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Structural stability and fi re safety are key aspects in the design of steel structures. Signifi cant advances 
in research and numerical simulations have increased the theoretical knowledge of the behaviour of 
structures in fi re. However, carefully performed tests under fi re conditions and well-documented experi-
mental results are most important for validating numerical models and for verifying analytical models.

The structural resistance of steel members, in particular columns or beam-columns, under fi re condi-
tions is limited by full section yielding at elevated temperatures, local and/or distorsional buckling and 
overall structural stability, especially fl exural and lateral-torsional buckling. This report presents results 
of comprehensive fi re tests, with regard to material behaviour and cross-sectional capacity as well as 
fi re tests on slender columns and beam-columns, covering important aspects of the structural resistance 
of steel members in fi re.

The tests are part of two research projects, one on the buckling of steel columns in fi re and one on 
the thermal creep effects on the structural stability. Both projects fi t to the overall research strategy 
of the institute on the fundamental stability behaviour of structures subjected to fi re. Most of the tests 
were performed at the Institute of Structural Engineering (IBK) of ETH Zurich. I would like to thank 
Jacqueline Pauli, Diego Somaini, Patrik Morf, Dominik Werne, Christoph Gisler, and Hanspeter Arm 
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Material and structural stability behaviour at elevated temperatures are key considerations for structural 
fire safety. This report describes experimental results of material coupon as well as structural stub and 
slender column furnace tests on carbon steel specimens at elevated temperatures. The tests were ex-
ecuted at the Technical University of Darmstadt, Germany, and at the ETH Zurich, Switzerland. 

The report is organized into eight chapters. After the introduction chapters 2 to 4 describe the test 
programme and the preparatory measurements of the geometry and initial geometrical imperfections of 
the stub and slender column test specimens. Steady state stub and slender column tests were executed 
at ambient and elevated temperatures (400 °C, 550 °C and 700°C) on four different box sections (SHS 
100·100·4, SHS 160·160·5, SHS 200·200·5 and rHS 120·60·3.6) and one H-section (HEA 100). Tran-
sient state slender column tests were executed on HEA 100 test specimens. The compressive load was 
applied centrically or eccentrically to the stub and slender column test specimens. Chapter 5 contains 
information on the experimental investigation of the material behaviour of the column tests. The chapter 
gives the testing programme, the geometry of the test specimens, the test setups and the test results of all 
material coupon tests. Thereafter chapters 6 to 8 contain detailed descriptions about the test setup, the 
execution and the results of the stub and slender column tests.

Extensive appendices are given at the end of the report. Appendix A contains all the measured geo-
metrical values of each column test specimen. In addition the resulting cross-sectional area and the 
moments of inertia about both the strong and the weak axis of each specimen are given. Appendix B 
contains the measured initial local geometrical imperfections of each face of each stub column test 
specimen and the measured initial global geometrical imperfections of each face of each slender column 
test specimen. Appendix C contains information of the material coupon tests. All measured geometrical 
values of each test specimen are given. The conditions of each test are summarised and the resulting 
stress-strain relationship of each tensile or compressive material coupon test are given. Material param-
eters resulting from each test are also summarised. Appendix D contains the stub and slender column 
test results. For each test specimen the test conditions (including the boundary conditions and the load 
application) are indicated and the ultimate load and the vertical and horizontal deformations at ultimate 
load are given for each test. In addition, different graphs show the temperature, the vertical deformation 
and the mechanical load during each test, as well as a load-displacement curve.

SUMMAry



vi



   

vii

1 INTrODUCTION ..........................................................................................................1

2 TESTING PrOGrAMME .............................................................................................3

2.1 Aim of the testing programme ........................................................................................3

2.2 Sections ...........................................................................................................................3
2.2.1 Box sections ................................................................................................................................ 3
2.2.2 H - sections ................................................................................................................................. 3

2.3 Steady state and transient state tests ...............................................................................4

2.4 Investigated parameters of the steady state tests ............................................................4
2.4.1 Temperature ................................................................................................................................ 4
2.4.2 Strain rate .................................................................................................................................. 4
2.4.3 Eccentricity ................................................................................................................................. 4

2.5 Investigated parameters of the transient state tests .........................................................5
2.5.1 Applied load ............................................................................................................................... 5
2.5.2 Heating rate ............................................................................................................................... 5
2.5.3 Eccentricity ................................................................................................................................. 5

2.6 Test specimens ................................................................................................................5
2.6.1 Types of test specimens .............................................................................................................. 5
2.6.2 Material ....................................................................................................................................... 5
2.6.3 End plates ................................................................................................................................... 6

2.7 Testing programme .........................................................................................................6
2.7.1 Labelling ..................................................................................................................................... 7
2.7.2 Preliminary tests on box sections ............................................................................................... 8
2.7.3 Main tests on box sections .......................................................................................................... 9
2.7.4 Main tests on H - sections ........................................................................................................ 10

2.8 Illustration .....................................................................................................................11

CONTENT



  CONTENT

viii

3 GEOMETry OF SPECIMENS ...................................................................................19

3.1 Wall thickness ...............................................................................................................19
3.1.1 Measurement of the wall thickness .......................................................................................... 19
3.1.2 results of the wall thickness .................................................................................................... 19

3.2 Width of specimen ........................................................................................................22
3.2.1 Measurement of the specimen width ........................................................................................ 22
3.2.2 results of the specimen width .................................................................................................. 23

3.3 Eccentricity of the HEA 100 web .................................................................................25
3.3.1 Measurement of the web eccentricity ....................................................................................... 25
3.3.2 results of the web eccentricity ................................................................................................. 25

3.4 Length of specimens .....................................................................................................25
3.4.1 Measurement of the specimen length ....................................................................................... 25
3.4.2 results of the specimen length ................................................................................................. 26

3.5 Position of end plates ....................................................................................................26
3.5.1 Measurements of the end plate position ................................................................................... 26
3.5.2 results of the end plate position ............................................................................................... 27

4 INITIAL GEOMETrICAL IMPErFECTIONS ..........................................................29

4.1 Initial local geometrical imperfections .........................................................................29
4.1.1 Measurement of the initial local geometrical imperfections .................................................... 29
4.1.2 results of the initial local geometrical imperfections .............................................................. 30

4.2 Initial global geometrical imperfections .......................................................................32
4.2.1 Measurement of the initial global geometrical imperfections .................................................. 32
4.2.2 results of the initial global geometrical imperfections ............................................................ 32

5 MATErIAL BEHAVIOUr ..........................................................................................35

5.1 Testing programme .......................................................................................................35
5.1.1 Series M1 and M2 .................................................................................................................... 35
5.1.2 Series M3 and M4 .................................................................................................................... 36
5.1.3 Series M5 and M6 .................................................................................................................... 36
5.1.4 Series M7, M8 and M9 ............................................................................................................. 37

5.2 Geometry of specimens ................................................................................................39
5.2.1 Series M1 to M4 ....................................................................................................................... 39
5.2.2 Series M5 and M6 .................................................................................................................... 40
5.2.3 Series M7, M8 and M9 ............................................................................................................. 40

5.3 Setup and execution ......................................................................................................40
5.3.1 Series M1 and M2 .................................................................................................................... 40
5.3.2 Series M3 and M4 .................................................................................................................... 42
5.3.3 Series M5 and M6 .................................................................................................................... 42
5.3.4 Series M7, M8 and M9 ............................................................................................................. 45



   

ix

5.4 results ..........................................................................................................................46
5.4.1 resulting stress-strain relationships ......................................................................................... 46
5.4.2 resulting material parameters .................................................................................................. 51

6 TEST SETUP ................................................................................................................55

6.1 Overall test setup ..........................................................................................................55

6.2 The reaction frame (a) ..................................................................................................55
6.2.1 ‘Type I’ reaction frame ............................................................................................................. 55
6.2.2 ‘Type II’ reaction frame ............................................................................................................ 68

6.3 The electrical furnace (b) ..............................................................................................68

6.4 The load jack (c) ...........................................................................................................68
6.4.1 ‘Type I’ load jack ...................................................................................................................... 69
6.4.2 ‘Type II’ load jack ..................................................................................................................... 69

6.5 The cooling system (d) .................................................................................................69

6.6 The pistons (e) ..............................................................................................................69

6.7 The end conditions of the test specimens .....................................................................71
6.7.1 restrained end conditions ......................................................................................................... 71
6.7.2 Pin-ended conditions ................................................................................................................ 71

6.8 Temperature measurement ............................................................................................72

6.9 Vertical load measurement (f) .......................................................................................72

6.10 relative vertical displacement measurement (g) ..........................................................72

6.11 relative horizontal displacement measurement (h) ......................................................73

7 ExECUTION OF THE TESTS ....................................................................................75

7.1 Steady state tests ...........................................................................................................75
7.1.1 General procedure .................................................................................................................... 75
7.1.2 Detailed explanations ............................................................................................................... 76

7.2 Transient tests ...............................................................................................................77
7.2.1 General procedure .................................................................................................................... 77

8 TEST rESULTS ...........................................................................................................79

8.1 Preliminary tests on box sections .................................................................................79
8.1.1 Series 1 ..................................................................................................................................... 79
8.1.2 Series 2 ..................................................................................................................................... 79
8.1.3 Series 3 ..................................................................................................................................... 81



  CONTENT

x

8.2 Main tests on box sections ............................................................................................81
8.2.1 Series 4 ..................................................................................................................................... 81
8.2.2 Series 5 ..................................................................................................................................... 82
8.2.3 Series 6 ..................................................................................................................................... 83
8.2.4 Series 7 ..................................................................................................................................... 84

8.3 Main tests on H - sections .............................................................................................86
8.3.1 Series 8 ..................................................................................................................................... 86
8.3.2 Series 9 ..................................................................................................................................... 89
8.3.3 Series 10 ................................................................................................................................... 91

LITErATUrE ..........................................................................................................................93

LIST OF FIGUrES ..................................................................................................................95

LIST OF TABLES ..................................................................................................................101

APPENDIx .............................................................................................................................103



   

1

In the case of a building fire elevated tempera-
tures have two main effects on a steel structure: 
Steel suffers a loss of strength and stiffness with 
increasing temperatures and the almost linear 
elastic, perfectly plastic stress-strain relation-
ship of carbon steel at ambient temperature be-
comes distinctly nonlinear. At the same time the 
temperature-induced thermal elongations of the 
steel members lead to deformations or forces at 
restraints within the entire steel structure. The 
combination of large deformations with a loss 
of strength and stiffness governed by a nonlin-
ear stress-strain relationship has a strong influ-
ence on the local and global stability behaviour 
of steel elements. 

Local and global buckling of a steel column 
is induced by large deformations due to a me-
chanical load applied to the element. The loss of 
strength and stiffness and the nonlinear stress-
strain relationship of carbon steel at elevated 
temperatures results in a much lower resistance 
of the steel section than at ambient tempera-
ture. The thermal elongation in the case of a fire 
further increases either the deformations of the 
structure or the mechanically-induced force due 
to the thermal restraints. The risk of local and/
or global buckling is therefore much higher at el-
evated than at ambient temperatures.

 The simplified European fire design model in 
EN 1993-1-2 [1] is based on ambient tempera-
ture design considering temperature-dependent 
reduction factors for the strength and the stiff-
ness and does not explicitly include the nonlin-

ear stress-strain relationship of carbon steel at 
elevated temperatures. The elevated temperature 
material model for carbon steel of EN 1993-1-2 
using an elliptical branch curve to describe the 
non-linear stress-strain relationship is not includ-
ed in the design methods of structural elements. 
Instead a bilinear material model with a reduced 
young’s Modulus in the elastic range and a re-
duced yield stress for the yield plateau is used for 
the design (Figure 1.1). For a large range of the 
nominal strain the actual values of the stresses are 
lower than the yield stress used for the European 
fire design model which is only reached for very 
large strains. At the same time the actual tangent 
modulus to the stress-strain relationship is lower 
than the young’s modulus used for the European 
fire design model which is only reached for very 
small strains. 

The following hypothesis was formulated: 
The determination of the resistance of a steel ele-
ment to a mechanical load at elevated tempera-
tures should be executed not with the simplified 
European fire design model, but with a more so-
phisticated model explicitly taking into account 
the nonlinearity of the stress-strain relationship. 
The testing programme presented in this report 
covers a large range of parameters and was de-
signed to serve as an experimental basis for the 
development of a new strain-based calculation 
model for carbon steel members at elevated tem-
peratures.

This research report gives a detailed descrip-
tion of the extensive testing programme on 106 
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on the experimental investigation of the mate-
rial behaviour of the column tests. It reads like 
a report within a report and gives the testing 
programme, the geometry of the test specimens, 
the test setups and the test results of all material 
coupon tests. The details of each material coupon 
test are given in Appendix C. The pdf-version of 
Appendix C is given on the CD attached to the 
paper version of the report.

Chapter 6 contains information on the test 
setup of the column tests. The overall test setup 
as well as the measurement devices used are de-
scribed.

Chapter 7 describes the execution of the col-
umn tests and gives detailed information on any 
problem occurring during the tests.

Chapter 8 contains the test results of the col-
umn tests. Load-vertical deformation curves of 
the tests are given and selected comparative re-
sults are presented. The detailed test results of 
each test specimen are given in Appendix D. The 
pdf-version of Appendix D is given on the CD at-
tached to the paper version of the report.

carbon steel elements subjected to a high temper-
ature thermal load and a mechanical load of uni-
axial compression or a combination of compres-
sion and bending. For simplicity all of the test 
specimens in this report will be called “columns“ 
regardless of the kind of mechanical loading that 
has been applied. The tests are grouped into 10 
test series according to the type of section and the 
type of column tested. Four box sections and one 
H-section of different cross-sectional and overall 
geometrical slenderness ratios have been used. 
The columns were either short enough to pre-
vent global instability (so-called stub columns) 
or long enough to exhibit global instability (so-
called slender columns). Steady state tests with 
different strain rates and transient state tests with 
different heating rates were performed between 
2007 and 2011 at the laboratory of the Institute 
of Structural Engineering (IBK) of ETH Zurich. 

Chapter 2 of this report gives an overview 
over the testing programme of the column tests. 
It explains the scope of the tests, the labelling of 
the specimens and the details of the different test 
series. At the end of the chapter, the nominal ge-
ometry of the test specimens is illustrated. 

Chapter 3 of the report contains information 
on the actual initial geometry of each test speci-
men of the column tests. The measurement of the 
wall thickness, the width and length of each test 
specimen, as well as the relative position of the 
end plates are described and selected compara-
tive results are presented. The detailed measured 
initial geometry of each test specimen is given in 
Appendix A. The pdf-version of Appendix A is 
given on the CD attached to the paper version of 
the report.

Chapter 4 of the report contains information 
on the measured initial geometrical imperfection 
of the test specimens of the column tests. The 
measurement of both the local and global initial 
geometrical imperfections is explained and se-
lected results are presented. The detailed meas-
ured initial geometrical imperfections of each test 
specimen are given in Appendix B. The pdf-ver-
sion of Appendix B is given on the CD attached 
to the paper version of the report.

Chapter 5 of the report contains information 

Figure 1.1 Illustration of a bilinear material model 
and the “real” behaviour
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2.1 Aim of the testing programme

To analyse the influence of the cross-sectional 
capacity on the overall load-carrying behaviour 
of a column at elevated temperatures, different 
steel sections with different cross-sectional slen-
derness ratios were used. For each section, tests 
on very short specimens, so-called stub column 
tests, as well as slender column tests were per-
formed. The stub column tests lead to the cross-
sectional capacity while the slender column tests 
describe the overall flexural buckling behaviour 
of a column. In addition, the influence of high 
temperature thermal creep of steel on the ultimate 
load was investigated.

2.2 Sections

The sections were selected according to both 
their cross-sectional slenderness ratios and their 
overall geometrical slenderness ratios. 

The cross-sectional slenderness, defined as 
the ratio of the width of the cross-section to the 
wall thickness, the so-called width-to-thickness 
ratio, is an important factor for local buckling in-
stabilities. The thinner the wall of a section is in 
relation to its width, the higher the risk of local 
instabilities due to buckling effects for a given 
combination of compressive load, bending mo-
ment and material becomes.

The overall geometrical slenderness, defined 
as the ratio of the effective length to the radius of 

gyration, is an important factor for global buck-
ling effects. The smaller the radius of gyration, 
i.e. the smaller and thinner the cross section is in 
relation to the effective length of the column, the 
higher the risk of global flexural buckling for a 
given combination of compressive load, bending 
moment and material becomes.

Square and rectangular hollow sections (SHS 
and rHS) and H-sections were used for the tests.

2.2.1 Box sections

Four different hot-finished square and 
rectangular hollow sections were chosen for 
the tests (Figure 2.1). SHS 100·100·4 and 
SHS 200·200·5 were used for the preliminary 
tests, SHS 160·160·5 and rHS 120·60·3.6 
for the main test series. The two smaller 
sections (SHS 100·100·4 and rHS 120·60·3.6) 
were hot-rolled while the two larger sections 
(SHS 160·160·50 and SHS 200·200·5) were hot-
finished by bending a sheet of metal into a tube 
and therefore possessed a longitudinal weld.

2.2.2 H - sections

Tests with an HEA 100 section (Figure 2.1) were 
performed to compare the load-carrying behav-
iour of an H-section to the one of the box sections 
under the same conditions. The cross section be-
ing very small, it serves well for flexural buckling 
tests even with relatively short buckling lengths. 

2 TESTING PrOGrAMME

The testing programme was designed to experimentally analyse the influence of a wide range of differ-
ent parameters on both the cross-sectional capacity and the buckling strength of centrically and eccentri-
cally loaded steel columns at elevated temperatures.

This chapter contains the details on the tested sections, the types of test, the parameters of interest, 
the test specimens and the different test series of the testing programme.
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2.3 Steady state and transient state tests

Steady state as well as transient state tests were 
performed on the specimens. All tests on box sec-
tions were executed using the steady state test-
ing method. All the stub column tests as well as 
most of the slender column tests on the H-section 
were also performed using the steady state testing 
method. 10 slender column tests on the H-section 
were executed using the transient state testing 
method. These were executed in such a way as 
to mimic the steady state test results of the same 
section.

In a steady state test, the test specimen is heat-
ed up to a certain temperature. Once this tem-
perature is uniformly distributed over the entire 
test specimen, the mechanical load is applied at a 
certain strain rate to the test specimen, while the 
temperature is held constant. The result is an ulti-
mate load for a given temperature and strain rate.

A transient state test is conducted the other 
way around. In a first step, a predefined mechani-
cal load is applied to the test specimen. While this 
load is held constant, the test specimen is heated 
up at a certain heating rate. The result is a failure 
temperature for a given mechanical loading and 
heating rate.

2.4 Investigated parameters of the steady 
state tests

The influence of different parameters on the load-
carrying capacity of columns under steady state 
conditions was investigated. Beside the cross-
sectional and the overall geometric slenderness 
ratios the steel temperature, the strain rate and the 
load eccentricity were studied.

2.4.1 Temperature

Temperature is a major parameter influencing 
the structural behaviour of a steel column in 
fire. The influence of the different shapes of the 
stress-strain relationship of steel at elevated and 
at ambient temperatures and the decrease of both 
strength and stiffness with increasing tempera-
tures was analysed.

Tests at ambient temperature were carried out 
to obtain reference values of the ultimate load 
and the strain at ultimate load. In addition, tests 
were performed at 400 °C, 550 °C and 700 °C.

2.4.2 Strain rate

High temperature thermal creep has a significant 
influence on the ultimate load as well as on the 

corresponding strain of carbon steel columns at 
elevated temperatures. In a steady state test the 
thermal creep is influenced by the strain rate of 
the applied mechanical load. With slower strain 
rates, the influence of high temperature thermal 
creep increases. This results in a higher ductil-
ity and a lower ultimate load of a stub or slender 
column test.

In the tests the load was applied on most of 
the test specimens at a strain rate of 0.1 %/min. 
Additional tests were performed at slower strain 
rates of 0.02 %/min and/or 0.01 %/min for the 
SHS 200·200·5, the SHS 160·160·5 and the 
HEA 100 sections.

2.4.3 Eccentricity

An eccentricity of the compressive load applied 
to a stub or a slender column has a significant 
influence on the resistance. The larger the eccen-
tricity, i.e. the larger the applied bending moment 
in addition, to the compressive load becomes, the 
lower the ultimate load of the column. 

Columns of the rHS 120·60·3.6 and the 
HEA 100 sections were loaded with eccen-
tric compression. The eccentricities of 10 mm, 
30 mm or 50 mm were applied to cause bending 
about the weak axis of the box sections and the 
weak or the strong axis of the H-section. Bend-
ing about both the weak and the strong axes of a 
section combined with a compressive load was 
not tested.

Figure 2.1 Sections to determine the load-carrying 
behaviour of steel columns at elevated temperatures
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2.5 Investigated parameters of the tran-
sient state tests

The influence of different parameters on the load-
carrying capacity of columns under transient state 
conditions was investigated. Beside the cross-
sectional and the overall geometric slenderness 
ratios the applied load, the heating rate and the 
load eccentricity were studied. 

2.5.1 Applied load

The constant compressive load the column is 
subjected to before being heated has a major 
influence on the resulting ultimate temperature. 
The lower the load level, the higher the ultimate 
temperature will be for a given heating rate.

The applied compressive load levels of the 
tests were fixed based on the steady state slender 
column test results on the HEA 100 section. The 
load levels applied were chosen to reach target 
temperatures of 400 °C, 475 °C, 550 °C, 625 °C 
and 700 °C.

2.5.2 Heating rate

Like the strain rate of the steady state tests, the 
heating rate of the transient state tests influences 
the high temperature thermal creep behaviour of 
the steel section. 

The transient tests were therefore executed at 
two different heating rates of the furnace air tem-
perature of 5 °C/min and 10 °C/min.

2.5.3 Eccentricity

The compressive load was applied to the columns 
centrically and eccentrically. The eccentricity 
was 30 mm in the direction of the strong axis to 
cause a bending moment about the weak axis of 
the section.

2.6 Test specimens

2.6.1 Types of test specimens

Two main types of test specimens were used. 
To obtain information about the cross-sectional 
capacity and the local buckling behaviour of the 
sections stub column tests were performed. Stub 
columns of all sections were tested. The length of 
each test specimen was three times the nominal 
width of the section.

To obtain information about the overall buck-
ling behaviour slender column tests were carried 
out. The length of the slender columns was lim-
ited to approximately 2 m because of the height 
of the furnace.

In addition, some test specimens of medium 
length were tested of the rHS 120·60·3.6 and the 
HEA 100 sections to deliver results of another 
overall geometrical slenderness ratio.

2.6.2 Material

All specimens used for the tests were made of 
structural steel grade S355. The nominal material 

Figure 2.2 Labelling of the faces of a test specimen 
of the tests on box sections

Figure 2.3 Labelling of the faces of a test specimen 
of the main tests on H-sections
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parameters at ambient temperature of this steel 
are:

young’s Modulus: Enom = 210’000 N/mm2

yield strength: fy,nom = 355 N/mm2

Ultimate strength: fu,nom = 510 N/mm2

Details on the actual material behaviour of the 
tested sections are given in chapter 5 and Appen-
dix C.  

2.6.3 End plates

End plates of steel grade S355 were welded to 
both ends of each test specimen. The width of 
the square plates for the SHS 100·100·4 and the 
SHS 200·200·5 test specimens was 280 mm. The 
width of the square plates of the SHS 160·160·5 
and the rHS 120·60·3.6 test specimens was 
270 mm. The width of the square plates of the 
centrically loaded HEA 100 stub column test 
specimens was 200 mm. The width of the square 
plates of all other HEA 100 test specimens was 
270 mm.

The thickness of the end plates depended on 
the loading conditions and the type of column. 
The thickness of the end plates of most of the test 
specimens was 20 mm. The thickness of the end 
plates of the stub column test specimens loaded 
with an eccentricity of 50 mm and the columns 
of medium length loaded with an eccentricity of 
30 mm was 35 mm.

2.7 Testing programme

A total of 106 tests were performed. At first, 17 
preliminary steady state tests on the box sections 
SHS 100·100·4 and SHS 200·200·5 were carried 
out (Table 2.1). These tests are divided into the 
test series ‘1’ to ‘3’, ‘1’ containing the stub col-
umn tests on the SHS 200·200·5 section, ‘2’ in-
cluding the stub column tests and ‘3’ the slender 
column tests of the SHS 100·100·4 section.

After these tests the test setup was slightly 
modified. The 35 main steady state tests on the 
box sections SHS 160·160·5 and rHS 120·60·3.6 
were then performed. They are divided into the 
test series ‘4’ to ‘7’ (Table 2.2). Test series ‘4’ 
contains the stub column tests and series ‘5’ the 
slender column tests on the SHS 160·160·5 sec-
tion, while series ‘6’ includes the stub column 
tests and series ‘7’ the slender column tests of the 
rHS 120·60·3.6 section.

44 main steady state tests on the H-section 
HEA 100 were performed. They are divided 
into the test series ‘8’ and ‘9’ (Table 2.3 and Ta-
ble 2.4). Test series ‘8’ contains the stub column 
tests and series ‘9’ the slender column tests on the 
HEA 100 section. 

The 10 transient state tests on the HEA 100 
slender columns were executed last. They are 
summarised in the test series ‘10’ (Table 2.5). 

Chapter 2.7.1 explains the labelling of an in-
dividual test, while chapters 2.7.2 to 2.7.4 give 
further details on the test series.

