used for buck-
ling and Riks analyses.

Fig. 1 presents typical FE meshes of the circular and polygonal nu-
merical models with and without openings. The numerical models

Fig. 1.Mesh of numerical model of: a) circular section without opening; b) circular section with opening; c) polygonal section without opening and d) polygonal section with opening.

Fig. 2. Boundary conditions.

Table 1
Comparison between FEA and test results for 4 mm specimens.

Specimen

Geometry of
specimen Ultimate load (kN)

tp Width FEA Experiment Ratio

(mm) (mm) Pult,FEA Pult,test Pult,FEA/Pult,test

Cir-4-1000-1 4.01 306.2 2195 2115 1.04
Cir-4-1000-2 4.01 306.0 2189 2103 1.04
Cir-4-1000-3 4.03 306.5 2201 2098 1.05
Cir-4-1000-4 4.01 307.0 2168 2124 1.02
Cir-D-4-1 3.98 307.0 1547 1636 0.95
Cir-D-4-2 4.01 307.3 1542 1613 0.96
Cir-D-4-3 4.03 306.8 1543 1634 0.94
Cir-D-4-4 3.99 306.8 1543 1640 0.94
Pol-4-1000-1 4.00 303.9 2090 2102 0.99
Pol-4-1000-2 4.00 304.1 2017 2092 0.96
Pol-4-1000-3 4.02 304.1 2017 2081 0.97
Pol-4-1000-4 4.01 304.9 2094 2097 1.00
Pol-D-4-1 3.97 303.5 1647 1668 0.99
Pol-D-4-2 3.99 305.0 1660 1640 1.01
Pol-D-4-3 4.00 304.2 1665 1653 1.01
Pol-D-4-4 4.01 305.8 1667 1651 1.01
Mean 0.99
COV 0.04
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were meshed according to the real geometric imperfections previously
obtained and described [12]. Gom Inspect [14] andMatlab [15] software
packages were used to analyse the geometric imperfections, then the
values obtained were transferred to the Abaqus models through trans-
ferred nodes. Virtually unlimited numbers of nodes can be obtained
from the scans, so the combination of transferrednodes and elastic anal-
ysis was used to limit the number and save computing time. For the
4 mm and 6 mm numerical models without openings, 735 and 1029
transferred nodes were used, respectively, falling to 680 and 910
nodes, respectively, when openings were presented.

2.2. Boundary conditions

In order to investigate the resistance buckling of the specimens,
compression loads were applied to their cross-section surfaces during
the tests. Both ends of the specimens remained flat after the tests, im-
plying that no additional moment was created during the compression
tests. Therefore, boundary conditions of the numerical models were as
follows: clamped support at the bottom, i.e. all translations and rota-
tions were restrained, and at the top cross all translations and rotations
were restrained except the direction of applied load (Fig. 2).

2.3. Material properties

The material behaviour was defined according to results of tensile
tests presented in [12], with variations for areas by corners, circular
and flat parts of the models. The engineering stress-strain relationships
obtained from the tensile testswere converted into the true stresses and
the true plastic strains using the following equations [13]:

σ true ¼ σ eng 1þ εeng
� � ð1Þ

Table 2
Comparison between FEA and test results for 6 mm specimens.

Specimen

Geometry of
specimen Ultimate load (kN)

tp Width FEA Experiment Ratio

(mm) (mm) Pult,FEA Pult,test Pult,FEA/Pult,test

Cir-6-1000-1 6.10 450.6 3288 3259 1.01
Cir-6-1000-2 6.01 452.2 3298 3254 1.01
Cir-6-1000-3 5.99 451.6 3299 3238 1.02
Cir-6-1000-4 6.12 451.8 3338 3250 1.03
Cir-D-6-1 6.00 451.6 2413 2485 0.97
Cir-D-6-2 5.98 451.5 2409 2488 0.97
Cir-D-6-3 5.96 452.3 2357 2443 0.96
Cir-D-6-4 6.05 452.5 2404 2495 0.96
Pol-6-1000-1 6.01 443.1 3261 3268 1.00
Pol-6-1000-2 6.01 443.5 3183 3282 0.97
Pol-6-1000-3 5.98 442.6 3293 3270 1.01
Pol-6-1000-4 5.93 442.8 3377 3288 1.03
Pol-D-6-1 5.92 443.6 2450 2465 0.99
Pol-D-6-2 6.09 443.5 2445 2432 1.01
Pol-D-6-3 6.04 442.3 2455 2402 1.02
Pol-D-6-4 5.95 442.1 2437 2425 1.01
Mean 1.00
COV 0.02

Fig. 3. Load-displacement curves obtained from the FEA and test results for 6 mm circular
cross-section specimens with openings.

