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EXECUTIVE SUMMARY 

 

This deliverable is reporting on the experimental tests carried out in the scope of Task 
3.1, WP3. The experimental programme included 20 full-scale tests: four on columns 
major and minor axis buckling, fourteen on lateral-torsional buckling of beams and two 
beam-column tests. Within the studied parameters the experiments covered steel grades 
S690 and S460, hybrid and monosymmetric beams. 

The experiments were complemented with material characterization, residual stress 
measurements on 15 specimens and the geometrical dimensions were measured with 
an advanced 3D scanning system. During the beam tests, digital image correlation 
system was used. 

The obtained results are consistent, showing the high resistance that can be achieved 
using high-strength steel. The recorded measurements were used for calibration of 
numerical models, which are applied for parametric studies in Task 3.2 of the project.  
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1 INTRODUCTION 

1.1 Brief State of the Art 

EN 1993-1-11 gives structural design guidance for material strengths up to 460 MPa, whilst 

EN 1993-1-122 provides additional rules for extension of Eurocode 3 to S700 material, but 

with a number of restrictions. One of the reasons for these special rules, and for the upper 

strength limit of S700, is due to the lack of sufficient test data on HSS structural members 

to justify less conservative rules. Furthermore, improvements over the last 20 years in steel 

production mean that HSS now have better toughness and ductility compared to older 

steels, and so it is possible that the special rules may be no longer required. 

The use of HSS potentially leads to decreased member sizes which are more prone to 

instabilities (local and global buckling). However, due to the improved material properties, 

it is expected that these rules can be less severe for HSS members. 

In order to increase the interest in the use of HSS, the proposed work within this 

experimental programme aims to bring evidence for the benefits of using HSS in structures 

and how these benefits can be maximised by exploiting the actual limits of HSS in terms of 

stability design.  

Experiments have been carried out to study the flexural buckling of welded H-section 

columns in steel grades S460 to S6903,4,5,6  which already report improved stability 

behaviour of HSS members. Nonetheless, all these studies are very limited in scope (only 

sections with h/b <1.2) and number of tests (a total of around 26 experiments for both major 

and minor axis buckling of H or I sections). Hence, it would be valuable to study the stability 

behaviour (for both major and minor axis buckling) of I-section columns made of HSS up to 

S700 in greater depth. 

In order to study the lateral torsional buckling behaviour of HSS beams, test programmes 

of 6 fully restrained and 12 partially restrained beams of S690 welded I-sections were 

carried out in Hong Kong Polytechnic University7. It was noted that a significant margin 

between measured buckling resistances and design values is found through a direct 

comparison of the test results. This should be attributed to reduced residual stress ratios in 

S690 welded I-sections, when compared with conventional S355 welded I-sections. 

Furthermore, the behaviour of unrestrained HSS beams has only been studied in a very 

limited way. At present in EN 1993-1-11, the design rules for lateral torsional buckling of 

beams are not dependent on the steel grade, meaning that the code does not distinguish 

between the stability behaviour of unrestrained beams in conventional strength steel or 

HSS. Validated design rules for HSS beams are urgently needed by practitioners. 

The stability behaviour of steel members is highly influenced by the member imperfections 

ï residual stresses and member geometrical imperfections. Measurements of the residual 

stress distribution of welded I and box sections can be seen in existing papers3,4,6,7,8,9,10,11. 

Through an effective use of coupled thermo-mechanical analyses which were calibrated 

with measured temperature data for 4 welded HSS sections, a complete residual stress 

distribution in an entire cross-section of S690 welded sections was determined and a 

residual stress pattern applicable to various dimensions and plate thicknesses was 

proposed by Liu11. With the use of proposed residual stress patterns for HSS, the stability 
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behaviour of HSS columns and beams (fully and partially restrained) were studied through 

experiment tests and advanced numerical analyses7. 

Hybrid beams (in which the flange plates are made of higher strength steel than the web) 

are often more cost-effective than homogenous HSS sections because the web of a beam 

only contributes a modest amount to the total bending resistance and hence it is more 

economical to use a less expensive lower strength steel in the web than in the flanges. 