Table 2.1 Test series 1 to 3: Preliminary steady state tests on box sections (nominal values)

Test Specimen Steel 
temperature 

[°C]

Column 
length 
[mm]

Strain 
rate 

[%/min]

Load 
eccentricity 

[mm]

Test date

y-y z-z

Se
rie

s 1

SHS200_Stub_20C 1_V1 20 600 0.1 0 0 15.10.2007
SHS200_Stub_20C 1_V4 20 600 0.1 0 0 23.10.2007
SHS200_Stub_400C 1_V2 400 600 0.1 0 0 18.10.2007
SHS200_Stub_550C 1_V5 550 600 0.1 0 0 29.10.2007
SHS200_Stub_550Css 1_V6 550 600 0.01 0 0 30.10.2007
SHS200_Stub_700C 1_V3 700 600 0.1 0 0 19.10.2007

Se
rie

s 2

SHS100_Stub_20C 2_V2 20 300 0.1 0 0 17.01.2008
SHS100_Stub_400C 2_V1 400 300 0.1 0 0 04.12.2007
SHS100_Stub_550C 2_V4 550 300 0.1 0 0 08.01.2008
SHS100_Stub_550Css 2_V5 550 300 0.01 0 0 10.01.2008
SHS100_Stub_700C 2_V3 700 300 0.1 0 0 18.12.2007
SHS100_Stub_700Css 2_V6 700 300 0.01 0 0 21.01.2008

Se
rie

s 3

SHS100_SL_20C 3_V1 20 1980 0.1 0 0 22.05.2008
SHS100_SL_400C 3_V2 400 1980 0.1 0 0 21.05.2008
SHS100_SL_550C 3_V4 550 1980 0.1 0 0 27.05.2008
SHS100_SL_550Css 3_V5 550 1980 0.01 0 0 02.06.2008
SHS100_SL_700C 3_V3 700 1980 0.1 0 0 23.05.2008
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b. Type of test
‘Stub’ Stub column test
‘M’  Medium length column test
‘SL’  Slender column test

c. Temperature and strain rate
‘550C’ 0.10 %/min at 550 °C
‘550Cs’ 0.02 %/min at 550 °C
‘550Css’ 0.01 %/min at 550 °C

d. Pin-ended axis
‘ ’  no pin-ended axis 
‘y’  y-axis (strong axis) pin-ended

2.7.1 Labelling

The name of a steady state test is composed of 
different elements describing the section, tem-
perature, strain rate and load eccentricity (Table 
2.1 to Table 2.4). 

a. Type of section: 
‘SHS100’ SHS 100·100·4 
‘SHS200’ SHS 200·200·5
‘SHS160’ SHS 160·160·5
‘rHS120’ rHS 120·60·3.6
‘HEA100’ HEA 100

Table 2.2 Test series 4 to 7: Main steady state tests on box sections (nominal values)

Test Specimen Steel
temperature 

[°C]

Column
length 
[mm]

Strain 
rate 

[%/min]

Load
eccentricity 

[mm]

Test date

y-y z-z

Se
rie

s 4

SHS160_Stub_20C S4 20 480 0.1 0 0 19.10.2009
SHS160_Stub_400C S3 400 480 0.1 0 0 07.10.2009
SHS160_Stub_550C S6 550 480 0.1 0 0 09.10.2009
SHS160_Stub_550Cs S2 550 480 0.02 0 0 13.11.2009
SHS160_Stub_550Css S1 550 480 0.01 0 0 29.10.2009
SHS160_Stub_700C S5 700 480 0.1 0 0 28.10.2009
SHS160_Stub_700Cs S7 700 480 0.02 0 0 11.11.2009

Se
rie

s 5

SHS160_SL_20C L3 20 1840 0.1 0 0 04.01.2010
SHS160_SL_400C L2 400 1840 0.1 0 0 05.01.2010
SHS160_SL_550C L5 550 1840 0.1 0 0 06.01.2010
SHS160_SL_550Cs L4 550 1840 0.02 0 0 08.01.2010
SHS160_SL_700C L6 700 1840 0.1 0 0 07.01.2010
SHS160_SL_700Cs L1 700 1840 0.02 0 0 12.01.2010

Se
rie

s 6

rHS120_Stub_20C S07 20 360 0.1 0 0 03.11.2009
rHS120_Stub_20C_z10 S05 20 360 0.1 0 10 10.03.2010
rHS120_Stub_20C_z50 S10 20 360 0.1 0 50 10.03.2010
rHS120_Stub_400C S02 400 360 0.1 0 0 04.11.2009
rHS120_Stub_400C_z10 S01 400 360 0.1 0 10 11.03.2010
rHS120_Stub_400C_z50 S09 400 360 0.1 0 50 16.03.2010
rHS120_Stub_550C S03 550 360 0.1 0 0 05.11.2009
rHS120_Stub_550C_z10 S04 550 360 0.1 0 10 12.03.2010
rHS120_Stub_550C_z50 S08 550 360 0.1 0 50 17.03.2010
rHS120_Stub_700C S06 700 360 0.1 0 0 06.11.2009

Se
rie

s 7

rHS120_M_550C_z0 M02 550 850 0.1 0 0 27.06.2011
rHS120_M_550C_z30 M01 550 850 0.1 0 30 28.06.2011
rHS120_SL_20C_z0 L09 20 1840 0.1 0 0 20.11.2009
rHS120_SL_20C_z10 L01 20 1840 0.1 0 10 17.02.2010
rHS120_SL_20C_z50 L07 20 1840 0.1 0 50 17.02.2010
rHS120_SL_400C_z0 L08 400 1840 0.1 0 0 18.12.2009
rHS120_SL_400C_z10 L02 400 1840 0.1 0 10 02.03.2010
rHS120_SL_400C_z50 L04 400 1840 0.1 0 50 03.03.2010
rHS120_SL_550C_z0 L10 550 1840 0.1 0 0 21.12.2009
rHS120_SL_550C_z10 L06 550 1840 0.1 0 10 04.03.2010
rHS120_SL_550C_z50 L03 550 1840 0.1 0 50 05.03.2010
rHS120_SL_700C_z0 L05 700 1840 0.1 0 0 24.11.2009
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Series 1: SHS 200·200·5, Stub, Steady State

Test series ‘1’ involves steady state stub column 
tests on SHS 200·200·5 specimens. The indi-
vidual test specimens were labelled 1_V1 to 1_
V6, while the four faces of each specimen were 
labelled ‘A’, ‘B’, ‘C’ and ‘D’ (Figure 2.2). The 
load was applied centrically to all specimens; one 
additional test at 550 °C was conducted with a 
strain rate 10 times slower than the others. 

Series 2: SHS 100·100·4, Stub, Steady State

Test series ‘2’ involves steady state stub column 
tests on SHS 100·100·4 specimens. The individ-
ual test specimens were labelled 2_V1 to 2_V6, 
while the four faces of each specimen were la-
belled ‘A’, ‘B’, ‘C’ and ‘D’ (Figure 2.2). The load 
was applied centrically to all specimens; two ad-
ditional tests at 550 °C and at 700 °C were con-
ducted with a strain rate 10 times slower than the 
others. 

Series 3: SHS 100·100·4, Slender, Steady State

Test series ‘3’ involves steady state slender 
columns tests on SHS 100·100·4 specimens. The 
individual test specimens were labelled 3_V1 to 
3_V5, while the four faces of each specimen were 

‘z’  z-axis (weak axis) pin-ended

e.  Nominal eccentricity of the compression load
‘0’  no nominal eccentricity 
‘xx’  xx mm eccentricity

The name of a specific transient test is based on 
the steady state test it is supposed to mimic. An 
additional ending indicates the transient test and 
the heating rate (Table 2.5): 

f. Heating rate of the transient test: 
‘t05’  5 °C/min
‘t10’  10 °C/min

2.7.2 Preliminary tests on box sections

The preliminary tests included all test speci-
mens made of the SHS 100·100·4 and the 
SHS 200·200·5 sections and were carried out 
from December 2007 to May 2008 at the Institute 
of Structural Engineering at ETH Zurich.

Table 2.1 gives the details of these tests. The 
nominal length of the specimens is given with-
out the end plates. The nominal load eccentricity 
y-y refers to a bending moment about the strong 
axis, and an eccentricity z-z leads to a bending 
moment about the weak axis of the considered 
cross section.

Table 2.3 Test series 8: Main stub column steady state tests on H-sections (nominal values)

Test Specimen Steel 
temperature 

[°C]

Column 
length 
[mm]

Strain 
rate 

[%/min]

Load
eccentricity 

[mm]

Test date

y-y z-z

Se
rie

s 8

HEA100_Stub_20C S20 20 300 0.1 0 0 05.10.2010
HEA100_Stub_20C S04 20 300 0.1 0 0 10.08.2011
HEA100_Stub_20C_y10 S05 20 300 0.1 10 0 03.11.2010
HEA100_Stub_20C_z10 S12 20 300 0.1 0 10 03.11.2010
HEA100_Stub_20C_y50 S10 20 300 0.1 50 0 03.11.2010
HEA100_Stub_20C_z50 S16 20 300 0.1 0 50 03.11.2010
HEA100_Stub_400C S19 400 300 0.1 0 0 06.10.2010
HEA100_Stub_400C_y10 S08 400 300 0.1 10 0 06.07.2011
HEA100_Stub_400C_z10 S09 400 300 0.1 0 10 24.11.2010
HEA100_Stub_400C_y50 S17 400 300 0.1 50 0 08.11.2010
HEA100_Stub_400C_z50 S14 400 300 0.1 0 50 10.11.2010
HEA100_Stub_550C S13 550 300 0.1 0 0 11.10.2010
HEA100_Stub_550C_y10 S02 550 300 0.1 10 0 23.11.2010
HEA100_Stub_550C_z10 S06 550 300 0.1 0 10 22.11.2010
HEA100_Stub_550C_y50 S03 550 300 0.1 50 0 16.11.2010
HEA100_Stub_550C_y50 S15 550 300 0.1 50 0 11.11.2010
HEA100_Stub_550C_z50 S18 550 300 0.1 0 50 17.11.2010
HEA100_Stub_550Cs S07 550 300 0.02 0 0 08.07.2011
HEA100_Stub_700C S22 700 300 0.1 0 0 12.10.2010
HEA100_Stub_700Cs S21 700 300 0.02 0 0 07.07.2011
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ties and residual stress pattern. The stub column 
test specimens and the test specimens of medium 
length were all cut from bar No. 1, the slender 
column test specimens were all cut from bars 
No. 2 and 3. 

The two ends of a test specimen were called 
‘top’ and ‘bottom’ and the four faces of each 
specimen were labelled ‘A’, ‘B’, ‘C’ and ‘D’ (Fig-
ure 2.2). Table 2.2 gives the details of these tests.

Series 4: SHS 160·160·5, Stub, Steady State

Test series ‘4’ involves steady state stub column 
tests on SHS 160·160·5 specimens. The indi-
vidual stub column test specimens were labelled 
S1 to S7.  The load was applied centrically to all 
specimens, while one additional test at 550 °C 
was carried out with a strain rate 10 times slower 
than the others and two tests at 550 °C and 700 °C 
with a strain rate 5 times slower than the others.  

Series 5: SHS 160·160·5, Slender, Steady State

Test series ‘5’ involves slender column tests on 
SHS 160·160·5 specimens. The individual slen-
der column test specimens were labelled L1 to 

labelled ‘A’, ‘B’, ‘C’ and ‘D’ (Figure 2.2). The 
load was applied centrically to all specimens; one 
additional test at 550 °C was conducted at a strain 
rate 10 times slower than normal. 

2.7.3 Main tests on box sections

The main tests on the box sections included all 
test specimens of the SHS 160·160·5 and the 
rHS 120·60·3.6 sections and were conducted 
from October 2009 to March 2010 at the Institute 
of Structural Engineering at ETH Zurich except 
for the two columns of medium length of test se-
ries ‘7’ that were performed in June 2011.

The SHS 160·160·5 section was delivered in 
two bars of a length of 9.8 m each. These two bars 
were ordered to be of the same batch of steel and 
therefore to possess the same material properties 
and residual stress pattern. The stub column test 
specimens and the slender column test specimen 
L6 were cut from bar No. 1, the other slender col-
umn test specimens were cut from bar No. 2. 

The rHS 120·60·3.6 section was delivered in 
three bars of a length of 9.8 m each. The three 
bars were again ordered to be of the same batch 
of steel and to possess the same material proper-

Table 2.4 Test series 9: Main slender column steady state tests on H-sections (nominal values)

Test Specimen Steel 
temperature 

[°C]

Column 
length 
[mm]

Strain 
rate 

[%/min]

Load
eccentricity 

[mm]

Test date

y-y z-z

Se
rie

s 9

HEA100_M_20C_z0 M01 20 850 0.1 0 0 22.06.2011
HEA100_M_400C_z0 M02 400 850 0.1 0 0 23.06.2011
HEA100_M_550C_z0 M03 550 850 0.1 0 0 24.06.2011
HEA100_SL_20C_y0 L04 20 1840 0.1 0 0 30.11.2010
HEA100_SL_20C_y0 L15 20 1840 0.1 0 0 09.05.2011
HEA100_SL_20C_z0 L13 20 1840 0.1 0 0 30.11.2010
HEA100_SL_20C_z0 L10 20 1840 0.1 0 0 05.05.2011
HEA100_SL_20C_y30 L14 20 1840 0.1 30 0 01.12.2010
HEA100_SL_20C_z30 L05 20 1840 0.1 0 30 01.12.2010
HEA100_SL_400C_y0 L08 400 1840 0.1 0 0 11.01.2011
HEA100_SL_400C_z0 L16 400 1840 0.1 0 0 12.01.2011
HEA100_SL_400C_y30 L03 400 1840 0.1 30 0 21.12.2010
HEA100_SL_400C_z30 L09 400 1840 0.1 0 30 07.01.2011
HEA100_SL_550C_y0 L07 550 1840 0.1 0 0 10.01.2011
HEA100_SL_550C_z0 L11 550 1840 0.1 0 0 08.12.2010
HEA100_SL_550C_y30 L06 550 1840 0.1 30 0 13.12.2010
HEA100_SL_550C_z30 L02 550 1840 0.1 0 30 09.12.2010
HEA100_SL_550Cs_z0 L26 550 1840 0.02 0 0 07.06.2011
HEA100_SL_550Css_z0 L36 550 1840 0.01 0 0 09.06.2011
HEA100_SL_700C_y0 L01 700 1840 0.1 0 0 20.12.2010
HEA100_SL_700C_z0 L12 700 1840 0.1 0 0 07.12.2010
HEA100_SL_700C_z30 L34 700 1840 0.1 0 30 31.05.2011
HEA100_SL_700Cs_z0 L25 700 1840 0.02 0 0 06.06.2011
HEA100_SL_700Css_z0 L24 700 1840 0.01 0 0 08.06.2011
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L6. The load was applied centrically to all speci-
mens, while two additional tests at 550 °C and 
700 °C were carried out with a strain rate 5 times 
slower than that of the others.

Series 6: rHS 120·60·3.6, Stub, Steady State

Test series ‘6’ involves steady state stub column 
tests on rHS 120·60·3.6 specimens. The individ-
ual stub column test specimens were labelled S01 
to S10. The strain rate was the same for all speci-
mens. Additional tests with load eccentricities of 
10 mm and 50 mm leading to weak axis bending 
moments of the section were performed at 20 °C, 
400 °C and 550 °C.

Series 7: rHS 120·60·3.6, Slender, Steady State

Test series ‘7’ involves steady state slender col-
umn tests on rHS 120·60·3.6 specimens. The 
individual slender column test specimens were 
labelled L01 to L10, whereas the columns of me-
dium length were labelled M01 and M02. The 
strain rate was the same for all specimens. Addi-
tional tests with load eccentricities of 10 mm and 
50 mm leading to weak axis bending moments in 
the section were performed at 20 °C, 400 °C and 
550 °C. 

In this series were also two tests on specimens 
of medium length, one centrically and one eccen-
trically loaded (load eccentricity of 30 mm).  

2.7.4 Main tests on H - sections

The main tests on the H-sections included all test 
specimens of the HEA 100 section and were car-
ried out from October 2010 to June 2011 at the 
Institute of Structural Engineering at the ETH 
Zurich.

The HEA 100 section was delivered in seven 
bars of a length of 12.0 m each. These seven bars 

were ordered to be of the same batch of steel and 
to therefore possess the same material proper-
ties and residual stress pattern. The stub column 
test specimens and the test specimens of medium 
length were all cut from bar No. 1, whereas the 
slender column test specimens were cut from 
bars No. 2 to 7.

The two ends of a test specimen were called 
‘top’ and ‘bottom’ (Figure 2.3). The four sides of 
the end plates were labelled ‘A’, ‘B’, ‘C’ and ‘D’, 
while the two flanges of the section were accord-
ingly named ‘Flange B’ and ‘Flange D’.

Series 8: HEA 100, Stub, Steady State

Test series ‘8’ involves steady state stub column 
tests on HEA 100 specimens. The individual 
stub column test specimens were labelled S01 
to S22.  All the parameters were used in this se-
ries: The sections were loaded at different strain 
rates and different load eccentricities. Two centri-
cally loaded tests at 550 °C and at 700 °C were 
conducted with a strain rate 5 times slower than 
the others. Tests with load eccentricities of either 
axis of the section of 10 mm and 50 mm were 
performed at 20 °C, 400 °C and 550 °C. Table 2.3 
gives the details.

Series 9: HEA 100, Slender, Steady State

Test series ‘9’ involves steady state slender col-
umn tests on HEA 100 specimens. The individual 
slender column test specimens were labelled L01 
to L36, whereas the columns of medium length 
were labelled M01 to M03.  Again all the pa-
rameters were used in this series: The sections 
were loaded at different strain rates and different 
load eccentricities. Four centrically loaded tests 
at 550 °C and at 700 °C were conducted with a 
strain rate 5 or 10 times slower than the others.  
Tests with load eccentricities of either axis of 

Table 2.5 Test series 10: Main slender column transient state tests on H-sections (nominal values)

Test Specimen Column 
length 
[mm]

Target steel 
temperature 

[°C]

Applied 
Load
[kN]

Heating 
rate 

[°C/min]

Load
eccentricity 

[mm]

Test date

y-y z-z

Se
rie

s 1
0

HEA100_SL_400C_z0_t05 L32 1840 400 466 5 0 0 10.05.2011
HEA100_SL_400C_z30_t05 L35 1840 400 200 5 0 30 19.05.2011
HEA100_SL_475C_z0_t05 L21 1840 475 381 5 0 0 17.05.2011
HEA100_SL_475C_z30_t05 L30 1840 475 162 5 0 30 26.05.2011
HEA100_SL_550C_z0_t05 L31 1840 550 297 5 0 0 09.05.2011
HEA100_SL_550C_z30_t05 L19 1840 550 124 5 0 30 23.05.2011
HEA100_SL_550C_z30_t10 L33 1840 550 124 10 0 30 30.05.2011
HEA100_SL_625C_z0_t05 L28 1840 625 212 5 0 0 18.05.2011
HEA100_SL_625C_z30_t05 L22 1840 625 80 5 0 30 25.05.2011
HEA100_SL_700C_z0_t05 L17 1840 700 128 5 0 0 12.05.2011
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the section of 30 mm were performed at 20 °C, 
400 °C and 550 °C. There are also three centri-
cally loaded tests at 20 °C, 400 °C and 550 °C 
on specimens of medium length included in this 
series. Table 2.4 gives the details.

Series 10: HEA 100, Slender, Transient

Test series ‘10’ involves transient slender col-
umn tests on HEA 100 specimens. The individual 
slender column test specimens were labelled L01 
to L36. The applied constant load was chosen 
to reach a target temperature of 400 °C, 475 °C, 
550 °C, 625 °C or 700 °C. Tests with load eccen-
tricities of 30 mm leading to weak axis bending 
moments were performed for all target tempera-
tures except 700 °C. One test for the target tem-
perature of 550 °C was executed with a heating 
rate of twice the normal speed. Table 2.5 gives 
the details.  

2.8 Illustration

Figure 2.4 to Figure 2.3 show test specimens of 
the test series ‘1’ to ‘10’. The cross section as 
well as an elevation of two faces of each type 
of test specimen is given. The same scale was 
used for each of the illustrations, making a direct 
comparison of the different sections and column 
lengths possible. 

The end plates are also drawn showing their 
nominal sizes and positions in relation to the sec-
tions.

The axes of the coordinate system x, y and z 
indicated here will be used in the entire report. 

Figure 2.4 Test specimens belonging to the test 
series ‘1’ (nominal values).
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Figure 2.5 Test specimens belonging to the test series ‘2’ and ‘3’ (nominal values).
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Figure 2.6 Test specimens belonging to the test series ‘4’ and ‘5’ (nominal values).
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Figure 2.7 Test specimens belonging to the test series ‘6’ and ‘7’ (nominal values).
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Figure 2.8 Test specimens belonging to the test series ‘8’, ‘9’ and ‘10’ (nominal values).
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3.1 Wall thickness

This paragraph describes the measurement of the 
wall thicknesses of the sections, and then some 
comparative results are given. Detailed results of 
each test specimen are given in Appendix A.

3.1.1 Measurement of the wall thickness

The wall thickness was measured on all test 
specimens. The execution of the measurement 
was different for the preliminary and for the main 
tests. 

Preliminary tests on box sections

The test specimens of the preliminary tests were 
delivered to our laboratory completely finished 
with end plates already welded to them. It was 
therefore not possible to measure the wall thick-
ness before the tests with simple mechanical 
measuring devices. The test specimens needed to 
be cut open after the tests to measure the wall 
thickness. By that time, the test specimens had 
been exposed to high temperature and mechani-
cal compression and had failed in a mode of local 
or global buckling. The measured wall thickness 
after the test is therefore only an indication of the 
wall thickness before the test and should be inter-
preted with caution.

The measurement was performed with a mi-

crometer. After the test specimen had been cut in 
half, the thickness of the SHS 100·100·4 sections 
was measured at 36 different points around the 
wall. The thickness of the SHS 200·200·5 sec-
tions was measured at 44 different points located 
around the wall as indicated in Figure 3.1. The 
measurement at each of these points was taken 
about 10 mm below the cut edge.

Main tests on box sections

The wall thickness of the sections of the 
SHS 160·160·5 and rHS 120·60·3.6 test speci-
mens were measured with a micrometer at 32 
resp. 18 different points of the cross section (Fig-
ure 3.2) at the top and the bottom of each test 
specimen before the end plates were welded on.

Main tests on H - sections

The wall thickness of the sections of the HEA 100 
test specimens were measured with a micrometer 
at 16 different points of the cross section (Fig-
ure 3.2) at the top and the bottom of each test 
specimen before the end plates were welded on. 

3.1.2 results of the wall thickness

The detailed results of the wall thickness meas-
urement of each test specimen are given in Ap-
pendix A. A short summary is given below.

3 GEOMETry OF SPECIMENS

The actual geometry, mainly the wall thickness, the width and the length, of each test specimen was 
measured. In addition, the position of the end plates in relation to the sections was measured to derive 
the initial eccentricity of the end plates. 

This chapter contains a description of the measurement of each of these geometrical values as well 
as comparisons between the different test specimens. Detailed results of each test specimen are given in 
Appendix A.



  GEOMETry OF SPECIMENS

20

columns and 1 slender column were cut from bar 
No. 1. Their resulting wall thickness measure-
ment is presented in Figure 3.4 top. In the case of 
the rHS 120·60·3.6 section 10 stub columns and 
2 columns of medium length were cut from bar 
No. 1. Their resulting wall thickness measure-
ment is presented in Figure 3.4 bottom. On the 
abscissa, the location of the measurement within 
the section according to Figure 3.2 is given. The 
ordinate shows the measured value of the wall 
thickness. The grey lines indicate the variation 
of the measured wall thickness within the cross 
section for all individual test specimens. The 
black line is calculated as the average of all the 
test specimens excepting the maximum and the 
minimum values. The dotted lines indicate the 
production tolerance of square and rectangular 
hollow sections of ± 10 % for sections with a lon-
gitudinal weld and of ± 12.5 % for sections with-
out a longitudinal weld according to EN 10210-
2 [2].

The walls of both sections exceeded the upper 
value of the  production tolerance in some places. 
The SHS 160·160·5 specimens showed again the 
increase of the wall thickness at the corners due 
to the production process. The rHS 120·60·3.6 
specimens on the other hand were produced by 
hot rolling a circular tube and therefore did not 
possess any fortified corner regions. Instead, the 
location of the rolls forming the section are clear-
ly visible.

The scatter of the measured values of the in-
dividual test specimens is much smaller than for 
the specimens of the preliminary tests. This leads 

Figure 3.1 Wall thickness measurements of the 
SHS 100·100·4 and the SHS 200·200·5

Figure 3.2 Wall thickness measurements of the 
SHS 160·160·5, rHS 120·60·3.6 and HEA 100

Preliminary tests on box sections

Figure 3.3 shows the results of the wall thick-
ness measurements of all test specimens out of 
SHS 100·100·4 and SHS 200·200·5. On the ab-
scissa, the location of the measurement within the 
section according to Figure 3.1 is given. The ordi-
nate shows the measured value of the wall thick-
ness. The grey lines indicate the variation of the 
measured wall thickness within the cross section 
for all individual test specimens. The black line is 
calculated as the average of all the test specimens 
excepting the maximum and the minimum val-
ues. The dotted lines indicate the production tol-
erance of square and rectangular hollow sections 
of ± 10 % for sections with a longitudinal weld 
and of ± 12.5 % for sections without a longitudi-
nal weld according to EN 10210-2 [2].

Most of the measured values of the speci-
mens stay within the boundaries of production 
tolerance. The scatter between the individual 
specimens is rather large, but considering that the 
measurements were taken after the test, this is not 
surprising. The production of the SHS 200·200·5 
section by bending a hot sheet of metal into a 
tube leads to thicker corner regions. This increase 
of wall thickness at the corners can still be seen 
even after the test has been completed.

Main tests on box sections

Figure 3.4 shows results of the wall thickness 
measurements of the main tests on box sections. 
In the case of the SHS 160·160·5 section 7 stub 
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to the conclusion of there being a small varia-
tion of the wall thickness along the bar (as the 
specimens of the presented results were cut from 
the same bar) and along a single test specimen. It 
also shows that the measurements are repeatable 
and reliable. 

Main tests at H - sections

Figure 3.5 shows the results of the wall thickness 
measurements for all test specimens out of bar 
No. 1 of the HEA 100 test specimens. A com-
parison of the measurements of the other bars 
of this section leads to very similar conclusions. 

The results for the two flanges and the web have 
been put into three separate graph sheets. On the 
abscissa, the location of the measurement within 
the section according to Figure 3.2 is given. The 
ordinate shows the measured value of the wall 
thickness. The grey lines indicate the variation 
of the measured wall thickness within the cross 
section for all individual test specimens. The 
black line is calculated as the average of all the 
test specimens excepting the maximum and the 
minimum values. The dotted lines indicate the 
production tolerance of H-sections according to 
EN 10034 [3].

Figure 3.3 Wall thickness of the SHS 100·100·4 and the SHS 200·200·5 sections of the individual specimens 
and their average value compared to the production tolerance according to EN 10210-2 [2]
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The measured web thicknesses of the HEA 100 
specimens approach the upper tolerance limit of 
+ 0.7 mm according to EN 10034 [3]. The meas-
ured thicknesses of the flanges of the HEA 100 
specimens on the other hand were very close to 
the nominal value of 8.0 mm. The production tol-
erances of + 2 / - 1 mm according to EN 10034 [3] 
were not reached.

The scatter of the measured values of the in-
dividual test specimens is again very small. An 
almost constant wall thickness along the bar can 
therefore be assumed and the measurements can 
be interpreted as repeatable and reliable.