Fig. 4. Load-displacement curves obtained from the FEA and test results for 6 mm
polygonal cross-section specimens with openings.

Fig. 5. Failure mode of a circular section (FEA and experimental results).
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εtrue;p ¼ ln 1þ εeng
� �

−
σ true

E
ð2Þ

here: σtrue is true stress, σeng is engineering stress, εtrue ,p is true plastic
strain, and εeng is engineering strain.

2.4. Analysis method

EN 1993-1-6 addressing strength and stability of shell structures
[16], allows use of increasingly complex types of analyses as follows:
linear elastic shell analysis (LA), linear elastic bifurcation analysis
(LBA), geometrically nonlinear elastic analysis (GNA),material nonline-
ar analysis (MNA), geometrically and materially nonlinear analysis
(GMNA), geometrically nonlinear elastic analysis with imperfection in-
cluded (GNIA) and geometrically and materially nonlinear with imper-
fection analysis (GMNIA). Since shell structures are particularly
sensitive to patterns and amplitudes of imperfections, GMNIA is the
most suitable for the numerical analyses reported in this study.

The Riks method is used for nonlinear analyses in Abaqus [13]. This
involves use of loadmagnitude as an additional unknown and is suitable
for analyses of unstable, geometrically and materially nonlinear struc-
tures. Arc length is treated as an additional quantity in order to define
the load proportionality factor as follows:

Δλi ¼
Δli
ltotal

ð3Þ

here:Δλi is the load proportionality factor,Δli is increment of arc length,
and Δtotal is total arc length (typically set equal to 1).

Fig. 6. Failure mode of a polygonal section (FEA and experimental results).

Fig. 7. Definition of yield stress at 0.2% off-set strain.

Fig. 8. Ultimate loads of 4 mm thick circular models with indicated off-set yield strains.

Fig. 9. Ultimate loads of 4 mm thick polygonal models with indicated off-set yield strains.
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Load proportionality Pλ is determined from the following equation:

Pλ ¼ Δλ Pref−Pprevious
� � ð4Þ

here: Pref is a reference load, Pprevious is load at the previous step.

2.5. Finite element model validation

Tables 1 and 2 present comparisons of the resistances obtained in FE
analyses and the compression tests. The maximum difference between
them is 6%. The average resistances of the 4 mm and 6 mm circular

models with openings are 95% and 97% of the average values obtained
in the corresponding tests. The resistances of the 4 mm and 6 mm po-
lygonal numerical models with openings are closer to the correspond-
ing test results, with less than 1% differences.

Experimental and numerical load-displacement curves for the circu-
lar and polygonal cross- section specimenswith openings are presented
in Figs. 3 and 4. They show good agreement in terms of shapes and ulti-
mate loads. Local buckling of the circular and polygonal specimens ap-
pears at loads of ca. 1933 kN and 2089 kN, respectively, with
displacements of ca. 1.9 mm and 2.0 mm, respectively. After local buck-
ling the behaviour of the specimens is nonlinear, and the ultimate loads
of the circular and polygonal specimens are reached after further 29%
and 16% increases, respectively.

As shown in Figs. 5 and 6 there are good matches in failure modes
obtained fromnumerical and experimental results for the 6mmcircular
and polygonal specimens without openings. In the circular section
model, local buckling develops in the top and bottom plates, and then
propagates to the middle. In the polygonal section model, buckling
propagates over the corner at failure. The good agreement between fail-
ure modes derived from the FEA and experimental results also validate
the simulations.

3. Parametric study

3.1. Introduction

Together with the experimental investigations presented in [12], the
numerical investigations were performed in order to simulate the

Fig. 10. Ultimate loads of 6 mm thick circular models with indicated off-set yield strains.

Fig. 11.Ultimate loads of 6mm thick polygonalmodelswith indicated off-set yield strains.

Table 3
Comparison of average ultimate loads according to EC3 and tests.