Lateral torsional buckling of hybrid beams was studied numerically by Nethercot12 who 

concluded that early yielding of the hybrid beamôs web had little effect on lateral stability. A 

limitation that the strength of the flanges should not exceed twice that of the web for 

serviceability reasons is suggested13. Nevertheless, a thorough experimental, analytical 

and statistical investigation into the stability of hybrid sections in accordance with Eurocode 

methodology is still required since designers will only specify hybrid beams if simple design 

procedures and design tools are available which enable them to determine the advantages 

of hybridisation in terms of cost savings, taking into account both material and fabrication. 
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1.2 Objectives of the Experimental Programme 

 

The experimental programme is carried out within the scope of WP3 Stability design 
using HSS and its emphasis is on lateral torsional buckling (LTB) of unrestrained HSS 
beams in S460 and S690, considering both hot rolled and welded I shaped sections, and 
the extension of the design rules to hybrid applications. Nevertheless, in order to fill-in gaps 
in existing experimental studies, flexural buckling of columns about major and minor axes 
are also considered. As a logical extension, the behaviour of members loaded with major 
axis bending moment and axial force (beam-columns) is also addressed. 

The calibration of new rules requires verification of the physical behaviour. Usually, it is 

possible to make use of numerical experiments (advanced numerical FE simulations), 

however it is necessary to initially verify/calibrate the numerical model. Therefore, in Task 

3.1, benchmark tests on flexural buckling of columns and LTB of beams and beam-columns 

are carried out. In this experimental programme, it is aimed to investigate: 

- Influence of the material ï three grades of steel will be considered: S355, S460 

and S690; 

- Buckling mode for slender columns ï flexural buckling (FB) about major and 

minor axes; 

- Influence of the fabrication procedure on the LTB resistance, thus testing S460 

rolled and HSS welded beams; 

- Lateral torsional buckling of hybrid beams with symmetrical and mono-

symmetrical sections; 

- Various height over width (h/b) ratios for slender columns and beams; 

- Influence of the cross-section class on the global stability behaviour for 

unrestrained beams of Classes 1(2), 3 and 4. 

- Influence of residual stresses on structural behaviour of HSS. 

The results of the experimental programme will be used in Task 3.2 and 3.3 for calibration 

of numerical model and proposal of design rules using HSS. 
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2 EXPERIMENTAL PROGRAMME 

2.1 Scope 

The experimental programme (Figure 2-1) included 4 columns two were tested for 
flexural buckling about their major axis and the other two about the minor axis. The beam 
tests will cover 14 specimens, including welded and rolled HSS uniform I beams, 
monosymmetric I beams and hybrid beams. The campaign also includes 2 beam-column 
tests. The specimen dimensions are given in Table 2-1. 

 

Figure 2-1 Preparation of test specimens 

The following paragraphs summarize the experiments to be carried out in detail: layouts 
for the column, beam and beam-column tests and supplementary tests that were 
conducted. 
   
Table 2-1 Experimental programme 

Type Member Fabrication Length (m) 

Steel grade 

Flanges Web 

C1 y-y 180 × 100 × 8 × 8 welded 4.0 S 690 S 690 

C2 y-y 150 × 150 × 8 × 8 welded 4.0 S 690 S 690 

C3 z-z 220 × 170 × 8 × 16 welded 4.0 S 690 S 690 

C4 z-z 180 × 180 × 8 × 16 welded 4.0 S 690 S 690 

B1 500 × 200 × 8 × 16 Welded 6.0 S 460 S 460 

B2 500 × 200 × 8 × 16 Welded 6.0 S 690 S 690 

B3 IPE 500 Rolled  6.0 S 460 S 460 

B4 310 × 300 × 8 × 16 Welded 6.0 S 460 S 460 

B5 310 × 300 × 8 × 16 Welded 6.0 S 690 S 690 

B6 HE 320 A Rolled  6.0 S 460 S 460 

B7 750 × 200 × 8 × 16 Welded 6.0 S 690 S 690 

B8_h 750 × 200 × 8 × 16 Welded 6.0 S 690 S 355 
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Type Member Fabrication Length (m) 

Steel grade 

Flanges Web 

B9 750 × 200 × 8 × 16 Welded 6.0 S 460 S 460 

B10_h 750 × 200 × 8 × 16 Welded 6.0 S 460 S 355 

B11_m 750 × 200(400) × 8 × 16 Welded 6.0 S 690 S 690 

B12_mh 750 × 200(400) × 8 × 16 Welded 6.0 S 690 S 355 

B13_m 750 × 200(400) × 8 × 16 Welded 6.0 S 460 S 460 

B14_mh 750 × 200(400) × 8 × 16 Welded 6.0 S 460 S 355 

BC-1 500 × 200 × 8 × 16 Welded 4.0 S 690 S 690 

BC-2h 500 × 200 × 8 × 16 Welded 4.0 S 690 S 355 

 

2.2 Supplementary tests 

2.2.1 Welding Process of HSS 

The welding of HSS should be performed with greater attention and therefore before 
welding the test specimens, tests on the quality of welding were performed. wo welding 
processes were considered GMAW and SAW. The welding parameters for two 
processes in Table 2-2 and Table 2-3 for GMAW and SAW respectively. 