3.2 Width of specimen

This paragraph first describes the actual meas-
urement of the widths of the specimens, and then 
some comparative results are given. The detailed 
results of each test specimen are given in Appen-
dix A.

3.2.1 Measurement of the specimen width

The measurements of the section width have been 
taken on all test specimens. The execution of the 
measurement was different for the preliminary 
than for the main tests.

Figure 3.4 Wall thickness of the SHS 160·160·5 and the rHS 120·60·3.6 sections of the individual specimens 
and their average value compared to the production tolerance according to EN 10210-2 [2]
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Figure 3.5 Wall thickness of the HEA 100 sections of the individual specimens and their average value com-
pared to the production tolerance according to EN 10034 [3]

Preliminary tests on box sections

The width of each face BA to BD (Figure 3.6) of 
each test specimen of the preliminary tests was 
measured using a calliper at the top and the bot-
tom near the end plates after the tests had been 
performed.

Main tests on box sections

The width of each face BA to BD (Figure 3.6) of 
each test specimen of the main tests on box sec-
tions (SHS 160·160·5 and rHS 120·60·3.6) was 
measured using a calliper at the top and the bot-
tom near the end plates after the tests had been 
performed.

Main tests on H - sections

The width of the flanges BB and BD as well as the 
height of the cross-section BA and BC (Figure 3.6) 
of each stub column test specimen and of each 
specimen of medium length of the main tests on 
H-sections (HEA 100) were measured using a 
calliper at the top and the bottom near the end 
plates before the tests were performed. 

The width of the flanges BB and BD as well as 
the height of the cross-section BA and BC (Fig-
ure 3.6) of each slender column test specimen 
of the main tests on H-sections (HEA 100) were 
measured using a calliper at the top, at mid-height 
and at the bottom of the column before the tests 
were performed. 

3.2.2 results of the specimen width

The detailed results of the measurement of the 
widths of each test specimen are given in Appen-
dix A. A short summary is given below.

Figure 3.7 shows the statistical distribution 
of the measured width of the box and the H-sec-
tions. On the abscissa, the different sections of 
the preliminary and the main tests are indicated. 
For each of these sections, the ordinate shows 
the ratio between the measured and the nominal 
width of all test specimens. Each measured value 
is presented in the graph with a cross. Next to 
the measured values, the calculated Gaussian dis-
tribution of each section is presented. The dot-
ted lines indicate the production tolerance for the 
different sections. According to EN 10210-2 [2] 
the tolerance of the width of warm-formed box 
sections is ± 1.0 %. For hot-rolled H-sections 
of the HEA type, the EN 10034 [3]  defines the 
tolerable difference between the actual and the 
nominal width of the flanges (BB and BD in Fig-
ure 3.6) as + 4 / - 1 mm and between the actual 
and nominal height of the cross-section (BA and 
BC in Figure 3.6) as + 3 / - 2 mm. 

Most of the measured values are within the 
boundaries of the tolerances. The cross section 
of the SHS 100·100·4 was not exactly square, 
but slightly rectangular, exceeding the upper and 
the lower level of the production tolerances. The 
smaller faces of the rHS 120·60·3.6 as well as 
the height of the HEA 100 were slightly larger 
than the production tolerances would allow. 
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Figure 3.6 Measurement of the geometry of the test specimens including the end plates using the example of the 
SHS 160·160·5 (top) and the HEA 100 (bottom)

Figure 3.7  results of the actual width of the box and the H-sections compared to the production tolerances
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Table 3.1 summarises the results of the meas-
ured width of the test specimens. The maximum 
and the minimum measured value (BMax and BMin) 
together with the calculated average μB and the 
calculated standard deviation σB of each section 
are presented. The results of the SHS 100·100·4 
are divided into two rows showing the slightly 
rectangular shape of the cross section.

3.3 Eccentricity of the HEA 100 web

This paragraph first describes the measurement 
of the position of the web in relation to the flang-
es and the calculation of the resulting web ec-
centricities. Then some comparative results are 
given. The detailed results for each test specimen 
are given in Appendix A.

3.3.1 Measurement of the web eccentricity

Measurements of the position of the web have 
been taken on all HEA 100 test specimens. The 
execution of the measurement was identical for 
the stub and the slender column test specimens as 
well as for the test specimens of medium length.

The eccentricities of the web in relation to the 
flanges sAB, sAD, sCB and sCD (Figure 3.6) of all test 
specimens were measured with a depth gauge at 
the top and the bottom of each column before the 
tests were performed.

The eccentricity ew of the web in relation to 
the flanges was derived from these measurements 
as well as from the measured section width and 
wall thickness as follows:

ew,B = sAB + t7 / 2 - BB / 2 

ew,D = sAD + t10 / 2 - BD / 2

The values of t7 and t10 indicate the measured wall 
thickness of the web in the measuring points 7 
and 10 of the HEA 100 according to Figure 3.2. 

3.3.2 results of the web eccentricity

The detailed results of the measurement and the 
calculation of the eccentricity of the web of each 
HEA 100 test specimen are given in Appendix A. 
A short summary is given below.

Table 3.2 shows some results of the calculated 
absolute eccentricity of the web of the HEA 100 
test specimens. For each bar the maximum and 
the minimum value as well as the average μew and 
the standard deviation σew are given.

According to EN 10034 [3], the tolerable val-
ue of the eccentricity of the web of an HEA 100 
section is 5 mm. This maximum tolerable value 
was not reached by the test specimens of this test-
ing programme.

3.4 Length of specimens

This paragraph first describes the actual measure-
ment of the column lengths, and then some com-
parative results are given. The detailed results for 
each test specimen are given in Appendix A.

3.4.1 Measurement of the specimen length

Measurements of the specimen length have been 
taken on all main test specimens. The execution 
of the measurement was different for the stub and 
for the slender columns.

Preliminary tests on box sections

The length was not measured before the test and 
could not be measured after because of the lon-
gitudinal deformation of the specimen during the 
test.

Main tests on box sections

The lengths of the test specimens LAB, LBC, LCD 
and LDA were measured at all four corners of the 

Table 3.1 Statistical distribution of the measured 
widths of the test specimens

[mm] Bnom BMax BMin μB σB

SHS 100·100·4 100 101.6 100.7 101.2 0.21
SHS 100·100·4 100 100.4 98.4 99.0 0.39
SHS 200·200·5 200 201.1 199.5 200.2 0.36

rHS 120·60·3.6 120 120.7 118.7 119.3 0.41
rHS 120·60·3.6 60 60.9 60.2 60.5 0.16
SHS 160·160·5 160 162.2 158.1 160.3 0.78

HEA 100 100 103.0 101.0 102.0 0.35
HEA 100 96 99.9 98.2 99.1 0.32

Table 3.2 Statistical distribution of the absolute ec-
centricity of the web of the HEA 100 test specimens

[mm] ew,Max ew,Min μew σew

Bar No. 1 1.7 0.7 1.4 0.18
Bar No. 2 1.7 0.7 1.2 0.33
Bar No. 3 1.8 0.8 1.3 0.37
Bar No. 4 1.7 0.5 1.2 0.33
Bar No. 5 1.6 1.0 1.3 0.21
Bar No. 6 1.6 1.0 1.3 0.19
Bar No. 7 2.1 0.7 1.4 0.33
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end plates (including the thickness of the end 
plates) as can be seen in Figure 3.6. The length 
of the stub columns was measured with a simple 
ruler, whereas the length of the slender columns 
was measured using a laser distance measure-
ment device before the tests were performed.

Main tests on H - section 

The lengths of the test specimens LAB, LBC, LCD 
and LDA were measured at all four corners of the 
end plates (and therefore include the thickness of 
the end plates) as can be seen in Figure 3.6. The 
length of the stub columns was measured with a 
simple ruler, whereas the length of the slender 
columns was measured using a laser distance 
measurement device before the tests were per-
formed.

3.4.2 results of the specimen length

The detailed results of the measurement of the 
length of each test specimen of the box and the 
H-sections are given in Appendix A. A short sum-
mary is given below.

Table 3.3 summarises the results of the meas-
ured lengths of the stub and the slender columns. 
For each geometry (Figure 2.4 to Figure 2.8) 
in function of the nominal thickness of the end 
plate tEP,nom the maximum and the minimum of the 
measured values (LMax and LMin), as well as the 
calculated average μL and the calculated standard 
deviation σL are given. As there are only very few 
columns of medium length no statistical evalua-
tion has been performed for them. 

The range from the maximum to the minimum 
of the measured values of the column lengths is 

smaller than 2 mm for the stub column specimens 
and smaller than 5 mm for the slender column 
specimens. The actual length of all of the test 
specimens of box and H-sections comes very 
close to the intended nominal lengths.

3.5 Position of end plates

This paragraph first describes the actual meas-
urement of the position of the end plates and the 
calculation of the resulting eccentricity. Then 
some comparative results are given. The detailed 
results of each test specimen are given in Appen-
dix A.

3.5.1 Measurements of the end plate position

Measurements of the end plate position in rela-
tion to the section have been taken on all main 
test specimens. The execution of the measure-
ment was identical for all specimens.

The distances from the edges of the end plate 
to the faces of the section (aB, aD, bA, bC, cB, cD, dA 
and dC) were measured on each side at the top and 
the bottom of each test specimen using a depth 
gauge (Figure 3.6). These measurements are no-
tated as ij, where i is the face of the section in the 
line of the measurement and j is the face of the 
section perpendicular to it.

The initial eccentricity of the end plates on top 
and on the bottom of the test specimen was cal-
culated from the measurement of the width of the 
specimen and the location of the end plates. This 
was performed for the ‘top’ and the ‘bottom’ by 
the following steps:

Table 3.3 Statistical distribution of the measured 
lengths of the test specimens

[mm] tEP,nom LMax LMin μL σL

Stub
rHS 120·60·3.6 20 398 396 397 0.71
rHS 120·60·3.6 35 432 430 431 0.89
SHS 160·160·5 20 520 518 519 0.64
HEA 100 20 339 337 338 0.69
HEA 100 35 372 371 371 0.48

Slender
rHS 120·60·3.6 20 1878 1876 1877 0.71
SHS 160·160·5 20 1879 1874 1877 1.24
HEA 100 20 1884 1878 1881 0.87

Table 3.4 Statistical distribution of the distance 
from the edge of the end plate to the section wall

[mm] ij,nom ij,Max ij,Min μij σij

SHS 100·100·4 y 90 91.8 87.1 89.7 1.12
z 90 92.9 86.7 89.3 1.08

SHS 200·200·5 y 40 41.2 36.8 39.2 1.08
z 40 41.1 36.7 39.2 1.11

rHS 120·60·3.6 y 105 107.5 101.4 104.4 0.93
z 75 76.9 73.2 75.2 0.77

SHS 160·160·5 y 55 56.5 52.7 54.4 0.85
z 55 58.5 53.3 55.0 0.93

HEA 100
BEP,nom = 200 mm y 50 51.8 46.1 48.7 1.68

z 52 51.9 47.6 50.1 1.05
BEP,nom = 270 mm y 85 87.7 80.7 83.9 1.49

z 87 87.4 82.6 85.2 0.86
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a. Initial eccentricity of each face

e0,EP,A = aD / 2 - aB / 2

e0,EP,B = bC / 2 - bA / 2

e0,EP,C = cD / 2 - cB / 2

e0,EP,D = dC / 2 - dA / 2

b. Average initial eccentricity of each axis

e0,EP,y = (e0,EP,B + e0,EP,D) / 2
 
e0,EP,z = (e0,EP,A + e0,EP,C) / 2

3.5.2 results of the end plate position

The detailed results of the measurement of the 
end plate positions of each test specimen are 
given in Appendix A. A short summary is given 
below.

Table 3.4 summarises the results of the meas-
ured positions of the end plates for both axes of 
the cross sections. The minimum and the maxi-
mum of the measured values (ij,Min and ij,Max) as 
well as the calculated average μij and the calcu-
lated standard deviation σij are given. The aver-
age of the measurements of all specimens of one 
section comes very close to the nominal values. 
Most of the measurements lie within the bounda-
ries of ± 3 mm.

An overview of the resulting eccentricities is 
given in Table 3.5. For each section the (absolute) 
largest and  smallest eccentricity (e0,EP,Max and 
e0,EP,Min) are given for each axis together with the 
average μe0,EP and the standard deviation σe0,EP of 
the absolute calculated values. The initial meas-
ured eccentricity of the sections in relation to 
their end plates was smaller than 2.5 mm. 

Table 3.5 Statistical distribution of the initial abso-
lute eccentricity of the end plates

[mm] e0,EP,Max e0,EP,Min μe0,EP σe0,EP

SHS 100·100·4 y 1.4 0.0 0.5 0.39
z 1.8 0.0 0.5 0.52

SHS 200·200·5 y 1.3 0.1 0.5 0.36
z 1.3 0.0 0.6 0.40

rHS 120·60·3.6 y 1.7 0.0 0.7 0.51
z 1.6 0.0 0.5 0.48

SHS 160·160·5 y 1.3 0.0 0.5 0.40
z 1.2 0.0 0.5 0.35

HEA 100 y 1.8 0.0 0.5 0.38
z 2.5 0.1 1.2 0.55
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4.1 Initial local geometrical imperfections

This paragraph first describes the measurement 
of the initial local geometrical imperfections on 
the stub column test specimens, and then some 
comparative results are given. The detailed re-
sults of each stub column test specimen are given 
in Appendix B.

4.1.1 Measurement of the initial local geo-
metrical imperfections

Measurements of the initial local geometrical im-
perfections have been taken on all stub column 
test specimens. The execution of the measure-
ment was different for the preliminary than for 
the main tests.

Preliminary tests on box sections

The initial local geometrical imperfections 
of the stub columns of the preliminary tests 
(SHS 100·100·4 and SHS 200·200·5) were 
measured using a digital pit depth gauge as 
shown in Figure 4.1. During the measurements 
the test specimens rested on three supports on 
a horizontal surface (Figure 4.2). The pit depth 
gauge measured the relative vertical distance be-
tween the intersection points of a grid laid over 
each face of each test specimen (Figure 4.3). The 
measurements of the test specimens 1_V3, 1_V4 
and 1_V5 of the SHS 200·200·5 profiles were 
unfortunately lost due to a computer problem.

Main tests on box and H - sections

The initial local geometrical imperfections of the 
stub columns of the main tests on box and H-
sections (SHS 160·160·5, rHS 120·60·3.6 and 
HEA 100) were measured using a three-dimen-
sional video extensometer (Figure 4.4). 

Each test specimen was positioned on three 
supports on a horizontal surface beneath the two 
ViC 3D cameras (Figure 4.2 and Figure 4.4) 
which simultaneously took a picture of the sur-
face. Three overlapping pairs of pictures were 
taken of each face of the SHS 160·160·5 speci-
mens (Figure 4.2) and two pairs of pictures were 
taken of each face of the rHS 120·60·3.6 spec-
imens. Two pairs of pictures were taken of the 
outer faces of the flanges of each HEA 100 sec-
tion and of face A of the web. Two aluminium 
prisms marked each overlapping zone between 
two sets of pictures (Figure 4.2 and Figure 4.5).

The ViC 3D software calculated the texture of 
the surface from each pair of pictures for a cho-
sen area. For this calculation a random pattern of 
gypsum speckles on the surface of the specimen 
served as a set of reference points (Figure 4.5). 
Figure 4.6 shows this original graphical output of 
the ViC 3D software in three dimensions. The po-
sition of the prismatic markings exhibits clearly.

To process the amount of data obtained a pro-
gramme was developed using the Matlab soft-
ware. For one face of an rHS 120·60·3.6 test 
specimen, for example, the resulting output of 
the two pairs of pictures was taken and merged 

4 INITIAL GEOMETrICAL IMPErFECTIONS

Initial geometrical imperfections influence both the cross-sectional capacity and the global buckling 
resistance of a steel column. Measurements of local and global initial geometrical imperfections were 
performed on the test specimens.

The chapter contains a description of the measurements and gives an overview of the results. The 
detailed measured geometrical imperfections of each test specimen is given in Appendix B.
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bnom = Bnom - 2·tnom - 2·ri,nom = Bnom - 4·tnom

 
Bnom: Nominal width of the section
tnom: Nominal wall thickness
ri,nom: Nominal inner radius of the corners, 

equal to the nominal wall thickness
  

In the case of the H-sections the nominal height 
of the section Hnom was reduced by the wall thick-
ness of the flanges tf,nom and the radius between 
the flange and the web rnom, to obtain the flat web 
height bw,nom. The flat part of a flange bf,nom was 
calculated by reducing half of the nominal breath 
of the section Bnom by half of the wall thickness 
of the web tw,nom and the radius between the flange 
and the web rnom.

bw,nom = Hnom - 2·tf,nom - 2·rnom

bf,nom = (Bnom - tw,nom - 2·rnom) / 2

Hnom: Nominal height of the section
Bnom: Nominal width of the section
tf,nom: Nominal wall thickness of the flange
tw,nom: Nominal wall thickness of the web
rnom: Nominal radius between the flange and 

the web

The maximum measured absolute imperfection 
of a face of a test specimen is labelled e0. For 
each face of each specimen the ratio bnom / e0 is 
presented in the graph with a cross. Next to the 
measured values, the calculated Gaussian distri-
bution of each section is given.  

into one set of data. The programme detected 
the position of the prisms within the data collec-
tion and used this information to overlap the data 
sets from the two pairs of pictures correctly. A 
new overall coordinate system was given to the 
new merged set of data. For the HEA 100 test 
specimens, the procedure was exactly the same, 
whereas for the SHS 160·160·5 test specimens 
three sets of data from three pairs of pictures of 
each face were merged into one.

A grid of data points was defined for each test 
specimen (Figure 4.7). In each intersection point 
of these grids the average value of the surround-
ing measured data collection was calculated (Fig-
ure 4.3).

4.1.2 results of the initial local geometrical 
imperfections

The detailed results of the measurement of the in-
itial local geometrical imperfections of each stub 
column test specimen are given in Appendix B. A 
short summary is given below.

Figure 4.8 shows the statistical distribution of 
the measured initial local geometrical imperfec-
tions of the stub column test specimens of all the 
box and H-sections. On the abscissa, the differ-
ent sections of the tests are indicated. For each 
of these sections, the ordinate shows the ratio of 
bnom / e0. The nominal width of the flat part of a 
face bnom was calculated as follows:

In the case of the box sections, the nominal 
width of the section Bnom was reduced by the cor-
ner regions: 

Figure 4.1 Digital pit depth gauge for the measure-
ments of the initial geometrical imperfections

Figure 4.2 Setup for the measurement of the initial 
local imperfections
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The scatter of the ratio bnom / e0 of the differ-
ent sections is very different. The scatter with-
in the ratio bnom / e0 of the SHS 100·100·4 stub 
column test specimens is rather large, while the 
SHS 200·200·5, the SHS 160·160·5 and the 
rHS 120·60·3.6 stub column test specimens 
show very little scatter.  

Table 4.1 summarises the results of the maxi-
mum measured absolute imperfection e0 of the 
faces of all the test specimens. The maximum and 
the minimum measured value (e0,Max and e0,Min) of 
one section type together with the calculated av-
erage μe0 and the calculated standard deviation 
σe0 are presented. The maximum measured abso-
lute imperfection of the sections was in any case 
smaller than 1.0 mm. 

Figure 4.3 Measurement grid and resulting initial 
local geometrical imperfections of the stub columns

Figure 4.4 Video extensometer used for the meas-
urements of the initial geometrical local imperfec-
tions in the main tests



Prisms marking the overlap 
of the pictures
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4.2 Initial global geometrical imperfec-
tions

This paragraph first describes the actual measure-
ment of the initial global geometrical imperfec-
tions in the slender column test specimens and in 
the specimens of medium length, and then some 
comparative results are given. The detailed re-
sults of each test specimen are given in Appen-
dix B.

4.2.1 Measurement of the initial global geo-
metrical imperfections

Measurements of the initial global geometrical 
imperfections have been taken on all slender col-
umn test specimens as well as all test specimens 
of medium length. The execution of the measure-
ment was the same for the preliminary and for the 
main tests.

The initial global geometrical imperfections 
of the slender columns and the columns of me-
dium length were measured using a digital pit 
depth gauge as shown in Figure 4.1. During the 
measurements the test specimens rested on three 
supports on a horizontal surface (Figure 4.2). 
The pit depth gauge measured the relative verti-
cal distance between points along the midline of 
each face of each test specimen (Figure 4.9). 

4.2.2 results of the initial global geometrical 
imperfections

The detailed results of the measurement of the 
initial global geometrical imperfections of each 
slender column test specimen and each test speci-
men of medium length are given in Appendix B. 
A short summary is given below.

Figure 4.10 shows the statistical distribution 
of the measured initial global geometrical imper-
fections of the slender column test specimens of 
the box and the H-sections. On the abscissa, the 
different sections of the preliminary and the main 
tests are indicated. For each of these sections, the 
ordinate shows the ratio of Lnom / w0. Lnom is the 
nominal length of the test specimens without the 
end plates, while the value of w0 defines the cal-
culated maximum deflections of the centre line 
of the columns in the direction of either axis of 
the coordinate system according to Figure 2.4 to 
Figure 2.8.

For each specimen the ratio Lnom / w0 is pre-
sented in the graph with a cross. Next to the 
measured values, the calculated Gaussian distri-
bution of each section is given.

Table 4.2 summarises the results of the maxi-
mum measured absolute deflections of the centre 
lines w0 off all the test specimens. The maximum 
and the minimum measured value (w0,Max and 
w0,Min) of one section type together with the cal-
culated average μw0 and the calculated standard 
deviation σw0 are presented.

No statistical evaluation has been done for the 
columns of medium length.

Figure 4.5 Temporary random speckle pattern on the 
surface of the test specimens

Figure 4.6 Original three-dimensional ViC 3D 
results calculated from a pair of pictures
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Table 4.2 Statistical distribution of the measured 
absolute initial slender column deflection

[mm] axis w0,Max w0,Min μw0 σw0

SHS 100·100·4 y, z 0.8 0.1 0.4 0.21

SHS 160·160·5 y, z 1.5 0.1 0.7 0.48
rHS 120·60·3.6 y 1.3 0.1 0.5 0.33
rHS 120·60·3.6 z 1.0 0.0 0.3 0.27

HEA 100 y 0.7 0.1 0.4 0.17
HEA 100 z 0.7 0.1 0.2 0.13

Table 4.1 Statistical distribution of the measured 
absolute initial local geometrical imperfections

[mm] Faces e0,Max e0,Min μe0 σe0

SHS 100·100·4 all 0.7 0.1 0.4 0.20
SHS 200·200·5 all 1.0 0.5 0.8 0.14

SHS 160·160·5 all 0.7 0.3 0.5 0.12
rHS 120·60·3.6 A / C 0.4 0.3 0.3 0.03
rHS 120·60·3.6 B / D 0.4 0.2 0.3 0.05

HEA 100, flange B / D 0.2 0.1 0.1 0.03
HEA 100, web A / C 0.8 0.1 0.2 0.17

Figure 4.8 Statistical distribution of the initial local imperfections of the stub columns of the box and H-sections

Figure 4.7 Grid of the results of the initial local imperfections of the stub column test specimens
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Figure 4.9 Points for the measurement of the initial global imperfections of the slender columns of the test 
specimens with box and H-sections

Figure 4.10 Statistical distribution of the initial global imperfections of the slender columns with the box and 
H-sections
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5.1 Testing programme

The material properties of the steel sections used 
for the column tests are essential to the correct in-
terpretation of the structural behaviour of the test-
ed columns. The objective of the material coupon 
tests was to obtain the stress-strain relationship of 
the material at a given temperature and at a given 
and controllable strain rate. A test setup able to 
perform closed-loop strain controlled material 
coupon tests was needed.

In addition to the overall stress-strain relation-
ship, the material parameters, especially young’s 
Modulus, the proportional limit and the 0.2 % 
proof stress, are of major importance for the anal-
ysis of global and local buckling phenomena. A 
high-precision, heat-resistant extensometer was 
used to reliably measure the small strains neces-
sary to obtain the young’s Modulus at high tem-
peratures. 

Four different test setups were used, leading 
to 9 individual material coupon tests series, de-
pending on the tested material and the test setup.  

The material coupon tests series are described 
in the following paragraphs. Table 5.1 gives a 
summary of the testing programme of the mate-
rial coupon tests.

The material coupon test specimens were 
cut from the different sections. The coupons 
of the SHS 100·100·4 were cut from one addi-
tional column test specimen. The coupons of the 
SHS 200·200·5 were cut from two different ad-
ditional column test specimens. 

The SHS 160·160·5 section was delivered in 
two bars of a length of 9.8 m each. These two bars 
were ordered to be of the same batch of steel and 
therefore to possess the same material properties 
and residual stress pattern. The stub and slender 
column test specimens were cut from these two 
bars (chapter 2.7.3). Material coupon tests speci-
mens were cut from either bar No. 1 or 2. The 
same procedure was used in the case of the three 
rHS 120·60·3.6 and the seven HEA 100 bars.

5.1.1 Series M1 and M2

The material coupon tests series ‘M1’ and ‘M2’  
included all test specimens of the SHS 200·200·5 
and the SHS 100·100·4 material and were con-
ducted in August 2008 at the Institute of Physi-
cal Metallurgy of the Department of Material 
Science at the Technical University of Damstadt, 
Germany. Table 5.2 gives an overview of these 
tests, while details are given in Appendix C.

Series M1: SHS 200·200·5, Tensile

The test series ‘M1’ covers steady state tensile 
material coupon tests on SHS 200·200·5 speci-
mens. The individual material coupon test speci-
mens were labelled A5 to C8. 

Deformation-controlled steady state tests 
with a rate were executed at 400 °C, 550 °C 
and 700 °C. Table 5.2 summarises the tests per-
formed. Each test was carried out only once and 
aborted when a total strain of 5 % was reached.

5 MATErIAL BEHAVIOUr

The behaviour of the materials used for the structural furnace tests was experimentally analysed at am-
bient and elevated temperatures in pure tension and pure compression.  Different strain rates were used 
for the elevated temperature tests. 

This chapter together with Appendix C read like an autonomous test report within this document. All 
necessary information on the material coupon tests is given, including the testing programme, the test 
setup, and the test results.
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Series M2: SHS 100·100·4, Tensile

The test series ‘M2’ studied steady state tensile 
material coupon tests on SHS 100·100·4 speci-
mens. The individual material coupon test speci-
mens were labelled A1 to C4 (Table 5.2). 