Specimen

Mean ultimate load (kN)

EC3 Experiment Ratio

Pult,EC3 Pult,test Pult,EC3/Pult,test

Cir-4-1000 1690 2110 0.80
Pol-4-1000 2514 2093 1.20
Cir-6-1000 2477 3250 0.76
Pol-6-1000 3983 3277 1.22

Fig. 12. L-section columns: P1 (90°) and P5 (160°).
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experiments and assess the reliability of the numericalmodelswith var-
ious input parameters. Further investigations subsequently on the nu-
merical models such as yield strength, corner and opening behaviour
were performed to complement the experimental results.

3.2. Influence of yield strength on the FEA

Load-deformation curves for high strength steel typically display a
smooth transition from elastic to plastic behaviour. Therefore, it is not
possible to identify the exact yield stress of the material and hence ac-
cording to Eurocode 3 [16] its yield stress is determined by the stress
corresponding to a plastic strain of 0.2% after unloading (Fig. 7).

However, the yield stress derived from experimental investigations
is much smaller than 0.2% proof stress [17], and yield stresses within
0.001% to 0.01% off-set strain have been recommended [18]. In order
to investigate the influence of yield stress on the FEA, yield stresses
within 0.001% to 0.2% off-set strain were considered. Figs. 8–11 present
comparisons of the FEA and test results, together with maximum and
minimum values of the ultimate loads from the compression tests.

The yield stresses significantly affect the ultimate loads of the
models. For the 4 mm circular model, the ultimate load with 0.2%
proof stress is 2437 kN and 15% higher than the average ultimate
loads from the compression tests, (Fig. 8). The ultimate loads with

yield stresses at 0.04% and 0.02% off-set yield strains are 11% and 4%
higher than the average ultimate loads from the tests, respectively.
The ultimate load of the model decrease to 1647 kN and just 72% of
the average experimental ultimate load, when the yield stress at
0.002% off-set yield is used. For the 4mmpolygonalmodel, the ultimate
loadwith 0.2% proof stress is 19% higher than the average experimental
value and reaches 2483 kN (Fig. 9). However, the ultimate load with
yield stress at 0.01% off-set yield strain is only approximately 87% of
the average experimental value. Ultimate loads of the 6 mm circular
and polygonal models with 0.2% proof stress are 16% and 17% higher
than the average ultimate loads from the compression tests, respective-
ly, while their ultimate loadswith yield stress at 0.001% off-set strain are
just 61% and 73% of the average ultimate loads from the tests,
respectively.

3.3. Influence of corners on buckling behaviour

The resistance of the circular sections can be calculated according to
EN 1993-1-6 [16] and that of the polygonal sections can be calculated
according to EN 1993-1-1 [19] and EN 1993-1-5 [11].

Table 4
Comparison of ultimate loads of L-section columns according to EC3 and tests.

Specimen Angle

Ultimate load (kN)

EC 3 Experiment Ratio

Pult,EC3 Pult,test Pult,EC3/Pult,test

L-P1-4-1 90° 122 195 0.63
L-P1-4-2 90° 191 0.64
L-P1-4-3 90° 195 0.63
L-P5-4-1 160° 85 81 1.05
L-P5-4-2 160° 80 1.06
L-P5-4-3 160° 79 1.07
L-P1-6-1 90° 336 443 0.76
L-P1-6-2 90° 446 0.75
L-P1-6-3 90° 445 0.75
L-P5-6-1 160° 153 147 1.04
L-P5-6-2 160° 141 1.08
L-P5-6-3 160° 147 1.04

Fig. 14. Comparisons between test results and calculation based on EC3 of 4mm L-section
columns P5.

Fig. 13. Comparisons between test results and calculation based on EC3 of 4mm L-section
columns P1.

Fig. 15. Comparisons between test results and calculation based on EC3 of 6mm L-section
columns P1.
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For the circular sections, the ultimate load is defined as follows:

Nb;Rd;Circular ¼
χ f yAg

γM1
ð5Þ

here: χ is the buckling reduction factor, fy is the yield strength, Ag is
cross-section area and γM1 is the partial safety factor.