Table 2-2 Welding parameters for GMAW 

 All specimens for GMAW 

Voltage: 26 V 

Rated Current: 230 A 

Speed: 270 mm/min 

Thermal Delivery: 1.33 kJ/mm 

 

Table 2-3 Welding parameters for SAW 

 Specimen 1 Specimen 2 Specimen 3 

Welded one side at each time Welded both sides at the 
same time 

1st pass 1st Head 

Voltage: 28 V 29 V 31 V 

Rated Current: 500 A 600 A 600 A 

Speed: 600 mm/min 610 mm/min 600 mm/min 

Thermal 
Delivery: 

1.4 kJ/mm 1.71 kJ/mm 1.86 kJ/mm 

 2nd pass 2nd Head 

Voltage: 28 V 29 V 29 V 

Rated Current: 580 A 600 A 600 A 

Speed: 500 mm/min 610 mm/min 600 mm/min 

Thermal 
Delivery: 

1.95 kJ/mm 1.71 kJ/mm 1.74 kJ/mm 

 

The 6 specimens are prepared as shown in Figure 2-2 for GMAW and 3 specimens are 
prepared as in Figure 2-3 for SAW. Since different welding parameters were used, it was 
considered valuable to perform residual stress measurement on these specimens. 
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The specimens were used to check the quality of the welds by performing macro-
sections as well as measuring the hardness of the welds. Figure 2-5 shows the macro-
section for welding process GMAW (MIG/MAG) with welding parameters given in Table 
2-2. Similarly, Figure 2-6 to Figure 2-8 show the macro-sections for welding process 
SAW (SAS) with corresponding welding parameters for each weld specimens given in 
Table 2-3. 
 
The selected fabrication procedure corresponds to the parameters used in Specimen 2 
SAW welding process because it resulted in a more symmetrical distribution of the welds 
and the HAZ. 

 

Figure 2-2 6 x specimens on the welding process GMAW 

 

Figure 2-3 3 x specimens on the welding process SAW 
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Figure 2-4 Welding Process SAW 

 
Figure 2-5 Macro-section for GMAW weld 

specimen 

 
Figure 2-6 Macro-section for SAW weld 

specimen 1 

 

 
Figure 2-7 Macro-section for SAW weld 

specimen 2 

 

 
Figure 2-8 Macro-section for SAW weld 

specimen 3 
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2.2.2 Material properties 

 
The material properties of the steel plates are carried out according to ISO- 6892-1: 
Metallic materials - Tensile testing- Part 1: Method of test at room temperature14. The 
three specimens were taken parallel to the rolling direction and other three specimens 
perpendicular to the rolling direction from each steel plate (Total of 42 specimens). The 
tests are carried out at room temperature between 10 °C and 35 °C. The specimen 
drawings for 8mm and 16 mm plates can be seen in following figures. 
 

 

 

Figure 2-9 Coupons for 8 mm plate 

 

 

 

 
Figure 2-10 Coupons for 16 mm plate 

2.2.3 Residual stresses 

Residual stresses (RS) have a significant influence on the stability of steel members. In 
order to gain knowledge of the residual stress distribution in HSS sections, RS 
measurements were performed on hot-rolled and welded HSS cross-sections. Three 
steel grades are considered: S355, S460 and S690, including rolled and welded sections 
(homogeneous and hybrid). 
 

 
Figure 2-11 Residual stress distribution for conventional strength steels 
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The tested specimens are presented in Table 2-4, where the tested geometries 
correspond to the buckling tests from Table 2-1. The specimens were fabricated with 
initial length of L1+L2 (Figure 2-12), where L1 is the length of the buckling test specimen 
and L2 is the length of the residual stress specimen thus allowing for the estimation of 
the residual stress distribution in the buckling test specimens. 
 