Deformation-controlled steady state tests with 
a constant rate were executed at 400 °C, 550 °C 
and 700 °C. Table 5.2 summarises the tests per-
formed. One additional ambient temperature test 
was executed at the ETH Zurich for comparison. 
Each test was carried out only once. The tests 
were aborted when a total strain of about 5 % was 
reached.

5.1.2 Series M3 and M4

The material coupon tests series ‘M3’ and ‘M4’ 
included test specimens of the SHS 160·160·5 
and the rHS 120·60·3.6 material and were con-
ducted in November and December 2009 at the 
Institute of Structural Engineering at ETH Zu-
rich. Table 5.2 gives an overview of these tests, 
while details are given in Appendix C.

Series M3: SHS 160·160·5, Tensile

The test series ‘M3’ covers ambient temperature 
tensile material coupon tests on SHS 160·160·5 
specimens. The coupons were cut from both 
SHS 160·160·5 bars (Table 5.2). The main goal 
of these tests was to find out whether or not the 
two different bars of the tested sections were out 
of the same steel batch. The individual material 
test specimens were labelled PT01 to PT04. 

Deformation-controlled ambient tempera-
ture tests with a constant rate were executed and 
aborted when a total strain of 2 % was reached.

Series M4: rHS 120·60·3.6, Tensile

The test series ‘M4’ includes ambient temperature 
tensile material coupon tests on rHS 120·60·3.6 
specimens. The coupons were cut from all three 
rHS 120·60·3.6 bars (Table 5.2). The main goal 
of these tests was to find out whether or not the 
three different bars of the tested sections were 
out of the same steel batch. The individual mate-
rial coupon test specimens were labelled PT01 to 
PT05. 

Deformation-controlled ambient temperature 
tests with a constant rate were performed. The 
tests were aborted when a total strain of about 
2 % was reached.

5.1.3 Series M5 and M6

The material coupon tests series ‘M5’ and ‘M6’ 
included test specimens of the SHS 160·160·5 
and the rHS 120·60·3.6 material and were con-
ducted from November 2009 to January 2010 at 
the Institute of Virtual Manufacturing of Prof. Dr. 
Pavel Hora at ETH Zurich. Table 5.2 gives an 
overview of these tests, while details are given in 
Appendix C.

Series M5: SHS ·160·160·5

The test series ‘M5’ covers steady state compres-
sive material coupon tests on SHS 160·160·5 
specimens. The coupons were cut from bar No. 1 
(Table 5.2). The individual material coupon test 
specimens were labelled C01 to C53.

The steady state tests at 20 °C, 400 °C, 550 °C 
and 700 °C were executed with a constant strain 
rate of 1500 %/min, 300 %/min  and 60 %/min. 
The strain rates were chosen according to the ca-

Table 5.1 The column tests series and the corresponding material coupon tests series

Column tests series Executed material coupon tests Material coupon  
tests series

Series 1: SHS 200·200·5 Tensile Steady state Ambient and elev. Temp. Series M1

Series 2 and 3: SHS 100·100·4 Tensile Steady state Ambient and elev. Temp. Series M2

Series 4 and 5: SHS 160·160·5 Tensile Steady state Ambient Temperature Series M3
Compressive Steady state Ambient and elev. Temp. Series M5
Tensile Steady state Ambient and elev. Temp. Series M7

Series 6 and 7: rHS 120·60·3.6 Tensile Steady state Ambient Temperature Series M4
Compressive Steady state Ambient and elev. Temp. Series M6
Tensile Steady state Ambient and elev. Temp. Series M8

Series 8, 9 and 10: HEA 100 Tensile Steady state Ambient and elev. Temp. Series M9
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pacity of the test setup. Each test was repeated 
three to five times to obtain a redundancy of the 
results. The tests were aborted when a total strain 
of 15 % to 30 % was reached.

Series M6: rHS ·120·60·3.6

The test series ‘M6’ includes steady state com-
pressive material coupon tests on rHS 120·60·3.6 
specimens. The coupons were cut from bar No. 1 
(Table 5.2). The individual material coupon test 
specimens were labelled C01 to C48.

The steady state tests at 20 °C, 400 °C, 550 °C 
and 700 °C were executed with a constant strain 
rate of 1500 %/min, 300 %/min  and 60 %/min. 
The strain rates were chosen according to the ca-
pacity of the test setup. Each test was repeated 
three to five times to obtain a redundancy of the 
results. The tests were aborted when a total strain 
of 15 % to 30 % was reached.

5.1.4 Series M7, M8 and M9

The material coupon tests series ‘M7’ to ‘M9’  
included test specimens of the SHS 160·160·5, 
the rHS 120·60·3.6 and the HEA 100 material 
and were conducted from December 2010 to May 
2011 at the Institute of Structural Engineering at 
ETH Zurich. Table 5.3 gives an overview of these 
tests, while details are given in Appendix C.

Series M7:  SHS 160·160·5

The closed loop test series ‘M7’ covers steady state 
tensile material coupon tests on SHS 160·160·5 
specimens. The coupons were cut from both 
SHS 160·160·5 bars (Table 5.3). The individual 
material coupon test specimens were labelled 
T01 to T35.

The steady state tests at 20 °C, 400 °C, 550 °C 
and 700 °C were executed with constant strain 

Table 5.2 The material tests series M1 to M6

Specimen Bar 
No.

Tempera-
ture

Strain 
rate 

Test 
date

Specimen Bar 
No.

Tempera-
ture

Strain 
rate 

Test 
date

[°C] [%/min] [°C] [%/min]
SHS 200·200·5 SHS 160·160·5

Se
rie

s M
1

C5 1 20 1.49 27.08.2008

Se
rie

s M
5

C01 to C04 1 20 60 06.11.2009
A7 2 20 0.86 26.08.2008 C05 to C07 1 20 300 06.11.2009
A6 1 400 0.37 26.08.2008 C08 to C12 1 400 60 30.11.2009
B6 1 550 0.46 26.08.2008 C13 to C17 1 400 300 06.11.2009
B7 2 550 0.31 27.08.2008 C18 to C22 1 400 1500 30.11.2009
C6 1 700 0.58 26.08.2008 C23 to C27 1 550 60 30.11.2009

C28 to C32 1 550 300 30.11.2009
SHS 100·100·4 C33 1 550 60 30.11.2009

Se
rie

s M
2

A2 1 20 1.15 25.08.2008 C34 to C38 1 550 1500 30.11.2009
B1 1 20 0.27 15.01.2009 C39 to C43 1 700 60 30.11.2009
A3 1 400 0.72 25.08.2008 C44 to C48 1 700 300 30.11.2009
B3 1 550 0.85 26.08.2008 C49 to C53 1 700 1500 30.11.2009
B4 1 550 0.16 27.08.2008
C1 1 700 0.10 28.08.2008 rHS 120·60·3.6
C3 1 700 0.80 26.08.2008

Se
rie

s M
6

C01 to C03 1 20 60 26.01.2010
C04 to C08 1 400 60 26.01.2010

SHS 160·160·5 C09 to C13 1 400 300 26.01.2010

Se
rie

s M
3 PT01 1 20 - 03.11.2009 C14 to C18 1 400 1500 26.01.2010

PT02 1 20 - 03.11.2009 C19 to C23 1 550 60 26.01.2010
PT03 1 20 - 03.11.2009 C24 to C28 1 550 300 26.01.2010
PT04 2 20 - 07.12.2009 C29 to C33 1 550 1500 26.01.2010

C34 to C38 1 700 60 26.01.2010
rHS 120·60·3.6 C39 to C43 1 700 300 26.01.2010

Se
rie

s M
4 PT01 1 20 - 07.12.2009 C44 to C48 1 700 1500 26.01.2010

PT02 1 20 - 07.12.2009
PT03 1 20 - 07.12.2009
PT04 2 20 - 08.12.2009
PT05 3 20 - 08.12.2009
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Table 5.3 The material tests series M7 to M9

Specimen Bar 
No.

Tempera-
ture

Strain 
rate 

Test 
date

Specimen Bar 
No.

Tempera-
ture

Strain 
rate 

Test 
date

[°C] [%/min] [°C] [%/min]
SHS 160·160·5 rHS 120·60·3.6

Se
rie

s M
7

T01 1 20 0.10 08.12.2010

Se
rie

s M
8

T01 1 20 0.10 05.04.2011
T02 1 20 0.10 07.12.2010 T02 1 20 0.10 06.04.2011
T06 1 20 0.10 08.12.2010 T03 1 20 0.10 07.04.2011
T33 2 20 0.10 16.03.2011 T04 1 400 0.10 24.03.2011
T34 2 20 0.10 17.03.2011 T05 1 400 0.10 21.03.2011
T35 2 20 0.10 17.03.2011 T06 1 400 0.10 22.03.2011
T10 1 400 0.50 22.02.2011 T07 1 700 0.10 30.03.2011
T15 1 400 0.50 23.02.2011 T08 1 550 0.10 29.03.2011
T22 2 400 0.50 28.02.2011 T09 1 550 0.10 28.03.2011
T03 1 400 0.10 15.12.2010 T10 1 550 0.10 31.03.2011
T07 1 400 0.10 16.12.2010 T11 1 700 0.10 01.04.2011
T09 1 400 0.10 21.12.2010 T12 1 700 0.10 04.04.2011
T21 1 400 0.02 21.02.2011
T23 2 400 0.02 25.02.2011 HEA 100
T24 2 400 0.02 24.02.2011

Se
rie

s M
9

T01 1 20 0.10 08.04.2011
T25 2 550 0.50 01.03.2011 T02 1 20 0.10 08.04.2011
T27 2 550 0.50 03.03.2011 T03 1 20 0.10 08.04.2011
T29 2 550 0.50 08.03.2011 T07 2 20 0.10 11.04.2011
T04 1 550 0.10 21.12.2010 T13 3 20 0.10 11.04.2011
T11 1 550 0.10 22.12.2010 T19 4 20 0.10 12.04.2011
T12 1 550 0.10 04.01.2011 T25 5 20 0.10 13.04.2011
T08 1 550 0.02 16.02.2011 T31 6 20 0.10 14.04.2011
T19 1 550 0.02 15.02.2011 T37 7 20 0.10 14.04.2011
T20 1 550 0.02 18.02.2011 T08 2 400 0.10 26.04.2011
T26 2 700 0.50 02.03.2011 T09 2 400 0.10 27.04.2011
T28 2 700 0.50 09.03.2011 T10 2 400 0.10 27.04.2011
T31 2 700 0.50 11.03.2011 T11 2 550 0.10 06.05.2011
T05 1 700 0.10 10.02.2011 T14 3 550 0.10 29.04.2011
T13 1 700 0.10 05.01.2011 T15 3 550 0.10 28.04.2011
T14 1 700 0.10 11.02.2011 T12 2 700 0.10 09.05.2011
T17 1 700 0.02 14.02.2011 T20 4 700 0.10 02.05.2011
T30 2 700 0.02 07.03.2011 T21 4 700 0.10 03.05.2011

rates of 0.50 %/min, 0.10 %/min and 0.02 %/min 
controlled via the extensometer. The two slower 
strain rates were chosen to match those of the 
stub and slender column tests performed on this 
section. The fastest strain rate was chosen to ob-
tain additional information on the influence of the 
strain rate on the material behaviour.

Each test was repeated three times to obtain 
a redundancy of the results. At a strain rate of 
0.10 %/min one test per temperature was execut-
ed up to a strain of 15 %, while the other two 
were stopped at a strain of 5 %. At a strain rate of 
0.02 %/min, all tests were loaded up to 5 % strain 
and at a strain rate of 0.50 %/min, the tests were 
stopped at 15 % strain. 

At 700 °C and a strain rate of 0.02 %/min, 
the high ductility of the material combined with 

a slow strain rate resulted in very slow loading 
of the specimen and  the Zwick testing machine 
showed problems controlling the test via the ex-
tensometer. Only two tests were performed under 
these conditions and they were aborted at 1 % 
strain of the specimen. 

Series M8: rHS 120·60·3.6

The closed loop test series ‘M8’ covers 
steady state tensile material coupon tests on 
rHS 120·60·3.6 specimens. The coupons were 
cut from rHS 120·60·3.6 bar No. 1 (Table 5.3). 
The individual material coupon test specimens 
were labelled T01 to T12.

The steady state tests at 20 °C, 400 °C, 550 °C 
and 700 °C were executed with a constant strain 
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rate of 0.10 %/min controlled via the extensom-
eter. The strain rate was chosen to match that of 
the stub and slender column tests.

Each test was repeated three times to obtain 
a redundancy. One test per temperature was ex-
ecuted up to a strain of 15 %, while the other two 
were stopped at a strain of 5 %. 

Series M9: HEA 100

The closed loop test series ‘M9’ includes steady 
state tensile material coupon tests on HEA 100 
specimens. The coupons were cut from all 
HEA 100 bars (Table 5.3). The individual mate-
rial coupons were labelled T01 to T37.

The steady state tests at 20 °C, 400 °C, 550 °C 
and 700 °C were executed with a constant strain 
rate of 0.10 %/min controlled via the extensom-
eter. The strain rate was chosen to match that of 
the stub and slender column tests.

Three ambient temperature tests were execut-
ed with specimens cut from bar No. 1 to define 
the ambient temperature behaviour of this materi-
al. One ambient temperature test with a specimen 
taken from each of the other bars was executed 
to show whether or not all bars, and therefore all 
tested columns, have the same material proper-
ties. These tests were aborted at total strains of 
15 %.

Each elevated temperature test was repeated 
three times to obtain a redundancy. One test per 
temperature was executed up to a strain of 15 %, 
while the other two were stopped at a strain of 
5 %. 

5.2 Geometry of specimens

Three different geometries of the material cou-
pons were used for the different test series. The 
nominal shape of the specimens is described in 
the following paragraphs. The detailed measured 
geometry of all test specimens is given in Appen-
dix C.

5.2.1 Series M1 to M4

The test specimens used for the tensile coupon 
tests of the test series ‘M1’ to ‘M4’ were dog-
bone-shaped pieces cut from the flat faces of 
the box sections used for the column tests (Fig-
ure 5.1). The nominal width of the slender part 
of the coupon b0,nom was 10 mm and the nominal 
thickness t0,nom of the test specimens was equal 
to the wall thickness of the section, i.e. 4 mm 
for the SHS 100·100·4 specimens, 5 mm for the 
SHS 200·200·5 and the SHS 160·160·5 speci-
mens and 3.6 mm for the rHS 120·60·3.6 speci-
mens. The actual values of b0 and t0 of every test 
specimen measured at 3 points indicated in Fig-
ure 5.1 are given in Appendix C. 

Figure 5.1 Test specimen of the test series M1 to M4 
including the geometric values in mm

Figure 5.2 Test specimen of the test series M5 and 
M6 with aluminium discs and temperature sensor
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5.3 Setup and execution

Four different test setups were used for the differ-
ent test series. Each of these setups together with 
the associated execution of the tests is described 
in the following paragraphs. 

5.3.1 Series M1 and M2

The test setup and associated execution of the 
material coupon tests series ‘M1’ and ‘M2’ on 
SHS 200·200·5 and SHS 100·100·4 tensile test 
specimens are described in the following para-
graphs. 

Test setup 

The test series ‘M1’ and ‘M2’ were executed at 
Darmstadt on a ‘Schenk rSA 100’ universal test-
ing machine with a capacity of  ± 100 kN (Fig-
ure 5.4 left). 

An electrical furnace with three vertically dis-
tributed heating zones was used (Figure 5.4 bot-
tom right). Type K thermocouples were used to 
measure the furnace air temperature as well as 
the temperature of the steel surface. 

The vertical elongation of the test specimen 
was measured with an extensometer using two 
ceramic bars insensitive to the heat (Figure 5.4 
top right). The nominal initial gauge length of the 
extensometer was 15 mm.

One additional ambient temperature test was 
carried out at ETH Zurich for comparison. The 
test setup and execution of this test was the same 
as for the material coupon test series ‘M3’ and 
‘M4’ (section 5.3.2).

Execution

The tests were performed in the following steps:
The furnace air temperature was heated at a 

constant heating rate of 60 °C/min up to 70 % of 
the final temperature. Then the furnace air tem-
perature was heated at a constant heating rate 
of 10 °C/min up to the final temperature. The 
furnace air temperature was kept constant until 
the steel temperature reached the desired testing 
temperature. During the entire heating process a 
constant tensile load of approximately 300 N was 
applied to the specimen.

The temperature was kept constant and a de-
formation-controlled tensile load was applied to 
the specimen with a constant rate up to an elonga-
tion of the specimen of about 5 %.

5.2.2 Series M5 and M6

The test specimens used for the compressive cou-
pon tests of the test series ‘M5’ and ‘M6’ were 
small rectangular prisms cut from the flat faces 
of the sections (Figure 5.2). The nominal width 
b0,nom and the nominal thickness t0,nom of the prism 
was equal to the wall thickness of the section, 
i.e. 5 mm for the SHS 160·160·5 specimens and 
3.6 mm for the rHS 120·60·3.6 specimens. The 
length of the prisms L0,nom was twice the width 
b0,nom, i.e 10 mm for the SHS 160·160·5 speci-
mens and 7.2 mm for the rHS 120·60·3.6 speci-
mens. The actual initial values of b0 and t0 of eve-
ry test specimen are given in Appendix C.

5.2.3 Series M7, M8 and M9

The test specimens of the tensile coupon tests of 
the test series ‘M7’ to ‘M9’ were dog-bone-shaped 
pieces cut from the flat faces of the box sections 
SHS 160·160·5 and rHS 120·60·3.6 and the 
web of the H-section HEA 100 used for the col-
umn tests (Figure 5.3). The nominal width of the 
slender part of the coupon b0,nom was 10 mm and 
the nominal thickness t0,nom of the test specimens 
was equal to the wall thickness of the section, i.e. 
5 mm for the SHS 160·160·5 and the HEA 100 
specimens and 3.6 mm for the rHS 120·60·3.6 
specimens. The actual values of b0 and t0 of all 
test specimens measured at 5 points indicated in 
Figure 5.3 are given in Appendix C.

Figure 5.3 Test specimen of the test series M7 to M9 
including the geometric values in mm
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Figure 5.4 Test setup of the test series M1 and M2: Overall test setup of the Schenk testing machine including 
the closed furnace (left), detail of the extensometer attached to a test specimen (top right), detailed view of the 
open furnace with the extensometer (bottom right)
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5.3.2 Series M3 and M4

The test setup and associated execution of the 
material coupon tests series ‘M3’ and ‘M4’ on 
SHS 160·160·5 and rHS 120·60·3.6 tensile test 
specimens are described in the following para-
graphs.

Test setup

The test series ‘M3’ and ‘M4’ were executed at 
the laboratory of the Institute of Structural En-
gineering at ETH Zurich on a ‘Schenk’ univer-
sal testing machine with a capacity of  ± 480 kN 
(Figure 5.5 bottom). The vertical elongation 
of the specimen was measured using a DD1 of 
HBM Switzerland with a nominal initial gauge 
length of 25 mm (Figure 5.5 top). In addition, 
two strain gauges were glued to the specimen at 
mid-height of the two larger surfaces.

Execution

The tests were performed in the following steps:
A deformation-controlled tensile load was 

applied to the specimen with a constant rate of 
0.1 mm/min up to a traverse displacement of 
1.5 mm for the SHS160_PT01 and SHS160_
PT02 specimens and up to 3.0 mm for the other  
specimens. Then, the extensometer was removed 
from the test specimen.

A deformation-controlled tensile load was ap-
plied to the specimen with a rate of 1.0 mm/min 
until the specimen failed.

5.3.3 Series M5 and M6

The test setup and associated execution of the 
material coupon tests series ‘M5’ and ‘M6’ on 
SHS 160·160·5 and rHS 120·60·3.6 compres-
sive test specimens are described in the follow-
ing paragraphs.

Test setup

The test series ‘M5’ and ‘M6’were executed on 
a deformation dilatometer DIL 805 of the com-
pany Bähr Thermoanalyse GmbH, Germany 
(Figure 5.6). Inside the vacuum chamber of the 
dilatometer the test specimen is placed between 
the two plungers. Two displacement transduc-
ers made of ceramics measure the differential 
displacement between the two plungers. For the 
actual execution of the test the inductor is placed 
around the test specimen and the displacement 
transducers.Figure 5.5 Test setup of the test series M3 and M4: 

Overall test setup (bottom), detail of the attached 
DD1 (top)
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Execution

After the test specimen, the displacement trans-
ducers and the inductor were in place, the cham-
ber was closed and evacuated. The pressure in-
side the evacuated chamber was 0.29 mbar. 

The inductor heated up the test specimen 
to the target temperature of the steel surface of 
400 °C, 550 °C or 700 °C within 100 s. This leads 
to heating rates of 4 °C/s, 5.5 °C/s and 7 °C/s, re-
spectively. The temperature was held constant for 
30 s in the case of the rHS 120·60·3.6 and 110 s 
in the case of the SHS 160·160·5 specimens.

The test specimen was loaded in uniaxial 

compression at a constant speed of the plung-
ers at strain rates of 0.01 s-1 (60 %/min), 0.05 s-1 
(300 %/min) and 0.25 s-1 (1500 %/min) up to a 
total strain of 15 % to 30 %. The test specimen 
was unloaded, the temperature cooled down and 
the vacuum was removed from the chamber. The 
strain rates resulted from the capacity of the test-
ing machine. As the test specimens are small, 
slow strain rates lead to small movements of the 
plungers. The slowest strain rate used for these 
tests, for example, 60 %/min results in a move-
ment of 0.1 mm/s for the SHS 160·160·5 speci-
mens.  Slower strain rates were not possible with 
this kind of testing equipment.

Figure 5.6 Test setup of the test series M5 and M6: Deformation dilatometer DIL 805 (top, image: www.baehr-
thermo.de), test setup of the compressive coupon tests inside the vacuum chamber (bottom)
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Figure 5.7 Test setup of the test series M7 to M9: Overall test setup of the Zwick testing machine, the furnace 
and the extensometer (top right), detail of the extensometer attached to a test specimen (top left), detailed view 
of the open (bottom left) and the closed (bottom right) furnace with the extensometer.
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5.3.4 Series M7, M8 and M9

The test setup and associated execution of the 
material coupon tests series ‘M7’ to ‘M9’ on 
SHS 160·160·5, rHS 120·60·3.6 and HEA 100 
tensile test specimens are described in the follow-
ing paragraphs.

Test setup

The test series ‘M7’ to ‘M9’ were executed on a 
‘Zwick’ universal testing machine with a capac-
ity of ± 200 kN (Figure 5.7 top right).

An electrical furnace based on the ‘Könn 
STE-12 Hr/350’ with three vertically distributed 
heating zones was used to heat the specimens 
(Figure 5.7 bottom). Its maximum temperature 
is 1100 °C with a heating capacity of 60 K/min 
up to 600 °C and 40 K/min up to 1100 °C. On 
the front side there is an opening of 140 mm by 
10 mm for the extensometer.

The steel temperature was measured by three 
type K thermocouples glued to the surface of the 
slender part of the specimen. The position of the 
thermocouples is given in Appendix C. 

The vertical displacement of the test specimen 
was measured by a ‘Maytec PMA-12/V7’ exten-
someter (Figure 5.7 bottom). This LVDT consists 
of two ceramic bars (Al2O3) pressed to the sur-
face of the test specimen with a force of up to 
3 N (Figure 5.7 top left). The initial gauge length 
can be fixed between 11 mm and 50 mm and the 
maximum deformation is ± 10 mm. Its resolution 
is 0.1 μm.

In addition to the extensometer, two strain 
gauges were glued to the larger surfaces of the 
ambient temperature test specimens. TML PFL-
10-11 strain gauges with an initial gauge length 
of 10 mm were used for the tests.

Execution

The tests were divided into three phases:

Phase I consisted of cyclic loadings at ambient 
temperature to check the position of the test spec-
imen. The test specimen was installed, the fur-
nace closed and the extensometer attached to the 
test specimen.

Three cyclic loadings at a constant strain 
rate of 0.10 %/min (measured and controlled 
with the extensometer) were executed between 
a minimum load of 0.3·Npl,nom and a maximum 

load of 0.7·Npl,nom. The nominal plastic resistance 
Npl,nom was calculated as the product of the 
nominal yield stress at ambient temperature 
fy=355 N/mm2 and the nominal cross-sectional 
area of the specimen A0,nom.

To make sure that the specimen was in a 
vertical position and to minimise any bending 
effects, the young’s moduli of the three tensile 
branches of the cyclic loading were calculated 
and compared to the nominal young’s modulus 
E0,nom=210 kN/mm2. If the calculated moduli were 
within a range of 200-220 kN/mm2 the tests was 
continued. Otherwise the specimen was again 
dismounted and the cyclic loading was repeated. 
The resulting young’s moduli of Phase I of each 
test is given in Appendix C.

Phase II consisted of the heating of the test speci-
men.

The steel temperature was heated step by step 
with constant heating rates of the steel surface up 
to the target temperature of the test Tend. The fol-
lowing heating rates were used:

10.0 °C/min up to Tend - 90 °C
7.5 °C/min up to Tend - 60 °C
5.0 °C/min up to Tend - 30 °C
2.0 °C/min up to Tend

During the entire heating process a constant 
tensile load was applied to the specimen. The 
thermal elongation was not restrained and meas-
ured by the extensometer. The resulting thermal 
elongation coefficients of each test are given in 
Appendix C.

Phase III consisted of the tensile loading of the 
specimen at a constant elevated temperature.

The temperature was kept constant and a 
tensile load was applied to the specimen with a 
constant strain rate of 0.50 %/min, 0.10 %/min 
or 0.02 %/min (measured and controlled with 
the extensometer). At 2 %, 5 % and 10 % total 
strain the test specimen was unloaded and re-
loaded again with the same strain rate. At 15 % 
total strain the test specimen was unloaded with 
the same strain rate and the extensometer was re-
moved. Some tests were only unloaded and re-
loaded at 2 % total strain and the extensometer 
removed at 5 % total strain.

The test specimen was loaded with a constant 
rate of 2 mm/min until failure of the specimen.
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the SHS 200·200·5 coupons exhibit different 
yield stresses. Whether this is due to a weakness 
in one of the test specimens or whether the two 
specimens (which are cut out of two different col-
umns) are not of the same steel batch can not be 
said with certainty. The two ambient temperature 
test results of the SHS 100·100·4 coupons that 
were cut from the same column coincide very 
well.

At 550 °C and 700 °C additional tests were 
executed at slightly different strain rates, which 
explains the different stress levels of these tests.

Due to the test setup used it was difficult to 
measure small strains accurately and therefore 
no young’s Moduli were calculated from the test 
results. Appendix C however contains the stress 
values at different strain levels for every test.