Eurocode 3 parts 1-1 and 1-5 are used for calculating resistances of
the polygonal cross-section specimens. The resistance depends on the
cross-section class and is defined as follows:

Nb;Rd;Plate ¼
χρAg f y
γM1

ð6Þ

where ρ is the reduction factor for plate buckling.
Comparisons of the average ultimate loads obtained from experi-

ments and calculation according to Eurocode 3 (EC3) are presented in
Table 3. The buckling resistances according to EC 3 of the 4 mm and

6 mm circular specimens are 80% and 76% of the resistances of corre-
sponding tested specimens respectively. However, the buckling re-
sistances of the 4 mm and 6 mm polygonal specimens are 20% and
22% higher than the resistances of the corresponding tested speci-
mens, respectively. It should be noted that the presented resistance
of the polygonal specimen is calculated from resistance of the flat
parts between the corners and 0.2% proof stress is used for the
calculation.

To acquire better understanding of the buckling development
through the corners of the polygonal specimens, L-section columns
with 4 mm and 6 mm thicknesses, corresponding to thicknesses of the
polygonal specimens, are investigated in compression tests. Lengths of
the L-section columns are 600mm. Two different angles of the L-section
columns considered are 90° and 160° angles (designated P1 and P5,
respectively), (Fig. 12).

Fig. 16. Comparisons between test results and calculation based on EC3 of 6mm L-section
columns P5.

Fig. 17. Von Mises stress distribution along the top and middle paths of 6 mm polygonal
model.

Fig. 18. Von Mises stress distributions along path 1 of the circular and polygonal section
models.

Fig. 19. Von Mises stress distributions along path 2 of the circular and polygonal section
models.
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Table 4 presents ultimate loads obtained from these tests and calcu-
lated according to EC3. Average resistances of the 4 mm and 6 mm L-
section columns with 160° angles are approximately 59% and 67%
lower than those of the columnswith 90° angles, respectively. More im-
portantly, resistances of the 4 mm and 6 mm L-section columns with
90° angles calculated according to EC3 are 37% and 24% lower than
the average test results, respectively. However, resistances of both the
4 mm and the 6 mm L-sections with 160° angles calculated according
to EC3 are 6.3% and 5.5% higher than the average test results, respective-
ly. It should be noted that material strength according to EC 3 is only
considered up to the material's 0.2% proof stress.

Figs. 13–16 compare results obtained from the tests and calculations
based on EC3 for the L-section columns. End shortenings of the 160° L-

section columns are considerably lower than those of the 90° L-section
columns. The maximum end shortenings of the 4 mm and 6 mm L-sec-
tion columns with 160° angles at the ultimate loads are 0.58 and
0.78 mm, respectively; 72% and 67% lower than those of the 4 mm
and 6 mm L-section columns with 90° angles respectively.

Stress distributions in the 6 mm polygonal model before the ulti-
mate load (603 kN) in the elastic phase, at the ultimate load
(3293 kN) and failure load (2976 kN) are considered. Up to the ultimate
load, the stress in the polygonal plate develops from the top and bottom
then propagates between the corners because of constraints of the cor-
ners.When the stress in the plate overcomes the corner resistance, local
buckling propagates through the whole section of the plate. To investi-
gate behaviour at the corners, events at two paths are considered here:
path 1 near the top and path 2 in the middle of the specimen. Fig. 17
shows the stress distributions along the two paths at the three different
load levels. Clearly, the corners significantly influence the stress distri-
butions in the polygonal cross-section plate. Before the ultimate load
at 603 kN, the stress distributions in the two paths are similar. The
maximum difference between average stresses in the top path and
corresponding positions in the middle path is 4.8%. The stresses along
the middle path are almost identical, but along the top path stresses at
the corners are 2.2% lower than in the flat parts. When the applied
load approaches the ultimate load (3293 kN), stresses in the corners
in both the top and middle paths considerably change. Stresses at the
corners significantly decline, to 16% lower than in the flat parts.
However, at the failure load deformation in the plate increases and the
stress in the corners rises to approximately 14% higher than in the flat
parts.

3.4. Opening behaviour analysis

To investigate the oval openings behaviours in the circular and
polygonal specimens, three paths around the openings were consid-
ered. Figs. 18–20 compare stresses at the ultimate load around the
openings in 4 mm circular and polygonal models. The stresses are
higher at the two sides of the openings than at their tops and bottoms.
In addition, stress around the opening is approximately 27% higher in
the polygonal model than in the circular model. It should be noted
that the ultimate loads of the circular and polygonal models with open-
ings are similar.