Table 2-4 Experimental programme ï residual stresses 

Type Member Fabrication 
Steel Grade Length N strain 

gauges Flange Web [m] 

C1 y-y 180 × 100 × 8 × 8 welded S 690 S 690 2.0 40 

C2 y-y 150 × 150 × 8 × 8 welded S 690 S 690 2.0 46 

C3 z-z 220 × 170 × 8 × 16 welded S 690 S 690 2.0 60 

C4 z-z 180 × 180 × 8 × 16 welded S 690 S 690 2.0 56 

B1 500 × 200 × 8 × 16 Welded S 460 S 460 3.0 56 

B2 500 × 200 × 8 × 16 Welded S 690 S 690 3.0 56 

B3 IPE 500 Rolled S 460 S 460 3.0 56 

B4 310 × 300 × 8 × 16 Welded S 460 S 460 2.0 62 

B5 310 × 300 × 8 × 16 Welded S 690 S 690 2.0 62 

B6 HE 320 A Rolled S 460 S 460 2.0 62 

B7 750 × 200 × 8 × 16 Welded S 690 S 690 3.0 64 

B8_h 750 × 200 × 8 × 16 Welded S 690 S 355 3.0 64 

B11_m 750 × 200(400) × 8 × 16 Welded S 690 S 690 3.0 72 

BC-1 500 × 200 × 8 × 16 Welded S 690 S 690 3.0 56 

BC-2h 500 × 200 × 8 × 16 Welded S 690 S 355 3.0 56 

 
The residual stresses were measured using the sectioning method15. The procedure 
involves longitudinal and transversal cuts which provoke the release of stresses locked 
in the test specimen. The stress release itself causes deformations which are recorded 
by the strain gauges during the experiment. The measurements are then converted into 
stresses using Hookeôs law. For reasons of simplification, it is assumed that the 
transverse stresses in the specimens are negligible. 
 

 
Figure 2-12 Residual stresses ï sectioning method 

 
Electrical strain gauges (2 x 6 mm) manufactured by Tokyo Sokki Kenkyujo Co. Ltd. were 
used. Strain gauges were glued to both sides of the flanges and web of each specimen 
in order to calculate the average membrane stress. The distribution for each geometry 
is shown in Figure 2-13. 
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Figure 2-13 Strain gauges distribution  

 
Additional measurements were carried out on the specimens used for the definition of 
the welding procedure which fabricated using different welding parameters and hence it 
was expected that they would result in different residual stress distribution. For that, it 
was considered valuable to perform additional residual stress measurements on these 
specimens. Figure 2-14 shows the arrangement of strain gauges in specimens.  The 
results are given in Section 3.1.2. 
 

 

Figure 2-14 Arrangement of Strain-gauges 
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2.2.4 Geometrical dimensions and imperfections 

All geometrical data of the test specimens was measured prior to the tests. The 
imperfections were measured using the advanced system MetraSCAN 3DTM as shown 
in Figure 2-15. The measurement procedure results in a cloud of points with describe the 
real geometry of the element. The results from the measurement are presented in 
Section 3.1.3 

 

Figure 2-15 Measurement of geometrical imperfections  

2.3 Test layouts 

2.3.1 Column tests 

 
The selected test specimens had different cross-section dimensions but the same length 
of 4 m. Two buckling modes were tested: i) in-plane buckling and ii) out-of-plane buckling. 
The test layouts are shown in Figure 2-16 and Figure 2-17, for major and minor axis 
buckling, respectively. The layouts were very similar, where the columns were supported 
at both ends with pinned supports (Figure 2-18) allowing the free rotation in the minor or 
major axis, the other direction they can be considered fixed.  
 

 

  
 

Figure 2-16 Test Layout for column tests (major axis) 
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Figure 2-17 Test Layout for column tests (minor axis) 

  

Figure 2-18 Pinned support (left), lateral restraints (right) 

 
Figure 2-19 Out-of-plane restraints 
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To force major axis buckling, lateral restraints were included. They were fixed to the 
column web on one side (Figure 2-18, Figure 2-19) and to the floor on the other with pins 
at both ends. Hence for the major axis tests, the column cross-section was rotated by 90 
degrees about the longitudinal axis in order to allow for the inclusion of the lateral 
restraints. 
 

For measurement of vertical and horizontal displacements during experiment, LVDTs 
(linear variable differential transducers) were installed at the locations shown in Figure 
2-17 and Figure 2-21. Strain gauges were glued at three cross-sections along each 
column: at both ends and at mid-span. Their positions are also shown in Figure 2-17 and 
Figure 2-21, where 3 strain gauges were glued at each flange and 3 at the webs, except 
for C1 and C2 at mid-span where the presence of lateral restraint does not allow for 
instrumentation with strain gauges. 
 