Series M3 and M4

Figure 5.10 and Figure 5.11 show the stress-
strain relationships of the ambient temperature 
tensile coupon tests on SHS 160·160·5 and 
rHS 120·60·3.6 coupons. The (nominal) stress 
was determined as the measured vertical load of 
the test divided by the average measured cross-
sectional area of the specimen. The strain was 
determined as the vertical deformation of the 
specimen measured with the extensometer di-
vided by the nominal initial gauge length of the 
extensometer.

All the ambient temperature tensile tests of 
the test series ‘M3’ and ‘M4’ are presented in the 
figures. The yield stresses of the SHS 160·160·5 

5.4 results

The results presented here can be divided into 
two main categories. First, the resulting stress-
strain relationships of each material coupon test 
are presented. Then, some comparative results of 
the material parameters are given. 

Detailed results of every material coupon test 
are given in Appendix C.

5.4.1 resulting stress-strain relationships

The resulting stress-strain relationships of every 
material coupon test are given in this section. 

Series M1 and M2

Figure 5.8 and Figure 5.9 show the stress-
strain relationships of the tensile coupon tests 
on SHS 100·100·4 and SHS 200·200·5 speci-
mens. The (nominal) stress was determined as 
the measured vertical load of the test divided by 
the average measured cross-sectional area of the 
specimen. The strain was determined as the verti-
cal deformation of the specimen measured with 
the extensometer divided by the nominal initial 
gauge length of the extensometer.

The test results at 20 °C, 400 °C, 550 °C and 
700 °C are presented in the figures. The stresses 
decrease with increasing temperatures. At the 
same time, the yield plateau existing at ambient 
temperature is not exhibited at elevated tempera-
tures and the curves become distinctly non-linear. 

The two ambient temperature test results of 

Figure 5.8 Stress-strain relationships of the material 
coupon tests series M1: SHS 200·200·5

Figure 5.9 Stress-strain relationships of the material 
coupon tests series M2: SHS 100·100·4
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Figure 5.11 Stress-strain relationships of the material 
coupon tests series M4: rHS 120·60·3.6

Figure 5.10 Stress-strain relationships of the material 
coupon tests series M3: SHS 160·160·5

coupon test results coincide well and it can there-
fore be concluded that the two bars the stub and 
slender columns were cut from are all of the same 
material.

In the case of the rHS 120·60·3.6, four re-
sults coincide very well, whereas one yield stress 
is lower than the others. This curve belongs to 
PT02 and is cut from the same column as PT01 
and PT03 which coincide very well with the 
curves resulting from the coupons of the other 
two bars. It can therefore be concluded that the 
PT02 result of the rHS 120·60·3.6 test series 
shows a low yield plateau due to a weakness of 
the test specimen.

Appendix C contains the young’s Moduli and 
the yield stresses of all the tests.

Series M5 and M6

Figure 5.12 shows the stress-strain relation-
ships of the compressive coupon tests on 
SHS 160·160·5 and the rHS 120·60·3.6 coupons 
up to a total strain of 16 % and 2 %, respective-
ly. The (nominal) stress was determined as the 
measured vertical load of the test divided by the 
measured cross-sectional area A0, which is given 
in Appendix C. The strain was determined as the 
relative deformation between the plungers meas-
ured with the displacement transducers divided 
by the actual initial length L0 of the specimen, 
which is given in Appendix C.

The test results at 20 °C, 400 °C, 550 °C and 
700 °C of the tests executed at strain rates of 
1500 %/min, 300 %/min and 60 %/min are pre-

sented in the graphs. The stresses decrease with 
increasing temperature. For a constant tempera-
ture the stress decreases with decreasing strain 
rate.

The dilatometer of the Institute of Virtual 
Manufacturing of ETH Zurich is normally used 
to measure the behaviour of metallic materials at 
high temperature and large strains. The measure-
ment of small deformations in the elastic range 
and even up to 2 % strain are unreliable as can 
be seen in Figure 5.12. No young’s Moduli there-
fore were calculated from these results.

Series M7

Figure 5.13 and Figure 5.14 show the stress-
strain relationships of the tensile coupon tests 
of the test series ‘M7’ on SHS 160·160·5 cou-
pons up to a total strain of 16 % and 2 %, respec-
tively. The (nominal) stress was determined as 
the measured vertical load of the test divided by 
the average measured cross-sectional area Aav,234, 
which is given in Appendix C. The strain was de-
termined as the vertical deformation of the speci-
men measured with the extensometer divided by 
the actual initial gauge length L0,III of the exten-
someter, which is given in Appendix C.

The test results at 20 °C, 400 °C, 550 °C and 
700 °C of the tests executed at strain rates of 
0.50 %/min, 0.10 %/min and 0.02 %/min are pre-
sented in the figures. The stresses decrease with 
increasing temperature. For a constant tempera-
ture the stress decreases with decreasing strain 
rate.
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Figure 5.12 Stress-strain relationships of the material coupon tests series M5 and M6: SHS 160·160·5 and 
rHS 120·60·3.6 specimens in pure compression



Stress [N/mm²]

Strain [%]
0.0 0.5 1.0 1.5 2.0

0

100

200

300

400

500

20 °C

400 °C

550 °C

700 °C

Strain rate [%/min]
0.50
0.10
0.02

Stress [N/mm²]

Strain [%]
0 1 16

0

200

300

400

500

600

20 °C

550 °C

700 °C

Strain rate [%/min]
0.50
0.10
0.02

2 3 4 5 6 7 8 9 10 11 12 13 14 15

100

400 °C

   results

49

Three ambient temperature test specimens 
were cut out of bar No. 1, whereas the other three 
specimens used for ambient temperature testing 
were cut from bar No. 2. Bar No. 1 specimens 
show a yield plateau up to a strain of 2 %, while 
the yield plateau of the bar No. 2 specimens ends 
already at 1.7 %.  At larger strains the stresses of 
the bar No. 2 specimens remain higher than the 
ones of the bar No. 1 specimens. It can be con-
cluded that even if the yield stress is the same, the 
yield hardening behaviour can still be different. 

At 400 °C similar observations can be made. 
The specimens of the tests at 0.50 %/min and at 
0.02 %/min were cut from both bars leading to 
higher stresses for the specimens cut form bar 
No. 2 and to lower stresses for the specimens cut 
from bar No. 1. The specimens of the tests ex-
ecuted at 0.10 %/min were all cut from bar No. 1 
resulting in a similar stress-strain behaviour for 
all three tests.

At 550 °C and at 700 °C the specimens chosen  
for the tests executed under the same conditions 
were always cut from the same bar. The result-
ing stress-strain curves show that the tests were 
reproducible and reliable.

The yield stress at ambient temperature has 
been fixed at fy,20°C,SHS160 = 360 N/mm2.

Series M8

Figure 5.15 and Figure 5.16 show the stress-
strain relationships of the tensile coupon tests 
of the test series ‘M8’ on rHS 120·60·3.6 cou-
pons up to a total strain of 16 % and 2 %, respec-
tively. The (nominal) stress was determined as 
the measured vertical load of the test divided by 
the average measured cross-sectional area Aav,234, 
which is given in Appendix C. The strain was de-
termined as the vertical deformation of the speci-
men measured with the extensometer divided by 
the actual initial gauge length L0,III of the exten-
someter, which is given in Appendix C.

The test results at 20 °C, 400 °C, 550 °C and 
700 °C of the tests executed at a strain rate of 
0.10 %/min are presented in the figures. The 

Figure 5.13 Stress-strain relationships of the material coupon tests series M7: SHS 160·160·5 up to 16 % strain

Figure 5.14 Stress-strain relationships of the material 
tests series M7: SHS 160·160·5 up to 2 % strain
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stresses decrease with increasing temperature. 
One of the ambient temperature test speci-

mens had been loaded above the yield stress and 
unloaded again before the actual test had started. 
It therefore shows a shorter yield plateau  than the 
other two test specimens. All test specimens were 
cut out of bar No. 1. The resulting stress-strain 
curves show that the tests were reproducible and 
reliable.

The yield stress at ambient temperature has 
been fixed at fy,20°C,rHS120 = 370 N/mm2.

Series M9

Figure 5.17 and Figure 5.18 show the stress-
strain relationships of the tensile coupon tests of 
the test series ‘M9’ on HEA 100 coupons up to 
a total strain of 16 % and 2 %, respectively. The 
(nominal) stress was determined as the measured 
vertical load of the test divided by the average 
measured cross-sectional area Aav,234, which is 
given in Appendix C. The strain was determined 
as the vertical deformation of the specimen meas-
ured with the extensometer divided by the actual 
initial gauge length L0,III of the extensometer, 
which is given in Appendix C.

The test results at 20 °C, 400 °C, 550 °C and 
700 °C of the tests executed at a strain rate of 
0.10 %/min are presented in the figures. The 
stresses decrease with increasing temperature.

Eleven ambient temperature tests on speci-
mens cut from 7 different bars have been execut-
ed. It can be deduced that all seven bars show 
the same material behaviour. The test specimens 
used for the elevated temperature tests were cut 
from three different bars. Nevertheless the result-
ing stress-strain relationships of the tests execut-
ed under the same conditions coincide very well 
and show that the tests were reproducible and 
reliable.

The yield stress at ambient temperature has 
been fixed at fy,20°C,HEA100 = 425 N/mm2.

Figure 5.15 Stress-strain relationships of the material coupon tests series M8: rHS 120·60·3.6 up to 16 % strain

Figure 5.16 Stress-strain relationships of the material 
tests series M8: rHS 120·60·3.6 up to 2 % strain



Stress [N/mm²]

Strain [%]
0.0 0.5 1.0 1.5 2.0

0

100

200

300

400

500

20 °C

400 °C

550 °C

700 °C

Strain rate [%/min]
0.10

Stress [N/mm²]

Strain [%]
0 1 16

0

200

300

400

500

600

2 3 4 5 6 7 8 9 10 11 12 13 14 15

100

Strain rate [%/min]
0.10

20 °C

550 °C

700 °C

400 °C

   results

51

5.4.2 resulting material parameters

Detailed results of every test are given in Ap-
pendix C. Selected comparative results are given 
below.

young’s Moduli of series M7 to M9

The young’s Modulus of a material at a certain 
temperature θ, E0,θ, defines the slope of the ini-
tial elastic branch of a tensile material coupon 

test. The young’s Moduli of the test results of 
Phase III have been calculated for every tensile 
test of the test series ‘M7’ to ‘M9’.

Figure 5.19 top shows these resulting young’s 
Moduli in the elastic range of Phase III as a func-
tion of the temperature and the strain rate. The 
young’s moduli have been calculated according 
to DIN EN 10002-1 [4] as the constant slope of 
a representative part of the elastic range. A lin-
ear regression was used to determine the young’s 
Modulus of this representative part. Detailed re-
sults are given in Appendix C. In addition to the 
test data, the young’s Modulus as a function of 
the temperature according to EN 1993-1-2 [1] is 
presented in the graph with a continuous line.

At ambient temperature, the young’s Moduli 
resulting from the tests are slightly lower than the 
nominal value according to EN 1993-1-1 [5]. At 
elevated temperature on the other hand, the Eu-
rocode can be seen as a lower boundary to the 
measured test data.

The different strain rates used in the tests are 
presented using different symbols in the graph. 
No significant difference between the resulting 
young’s Moduli for the three strain rates can be 
seen.

The slopes of the reloading branches at x % total 
strain

The slopes of all the reloading branches at 2 %, 
5 %, and 10 % total strain of all the tests were 
also determined. The slope of a reloading branch 
at x % total strain and a specific temperature θ is 

Figure 5.17 Stress-strain relationships of the material coupon tests series M9: HEA 100 up to 16 % strain

Figure 5.18 Stress-strain relationships of the material 
coupon tests series M9: HEA 100 up to 2 % strain
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designated as Ex,θ in this report.
Figure 5.19 bottom shows the resulting slopes 

of the reloading branches at x % total strain as 
a function of temperature. The slopes have been 
determined in the same way as those of the initial 
elastic branch E0,θ. Detailed results are given in 
Appendix C. The decrease of the young’s Modu-
lus of the initial elastic branch with increasing 
temperature according to EN 1993-1-2 [1] is 
again shown in the figure with a continuous line. 

The slopes of the reloading branches at x % 
total strain of all temperatures decrease with in-
creasing plastic deformation, being an indicator 
of the thermal creep taking place in the material.

Stress at 0.2 % plastic strain of series M7 to M9

The stress at 0.2 % plastic strain (i.e the 0.2 % 
proof stress) at a given temperature θ, fp,0.2,θ, 
was calculated for every tensile test of the test 
series ‘M7’ to ‘M9’. For every section type, the 
yield stress at ambient temperature, fy,20°C,SHS160, 
fy,20°C,rHS120 or fy,20°C,HEA100 was derived from the 
ambient temperature tensile tests and each of 
these values is given in this chapter.

Figure 5.20 top shows the resulting stresses at 
0.2 % plastic strain fp,0.2,θ divided by the measured 
yield stress fy,20°C of all these tests as a function 
of temperature and strain rate. Detailed results of 

Figure 5.20 Stress at x % (plastic) strain f(p),x,θ of test 
series M7 to M9 compared to the EN 1993-1-2

Figure 5.19 Elastic slopes Ex,θ of test series M7 to M9 
compared to the EN 1993-1-2
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each test are given in Appendix C. In addition to 
the test data, the reduction factor kp,0.2,θ as a  func-
tion of the temperature according to EN 1993-1-
2 [1] is given in the graph with a continuous line.

For a given temperature the fp,0.2,θ decreases 
with a decreasing strain rate. The reduction factor 
kp,0.2,θ according to EN 1993-1-2 [1] agrees well 
with the test data.

Stress at 2.0 % total strain of series M7 to M9

The stress at 2.0 % total strain at a given tem-
perature θ, f2.0,θ, was calculated for every tensile 
test of the test series ‘M7’ to ‘M9’. For every sec-
tion type, the yield stress at ambient temperature, 
fy,20°C,SHS160, fy,20°C,rHS120 or fy,20°C,HEA100 was derived 

from the ambient temperature tensile tests and 
each of these values is given in this chapter.

Figure 5.20 bottom shows the resulting 
stresses at 2.0 % total strain f2.0,θ divided by the 
measured yield stress fy,20°C of all these tests as 
a function of the temperature and the strain rate. 
Detailed results of each test are given in Appen-
dix C. In addition to the test data, the reduction 
factor ky,θ as a  function of the temperature ac-
cording to EN 1993-1-2 [1] is given in the graph 
with a continuous line.

For a given temperature the f2.0,θ decreases 
with a decreasing strain rate. The reduction factor 
ky,θ according to EN 1993-1-2 [1] leads to higher 
stress values than the tests.
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6.1 Overall test setup

The overall test setup of the preliminary tests 
on box sections can be seen in elevation in Fig-
ure 6.1 and Figure 6.3 and in section in Figure 6.2 
and Figure 6.4 for stub and slender columns, re-
spectively. In addition, Figure 6.5 and Figure 6.6 
show photographs of the test setup of the stub and 
the slender columns, respectively.

After the preliminary tests, the overall test 
setup was modified slightly. Mainly the stiffness 
of the reaction frame and the capacity of the load 
jack were increased.

The overall test setup of the main tests on 
box and H-sections can be seen in elevation in 
Figure 6.7 and Figure 6.9 and in section in Fig-
ure 6.8 and Figure 6.10 for stub and slender col-
umns, respectively. In addition, Figure 6.11 and 
Figure 6.12 show photographs of the test setup of 
the stub and slender columns, respectively.

6.2 The reaction frame (a)

Two different reaction frames (hereafter labelled 
Type I and Type II) were used for the preliminary 
and the main tests. The tag (a) refers to the mark-
ings in Figure 6.1 to Figure 6.4 and Figure 6.7 to 
Figure 6.10. The two different reaction frames are 
described in detail in the following paragraphs.

6.2.1 ‘Type I’ reaction frame

The ‘Type I’ reaction frame of the test setup was 
used for the preliminary tests (Figure 6.1 to Fig-
ure 6.6). It was built using steel elements with a 
steel grade of S355 (i.e. nominal yield strength 
fy = 355 N/mm2 and ultimate strength fu = 510 N/
mm2). 

The two columns were standard H-sections 
HEB 360, with a height of 360 mm, a width of 
300 mm, a flange thickness of 22.5 mm and a 
web thickness of 12.5 mm. The total height of a 
column was 7 m including the base on the floor 
that was welded to the column. The distance be-
tween the two columns was 2.4 m. The two bases 
of the reaction frame were anchored in the 1 m 
thick strong floor.

The cross-beam of the reaction frame consist-
ed of four U-shaped channel sections, two above 
each other on each side of the columns. Two of 
these sections had a height of 800 mm, a width 
of 180 mm, a flange thickness of 40 mm and a 
web thickness of 20 mm. The other two sections 
had a section with a height of 560 mm, a width 
of 180 mm, a flange thickness of 30 mm and a 
web thickness of 20 mm. The U-shaped channel 
sections were fixed to the columns using high-
strength screws of the type SHV 10.9 M24. The 
height, where the U-shaped channel sections 
were fixed to the columns, was different for the 
stub and the slender column tests. The two adja-
cent flanges of the two sections at one side of the 
columns were also screwed together.

6 TEST SETUP

The stub and slender column tests as well as the test on columns of medium length were performed at 
the laboratory of the Institute of Structural Engineering (IBK) of ETH in Zurich.  

This chapter first presents the overall test setup of the preliminary and the main tests, then the test 
setup of the preliminary and of the main tests on box and on H-sections is described individually.
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Figure 6.1 Elevation of the test setup of the preliminary stub column tests on box sections
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Preliminary stub column tests

reaction frame Type I
Load jack Type I

Figure 6.2 Section A-A of the test setup of the preliminary stub column tests on box sections
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Figure 6.3 Elevation of the test setup of the preliminary slender column tests on box sections
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Figure 6.4 Section A-A of the test setup of the preliminary slender column tests on box sections

Preliminary slender column tests

reaction frame Type I
Load jack Type I
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Figure 6.5 Photograph of the test setup of the preliminary stub column tests on an SHS 200·200·5 section as an 
example
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Figure 6.6 Photograph of the test setup of the preliminary slender column tests on an SHS 100·100·4 section as 
an example
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Figure 6.7 Elevation of the test setup of the main stub column tests on box and H-sections
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Figure 6.8 Section A-A of the test setup of the main stub column tests on box and H-sections

Main stub column tests

reaction frame Type II
Load jack Type II
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Figure 6.9 Elevation of the test setup of the main slender column tests on box and H-sections
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Figure 6.10 Section A-A of the test setup of the main slender column tests on box and H-sections

Main slender column tests

reaction frame Type II
Load jack Type II
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Figure 6.11 Photograph of the test setup of the main stub column tests on an SHS 160·160·5 section as an exam-
ple
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Figure 6.12 Photograph of the test setup of the main slender column tests on an rHS 120·60·3.6 section as an 
example
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6.2.2 ‘Type II’ reaction frame

The ‘Type II’ reaction frame of the test setup was 
used for the main tests (Figure 6.7 to Figure 6.12). 
It was also built using steel elements with a steel 
grade of S355 (i.e. yield strength fy = 355 N/mm2 
and ultimate strength fu = 510 N/mm2). 

The two columns used for the ‘Type I’ reac-
tion frame were replaced by four shear walls, 
two on top of each other on each side of the test 
setup. The cross section of these shear walls re-
sembled a lipped I-section with a very high web 
(Figure 6.13). These sections had a height of 
1620 mm, a width of 300 mm, a web thickness of 
20 mm and a flange thickness of 20 mm. The lips 
were 220 mm long and 20 mm thick. The total 
height of the test setup was 6390 mm. Each wall 
was anchored in the strong floor of the test hall at 
four points.

The first cross-beam, aligned to the direction 
of the walls, consisted of four parallel U-shaped 
channel sections of a height of 560 mm, a width 
of 180 mm each, a web thickness of 25 mm and 
a flange thickness of 30 mm. The second cross-
beam, perpendicular to the walls, consisted of the 
same two channel-sections on each side than were 
used in the ‘Type I’ test setup (section 6.2.1). The 
entire structure was fixed together using high-
strength screws of the type SHV 10.9 M24.

6.3 The electrical furnace (b)

The same electrical furnace was used for all 
the tests. The tag (b) refers to the markings in 
Figure 6.1 to Figure 6.4 and Figure 6.7 to Fig-
ure 6.10. 
The electrical furnace, manufactured in 2006 by 
‘Könn GmbH’, Germany, can reach a maximum 
temperature of 1000 °C, has a nominal voltage of 
230 V and a nominal current of 30 A. Its heating 
capacity is 75 kW. The size of the inner chamber 
of the furnace is 800 x 800 x 2000 mm and the 
weight of the furnace is 1400 kg. 

The furnace consists of two shells. One shell 
is fixed to a third column positioned at the back 
of the furnace chamber. The second shell can be 
removed entirely. Once a new test is ready to start 
the furnace is closed using three screws on each 
side. Thus the chamber inside the furnace is com-
pletely closed and insulated on all four sides and 
at the top and the bottom.

The heating spirals cover all four walls from 
the bottom to the top of the chamber. Four dif-
ferent vertically distributed heating zones can be 
heated up individually. 

6.4 The load jack (c)

Two different load jacks (hereafter labelled 
Type I and Type II) were used for the preliminary 
and the main tests. The tag (c) refers to the mark-
ings in Figure 6.1 to Figure 6.4 and Figure 6.7 to 
Figure 6.10. 

Figure 6.14 End conditions of all centrically loaded 
stub column tests on box and H-sections

Figure 6.13 Cross section of the shear walls of the 
‘Type II’ reaction frame
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Figure 6.15 ‘Type I’ pin-ended end conditions of the 
tests

6.4.1 ‘Type I’ load jack

The ‘Type I’ load jack was a single-action hy-
draulic cylinder with a capacity of 5 MN used for 
the preliminary tests. 

The round cylinder with a diameter of 500 mm 
and a minimum height of 800 mm stood on the 
floor between the two columns of the reaction 
frame. The diameter of the piston was 320 mm 
and the area of the piston was 80’400 mm2. The 
stroke length was 200 mm and the weight of the 
cylinder was 1500 kg.

6.4.2 ‘Type II’ load jack

The ‘Type II’ load jack was a double-action hy-
draulic cylinder with a capacity of 4.45 MN in 
compression and 1.28 MN in tension (corre-
sponding to a hydraulic pressure of 280 bar) used 
for the main tests. It was manufactured by WuKo 
Hydraulik in rümlang, Switzerland in 2009.

The round cylinder with a diameter of 50 mm 
and a height of 900 mm stood on the floor be-
tween the two walls of the reaction frame. The 
area of the piston was 1590 cm2 in compression 
and 456 cm2 in tension. The stroke length of the 
piston was 300 mm.

6.5 The cooling system (d)

The same cooling system was used for all tests. 
The tag (d) refers to the markings in Figure 6.1 to 
Figure 6.4 and Figure 6.7 to Figure 6.10.

To prevent the elements below and especially 
above the furnace from heating up, two cooling 
plates were included in the test setup. One cool-
ing plate was located between the lower piston 
and the load jack, the other one between the up-
per piston and the load cells. A constant flow of 
cool water, directed into loops through the mid-
dle of the plates, kept them and the adjacent ele-
ments at approximately room temperature.

6.6 The pistons (e)

The tag (e) for the pistons refers to the markings 
in Figure 6.1 to Figure 6.4 and Figure 6.7 to Fig-
ure 6.10. 

Two pistons were used in the test setup, one 
above and one below the test specimen. They 
were made of steel sections SHS 400·400·16 
of steel grade S355. End plates were welded to 
the top and the bottom of the pistons. To prevent 
them from heating up too much, they were cov-
ered with a layer of stone wool insulation.

Six different pistons were used for the tests. 
During the preliminary tests only two pistons 
were available, one with an overall length (in-
cluding the end plates) of 983 mm, the other of 
1270 mm. The same two pistons were used for 
the stub and the slender column tests of the pre-
liminary tests, which resulted in a much taller 
overall test setup for the slender column tests.

Four new pistons were available for the 
main tests. Two longer pistons were used for the 
stub column tests, one with an overall length of 

Figure 6.16 ‘Type II’ pin-ended end conditions of the 
tests
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Table 6.1 Pin-ended conditions of the tests

Test Speci-
men

Pin-
ended 
axis

Type Test Speci-
men

Pin-
ended 
axis

Type 

Series 3 Series 9
SHS100_SL_20C 3_V1 N/A I HEA100_M_20C_z0 M01 z I
SHS100_SL_400C 3_V2 N/A I HEA100_M_400C_z0 M02 z I
SHS100_SL_550C 3_V4 N/A I HEA100_M_550C_z0 M03 z I
SHS100_SL_550Css 3_V5 N/A I HEA100_SL_20C_y0 L04/L15 y II / I
SHS100_SL_700C 3_V3 N/A I HEA100_SL_20C_z0 L10/L13 z I / II

HEA100_SL_20C_y30 L14 y II
Series 5 HEA100_SL_20C_z30 L05 z II
SHS160_SL_20C L3 y II HEA100_SL_400C_y0 L08 y I
SHS160_SL_400C L2 y II HEA100_SL_400C_z0 L16 z I
SHS160_SL_550C L5 z II HEA100_SL_400C_y30 L03 y I
SHS160_SL_550Cs L4 y II HEA100_SL_400C_z30 L09 z I
SHS160_SL_700C L6 z II HEA100_SL_550C_y0 L07 y I
SHS160_SL_700Cs L1 z II HEA100_SL_550C_z0 L11 z I

HEA100_SL_550C_y30 L06 y I
Series 6 HEA100_SL_550C_z30 L02 z I
rHS120_Stub_20C_z10 S05 z II HEA100_SL_550Cs_z0 L26 z I
rHS120_Stub_20C_z50 S10 z II HEA100_SL_550Css_z0 L36 z I
rHS120_Stub_400C_z10 S01 z II HEA100_SL_700C_y0 L01 y I
rHS120_Stub_400C_z50 S09 z II HEA100_SL_700C_z0 L12 z I
rHS120_Stub_550C_z10 S04 z II HEA100_SL_700C_z30 L34 z I
rHS120_Stub_550C_z50 S08 z II HEA100_SL_700Cs_z0 L25 z I

HEA100_SL_700Css_z0 L24 z I
Series 7
rHS120_M_550C_z0 M02 z I Series 10
rHS120_M_550C_z30 M01 z I HEA100_SL_400C_z0_t05 L32 z I
rHS120_SL_20C_z0 L09 z II HEA100_SL_400C_z30_t05 L35 z I
rHS120_SL_20C_z10 L01 z II HEA100_SL_475C_z0_t05 L21 z I
rHS120_SL_20C_z50 L07 z II HEA100_SL_475C_z30_t05 L30 z I
rHS120_SL_400C_z0 L08 z II HEA100_SL_550C_z0_t05 L31 z I
rHS120_SL_400C_z10 L02 z II HEA100_SL_550C_z30_t05 L19 z I
rHS120_SL_400C_z50 L04 z II HEA100_SL_550C_z30_t10 L33 z I
rHS120_SL_550C_z0 L10 z II HEA100_SL_625C_z0_t05 L28 z I
rHS120_SL_550C_z10 L06 z II HEA100_SL_625C_z30_t05 L22 z I
rHS120_SL_550C_z50 L03 z II HEA100_SL_700C_z0_t05 L17 z I
rHS120_SL_700C_z0 L05 z II

Series 8
HEA100_Stub_20C_y10 S05 y II
HEA100_Stub_20C_z10 S12 z II
HEA100_Stub_20C_y50 S10 y II
HEA100_Stub_20C_z50 S16 z II
HEA100_Stub_400C_y10 S08 y I
HEA100_Stub_400C_z10 S09 z I
HEA100_Stub_400C_y50 S17 y II
HEA100_Stub_400C_z50 S14 z II
HEA100_Stub_550C_y10 S02 y I
HEA100_Stub_550C_z10 S06 z I
HEA100_Stub_550C_y50 S15/03 y II/I
HEA100_Stub_550C_z50 S18 z I
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1223 mm, the other of 874 mm. Two shorter pis-
tons were used for the slender column tests, one 
with an overall length of 340 mm, the other of 
330 mm. In this way, the cross-beams of the test 
setup could be left in place and only the pistons 
needed to be exchanged when changing from the 
stub to the slender column tests and vice versa.