Fig. 20. Von Mises stress distributions along path 3 of the circular and polygonal section
models.

Fig. 21. First bucklingmode ofmodel of: a) 4mmpolygonal sectionwithout opening; b) 4mmcircular sectionwithout opening; c) 4mmpolygonal sectionwith opening; d) 4mmcircular
section with opening.
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Distributions of the stresses around the openings in the circular and
polygonal section models differ: in the polygonal model, the stress is
higher around the middle of the opening than at the top and bottom,
while the stress is significantly lower around themiddle of the opening
in the circular model (Figs. 18–20). Without corner effects, in the circu-
lar cross-section, stress is lowest at the top and bottom and develops to-
wards the sides of the opening. The difference in stress between the two
models is highest (368 MPa) at the right side of the openings (path 2).
The corners considerably constrain the stress distributions, as the stress
curves are diverted and increased by approximately 5% in the corners
(path 1).

4. Geometric imperfections sensitive analysis

In order to analyse the sensitiveness of the nonlinear analyses to
the geometric imperfection of the cold formed high strength steel

circular and polygonal sections, the numerical models with geomet-
ric imperfections according to EC 3 and 3D scans were analysed. The
geometric imperfections according to EC3 and from 3D scans were
presented in [12].

For the method using geometric imperfections according to EC
3, the buckling shape is obtained from buckle analysis then nonlin-
ear analysis is carried out with introduction of the derived geomet-
ric imperfections. However, in this method, a nominal value of
geometric imperfection is used for all the models with the same ge-
ometry, rather than specific imperfections of tested specimens.
Thus, all models with the same geometry have the same resistance.
In contrast, in the method based on geometrical imperfections from
3D scans, observed imperfections of tested specimens are trans-
ferred to the numerical models, so the nonlinear analysis is per-
formed on models with geometries very similar to those of the
tested specimens. Fig. 21 shows the first buckling mode shapes of

Fig. 22. First buckling shape ofmodel of: a) 6mmpolygonal sectionwithout opening; b) 6mmcircular sectionwithout opening; c) 6mmpolygonal sectionwith opening; d) 6mmcircular
section with opening.

Fig. 23. First three buckling shapes of the 6 mm circular section model: a) first buckling shape; b) second buckling shape; c) third buckling shape.
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the 4 mm circular and polygonal models with and without an
opening. The buckling shapes of both models without openings
are characterized by local buckling in upper parts of the plates,
while in models with openings the buckling occurs around the
openings.

Fig. 22 shows the first buckling mode shapes of the 6 mm circu-
lar and polygonal models with and without an opening. The buck-
ling shape of the 6 mm polygonal model is similar to that of the
4 mm polygonal model, but the 6 mm circular model's buckling
mode shape differs from that of the 4 mm circular model. The ex-
ternal applied load and geometry of the model are symmetrical,
but not its first buckling shape. Thus, in this case, the first buckling
shape of the circular model is not suitable for further analysis. Fig.
23 shows first, second and third buckling shapes of the 6 mm circu-
lar section model. From the second buckling shape onward, defor-
mations of the models are symmetric. This proves that in some
cases choosing a suitable buckling shape is not straightforward,
and may significantly affect the cost of analysis and accuracy of
the results. In further analysis presented here, the second buckling
shape of the circular model was considered.

Tables 5 and 6 present ultimate loads of the circular and polyg-
onal numerical models with geometric imperfections according to
EC 3 and 3D scans. The resistances of the numerical models are ap-
proximate. The average difference between the models is 1.8% and
maximum difference is 7%. However, more importantly, there are
substantial differences between failure modes of the circular and
polygonal numerical models with geometric imperfections based
on EC3 and 3D scans of tested specimens, as shown in Figs. 24–
27. The failure modes of the numerical models with EC3-based geo-
metric imperfections are symmetrical, but not those of the tested
specimens and numerical models with scan-based geometric im-
perfections. In the scan-based numerical models without an open-
ing, local buckling occurs at the top and bottom. However, in the
numerical models without an opening with EC3-based geometric
imperfections, local buckling occurs close to the middle, and in cor-
responding numerical models with an opening, local buckling de-
velops symmetrically negatively at the top and bottom, and
positively at the two sides of the openings. In contrast, in the nu-
merical models with an opening and scan-based imperfections
skewed local buckling occurs around the opening.