 

 
 

Figure 2-20 3D Layout for column tests (major axis) 

 

 
Figure 2-21 Layout (Lateral view) for column tests (minor axis) 

The load was applied using a hydraulic jack with 3000kN capacity at one end of the 

column. The loading was applied using displacement control at low speed 0.01 mm/s. 

Supplementary LVDTs were included in the support frame in order to measure possible 

displacements due to flexibility of the layout.  

 



STROBE  

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-1 Buckling tests on HSS 

members.docx 14 

2.3.2 Beam tests 

The beams were tested using two different layouts. The first one was applied to B9 and 
B10, whereas the second one was used for all remaining tests. In the following, both 
layouts are presented and the former is referred to as Layout 1 and the latter as Layout 
2. 

2.3.2.1 Layout 1 

The first layout is presented in Figure 2-22 and the instrumentation plan is given in Figure 
2-23. The beams are supported in axes B and F, at 1 m and 5 m along the length by the 
supports.  
 
The load was applied at both extremities of each beam (1 m apart from the supports). 
On one side hydraulic jack with 3000kN capacity and on the other hydraulic jack with 
6000kN were used. The loading was applied using displacement control at low speed 
0.01 mm/s. 
 
The overhang segments of the beam were reinforced by transverse web stiffeners to 
avoid local deformations and ensure rigid transmission of the applied load. The beams 
were laterally restrained at the points of load application and at the supports as shown 
in  Figure 2-24. 
 

 
Figure 2-22 Beams: experimental layout 1 

The vertical displacements were monitored at the points of load application (V1 and V6) 
and at mid-span (V2 to V5), where two LVDTs were positioned at the extremities of each 
flange (see Section A-A, in Figure 2-23). 
 
The horizontal displacements were measured at mid-span in three locations, at the top 
of the web (H6), in the middle of the web (H7) and at the bottom (H8). In addition, 
measurement points were included 1 m apart from the midsection, in axes C and E, as 
well as control LVDTs at supports and load application points. 
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Figure 2-23 Instrumentation beams: Layout 1 

 
 

  

Figure 2-24 Supports: Layout 1 

The strains were measured using electrical strain gauges glued to the web and flanges 
in axis D, and only on the webs for half meter apart on each side of the middle section 
(Figure 2-23). The strain gauges were glued only on one side of the web, on the other 
Digital Image Correlation system was used for the middle 2 meters of the beam (Figure 
2-25). 
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Figure 2-25 Measurement of strains and displacements 

2.3.2.2 Layout 2 

The second layout is presented in Figure 2-26 and the instrumentation plan is given in 
Figure 2-27. In this case, the beams are supported at the extremities, in axes ɸ and F.  
 
The load was applied at axes B and F, 1 m apart from the supports. On one side a 
hydraulic jack with 3000kN capacity and on the other a hydraulic jack with 6000kN were 
used. The loading was applied using displacement control at low speed 0.01 mm/s. 
 
The beams were laterally restrained at the points of load application and at the supports 
as shown in Figure 2-30. 
 

 
Figure 2-26 Beams: experimental layout 2 
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The vertical displacements were monitored at the points of load application (V1 and V6) 
and at mid-span (V2 to V5), where two LVDTs were positioned at the extremities of each 
flange (see Section A-A, in Figure 2-23). V9 and V10 measured the vertical displacement 
in axes C and E, respectively.  
 

 

Figure 2-27 Instrumentation beams: Layout 2 (B1-B6) 

 
Figure 2-28 Instrumentation beams: Layout 2 (BB7, B8, B11-B14) 

 

The horizontal displacements were monitored at mid-span in three locations, at the top 
of the web (H4), in the middle of the web (H3) and at the bottom (H5). In addition, 
measurement points were included 1 m apart from the midsection, in axes C and E, as 
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well as control LVDTs at supports, H8 and H9. The longitudinal displacement was 
measured in axis G by the LVDT H10. 
 

 
Figure 2-29 Supports: Layout 2 

 

 

Figure 2-30 Lateral restraints at load application: Layout 2 

The supports at the extremities are shown in Figure 2-29. The consisted of a half cylinder 
welded to the beam end allowing for free in-plane rotation, below it, a load cell was placed 
to measure the vertical reaction. Finally, a roller support for free out-of-plane translation 
of the beam was implemented on the bottom. 
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2.3.3 Beam-Columns 

The layout for the beam-column tests is presented in Figure 2-31 and the instrumentation 
is given in Figure 2-32. The test specimen for the beam-column tests is an L-shaped 
member where the longer leg (4 m) is the beam-column specimen to be considered and 
the other leg serves for load application. The load was applied at 0.75 m eccentricity with 
respect to the middle axis of the beam-column and thus leading to proportional increase 
of axial force and bending moment.  
 