6.7 The end conditions of the test 
specimens

Different end conditions were used for the tests. 
The centrically loaded stub columns were 

loaded with restrained end conditions at the top 
and the bottom of the test specimen. The eccen-
trically loaded stub and all the slender columns 
were loaded with restrained end conditions about 
one axis and pin-ended conditions about the 
other axis of the cross section. In the case of the 
SHS 100·100·4 and the SHS 160·160·5 centri-
cally loaded slender columns the larger measured 
initial global imperfection was used to choose the 
pin-ended axis. In the case of all the eccentrically 
loaded slender columns the load eccentricity was 
applied in the same direction as the measured 
overall initial global deflection of the column 
about the chosen axis.

Details about the end conditions are given be-
low.

6.7.1 restrained end conditions

The end conditions of all centrically loaded 

stub column tests on box and H-sections were 
restrained on top and on the bottom of the test 
specimens as can be seen in Figure 6.14.  

6.7.2 Pin-ended conditions

Two different types of pin-ended conditions 
(hereafter labelled ‘Type I’ and ‘Type II’) were 
used for the tests. Table 6.1 summarises the pin-
ended tests and names the type of rocker bearing 
used for each test.

‘Type I’ pin-ended conditions

The ‘Type I’ pin-ended conditions used an angled 
prismatic rocker bearing with a height of 20 mm 
at the top and the bottom of the column (Fig-
ure 6.15). The maximum possible rotation of the 
column at the bottom and the top was 8 °.

No internal friction was expected when using 
this type of rocker bearing, but the high stress 
concentration below the rocker bearing resulted 
in a small dent in the end plate of the piston.

This type of rocker bearing was used for all 
preliminary tests and some HEA 100 stub and 
slender column tests.

‘Type II’ pin-ended conditions

The ‘Type II’ pin-end conditions used a round 
prismatic rocker bearing at the top and the bot-
tom of the column (Figure 6.16) made of high 
temperature-resistant steel grade 1.4841. The 
round cylinder had a diameter of 30 mm, while 

Figure 6.17 Measuring the relative vertical displace-
ment between the plates above and below the column

Figure 6.18 Measuring the relative horizontal dis-
placement at mid-height of the slender columns
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the overall height of the rocker bearing was 
91 mm. The maximum possible rotation of the 
column at the top and the bottom was 20 °.

No stress concentration was observed using 
this type of rocker bearing, but at elevated tem-
peratures and high vertical loads frictional prob-
lems were encountered. This led to too high verti-
cal peak loads while the friction was still ‘intact’ 
and sudden drops of the vertical load, when the 
friction was finally overcome. 

This type of rocker bearing was used for all 
the SHS 160·160·5, all the rHS 120·60·3.6 and 
some HEA 100 stub and slender column tests.

6.8 Temperature measurement

The air temperature in the furnace chamber was 
measured with a fixed Type K thermal sensor for 
each heating zone. These measurements were 
used to control the heating of the furnace air tem-
perature. The sensors were located on the back 
wall of the furnace in the middle of each heating 
zone.

The steel temperature of the test specimens of 
the preliminary tests was measured using three 
Type K thermocouples glued to each face of the 
test specimens, one near the lower end plate, one 
at mid height of the face and one near the up-
per end plate. As the preliminary tests had shown 
that the temperature distribution was the same on 
each face of the test specimen, the thermocouples 
measuring the steel temperature of the main tests 
were only glued to face A of each specimen. For 
the steady state tests three thermocouples were 
glued to face A of a specimen. 

For the transient state tests five thermocou-
ples were glued to face A of the specimens. The 
thermocouples No. 1 and 5 were positions near 
the lower and upper end plate, the thermocouples 
No. 2 and 4 were positioned at one quarter of the 
column height from the bottom and the top, and 
thermocouple No. 3 was positioned at mid-height 
of the column.

Additional Type K thermocouples were glued 
to the pistons and the cooling plates to monitor 
the heating of these elements. 

6.9 Vertical load measurement (f)

Two different types of load cells were used for 
the preliminary and the main tests. The tag (f) re-
fers to the markings in Figure 6.1 to Figure 6.4 
and Figure 6.7 to Figure 6.10.

For the preliminary tests four HBM C2 load 
cells of a nominal capacity of 200 kN (+ 50 %) 
each were placed above the four corners of the 

plate above the upper piston. The vertical load 
was calculated as the sum of the measured verti-
cal loads of the four cells.

For the main tests four load cells of the type 
Interface 1231 of a nominal capacity of 450 kN 
(+ 50 %) each were again placed above the four 
corners of the plate above the upper piston. The 
vertical load was again calculated as the sum of 
the measured vertical loads of the four cells.

6.10 relative vertical displacement 
measurement (g)

The tag (g) for the pistons refers to the markings 
in Figure 6.1 to Figure 6.4 and Figure 6.7 to Fig-
ure 6.10. 

Table 6.2 Gauge lengths of the relative vertical 
displacement measurement

Specimen Load 
eccentricity

mm

End 
condition

Gauge 
length
mm

SHS 100·100·4
 Stub 0 restrained 420

Slender 0 Pin-ended I 2140

SHS 200·200·5
Stub 0 restrained 720

SHS 160·160·5
Stub 0 restrained 600
Slender 0 Pin-ended II 2142

rHS 120·60·3.6
Stub 0 restrained 480

10 Pin-ended II 662
50 Pin-ended II 692

Medium 0 Pin-ended I 930
30 Pin-ended I 960

Slender 0 Pin-ended II 2142
10 Pin-ended II 2142
50 Pin-ended II 2142

HEA 100
Stub 0 restrained 420

10 Pin-ended I 460
Pin-ended II 602

50 Pin-ended I 490
Pin-ended II 632

Medium 0 Pin-ended I 930
Slender 0 Pin-ended I 2000

Pin-ended II 2142
30 Pin-ended I 2000

Pin-ended II 2142
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The relative vertical displacement of the test 
specimens, i.e. the end shortening of the columns, 
was determined using two LVDT’s located un-
derneath the furnace. They recorded the relative 
vertical displacement between the mid-heights 
of the 80 mm thick parallel end plates above and 
below the test specimen using two stainless steel 
bars (Figure 6.17). 

The resulting vertical gauge lengths including 
the rocker bearings are summarised in Table 6.2.

In the very first column test (V1 from test 
series 1), the horizontal bars were directly fixed 
to the end plates of the column itself. It was ob-
served that the end plates suffered deformation 
during the test, resulting in imprecise deforma-

tion measurements. It was therefore decided to 
change this configuration for all the following 
tests.

6.11 relative horizontal displacement 
measurement (h)

The tag (h) for the pistons refers to the markings 
in Figure 6.1 to Figure 6.4 and Figure 6.7 to Fig-
ure 6.10. 

The horizontal displacement of the slender 
columns was measured at mid-height of the col-
umn using one LVDT on each side of the furnace 
(Figure 6.18). 
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7.1 Steady state tests

In a steady state test, the test specimen is first 
heated up to a certain predefined temperature, 
which is then held constant. Once the test speci-
men has uniformly reached the desired tempera-
ture, the mechanical load is applied. 

7.1.1 General procedure

The steady state tests on box and H-sections were 
all executed in a similar way. The four main steps 
are explained below.

a. Preparation:
The specimens were cut from the bars they 

had been delivered in. The actual wall thickness 
of each specimen was measured in several places 
and the end plates were welded on. Then the rest 
of the geometry and the initial geometrical im-
perfections were measured (chapters 3 and 4).

For all test specimens tested under pin-ended 
conditions, the centre line of the upper and lower 
end plates was determined from the actual geom-
etry. The rocker bearings were fixed at a distance 
corresponding to the nominal eccentricity of the 
test with reference these centre lines.

Three thermocouples were glued to a face of 
the box section test specimens and on the outside 
of a flange of the HEA 100 test specimens.

The test specimen was mounted to the lower 
piston as can be seen in Figure 6.1 to Figure 6.12 
and the furnace was closed. 

b. Cyclic loading:
The centrically loaded stub column test speci-

mens (whose end conditions were restrained) 
were subjected to three load cycles within the 
elastic range. The end plates of the test specimens 
and those of the pistons being in direct contact 
could readjust during this procedure to guarantee 
full contact.

c. Heating:
The specimens were first uniformly heated 

with a heating rate of 5 °C/min (furnace air tem-
perature) to the target temperatures of 400 °C, 
550 °C and 700 °C. During heating a constant ax-
ial compressive load of approximately 5 kN was 
applied to the specimens. The thermal elongation 
during heating was not restrained.

The furnace air temperature in all four heat-
ing zones and the steel temperature of the test 
specimen, the cooling plates and the pistons were 
monitored during the entire heating phase.

Once the steel temperatures of all three ther-
mocouples glued to the surface of the test speci-
men were within 10 °C to the target temperature, 
the compressive load was applied.

d. Loading:
The closed-loop strain controlled compressive 

loading via the LVDT’s was executed at strain 
rates of 0.1 %/min, 0.02 %/min or 0.01 %/min. 

The furnace air temperature in all four heating 
zones and the steel temperature of the test speci-
men, the cooling plates and the pistons were still 

The steady state and the transient state tests were executed in a different way. These two testing proce-
dures form the two main sections of this chapter.

7 ExECUTION OF THE TESTS
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monitored during the entire loading phase.
In addition, the applied vertical load, the rela-

tive vertical displacement and (in the case of the 
slender columns) the relative horizontal displace-
ment at mid-height of the column was measured.

7.1.2 Detailed explanations

This paragraph contains detailed explanations on 
the execution of individual tests varying from the 
general procedure described above.

Series 1

1_V1:
This was the first of the 106 column tests ex-

ecuted in the course of the tests covered in this 
report. The test setup, especially the measure-
ment of the vertical displacement did not work as 
desired. It was corrected for the following tests.

1_V4:
The ‘Type I’ reaction frame used for the series 

‘1’ to ‘3’ proved to be not stiff enough for some of 
the ambient temperature tests. After reaching the 
peak load, the contact between the test specimen 
and the upper piston was temporarily lost causing 
a drop in the measured load.

Series 3

3_V2:
The short-term rise of the temperature measure-
ments was due to opening of the doors of the 
laboratory, lowering the temperature outside the 
furnace. This leads to a higher temperature dif-
ference between the air inside and outside of the 
furnace, interpreted by the thermocouples as an 
increase of the furnace temperature.

Series 4

S01 and S07:
The closed-loop control of the load application 
via the LVDT’s presented difficulties because of 
the very slow strain rate combined with a short 
column height leading to overcompensations of 
the hydraulic load jack.

S01, S02 and S07:
The short-term rise of the temperature measure-
ments was due to opening of the doors of the 
laboratory, lowering the temperature outside the 
furnace. This leads to a higher temperature dif-
ference between the air inside and outside of the 
furnace, interpreted by the thermocouples as an 
increase of the furnace temperature.

S03:
The stainless steel bars necessary for the record-
ing of the relative vertical displacement were 
blocked due to a frictional problem. The closed-
loop steering of the vertical deformation was irri-
tated and resulted in a sudden drop in the vertical 
load.

Series 5

L01 and L06:
The stainless steel bars necessary for the record-
ing of the relative vertical displacement were 
blocked due to a frictional problem. The closed-
loop steering of the vertical deformation was irri-
tated and resulted in a sudden drop in the vertical 
load.

L02, L04 and L06:
The short-term rise of the temperature measure-
ments was due to opening of the doors of the 
laboratory, lowering the temperature outside the 
furnace. This leads to a higher temperature dif-
ference between the air inside and outside of the 
furnace, interpreted by the thermocouples as an 
increase of the furnace temperature.

Series 6

S03:
The maximum measurable distance of the 
LVDT’s was reached before the end of the test. 
The test had to be stopped to reset the LVDT’s 
resulting in a drop in the vertical load. 

S04 and S08:
The stainless steel bars necessary for the record-
ing of the relative vertical displacement were 
blocked due to a frictional problem. The closed-
loop steering of the vertical deformation was irri-
tated and resulted in a sudden drop in the vertical 
load.

Series 7

L03, L06:
The rocker bearing ‘Type II’ (Chapter 6) showed 
frictional restraint at high temperatures. This led 
to an increase and sudden drop of the vertical load 
and the lateral deformation of the reaction frame. 
The test on the L06 test specimen was aborted 
after the third relaxation and unacceptably large 
deformations of the reaction frame.

L04 and L08:
The short-term rise of the temperature measure-
ments was due to opening of the doors of the 
laboratory, lowering the temperature outside the 
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furnace. This leads to a higher temperature dif-
ference between the air inside and outside of the 
furnace, interpreted by the thermocouples as an 
increase of the furnace temperature.

L05:
The stainless steel bars necessary for the record-
ing of the relative vertical displacement were 
blocked due to a frictional problem. The closed-
loop steering of the vertical deformation was irri-
tated and resulted in a sudden drop in the vertical 
load.

L08 and L09: 
The global buckling failure came instantly on 
reaching the ultimate load. As the recording fre-
quency was only 2 Hz only, a gap in the recording 
of the load drop resulted immediately after reach-
ing the ultimate load.

Series 8

S07 and S21:
The closed-loop control of the load application 
via the LVDT’s presented difficulties because of 
the very slow strain rate combined with a short 
column height leading to overcompensations of 
the hydraulic load jack.

S14 and S15:
The rocker bearing ‘Type II’ (Chapter 6) exhib-
ited frictional restraint at high temperatures. The 
led to an increase and sudden drop of the vertical 
load and the lateral deformation of the reaction 
frame. 

S17, S19 and S22:
The short-term rise of the temperature measure-
ments was due to opening of the doors of the 
laboratory, lowering the temperature outside the 
furnace. This leads to a higher temperature dif-
ference between the air inside and outside of the 
furnace, interpreted by the thermocouples as an 
increase of the furnace temperature.

Series 9

L01, L03, L06 and L08:
The short-term rise of the temperature measure-
ments was due to opening of the doors of the 
laboratory, lowering the temperature outside the 
furnace. This leads to a higher temperature dif-
ference between the air inside and outside of the 
furnace, interpreted by the thermocouples as an 
increase of the furnace temperature.

L13: 
The global buckling failure came instantly on 

reaching the ultimate load. As the recording fre-
quency was of 2 Hz only, a gap in the recording 
of the load drop resulted immediately after reach-
ing the ultimate load.

L24:
The closed-loop control of load application via 
the LVDT’s presented difficulties because of the 
very slow strain rate, leading to overcompensa-
tion of the hydraulic load.

7.2 Transient tests

In a transient state test, the test specimen is first 
loaded to a certain predefined vertical load, which 
is then held constant. Then the specimen is heated 
with a constant heating rate up to column failure. 

7.2.1 General procedure

The transient state tests on H-sections were all 
executed in a similar way. The four main steps 
are explained below.

1. Preparation:
The test specimens were cut from the long 

rods they had been delivered in. The actual wall 
thickness of each specimen was measured in 
several places and the end plates were welded 
on. Then the rest of the actual geometry and the 
initial geometrical imperfections were measured 
(chapters 3 and 4).

The centre line of the upper and lower end 
plates was determined from the actual geometry. 
The rocker bearings were fixed at a distance cor-
responding to the nominal eccentricity of the test 
with reference these centre lines.

Five thermocouples were glued to the outside 
of a flange of the HEA 100 test specimens.

The test specimen was mounted on the lower 
piston as can be seen in Figure 6.7 to Figure 6.12 
and the furnace was closed. 

2. Loading:
The vertical load was applied with a strain 

controlled closed loop steering at a constant strain 
rate of 0.1 %/min until the predefined target load 
was reached. The load was then held constant.

3. Heating:
The specimens were uniformly heated with 

a heating rate of 5 °C/min (furnace air tempera-
ture). The axial compressive load was held con-
stant and the thermal elongation during the heat-
ing was not restrained.

The furnace air temperature in all four heat-
ing zones and the steel temperature of the test 
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specimen, the cooling plates and the pistons were 
monitored during the entire heating phase.

In addition, the applied vertical load, the rela-
tive vertical displacement and the relative hori-
zontal displacement at column mid-height were 
measured.

4. Failure:
The test was aborted manually when the hori-

zontal displacement increased rapidly and the 
vertical load could no longer be maintained.
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8.1 Preliminary tests on box sections

The preliminary tests on box sections include 
the test series ‘1’ to ‘3’ containing the stub and 
slender column tests on SHS 100·100·4 and 
SHS 200·200·5 test specimens. The detailed re-
sults of each test specimen are given in Appen-
dix D.

8.1.1 Series 1

The test series ‘1’ includes all the steady state 
stub column tests on SHS 200·200·5 test speci-
mens. The load was applied centrically to all 
specimens, while one additional test at 550 °C 
was conducted with a strain rate 10 times slower 
than for the others.

Figure 8.1 shows the axial load-end shorten-
ing curves of the steady state stub column tests on 
SHS 200·200·5 specimens. The axial load is the 
summary of the four load cells positioned above 
the electrical furnace (chapter 6.9). The end 
shortening is the relative vertical displacement of 
the column measured by the LVDT’s positioned 
beneath the furnace (chapter 6.10). The temper-
atures of the tests are indicated in the graph by 
different line types. The applied strain rates are 
presented in the figure using different symbols.

Table 8.1 summarises the results of the pre-
liminary steady state tests on box sections. The 
measured ultimate load Fu,θ and the measured 
horizontal displacements at the ultimate load in 
the direction of the axes y and z of the section, 

eu,y and eu,z of each test are given. In addition, 
the first and second order bending moments at 
the ultimate load about both axes y and z, MI,y,u,θ, 
MI,z,u,θ, MII,y,u,θ, and MII,z,u,θ, of each test are given. 
The first order bending moment was calculated 
as the product of the ultimate load Fu,θ and the 
nominal initial load eccentricity of the test. The 
second order bending moment was calculated as 
the product of the ultimate load Fu,θ and the sum 
of the nominal initial load eccentricity and the 
measured horizontal displacement at the ultimate 
load of the test. No horizontal displacement was 
measured during the stub column tests and there-
fore no second order bending moments could be 
calculated for the test series 1. 

8.1.2 Series 2

The test series ‘2’ includes all the steady state 
stub column tests on SHS 100·100·4 test speci-
mens. The load was applied centrically to all 
specimens, while two additional tests at 550 °C 
and at 700 °C were conducted with a strain rate 
10 times slower than for the others.

Figure 8.1 shows the axial load-end shorten-
ing curves of the steady state stub column tests on 
SHS 100·100·4 specimens. The axial load is the 
summary of the four load cells positioned above 
the electrical furnace (chapter 6.9). The end 
shortening is the relative vertical displacement of 
the column measured by the LVDT’s positioned 
beneath the furnace (chapter 6.10). The temper-
atures of the tests are indicated in the graph by 

This chapter contains a summary of the test results of all executed stub and slender column tests on box 
and H-sections. Graphs containing the load-displacement curves of each test specimen are given for 
each test series. Then some comparative results between the different test series are given. The detailed 
results of each test specimen are given in Appendix D.

8 TEST rESULTS
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different line types. The applied strain rates are 
presented in the figure using different symbols.

Table 8.1 summarises the results of the pre-
liminary steady state tests on box sections. The 
measured ultimate load Fu,θ and the measured 
horizontal displacements at the ultimate load in 
the direction of the axes y and z of the section, 
eu,y and eu,z of each test are given. In addition, 
the first and second order bending moments at 
the ultimate load about both axes y and z, MI,y,u,θ, 
MI,z,u,θ, MII,y,u,θ, and MII,z,u,θ, of each test are given. 

The first order bending moment was calculated 
as the product of the ultimate load Fu,θ and the 
nominal initial load eccentricity of the test. The 
second order bending moment was calculated as 
the product of the ultimate load Fu,θ and the sum 
of the nominal initial load eccentricity and the 
measured horizontal displacement at the ultimate 
load of the test. No horizontal displacement was 
measured during the stub column tests and no 
second order bending moments could be calcu-
lated for the test series 2.

Figure 8.1 results of the test series ‘1’ and ‘2’ on 
SHS 200·200·5 and SHS 100·100·4 stub columns

Figure 8.2 results of the test series ‘3’ on SHS 
100·100·4 slender columns
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8.1.3 Series 3

The test series ‘3’ includes all the steady state 
slender column tests on SHS 100·100·4 test 
specimens. The load was applied centrically to 
all specimens, while one additional test at 550 °C 
was conducted at a strain rate 10 times slower.

Figure 8.2 top shows the axial load-end short-
ening curves of the steady state slender column 
tests on SHS 100·100·4 specimens. The axial load 
is the summary of the four load cells positioned 
above the electrical furnace (chapter 6.9). The 
end shortening is the relative vertical displace-
ment of the column measured by the LVDT’s 
positioned beneath the furnace (chapter 6.10). 
The temperatures of the tests are indicated in the 
graph by different line types. The applied strain 
rates are presented in the figure using different 
symbols.

Figure 8.2 bottom shows second order 
bending moment to end shortening curves of 
the steady state slender column tests on SHS 
100·100·4 specimens. The second order bending 
moment was calculated as the product of the axi-
al load and the horizontal displacement measured 
at mid-height of the column (chapter 6.11). The 
different temperatures and strain rates are repre-
sented using the same line types and symbols as 
in Figure 8.2 top.

Table 8.1 summarises the results of the pre-
liminary steady state tests on box sections. The 

measured ultimate load Fu,θ and the measured 
horizontal displacements at the ultimate load in 
direction of the axes y and z of the section, eu,y 
and eu,z of each test are given. In addition, the 
first and second order bending moments at the 
ultimate load about both axes y and z, MI,y,u,θ, 
MI,z,u,θ, MII,y,u,θ, and MII,z,u,θ, of each test are given. 
The first order bending moment was calculated 
as the product of the ultimate load Fu,θ and the 
nominal initial load eccentricity of the test. The 
second order bending moment was calculated as 
the product of the ultimate load Fu,θ and the sum 
of the nominal initial load eccentricity and the 
measured horizontal displacement at the ultimate 
load of the test. 

8.2 Main tests on box sections

The main tests on box sections include the test se-
ries ‘4’ to ‘7’ containing the stub and slender col-
umn tests on SHS 160·160·5 and rHS 120·60·3.6 
test specimens. The detailed results of each test 
specimen are given in Appendix D.

8.2.1 Series 4

The test series ‘4’ includes all the steady state 
stub column tests on SHS 160·160·5 test speci-
mens. The load was applied centrically to all 
specimens, while one additional test at 550 °C 

Table 8.1 Test series ‘1’ to ‘3’: results of the preliminary steady state tests on box sections.

Test Specimen Ultimate 
load, 
[kN]

Horizontal dis-
placement at Fu,θ,

[mm]

1st order bending 
moment at Fu,θ,  

[kNm]

2nd order bending 
moment at Fu,θ,  

[kNm]
Fu,θ eu,y eu,z MI,y,u,θ MI,z,u,θ MII,y,u,θ MII,z,u,θ

Se
rie

s 1

SHS200_Stub_20C 1_V1 1815 - - 0.00 0.00 - -
SHS200_Stub_20C 1_V4 1658 - - 0.00 0.00 - -
SHS200_Stub_400C 1_V2 969 - - 0.00 0.00 - -
SHS200_Stub_550C 1_V5 687 - - 0.00 0.00 - -
SHS200_Stub_550Css 1_V6 542 - - 0.00 0.00 - -
SHS200_Stub_700C 1_V3 201 - - 0.00 0.00 - -

Se
rie

s 2

SHS100_Stub_20C 2_V2 628 - - 0.00 0.00 - -
SHS100_Stub_400C 2_V1 628 - - 0.00 0.00 - -
SHS100_Stub_550C 2_V4 361 - - 0.00 0.00 - -
SHS100_Stub_550Css 2_V5 286 - - 0.00 0.00 - -
SHS100_Stub_700C 2_V3 103 - - 0.00 0.00 - -
SHS100_Stub_700Css 2_V6 71 - - 0.00 0.00 - -

Se
rie

s 3

SHS100_SL_20C 3_V1 490 - 4.89 0.00 - 2.40 -
SHS100_SL_400C 3_V2 354 - 6.24 0.00 - 2.50 -
SHS100_SL_550C 3_V4 227 - 8.38 0.00 - 1.90 -
SHS100_SL_550Css 3_V5 215 - 4.10 0.00 - 0.88 -
SHS100_SL_700C 3_V3 77 - 8.10 0.00 - 0.62 -
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was conducted with a strain rate 10 times slower 
than for the others and two tests at 550 °C and 
700 °C were carried out with a strain rate 5 times 
slower than the others.

Figure 8.3 shows the axial load-end shorten-
ing curves of the steady state stub column tests on 
SHS 160·160·5 specimens. The axial load is the 
summary of the four load cells positioned above 
the electrical furnace (chapter 6.9). The end 
shortening is the relative vertical displacement of 
the column measured by the LVDT’s positioned 
beneath the furnace (chapter 6.10). The temper-
atures of the tests are indicated in the graph by 
different line types. The applied strain rates are 
presented in the figure using different symbols.