Table 6
Comparison of ultimate loads between 6 mm numerical models using geometric imper-
fections according to EC 3 and 3D scans.

Specimen

Ultimate load (kN)

Geometric
imperfections
according to EC 3

Geometric imperfections
according to 3D scans Ratio

Pult,1 (kN) Pult,2 (kN) Pult,1/Pult,2

Cir-6-1000-1 3287 3288 1.00
Cir-6-1000-2 3298 1.00
Cir-6-1000-3 3299 1.00
Cir-6-1000-4 3338 0.98
Cir-D-6-1 2356 2413 0.98
Cir-D-6-2 2409 0.98
Cir-D-6-3 2357 1.00
Cir-D-6-4 2404 0.98
Pol-6-1000-1 3408 3261 1.05
Pol-6-1000-2 3183 1.07
Pol-6-1000-3 3293 1.03
Pol-6-1000-4 3377 1.01
Pol-D-6-1 2386 2450 0.97
Pol-D-6-2 2445 0.98
Pol-D-6-3 2455 0.97
Pol-D-6-4 2437 0.98

Table 5
Comparison of ultimate loads between 4 mm numerical models using geometric imper-
fections according to EC 3 and 3D scans.

Specimen

Ultimate load (kN)

Geometric
imperfections according
to EC 3

Geometric imperfections
according to 3D scans Ratio

Pult,1 (kN) Pult,2 (kN) Pult,1/Pult,2

Cir-4-1000-1 2253 2195 1.03
Cir-4-1000-2 2189 1.03
Cir-4-1000-3 2201 1.02
Cir-4-1000-4 2168 1.04
Cir-D-4-1 1549 1547 1.00
Cir-D-4-2 1542 1.00
Cir-D-4-3 1543 1.00
Cir-D-4-4 1543 1.00
Pol-D-4-1 1679 1647 1.02
Pol-D-4-2 1660 1.01
Pol-D-4-3 1665 1.01
Pol-D-4-4 1667 1.01

Fig. 24. Failure modes of circular sections without an opening: a) numerical model using geometric imperfections according to EC3; b) numerical model using geometric imperfections
according to 3D scans; c) tested specimen.
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5. Conclusions

Numerical investigations on 32 experimentally calibrated FEmodels
were developed. The numerical models were calibrated against the test
results presented in [12]. Based on the numerical investigations, sug-
gested the following conclusions:

- Abaqus software can be successfully used to simulate the behaviour of
cold-formed high strength steel circular and polygonal sections. The
FEA results show good agreement with the experimental results. Dif-
ferences in resistances between FEA and experimental results are only
ca. 3%.

- Using yield stress based on a 0.2% off-set strain for FEA resulted in
over-estimates (relative to test results) of resistances for the 4mmcir-
cular and polygonal section numericalmodels of 15% and 19%, respec-
tively, as well as 16% and 17% over-estimates of resistances for the
6 mm circular and polygonal section numerical models, respectively.

- Corners of the polygonal sections constrain stress development be-
tween the flat parts. At the ultimate load of the 6 mm polygonal sec-
tion, the Von Mises stress in the corner is 16% lower than in the flat
parts.

- Difference between stress distributions around openings of
the circular and polygonal models is significant because of
corner influences. Stresses around the opening of the 4 mm
polygonal model are ca. 27% higher than in the 4 mm circular
model.

- Resistances of the numerical models using geometric imperfec-
tions according to EC3 and 3D scans are similar, with average dif-
ference of 1.8% and maximum difference of 7%. However, failure
modes of the models using geometric imperfections according to
EC3 significantly differ from those of the tested specimens and
those of models with geometric imperfections according to 3D
scans.
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Fig. 25. Failure modes of circular sections with an opening: a) numerical model using geometric imperfections according to EC3; b) numerical model using geometric imperfections
according to 3D scans; c) tested specimen.

Fig. 26. Failuremodes of polygonal sections without an opening: a) numerical model using geometric imperfections according to EC3; b) numerical model using geometric imperfections
according to 3D scans; c) tested specimen.
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Fig. 27. Failure modes of polygonal sections with an opening: a) numerical model using geometric imperfections according to EC3; b) numerical model using geometric imperfections
according to 3D scans; c) tested specimen.
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