The test specimen was connected to reaction wall with pinned connection at axis G 
(Figure 2-33), which allows free rotation in-plane. The vertical and transversal 
displacements were restrained at the L-shaped part for load application.  
 
At the other end of the member Figure 2-33a, the vertical displacements were blocked 
at the top and the bottom of the specimen, however allowing for the free longitudinal 
translation by the use of several rollers Figure 2-34. 
 
Two load cells were included, one at the application of the load measuring the applied 
axial force and the other at the top of the measuring the reaction due to the applied 
restraint, see Figure 2-35. 
 
Vertical and horizontal displacements were measured at several locations as indicated 
in Figure 2-32. 
 
The strains were measured on one side using electrical strain gauges and on the other 
the DIC as it was done for the beams. 
 

 
Figure 2-31 Layout beam-columns 
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Figure 2-32 Instrumentation beam-columns 

  
a) end at axis A b) at axis G 

Figure 2-33 Supports beam-columns 
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a) bottom b) side 

Figure 2-34 Restraints 

  
a) load application b) top 

Figure 2-35 Load cells 



STROBE  

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\STROBE D3-1 Buckling tests on HSS 

members.docx 22 

3 TEST RESULTS 

3.1 Supplementary tests 

3.1.1 Tensile Coupon Tests 

 
The mechanical properties obtained for each plate are presented in Table 3-1, including 
elastic modulus (E), yield strength (fy), ultimate strength (fu), ultimate strain (Ůu) and 
percentage elongation (A). The ultimate strain (Ůu) is the strain corresponding to the 
ultimate tensile strength and % elongation is determined from extensometer readings14. 
 
Table 3-1 Platesô material properties from tensile coupon tests 

Plate/ 
Thickness 

Steel 
Grade 

Elastic 
section 

modulus 
E (GPa) 

Proof 
strength 
Ὑ Ȣ 

(MPa) 

Upper 
yield 

strength 
Ὑ (MPa) 

Ultimate 
tensile 

strength 
Ὑ  (MPa) 

Ultimate 
strain 
‐ (%) 

Elong
ation 
A (%) 

PL-1 / 8mm S355J2+N 202.6 475.5 425.5 634.7 12.2 24.3 

PL-2 / 8mm S690QL 200.4 752.7 755.3 813.0 6.2 31.6 

PL-3 / 8mm S690QL 203.8 776.9 792.2 818.0 6.0 12.6 

PL-4 / 16mm S690QL 205.6 785.4 781.7 846.7 5.6 16.6 

PL-5 / 16mm S690QL 204.0 793.7 798.4 854.8 5.9 18.2 

PL-6 / 8mm S460NL 212.5 521.6 528.8 639.2 11.0 47.2 

PL-7 / 16mm S460NL 201.1 522.0 498.9 656.2 9.4 26.8 

B3 / 10.2mm S460 210.5 470.1 519.8 581.9 12.8 55.8 

B3 / 16mm S460 197.5 483.7 508.3 592.5 13.4 - 

B6 / 9mm S460 218.7 517.5 521.6 622.9 10.6 53.5 

B6 / 15.5mm S460 215.2 483.1 508.2 569.2 13.7 88.1 

 
 

  

a)  PL-1 b)  PL-2 and PL-3 

Figure 3-1 Tensile coupon tests ï Plates 1-3 
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a)  PL-4 and PL-5 b)  PL-6 

Figure 3-2 Tensile coupon tests ï Plates 4- 6 

 

Figure 3-3 Tensile coupon tests ï plate 7 (PL-7) 

 

  

a)  B3 ï Rolled profile b)  B6 ï Rolled profile 

Figure 3-4  Tensile coupon tests ï hot-rolled profiles 

Table 3-2 summarizes the ratios between nominal and measured values of the yield 
stress for the plate material specimens. It is noted that for the S690, the material 
overstrength is above 12% on average. 
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Table 3-2 Plate material properties from tensile coupon tests 

Plate/ 
Thickness 

Steel 
Grade 

Elastic 
section 

modulus 
E (GPa) 

Proof 
strength 
Ὑ Ȣ 

(MPa) 

Upper 
yield 

strength 
Ὑ (MPa) 