Table 8.2 summarises the results of the main 
steady state tests on box sections. The measured 
ultimate load Fu,θ and the measured horizontal 
displacements at the ultimate load in the direction 
of the axes y and z of the section, eu,y and eu,z of 
each test are given. In addition, the first and sec-
ond order bending moments at the ultimate load 
about both axes y and z, MI,y,u,θ, MI,z,u,θ, MII,y,u,θ, 
and MII,z,u,θ, of each test are given. The first order 
bending moment was calculated as the product of 
the ultimate load Fu,θ and the nominal initial load 
eccentricity of the test. The second order bend-
ing moment was calculated as the product of the 
ultimate load Fu,θ and the sum of the nominal ini-
tial load eccentricity and the measured horizontal 
displacement at the ultimate load of the test. No 
horizontal displacement was measured during 
the stub column test and no second order bending 
moments could be calculated for the test series 4.

8.2.2 Series 5

The test series ‘5’ includes all the steady state 
slender column tests on SHS 160·160·5 test 
specimens. The load was applied centrically to all 
specimens, while two additional tests at 550 °C 
and 700 °C were conducted with a strain rate 
5 times slower than for the others.

Figure 8.4 top shows the axial load-end short-
ening curves of the steady state slender column 
tests on SHS 160·160·5 specimens. The axial load 
is the summary of the four load cells positioned 
above the electrical furnace (chapter 6.9). The 
end shortening is the relative vertical displace-

Figure 8.3 results of the test series ‘4’ on 
SHS 160·160·5 stub columns

Figure 8.4 results of the test series ‘5’ on 
SHS 160·160·5 slender columns
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ment of the column measured by the LVDT’s 
positioned beneath the furnace (chapter 6.10). 
The temperatures of the tests are indicated in the 
graph by different line types. The applied strain 
rates are presented in the figure using different 
symbols.

Figure 8.4 bottom shows second order bend-
ing moment to end shortening curves of the steady 
state slender column tests on SHS 160·160·5 
specimens. The second order bending moment 
was calculated as the product of the axial load 
and the horizontal displacement measured at 
mid-height of the column (chapter 6.11). The 
different temperatures and strain rates are repre-
sented using the same line types and symbols as 
in Figure 8.4 top.

Table 8.2 summarises the results of the main 
steady state tests on the SHS 160·160·5 box sec-
tions. The measured ultimate load Fu,θ and the 
measured horizontal displacements at the ulti-
mate load in the direction of the axes y and z of 
the section, eu,y and eu,z of each test are given. In 
addition, the first and second order bending mo-
ments at the ultimate load about both axes y and 
z, MI,y,u,θ, MI,z,u,θ, MII,y,u,θ, and MII,z,u,θ, of each test 
are given. The first order bending moment was 
calculated as the product of the ultimate load Fu,θ 
and the nominal initial load eccentricity of the 
test. The second order bending moment was cal-
culated as the product of the ultimate load Fu,θ and 
the sum of the nominal initial load eccentricity 
and the measured horizontal displacement at the 
ultimate load of the test.

8.2.3 Series 6

The test series ‘6’ includes all the steady state 
stub column tests on rHS 120·60·3.6 test speci-
mens. The strain rate was the same for all speci-
mens. Additional tests with load eccentricities of 
10 mm and 50 mm leading to weak axis bending 
moments of the section were performed at 20 °C, 
400 °C and 550 °C.

Figure 8.5 shows the axial load-end shorten-
ing curves of the steady state stub column tests on 
rHS 120·60·3.6 specimens. The axial load is the 
summary of the four load cells positioned above 
the electrical furnace (chapter 6.9). The end 
shortening is the relative vertical displacement of 
the column measured by the LVDT’s positioned 
beneath the furnace (chapter 6.10). The temper-
atures of the tests are indicated in the graph by 
different line types. The applied nominal load ec-
centricities are indicated above each curve. The 
label ‘0’ indicates a centrically applied vertical 
load with restrained end conditions. The labels 
‘z10’ and ‘z50’ indicate a load eccentricity of 
10 mm or 50 mm, respectively, in the direction 
of the strong axis of the specimen and leading to 
weak axis bending moments.

Table 8.3 summarises the results of the main 
steady state tests on box sections. The measured 
ultimate load Fu,θ and the measured horizontal 
displacements at the ultimate load in the direction 
of the axes y and z of the section, eu,y and eu,z of 
each test are given. In addition, the first and sec-
ond order bending moments at the ultimate load 

Table 8.2 Test series ‘4’ and ‘5’: results of the main steady state tests on SHS 160·160·5 specimens

Test Specimen Ultimate 
load, 
[kN]

Horizontal dis-
placement at Fu,θ,

[mm]

1st order bending 
moment at Fu,θ,  

[kNm]

2nd order bending 
moment at Fu,θ,  

[kNm]
Fu,θ eu,y eu,z MI,y,u,θ MI,z,u,θ MII,y,u,θ MII,z,u,θ

Se
rie

s 4

SHS160_Stub_20C S4 1225 - - 0.00 0.00 - -
SHS160_Stub_400C S3 795 - - 0.00 0.00 - -
SHS160_Stub_550C S6 468 - - 0.00 0.00 - -
SHS160_Stub_550Cs S2 403 - - 0.00 0.00 - -
SHS160_Stub_550Css S1 364 - - 0.00 0.00 - -
SHS160_Stub_700C S5 138 - - 0.00 0.00 - -
SHS160_Stub_700Cs S7 88 - - 0.00 0.00 - -

Se
rie

s 5

SHS160_SL_20C L3 1089 0.55 - 0.00 0.00 - 0.60
SHS160_SL_400C L2 760 5.89 - 0.00 0.00 - 4.48
SHS160_SL_550C L5 467 - 1.20 0.00 0.00 0.56 -
SHS160_SL_550Cs L4 428 4.77 - 0.00 0.00 - 2.04
SHS160_SL_700C L6 130 - 6.48 0.00 0.00 0.84 -
SHS160_SL_700Cs L1 98 - 0.67 0.00 0.00 0.07 -
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about both axes y and z, MI,y,u,θ, MI,z,u,θ, MII,y,u,θ, 
and MII,z,u,θ, of each test are given. The first order 
bending moment was calculated as the product of 
the ultimate load Fu,θ and the nominal initial load 
eccentricity of the test. The second order bend-
ing moment was calculated as the product of the 
ultimate load Fu,θ and the sum of the nominal ini-
tial load eccentricity and the measured horizontal 
displacement at the ultimate load of the test. No 
horizontal displacement was measured during 
the stub column test and no second order bending 
moments could be calculated for the test series 6.

Figure 8.7 shows the ultimate load in relation 
to the first order bending moment at this ultimate 
load of each stub column test on rHS 120·60·3.6 
test specimens. The stub columns of the test series 
6 are represented by white symbols according to 
the temperature of the test. The applied nominal 
load eccentricities are indicated above each sym-
bol. The label ‘0’ indicates a centrically applied 
vertical load with restrained end conditions. The 
labels ‘z10’ and ‘z50’ indicate a load eccentricity 
of 10 mm or 50 mm, respectively, in the direction 
of the strong axis of the specimen and leading to 
weak axis bending moments.

8.2.4 Series 7

The test series ‘7’ includes all the steady state 
slender column tests on rHS 120·60·3.6 test 
specimens. The strain rate was the same for all 
specimens. Additional tests with load eccentrici-
ties of 10 mm and 50 mm leading to weak axis 
bending moments of the section were performed 

at 20 °C, 400 °C and 550 °C.
Figure 8.6 top shows the axial load-end short-

ening curves of the steady state slender col-
umn tests on rHS 120·60·3.6 specimens. The 
axial load is the summary of the four load cells 
positioned above the electrical furnace (chap-
ter 6.9). The end shortening is the relative verti-
cal displacement of the column measured by the 
LVDT’s positioned beneath the furnace (chap-
ter 6.10). The temperatures of the tests are in-
dicated in the graph by different line types. The 
applied nominal load eccentricities are indicated 
above each curve. The label ‘z0’ indicates a cen-
trically applied vertical load with the use of a 

Figure 8.5 results of the test series ‘6’ on 
rHS 120·60·3.6 stub columns

Figure 8.6 results of the test series ‘7’ on 
rHS 120·60·3.6 slender columns
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rocker bearing leading to a pin-ended end condi-
tion of the weak axis of the specimen. The la-
bels ‘z10’ and ‘z50’ indicate a load eccentricity 
of 10 mm or 50 mm, respectively, in the direction 
of the strong axis of the specimen and leading to 
weak axis bending moments. The test results of 
the columns of medium length are not given in 
Figure 8.6, but in Appendix D.

Figure 8.6 bottom shows second order bend-
ing moment to end shortening curves of the steady 
state slender column tests on rHS 120·60·3.6 
specimens. The second order bending moment 
was calculated as the product of the axial load 
and sum of the nominal initial load eccentric-
ity and the horizontal displacement measured at 
mid-height of the column (chapter 6.11). The dif-
ferent temperatures, strain rates and load eccen-
tricities are represented using the same line types 
and symbols as in Figure 8.6 top.

Table 8.3 summarises the results of the main 
steady state tests on the rHS 120·60·3.6 box sec-
tions. The measured ultimate load Fu,θ and the 
measured horizontal displacements at the ulti-
mate load in the direction of the axes y and z of 
the section, eu,y and eu,z of each test are given. In 
addition, the first and second order bending mo-
ments at the ultimate load about both axes y and 

Table 8.3 Test series ‘6’ and ‘7’: results of the main steady state tests on rHS 120·60·3.6 specimens.

Test Specimen Ultimate 
load, 
[kN]

Horizontal dis-
placement at Fu,θ,

[mm]

1st order bending 
moment at Fu,θ,  

[kNm]

2nd order bending 
moment at Fu,θ,  

[kNm]
Fu,θ eu,y eu,z MI,y,u,θ MI,z,u,θ MII,y,u,θ MII,z,u,θ

Se
rie

s 6

rHS120_Stub_20C S07 483 - - 0.00 0.00 - -
rHS120_Stub_20C_z10 S05 356 - - 0.00 3.56 - -
rHS120_Stub_20C_z50 S10 161 - - 0.00 8.05 - -
rHS120_Stub_400C S02 408 - - 0.00 0.00 - -
rHS120_Stub_400C_z10 S01 280 - - 0.00 2.80 - -
rHS120_Stub_400C_z50 S09 133 - - 0.00 6.65 - -
rHS120_Stub_550C S03 257 - - 0.00 0.00 - -
rHS120_Stub_550C_z10 S04 205 - - 0.00 2.05 - -
rHS120_Stub_550C_z50 S08 87 - - 0.00 4.35 - -
rHS120_Stub_700C S06 74 - - 0.00 0.00 - -

Se
rie

s 7

rHS120_M_550C_z0 M02 226 - - 0.00 0.00 - -
rHS120_M_550C_z30 M01 96 - - 0.00 2.88 - -
rHS120_SL_20C_z0 L09 348 4.04 - 0.00 0.00 - 1.41
rHS120_SL_20C_z10 L01 211 16.17 - 0.00 2.11 - 5.52
rHS120_SL_20C_z50 L07 102 32.56 - 0.00 5.10 - 8.42
rHS120_SL_400C_z0 L08 242 5.02 - 0.00 0.00 - 1.21
rHS120_SL_400C_z10 L02 139 20.25 - 0.00 1.39 - 4.20
rHS120_SL_400C_z50 L04 73 34.17 - 0.00 3.65 - 6.14
rHS120_SL_550C_z0 L10 186 5.73 - 0.00 0.00 - 1.07
rHS120_SL_550C_z10 L06 111 13.19 - 0.00 1.11 - 2.57
rHS120_SL_550C_z50 L03 49 27.05 - 0.00 2.45 - 3.25
rHS120_SL_700C_z0 L05 71 1.10 - 0.00 0.00 - 0.08

Figure 8.7 Ultimate loads and the corresponding 
bending moments of the rHS 120·60·3.6 specimens
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z, MI,y,u,θ, MI,z,u,θ, MII,y,u,θ, and MII,z,u,θ, of each test 
are given. The first order bending moment was 
calculated as the product of the ultimate load Fu,θ 
and the nominal initial load eccentricity of the 
test. The second order bending moment was cal-
culated as the product of the ultimate load Fu,θ and 
the sum of the nominal initial load eccentricity 
and the measured horizontal displacement at the 
ultimate load of the test. No horizontal displace-
ment was measured during the tests on columns 
of medium length and no second order bending 
moments could be calculated for these tests.

Figure 8.7 shows the ultimate load in rela-
tion to the second order bending moment at 
this ultimate load of each slender column test 
on rHS 120·60·3.6 test specimens. The slender 
columns of the test series ‘7’ are represented by 
black symbols according to the temperature of 
the test. The columns of medium length of the 
test series ‘7’ are represented by a crossed sym-
bol according to the applied temperature. The 
applied nominal load eccentricities are indicated 
above each symbol. The label ‘z0’ indicates a 
centrically applied vertical load with the use of a 
rocker bearing leading to a pin-ended end condi-
tion of the weak axis of the specimen.. The labels 
‘z10’, ‘z30’ and ‘z50’ indicate a load eccentricity 
of 10 mm, 30 mm or 50 mm, respectively, in the 
direction of the strong axis of the specimen and 
leading to weak axis bending moments.

8.3 Main tests on H - sections

The main tests on H-sections include the test se-
ries ‘8’ to ‘10’ containing the stub and slender 
column tests on HEA 100 test specimens. The 
detailed results of each test specimen are given 
in Appendix D.

8.3.1 Series 8

The test series ‘8’ includes all the steady state 
stub column tests on HEA 100 test specimens. 
The specimens were loaded at different strain 
rates and different load eccentricities. Two cen-
trically loaded tests at 550 °C and at 700 °C were 
conducted with a strain rate 5 times slower than 
for the others. Tests with load eccentricities of ei-
ther axis of the section of 10 mm and 50 mm were 
performed at 20 °C, 400 °C and 550 °C.

Figure 8.8 and Figure 8.9 show the axial load-
end shortening curves of the steady state stub 
column tests on HEA 100 specimens. Figure 8.8 
contains the test results of the centrically loaded 
stub columns with restrained end-conditions and 
the eccentrically loaded stub columns with pin-
ended supports about the strong axis. Figure 8.9 
contains the test results of the centrically loaded 
stub columns with restrained end-conditions and 
the eccentrically loaded stub columns with pin-
ended supports about the weak axis. The axial 

Figure 8.8 results of the test series ‘8’ on HEA 100 
stub columns (pin-ended about the strong axis)

Figure 8.9 results of the test series ‘8’ on HEA 100 
stub columns (pin-ended about the weak axis)



0
0

Temperature
20 °C
400 °C
550 °C
700 °C

Specimen
Stub
Medium
Slender

Eccentricity
0 mm
10 mm
30 mm
50 mm

Weak axis bending moment at F  [kNm]

Ultimate Load, F  [kN]

u

u

2 4 6 8 10 12 14 16

200

400

600

800

1000

1200
0

0

0

0

0

0
0

0

0

0

Series 8 & 9 (z)

0
0 5 10 15 20 25 30

200

400

600

800

1000

1200
0

0

0

0

0

0

0

Temperature
20 °C
400 °C
550 °C
700 °C

Specimen
Stub
Medium
Slender

Eccentricity
0 mm
10 mm
30 mm
50 mm

Strong axis bending moment at F  [kNm]

Ultimate Load, F  [kN]

u

u Series 8 & 9 (y)

   Main tests on H - sections

87

load represented on the ordinate of both figures 
is the summary of the four load cells positioned 
above the electrical furnace (chapter 6.9). The 
end shortening represented on the abscissa of 
both figures is the relative vertical displacement 
of the column measured by the LVDT’s posi-

tioned beneath the furnace (chapter 6.10). The 
temperatures of the tests are indicated in the 
graph by different line types. The applied strain 
rates are presented in the figures using different 
symbols. The applied nominal load eccentrici-
ties are indicated above each curve. The label ‘0’ 

Table 8.4 Test series ‘8’: results of the main steady state stub column tests on HEA 100 specimens.

Test Specimen Ultimate 
load, 
[kN]

Horizontal dis-
placement at Fu,θ,

[mm]

1st order bending 
moment at Fu,θ,  

[kNm]

2nd order bending 
moment at Fu,θ,  

[kNm]
Fu,θ eu,y eu,z MI,y,u,θ MI,z,u,θ MII,y,u,θ MII,z,u,θ

Se
rie

s 8

HEA100_Stub_20C S20 1028 - - 0.00 0.00 - -
HEA100_Stub_20C S04 1124 - - 0.00 0.00 - -
HEA100_Stub_20C_y10 S05 845 - - 8.45 0.00 - -
HEA100_Stub_20C_z10 S12 724 - - 0.00 7.24 - -
HEA100_Stub_20C_y50 S10 510 - - 25.50 0.00 - -
HEA100_Stub_20C_z50 S16 309 - - 0.00 15.45 - -
HEA100_Stub_400C S19 996 - - 0.00 0.00 - -
HEA100_Stub_400C_y10 S08 764 - - 7.64 0.00 - -
HEA100_Stub_400C_z10 S09 739 - - 0.00 7.39 - -
HEA100_Stub_400C_y50 S17 467 - - 23.35 0.00 - -
HEA100_Stub_400C_z50 S14 288 - - 0.00 14.40 - -
HEA100_Stub_550C S13 511 - - 0.00 0.00 - -
HEA100_Stub_550C_y10 S02 389 - - 3.89 0.00 - -
HEA100_Stub_550C_z10 S06 376 - - 0.00 3.76 - -
HEA100_Stub_550C_y50 S03 225 - - 11.25 0.00 - -
HEA100_Stub_550C_y50 S15 236 - - 11.80 0.00 - -
HEA100_Stub_550C_z50 S18 140 - - 0.00 7.00 - -
HEA100_Stub_550Cs S07 434 - - 0.00 0.00 - -
HEA100_Stub_700C S22 162 - - 0.00 0.00 - -
HEA100_Stub_700Cs S21 135 - - 0.00 0.00 - -

Figure 8.10 Ultimate loads and the corresponding 
strong axis bending moments of the HEA 100 tests

Figure 8.11 Ultimate loads and the corresponding 
weak axis bending moments of the HEA 100 tests
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indicates a centrically applied vertical load with 
restrained end conditions. The labels ‘y10’ and 
‘y50’ indicate a load eccentricity of 10 mm or 
50 mm, respectively, in the direction of the weak 
axis of the specimen and leading to a strong axis 
bending moment of the section. The labels ‘z10’ 
and ‘z50’ indicate a load eccentricity of 10 mm or 
50 mm, respectively, in the direction of the strong 
axis of the specimen leading to a weak axis bend-
ing moment of the section.

Table 8.4 summarises the results of the main 
steady state stub column tests on H-sections. The 
measured ultimate load Fu,θ and the measured 
horizontal displacements at the ultimate load in 

the direction of the axes y and z of the section, 
eu,y and eu,z of each test are given. In addition, 
the first and second order bending moments at 
the ultimate load about both axes y and z, MI,y,u,θ, 
MI,z,u,θ, MII,y,u,θ, and MII,z,u,θ, of each test are given. 
The first order bending moment was calculated 
as the product of the ultimate load Fu,θ and the 
nominal initial load eccentricity of the test. The 
second order bending moment was calculated as 
the product of the ultimate load Fu,θ and the sum 
of the nominal initial load eccentricity and the 
measured horizontal displacement at the ultimate 
load of the test. No horizontal displacement was 
measured during the stub column tests and no 

Figure 8.12 results of the test series ‘9’ on HEA 100 
slender columns (pin-ended about the strong axis)

Figure 8.13 results of the test series ‘9’ on HEA 100 
slender columns (pin-ended about the weak axis)
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8.3.2 Series 9

The test series ‘9’ includes all the steady state 
slender column tests on HEA 100 test specimens. 
The specimens were loaded at different strain 
rates and different load eccentricities. Four cen-
trically loaded tests at 550 °C and at 700 °C were 
conducted with a strain rate 5 or 10 times slower 
than for the others. Tests with load eccentrici-
ties of either axis of the section of 30 mm were 
performed at 20 °C, 400 °C and 550 °C. There 
are also three centrically loaded tests at 20 °C, 
400 °C and 550 °C on specimens of medium 
length included in this series.

Figure 8.12 top and Figure 8.13 top show the 
axial load-end shortening curves of the steady 
state slender column tests on HEA 100 specimens. 
Figure 8.12 contains the test results of the centri-
cally and eccentrically loaded slender columns 
with pin-ended supports about the strong axis. 
Figure 8.13 contains the test results of the cen-
trically and eccentrically loaded slender columns 
with pin-ended supports about the weak axis. The 

second order bending moments could be calcu-
lated for the test series 8.

Figure 8.10 and Figure 8.11 show the ultimate 
load in relation to the first order bending moment 
at this ultimate load of each stub column test on 
HEA 100 test specimens. Figure 8.10 contains 
the test results of the centrically loaded stub col-
umns with restrained end-conditions and the ec-
centrically loaded stub columns with pin-ended 
supports about the strong axis. Figure 8.11 con-
tains the test results of the centrically loaded stub 
columns with restrained end-conditions and the 
eccentrically loaded stub columns with pin-ended 
supports about the weak axis. The stub columns 
of the test series 8 are represented by white sym-
bols according to the temperature of the test. The 
applied nominal load eccentricities are indicated 
above each symbol. The label ‘0’ indicates a cen-
trically applied vertical load with restrained end 
conditions. The labels ‘z10’ and ‘z50’ indicate a 
load eccentricity of 10 mm or 50 mm, respective-
ly, in the direction of the strong axis of the speci-
men and leading to weak axis bending moments.

Table 8.5 Test series ‘9’: results of the main steady state slender column tests on HEA 100 specimens.

Test Specimen Ultimate 
load, 
[kN]

Horizontal dis-
placement at Fu,θ,

[mm]

1st order bending 
moment at Fu,θ,  

[kNm]

2nd order bending 
moment at Fu,θ,  

[kNm]
Fu,θ eu,y eu,z MI,y,u,θ MI,z,u,θ MII,y,u,θ MII,z,u,θ

Se
rie

s 9

HEA100_M_20C_z0 M01 857 - - 0.00 0.00 - -
HEA100_M_400C_z0 M02 646 - - 0.00 0.00 - -
HEA100_M_550C_z0 M03 405 - - 0.00 0.00 - -
HEA100_SL_20C_y0 L04 914 0.00 2.37 0.00 0.00 2.17 0.00
HEA100_SL_20C_y0 L15 859 0.00 2.10 0.00 0.00 1.80 0.00
HEA100_SL_20C_z0 L13 671 2.84 0.00 0.00 0.00 0.00 1.91
HEA100_SL_20C_z0 L10 512 11.65 0.00 0.00 0.00 0.00 5.96
HEA100_SL_20C_y30 L14 445 0.00 18.61 13.35 0.00 21.63 0.00
HEA100_SL_20C_z30 L05 239 30.52 0.00 0.00 7.17 0.00 14.46
HEA100_SL_400C_y0 L08 608 0.00 6.09 0.00 0.00 3.70 0.00
HEA100_SL_400C_z0 L16 466 7.25 0.00 0.00 0.00 0.00 3.38
HEA100_SL_400C_y30 L03 339 0.00 24.01 10.17 0.00 18.31 0.00
HEA100_SL_400C_z30 L09 200 27.16 0.00 0.00 6.00 0.00 11.43
HEA100_SL_550C_y0 L07 395 0.00 4.31 0.00 0.00 1.70 0.00
HEA100_SL_550C_z0 L11 297 8.56 0.00 0.00 0.00 0.00 2.54
HEA100_SL_550C_y30 L06 211 0.00 16.34 6.33 0.00 9.78 0.00
HEA100_SL_550C_z30 L02 124 23.00 0.00 0.00 3.72 0.00 6.57
HEA100_SL_550Cs_z0 L26 293 5.23 0.00 0.00 0.00 0.00 1.53
HEA100_SL_550Css_z0 L36 275 6.42 0.00 0.00 0.00 0.00 1.77
HEA100_SL_700C_y0 L01 152 0.00 0.66 0.00 0.00 0.10 0.00
HEA100_SL_700C_z0 L12 128 4.64 0.00 0.00 0.00 0.00 0.59
HEA100_SL_700C_z30 L34 49 14.14 0.00 0.00 1.47 0.00 2.16
HEA100_SL_700Cs_z0 L25 106 3.53 0.00 0.00 0.00 0.00 0.37
HEA100_SL_700Css_z0 L24 90 4.39 0.00 0.00 0.00 0.00 0.40
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condition of the strong axis of the specimen. The 
label ‘z0’ indicates a centrically applied vertical 
load with the use of a rocker bearing leading to a 
pin-ended end condition of the weak axis of the 
specimen. The label ‘y30’ indicates a load eccen-
tricity of 30 mm in the direction of the weak axis 
of the specimen and leading to a strong axis bend-
ing moment of the section. The label ‘z30’ indi-
cates a load eccentricity of 30 mm in the direction 
of the strong axis of the specimen and leading to 
a weak axis bending moment of the section. The 
test results of the columns of medium length are 
not given in Figure 8.12 and Figure 8.13, but in 
Appendix D.

Figure 8.12 and Figure 8.13 bottom show 
second order bending moment to end shortening 
curves of the steady state slender column tests 
on HEA 100 specimens. The second order bend-
ing moment was calculated as the product of the 
axial load and sum of the nominal initial load ec-
centricity and the horizontal displacement meas-
ured at mid-height of the column (chapter 6.11). 
The different temperatures, strain rates and load 
eccentricities are represented using the same line 
types and symbols as in Figure 8.12 and Fig-
ure 8.13 top.

Table 8.5 summarises the results of the main 
steady state slender column tests on H-sections. 
The measured ultimate load Fu,θ and the measured 
horizontal displacements at the ultimate load in 
the direction of the axes y and z of the section, 
eu,y and eu,z of each test are given. In addition, 
the first and second order bending moments at 
the ultimate load about both axes y and z, MI,y,u,θ, 
MI,z,u,θ, MII,y,u,θ, and MII,z,u,θ, of each test are given. 
The first order bending moment was calculated 
as the product of the ultimate load Fu,θ and the 
nominal initial load eccentricity of the test. The 
second order bending moment was calculated as 
the product of the ultimate load Fu,θ and the sum 
of the nominal initial load eccentricity and the 
measured horizontal displacement at the ultimate 
load of the test. No horizontal displacement was 
measured during the tests on columns of medium 
length and no second order bending moments 
could be calculated for these tests.

Figure 8.10 and Figure 8.11 show the ultimate 
load in relation to the second order bending mo-
ment at this ultimate load of each slender column 
test on HEA 100 test specimens. Figure 8.10 
contains the test results of the centrically and 
eccentrically loaded slender columns with pin-
ended supports about the strong axis. Figure 8.11 
contains the test results of the centrically and 
eccentrically loaded slender columns with pin-
ended supports about the weak axis. The slender 
columns of the test series ‘9’ are represented by 
black symbols according to the temperature of 

axial load represented on the ordinate of both fig-
ures is the summary of the four load cells posi-
tioned above the electrical furnace (chapter 6.9). 
The end shortening represented on the abscissa 
of both figures is the relative vertical displace-
ment of the column measured by the LVDT’s 
positioned beneath the furnace (chapter 6.10). 
The temperatures of the tests are indicated in the 
graph by different line types. The applied strain 
rates are presented in the figures using different 
symbols. The applied nominal load eccentricities 
are indicated above each curve. The label ‘y0’ in-
dicates a centrically applied vertical load with the 
use of a rocker bearing leading to a pin-ended end 

Figure 8.14  results of the test series ‘10’ on 
HEA 100 slender columns (transient tests)
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the test. The columns of medium length of the 
test series ‘9’ are represented by a crossed sym-
bol according to the applied temperature. The 
applied nominal load eccentricities are indicat-
ed above each symbol. The label ‘0’ indicates a 
centrically applied vertical load with restrained 
end conditions. The label ‘y0’ indicates a centri-
cally applied vertical load with the use of a rocker 
bearing leading to a pin-ended end condition of 
the strong axis of the specimen. The label ‘z0’ in-
dicates a centrically applied vertical load with the 
use of a rocker bearing leading to a pin-ended end 
condition of the weak axis of the specimen. The 
label ‘y30’ indicates a load eccentricity of 30 mm 
in the direction of the weak axis of the specimen 
and leading to a strong axis bending moment of 
the section. The label ‘z30’ indicates a load ec-
centricity of 30 mm in the direction of the strong 
axis of the specimen and leading to a weak axis 
bending moment of the section.

8.3.3 Series 10

The test series ‘10’ includes all the transient state 
slender column tests on HEA 100 test specimens. 
The applied constant load was chosen to reach 
a target temperature of 400 °C, 475 °C, 550 °C, 
625 °C or 700 °C. Tests with load eccentricities of 
the weak axis of the section of 30 mm were per-
formed for all target temperatures except 700 °C. 
One test for the target temperature of 550 °C was 
executed with a heating rate of twice the normal 
one.

Figure 8.14 top shows the ultimate tempera-
ture in relation of the applied constant axial load 
of the transient state slender column tests on 
HEA 100 specimens. The axial load is the sum-
mary of the four load cells positioned above the 
electrical furnace (chapter 6.9). The temperature 
was determined using the average of the thermo-
couples No. 2, 3 and 4 (chapter 6.8). The tests 

conducted with a heating rate of 5 °C/min are 
presented by a triangle. The test conducted with a 
heating rate of 10 °C/min is presented by a circle. 
The applied nominal load eccentricities are indi-
cated above each curve. The label ‘z0’ indicates a 
centrically applied vertical load with the use of a 
rocker bearing leading to a pin-ended end condi-
tion of the weak axis of the specimen. The label 
‘z30’ indicates a load eccentricity of 30 mm in 
the direction of the strong axis of the specimen, 
leading to weak axis bending moments. 

Figure 8.14 bottom shows the ultimate tem-
perature in relation of the second order bend-
ing moment at the ultimate temperature of the 
transient state slender column tests on HEA 100 
specimens. The second order bending moment 
was calculated as the product of the axial load 
and the sum of the nominal initial load eccentric-
ity and the horizontal displacement measured at 
mid-height of the column at the ultimate temper-
ature (chapter 6.11). The different heating rates 
and load eccentricities are represented using the 
same symbols as in Figure 8.14 top.

Table 8.6 summarises the results of the main 
transient state tests on the HEA 100 sections. 
The applied axial load F, the measured ultimate 
temperature Tu and the measured horizontal dis-
placement at the ultimate temperature in the di-
rection of the axis y of the section, eu,y are given 
for each test. In addition, the first and second or-
der bending moments at the ultimate temperature 
about the axis z, MI,z,u,θ and MII,z,u,θ, of each test 
are given. The first order bending moment was 
calculated as the product of the applied load F 
and the nominal initial load eccentricity of the 
test. The second order bending moment was cal-
culated as the product of the applied load F and 
the sum of the nominal initial load eccentricity 
and the measured horizontal displacement at the 
ultimate temperature of the test.

Table 8.6 Test series ‘10’: results of the main transient state slender column tests on HEA 100 specimens.

Test Speci-
men

Axial 
load, 
[kN]

Ultimate 
Temperature 

[°C]

Horizontal 
displacement 
at Tu, [mm]

1st order bend-
ing moment at 

Tu,  [kNm]

2nd order bend-
ing moment at 

Tu,  [kNm]
F Tu eu,y MI,z,u,θ MII,z,u,θ

Se
rie

s 1
0

HEA100_SL_400C_z0_t05 L32 466 321 13.36 0.00 6.23
HEA100_SL_400C_z30_t05 L35 200 360 34.76 6.00 12.95
HEA100_SL_475C_z0_t05 L21 381 486 12.18 0.00 4.64
HEA100_SL_475C_z30_t05 L30 162 460 37.61 4.86 10.95
HEA100_SL_550C_z0_t05 L31 297 517 18.26 0.00 5.42
HEA100_SL_550C_z30_t05 L19 124 530 42.96 3.72 9.05
HEA100_SL_550C_z30_t10 L33 124 545 37.23 3.72 8.34
HEA100_SL_625C_z0_t05 L28 212 588 21.70 0.00 4.60
HEA100_SL_625C_z30_t05 L22 80 609 46.93 2.40 6.15
HEA100_SL_700C_z0_t05 L17 128 700 28.36 0.00 3.63
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[1] EN 1993-1-2, Eurocode 3: Design of steel structures - Part 1-2: General rules - Structural fire 
design; German version EN 1993-1-2:2005 + AC:2009

[2] EN 10210-2, Hot finished structural hollow sections of non-alloy and fine grain steels - Part 2: 
Tolerances, dimensions and sectional properties; German version EN 10210-2:2006

[3] EN 10034, Structural steel I and H sections - Tolerances on shape and dimensions, German ver-
sion

[4] DIN EN 10002-1, Metallic materials - Tensile testing - Part 1: Method of testing at ambient tem-
perature; German version EN 10002-1:2001

[5] EN 1993-1-1, Eurocode 3: Design of steel structures - Part 1-1: General rules and rules for build-
ings; German version EN 1993-1-1:2005 + AC:2009
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This chapter contains a brief overview over the extensive appendices accompanying the report.
Appendix A contains all the measured geometrical values of each test specimen. In addition the 

resulting cross-sectional area and the moments of inertia about both the strong and the weak axis of 
each specimen are given. Appendix B contains the measured initial local geometrical imperfections of 
each face of each stub column test specimen and the measured initial global geometrical imperfections 
of each face of each slender column test specimen. Appendix C contains information of the material 
coupon tests. All measured geometrical values of each test specimen are given. The conditions of each 
test are summarised and the resulting stress-strain relationship of each tensile or compressive material 
coupon test are given. Material parameters resulting from each test are also summarised. Appendix D 
contains the stub and slender column test results. For each test specimen the test conditions (including 
the boundary conditions and the load application) are indicated and the ultimate load and the vertical 
and horizontal deformation at ultimate load is given for each test. In addition, different graphs show 
the temperature, the vertical deformation and the mechanical load during each test, as well as a load-
displacement curve.

The appendices are included in the CD accompanying the printed version of this report or in an ad-
ditional pdf-file accompanying the online version of this report. Of every appendix, an example is given 
of the following pages.

APPENDIx
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SHS 160.160.5

Wall thickness t in mm

Legend:
measured
calculated

ACTUAL GEOMETry OF THE TEST SPECIMEN

Width and location of the test specimen and the end plates

Comments:

The nominal thickness of the end plates was 20 mm.
The wall thickness was measured before the experiment.
The width of the test specimen was measured after the experiment.

Calculated cross-sectional geometry:

Area:
Moment of inertia (y):
Moment of inertia (z):

3312 mm2

13.28 ·106 mm4

13.29 ·106 mm4

[mm] top bottom total

BA,EP 275 269 -

BB,EP 270 269 -

BC,EP 275 269 -

BD,EP 269 269 -

e0,EP,y 0.0 0.2 -
e0,EP,z -0.5 -1.0 -
LAB - - 520

LBC - - 520

LCD - - 519

LDA - - 519

[mm] top mid-height bottom

BA 160.3 - 160.3

BB 162.2 - 160.8

BC 160.3 - 160.7

BD 162.1 - 161.0

aB 58.5 - 55.5

aD 57.0 - 53.9

bA 53.9 - 54.4

bC 54.3 - 54.7

cB 57.8 - 55.9

cD 57.4 - 53.5

dA 53.7 - 54.2

dC 53.3 - 54.8

No. ttop tbottom No. ttop tbottom No. ttop tbottom 

1 5.31 5.35 12 5.23 5.20 23 5.39 5.49

2 5.23 5.23 13 5.24 5.26 24 5.77 5.80

3 5.26 5.23 14 5.47 5.45 25 5.76 5.70

4 5.05 5.12 15 5.52 5.45 26 5.52 5.59

5 5.09 5.07 16 5.57 5.63 27 5.38 5.37

6 5.24 5.16 17 5.56 5.40 28 5.35 5.36

7 5.39 5.28 18 5.34 5.32 29 5.34 5.36

8 5.52 5.75 19 5.32 5.31 30 5.55 5.62

9 5.46 5.49 20 5.37 5.31 31 5.44 5.48

10 5.40 5.35 21 5.34 5.34 32 5.74 5.71

11 5.25 5.23 22 5.32 5.36

S1
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HEA 100

Wall thickness t in mm

Legend:
measured
calculated

ACTUAL GEOMETry OF THE TEST SPECIMEN

Width and location of the test specimen and the end plates

Comments:

The nominal thickness of the end plates was 20 mm.
All measurements were taken before the experiment.

Calculated cross-sectional geometry:

Area:
Moment of inertia (strong axis, y):
Moment of inertia (weak axis, z):

2257 mm2

3.89 ·106 mm4

1.44 ·106 mm4

[mm] top bottom total

BA,EP 269 270 -

BB,EP 269 269 -

BC,EP 269 270 -

BD,EP 269 269 -

e0,EP,y 0.1 1.2 -
e0,EP,z -0.9 -1.4 -
LAB - - 1881

LBC - - 1881

LCD - - 1880

LDA - - 1881

sAB 47.2 47.1 -
sAD 46.8 46.7 -
sCB 49.3 49.0 -
sCD 49.6 49.5 -

[mm] top mid-height bottom

BA 99.4 99.0 99.2

BB 101.9 102.0 101.9

BC 98.7 99.0 98.7

BD 102.2 102.2 102.2

aB 82.0 - 81.7

aD 84.7 - 85.9

bA 85.1 - 86.8

bC 84.5 - 84.3

cB 83.0 - 83.3

cD 83.7 - 84.6

dA 84.6 - 86.6

dc 84.7 - 84.2

No. ttop tbottom No. ttop tbottom No. ttop tbottom 

1 8.10 8.06 7 5.73 5.75 11 7.78 7.80

2 8.25 8.24 8 5.70 5.74 12 7.96 7.96

3 8.33 8.30 9 5.71 5.71 13 8.05 8.01

4 8.22 8.22 10 5.76 5.71 14 8.22 8.20

5 8.17 8.24 15 8.18 8.15

6 8.10 8.09 16 8.16 8.07

L01
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y \ x

Face A

rHS 160.160.5S ACTUAL INITIAL GEOMETrICAL IMPErFECTIONS 

Comments:
All values in mm.
Superelevation of the imperfection in the drawings: Factor 50
Negative values describe a deflection towards the inside of the section

Face A

Face B

Face C

Face D

y \ x

Face C

y \ x

Face B

y \ x

Face D

y \ x 0.0 27.0 54.1 81.1 108.2 135.2

0.0 -0.03 0.21 0.61 0.53 0.17 0.03

26.1 -0.07 0.13 0.55 0.49 0.15 0.03

52.3 -0.12 0.06 0.47 0.44 0.13 0.03

78.4 -0.16 0.01 0.41 0.39 0.09 0.00

104.5 -0.16 0.01 0.40 0.39 0.09 0.00

130.6 -0.08 0.06 0.44 0.41 0.06 -0.03

156.8 -0.03 0.12 0.48 0.40 0.08 -0.03

182.9 -0.05 0.09 0.44 0.37 0.04 -0.06

209.0 -0.10 0.06 0.42 0.34 0.00 -0.09

235.2 -0.07 0.08 0.42 0.34 0.01 -0.07

261.3 -0.05 0.11 0.45 0.36 0.03 -0.06

287.4 -0.02 0.15 0.49 0.40 0.06 -0.05

313.5 -0.15 0.05 0.41 0.31 -0.05 -0.16

339.7 -0.20 -0.01 0.37 0.27 -0.10 -0.23

365.8 -0.13 0.08 0.45 0.34 -0.02 -0.14

391.9 0.06 0.23 0.59 0.48 0.16 0.06

418.1 0.08 0.29 0.64 0.52 0.19 0.05

444.2 0.03 0.30 0.64 0.51 0.13 -0.03

y \ x 0.0 27.4 54.9 82.3 109.8 137.2
0.0 0.06 -0.26 -0.08 -0.13 -0.27 -0.06

26.0 0.04 -0.29 -0.10 -0.15 -0.27 -0.04

52.0 0.01 -0.33 -0.16 -0.18 -0.27 -0.02

78.0 -0.03 -0.38 -0.20 -0.22 -0.29 -0.02

104.0 -0.05 -0.40 -0.22 -0.23 -0.29 -0.02

130.0 -0.03 -0.38 -0.22 -0.22 -0.28 -0.02

156.0 0.00 -0.37 -0.21 -0.22 -0.26 0.00

182.1 0.05 -0.32 -0.17 -0.19 -0.26 0.00

208.1 0.03 -0.33 -0.18 -0.21 -0.26 0.02

234.1 0.02 -0.37 -0.21 -0.22 -0.26 0.02

260.1 0.01 -0.38 -0.23 -0.23 -0.26 0.04

286.1 0.01 -0.38 -0.22 -0.21 -0.23 0.06

312.1 0.01 -0.37 -0.19 -0.21 -0.26 0.03

338.1 -0.05 -0.41 -0.22 -0.24 -0.30 -0.02

364.1 -0.07 -0.39 -0.19 -0.22 -0.30 -0.05

390.1 -0.05 -0.34 -0.16 -0.19 -0.27 -0.03

416.1 -0.09 -0.33 -0.12 -0.15 -0.23 0.00

442.1 -0.06 -0.29 -0.05 -0.06 -0.16 0.06

y \ x 0.0 27.7 55.4 83.0 110.7 138.4

0.0 0.00 0.02 0.35 0.24 -0.10 0.00

26.2 -0.02 -0.04 0.29 0.20 -0.11 0.00

52.3 -0.02 -0.07 0.23 0.15 -0.14 0.01

78.5 -0.03 -0.10 0.19 0.11 -0.14 0.02

104.6 -0.03 -0.12 0.16 0.10 -0.13 0.05

130.8 0.00 -0.10 0.18 0.11 -0.13 0.03

156.9 0.03 -0.09 0.19 0.12 -0.11 0.03

183.1 0.02 -0.09 0.19 0.12 -0.13 0.04

209.3 0.00 -0.10 0.17 0.10 -0.14 0.02

235.4 0.00 -0.12 0.15 0.09 -0.14 0.05

261.6 0.00 -0.12 0.14 0.07 -0.16 0.03

287.7 0.03 -0.10 0.15 0.08 -0.15 0.01

313.9 0.02 -0.10 0.16 0.07 -0.18 -0.01

340.1 -0.01 -0.13 0.14 0.07 -0.19 -0.02

366.2 -0.03 -0.14 0.15 0.09 -0.14 0.00

392.4 -0.07 -0.16 0.16 0.11 -0.12 0.01

418.5 -0.08 -0.14 0.20 0.12 -0.14 -0.02

444.7 0.00 -0.03 0.28 0.15 -0.12 0.00

y \ x 0.0 27.5 54.9 82.4 109.8 137.3

0.0 0.04 0.09 0.36 0.32 -0.02 -0.04

26.1 0.04 0.07 0.34 0.32 0.01 0.00

52.1 0.04 0.03 0.29 0.30 0.03 0.01

78.2 0.02 0.01 0.27 0.28 0.02 0.02

104.3 0.01 -0.01 0.26 0.27 0.01 0.01

130.4 -0.02 -0.02 0.25 0.24 -0.03 -0.03

156.4 -0.02 -0.01 0.26 0.25 0.00 -0.01

182.5 -0.03 -0.02 0.27 0.26 0.00 0.00

208.6 -0.05 -0.04 0.25 0.24 -0.01 0.00

234.6 -0.04 -0.04 0.23 0.23 0.00 0.02

260.7 -0.05 -0.05 0.24 0.23 0.01 0.04

286.8 -0.04 -0.01 0.26 0.25 0.00 -0.01

312.9 -0.08 -0.04 0.24 0.22 -0.04 -0.05

338.9 -0.13 -0.08 0.21 0.19 -0.06 -0.06

365.0 -0.08 -0.04 0.23 0.20 -0.02 0.00

391.1 0.00 0.02 0.29 0.26 0.04 0.06

417.1 -0.04 0.04 0.32 0.28 0.05 0.05

443.2 -0.04 0.05 0.34 0.29 0.04 0.04

S1
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0 300 600 900 1'200 1'500 1'800
y [mm]

-1.0

-0.5

0.0

0.5

1.0
Imperfection [mm]

Web A
Flange B
Flange D

L02

0 300 600 900 1'200 1'500 1'800
y [mm]

-1.0

-0.5

0.0

0.5

1.0
Imperfection [mm]

Web A
Flange B
Flange D

L01

HEA 100ACTUAL INITIAL GEOMETrICAL IMPErFECTIONS 

Comments:

All values in mm.

The measurement of the web was 
taken of the face A, i.e. the face 
corresponding to the side A of the 
end plates.

Negative values describe a deflec-
tion leading away from the obser-
ver.

y Web A Flange B Flange D

0 0.00 0.00 0.00

90 0.01 0.00 0.02

180 0.11 -0.03 0.05

270 0.09 -0.03 0.06

360 0.07 -0.05 0.05

450 0.13 -0.04 0.02

540 0.13 -0.01 0.00

630 0.11 -0.01 0.02

720 0.15 -0.01 -0.01

810 0.11 -0.02 0.01

900 0.16 0.00 -0.03

990 0.10 0.01 -0.07

1080 0.10 0.04 -0.09

1170 0.04 0.07 -0.13

1260 0.01 0.09 -0.09

1350 -0.05 0.08 -0.13

1440 -0.05 0.09 -0.13

1530 -0.10 0.08 -0.08

1620 -0.10 0.05 -0.08

1710 0.03 0.02 -0.03

1800 0.00 0.00 0.00

y Web A Flange B Flange D

0 0.00 0.00 0.00

90 0.03 -0.01 0.01

180 0.05 0.02 -0.03

270 0.14 0.04 -0.06

360 -0.02 0.06 -0.11

450 0.03 0.10 -0.15

540 0.03 0.12 -0.21

630 -0.01 0.12 -0.17

720 0.01 0.14 -0.22

810 -0.04 0.12 -0.20

900 -0.10 0.13 -0.21

990 -0.19 0.16 -0.26

1080 -0.25 0.17 -0.25

1170 -0.29 0.14 -0.21

1260 -0.28 0.13 -0.20

1350 -0.27 0.13 -0.19

1440 -0.23 0.11 -0.15

1530 -0.24 0.09 -0.13

1620 -0.15 0.09 -0.09

1710 -0.10 0.03 -0.09

1800 0.00 0.00 0.00

L02L01

L 1/2
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Appendix C - Material behaviour

rHS 120·60·3.6TENSILE TESTS SErIES M7 TO M9

Geometry of the test specimen

Test machine:

Furnace:

Extensometer:

Zwick Allround-
Line, 200 kN

Könn, STE

Maytec, 
PMA/V7/1

av234: Calculated average of the values of the measuring points 2, 3 and 4.

Temperature: 

Strain rate: 
 
Nmax = 0.7·Npl,nom 
Nmin = 0.3·Npl,nom

20 °C

0.10 %/min

 9.0 kN
4.0 kN

Measurements

L0,I: Gauge length of the extensometer at 
the beginning of Phase I.

L0,II: Gauge length of the extensometer at 
the beginning of Phase II.

L0,III: Gauge length of the extensometer at 
the beginning of Phase III.

Phase I: 
Three cyclic loadings at ambient 
temperature: 

Phase II: 
Heating of the test specimen at a 
constant pre-load:

Phase III: 
Tensile loading at a constant ele-
vated temperature:

Temperature:

strain rate: 

Execution of the experiments

 400 °C

0.10 %/min

 

10.5 °C/min
7.5 °C/min
5.0 °C/min
2.5 °C/min

200 N

heating rate: 
up to  310 °C
up to  340 °C
up to  370 °C
up to  400 °C

Load: 

ETHZ

24.03.2011
21.03.2011
22.03.2011

[mm] T04 T05 T06
L0,I 39.7435 39.7420 39.7646

L0,II 39.6919 39.7434 39.7664
L0,III 39.8689 39.9192 39.9420

T04 T05 T06
b0 

[mm]
t0

[mm]
A0 = b0·t0 

[mm2]
b0 

[mm]
t0 

[mm]
A0 = b0·t0 

[mm2]
b0 

[mm]
t0

[mm]
A0 = b0·t0

[mm2]

1 9.91 3.96 39.24 9.92 3.73 37.00 9.90 4.01 39.70

2 9.94 3.97 39.46 9.90 3.75 37.13 9.91 4.03 39.94

3 9.94 3.95 39.26 9.91 3.70 36.67 9.92 4.03 39.98

4 9.92 3.97 39.38 9.92 3.70 36.70 9.93 4.03 40.02

5 9.92 3.95 39.18 9.92 3.70 36.70 9.91 4.02 39.84
av234 9.93 3.96 39.37 9.91 3.72 36.83 9.92 4.03 39.98

Location:

Test Date:
T04
T05
T06

T04, T05, T06
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NE,I,min

results of Phase I:

E+
20,i: Slope of the elastic range at 20°C, 

tension of cyclic loading no. i,

The young‘s Modulus at ambient temperature was 
calculated using a linear regression between:

NE,I,max ≈ 8.0 kN
NE,I,min ≈ 5.0 kN

results of Phase II:

*)  The vertical deformation was measured with the 
extensometer.

αθ1-θ2: Thermal elongation coefficient cal-
culated using a linear regression 
between the two temperatures θ1 
and θ2.

**) The steel temperature corresponds to the mean va-
lue of the measurements of the three termocouples 
of the test specimen.

[10-6 °C-1] T04 T05 T06

α100°C-200°C 11.65 11.48 11.68

α200°C-300°C 12.50 12.59 12.47

α300°C-400°C 11.98 11.86 11.80

α400°C-500°C - - -

α500°C-600°C - - -

α600°C-700°C - - -

[kN/mm2] T04 T05 T06

E+
20,1 195 190 180

E+
20,2 210 205 199

E+
20,3 210 206 199
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results of Phase III:

T

T

T

fp,0.2,θ: Stress at 0.2 % plastic strain

fx,θ: Stress at x % total strain

Eθ: Slope of the elastic range of the stress-strain-
relationship

Ex,θ: Slope of the reloading branch at x % total 
strain

The stress at x % (plastic) strain f(p),x,θ was calculated as the average over an area of ± 0.05 % strain.

***)  The stress corresponds to the measured load devided by the cross-sectional area Aav,234.
The strain corresponds to the measured vertical deformation of the extensometer devided by the gauge 
length L0,III.

Comment:

All specimens were cut from bar No. 1.

The slope of the reloading branches at x % strain Ex,θ 
was calculated using a linear regression between:

σmin = 40 N/mm2

σmax = 0.75 · fx,θ N/mm2

The slope of the initial elastic range E0,θ was calcula-
ted using a linear regression between:

σmin = 40 N/mm2

σmax = 120 N/mm2

[kN/mm2] E0,θ E2.0,θ E5.0,θ E10.0,θ

T04 159 163 - -

T05 163 168 156 141

T06 160 163 - -

[N/mm2] fp,0.2,θ f0.5,θ f1.0,θ f2.0,θ f5.0,θ f10.0,θ f15.0,θ

T04 235 257 298 345 408 - -

T05 250 270 313 360 422 450 452

T06 241 262 304 351 414 - -

T06

T05

T04
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Appendix D - Test results

APPENDIx D (IN ExTrACTS):

TEST rESULTS
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TEST rESULTS SHS 160.160.5

Face A Face B

Face C Face D

reaction frame2):

Load jack2):

Furnace2):

Load cells2):

LVDT‘s2):

Thermocouples2):

Type II

Type II

Könn 1000°C

Interface 1231

Precisor TT-10-KE-2

Type K

Temperature:

Strain rate:

Load eccentricity:

Test date:

Ultimate Load:

Vertical deformation 
at ultimate load1):

Horizontal deforma-
tion at ultimate load1):

1) Measured by the LVDT‘s
2) Chapters 6 and 7 of this report

550 °C

0.01 %/min

0 mm
 
29.10.2009

364 kN

4.34 mm

N/A

SHS100_Stub_550Css

S 01
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No horizontal displacement was 
measured for the stub column tests
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TEST rESULTS HEA 100

reaction frame2):

Load jack2):

Furnace2):

Load cells2):

LVDT‘s2):

Thermocouples2):

Type II

Type II

Könn 1000°C

Interface 1231

Precisor TT-10-KE-2

Type K

Face A Face B Face C Face D

Temperature:

Strain rate:

Load eccentricity:

Test date:

Ultimate Load:

Vertical deformation 
at ultimate load1):

Horizontal deforma-
tion at ultimate load1):

1) Measured by the LVDT‘s
2) Chapters 6 and 7 of this report

700 °C

0.1 %/min

0 mm

20.12.2010

152 kN

5.66 mm

0.66 mm

HEA 100_SL_700C_y0

L 01
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