Ὑ Ȣ

ȾὪȟ  

Ὑ
ȾὪȟ  

PL-1 / 8mm S355J2+N 202.6 475.5 425.5 - 1.20 

PL-2 / 8mm S690QL 200.4 752.7 755.3 1.09 1.09 

PL-3 / 8mm S690QL 203.8 776.9 792.2 1.13 1.15 

PL-4 / 16mm S690QL 205.6 785.4 781.7 1.14 1.13 

PL-5 / 16mm S690QL 204.0 793.7 798.4 1.15 1.16 

PL-6 / 8mm S460NL 212.5 521.6 528.8 1.13 1.15 

PL-7 / 16mm S460NL 201.1 522.0 498.9 1.13 1.08 

 
 

3.1.2 Residual Stress Test Results 

3.1.2.1 Welding specimens 

The residual stresses were measured for the welding specimens presented in section 
2.2.1 and are reported here. 

 
Figure 3-5 Specimen after transversal and longitudinal cuts 
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Figure 3-6 Specimens SAW-1 and GMAW 

 

  
Figure 3-7 Specimens ï SAW-2 and SAW-3 

The measured deformations were converted into stress results using Hookeôs law and 
are shown in Figure 3-6 and Figure 3-7. The results indeed indicate difference for the 
different welding parameters, where procedure SAW 1 and 2 seem to be fairly similar in 
terms of maximum compressive and tensile stresses. The highest measured residual 
stresses were registered for the specimen SAW-3 which corresponds to the highest input 
energy in the first pass of the welding, whereas the lowest residual stresses were 
registered for the manually welded specimen using GMAW process. 
 

3.1.2.2 Residual stress measurement on buckling tests specimens 

The buckling test specimens were welded using the process SAW-2 and the results are 
presented in the following. They are separated per cross-section geometry in order to 
allow for easier comparison of the results. It is noted that due to the flame cutting 
procedure all specimens present tensile residual stresses at the tips of the flanges. 
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Figure 3-8 Specimens after testing 

3.1.2.3 RS_C1, RS_C2, RS_C3, RS_C4 

The first group of specimens RS_C1 to RS_ C4, are all in steel grade S690. The results 
are illustrated in Figure 3-9 and Figure 3-10. The column specimens refer to small cross-
sections (maximum height 220mm and maximum width 180mm) using small thicknesses 
8mm in most of the cases. This is reflected in the results where the tensile residual 
stresses are generally higher than 300MPa and thus leading to higher compressions 
which are required to balance these values. 
 

 

Figure 3-9 Residual stresses distribution for tests C1 and C2 
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Figure 3-10 Residual stresses distribution for tests C3 and C4 

3.1.2.4 RS_B1, RS_B2, RS_BC1, RS_BC2  

The second group of specimens refers to the equivalent welded IPE 500 profile. The 
specimen RC_B1 is in steel grade S460, RS_B2 and RS_BC1 are in S690 and RS_BC2 
is hybrid section with flanges in S690 and S460. The obtained measurements are 
presented in Figure 3-11 and Figure 3-12. 

This group of tests is excellent for the analysis of the effects of geometry vs steel grade 
on the distribution of residual stresses. From the results, it is obvious that the measured 
residual stresses are very similar even though in different steel grades.   
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Figure 3-11 Residual stresses distribution for tests B1 and B2 

 
Figure 3-12 Residual stresses distribution for tests BC1 and BC2 
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3.1.2.5 RS_B4, RS_B5  

This group refers to the equivalent welded HE 320A sections. The RS_B4 is in S460 and 
RS_5 in S690. Equally to the previous group these results reveal the similarity of the 
measurements obtained for different steel grades. In this case the resulting compression 
in the flanges is generally lower than the one measured for the equivalent IPE due to the 
higher width of the cross-section. 

 

Figure 3-13 Residual stresses distribution for tests B4 and B5 

3.1.2.6 RS_B7, RS_B8 and B11 

This group is a tall cross-section, 750 mm in S690 for RS_B7, hybrid RS_B8, and 
monosymmetric RS_B11. The results are presented in Figure 3-14 and Figure 3-15. 
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Figure 3-14 Residual stresses distribution for tests B7 and B8 
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Figure 3-15 Residual stresses distribution for test B11 
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3.1.2.7 RS_B3 and RS_B6 

Finally, the residual stresses were measured for two hot-rolled profiles. IPE 500 and HE 
320A. The results are shown in Figure 3-16. 

 
Figure 3-16 Residual stresses distribution for test B3 and B6 

3.1.2.8 Summary 

Finally, a brief overview of the results is presented here. The data of interest is the flange 
compression, flange tension, web tension and compression. Additionally, the maximum 
value of tension measured at the flange tips was also considered since it may have 
beneficial effect on the stability behaviour.  

  

Figure 3-17 Residual stresses histograms  
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The compressive residual stresses were obtained as an average for the unit length per 
outstand flange or total web, whereas the tensile stresses were always considered as 
the maximum value measured. Table 3-3 summarizes the statistical parameters obtained 
for the different parts of the section and Figure 3-17 and Figure 3-18 illustrate histograms 
of the obtained data. 

  
 
Figure 3-18 Residual stresses histograms 

The mean values of the tensile residual stresses measured at the flanges are very close 
to the ECCS recommendation for maximum tension ï 235 MPa, which could even be 
lower if considered as an average over the tensile region. 

Table 3-3 Statistical parameters 

    
Flange 
Compression 

Flange 
Tension 

Web 
Compression 

Web 
Tension 

Flange tip 
tension 

All Mean -76.98 247.48 -99.99 406.56 149.56 

  St. Dev. 24.92 114.56 42.42 48.30 99.68 

  c.o.v 32% 46% 42% 12% 67% 

  Min -149.58 29.02 -185.83 343.48 4.34 

  Max -22.92 509.57 -62.03 473.79 476.45 

  n 52 26 13 9 47 

S690 Mean -78.60 249.83 -105.28 397.09 164.83 

  St. Dev. 26.72 123.75 50.88 58.40 99.56 

  c.o.v 34% 50% 48% 15% 60% 

  Min -149.58 29.02 -185.83 343.48 4.34 

  Max -22.92 509.57 -62.03 473.79 476.45 

  n 44 22 9 6 40 

S460 Mean -68.08 234.55 -89.83 - 62.31 

  St. Dev. 5.65 43.69 4.34 - 36.20 

  c.o.v 8% 19% 5% - 58% 

  Min -77.09 195.87 -92.90 - 21.56 

  Max -57.99 297.01 -86.76 - 113.56 

  n 8 4 2 0 7 

S355 Mean - - -86.35 425.50 - 

  St. Dev. - - 6.37 0.00 - 

  c.o.v - - 7% 0% - 

  Min - - -90.85 425.50 - 

  Max - - -82.85 425.50 - 

  n - - 2 3 - 
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The average compressive stresses were found to be higher than the ECCS 
recommended values, however, this is accounted for due to the presence of tensile 
residual stresses at the tips of the flanges and thus leading to the need for higher residual 
compression to achieve equilibrium. 

3.1.3 Geometrical imperfections 

The geometrical properties of all specimens were measured prior to the buckling tests 
using a digital scanning system. The resulting measurement is provided as a cloud of 
points. In order to interpret the measurements, the measured data are plotted along the 
flanges and webs of each member. The flanges were divided into four parts, thus the 
points are plotted in 5 lines for both flanges (T1 to T5 and B1 to B5), whereas the webs 
were divided into 6 parts and the lines were plotted for each side of the web (see Figure 
3-19). In addition, the centre of the coordinate system was assumed to be in the middle 
of each specimen and to obtain the value of the imperfection, for the flanges half of the 
specimen height was subtracted from the interpolated coordinate and for the web half of 
the web thickness. 

 

 

Figure 3-19 Alinements considered for estimation of the geometrical imperfections 

The obtained results are presented in Figure 3-20 to Figure 3-39. This same procedure 
of interpolation will be adopted for the insertion of the geometrical imperfections in the 
numerical model developed in Task 3.2. In general, the obtained measurements are 
lower than the nominal imperfection magnitude of L/1000, with the exception of C1, C2, 
B5 and B12. However, in the case of B5 and B12, the shape does not correspond to the 
more unfavourable half-sine wave and thus, it is not expected to have great impact on 
the resistance. 
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3.1.3.1 Columns 

  

Figure 3-20 Geometrical imperfections C1 

  

Figure 3-21 Geometrical imperfections C2 

  

Figure 3-22 Geometrical imperfections C3 
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Figure 3-23 Geometrical imperfections C4 

3.1.3.2 Beams 

  
Figure 3-24 Geometrical imperfections B1 

 

  
Figure 3-25 Geometrical imperfections B2 

 

  
Figure 3-26 Geometrical imperfections B3 
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Figure 3-27 Geometrical imperfections B4 

  
Figure 3-28 Geometrical imperfections B5 

  
Figure 3-29 Geometrical imperfections B6 

 

  
Figure 3-30 Geometrical imperfections B7 
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