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FINAL SUMMARY 

Project objectives 

The case for the greater use of high strength steels (HSS) in structures is compelling. 

However, the uptake has been surprisingly slow; steels with a higher yield strength than 

355 MPa make up less than 5% of the total tonnage of structural steels worldwide. The 

primary aim of the STROBE project was to grow the market for HSS in structures by 

conducting research leading to the development of more cost-effective design rules for 

HSS and to clearly demonstrate the potential advantages of their appropriate use to 

designers. 

STROBE studied the performance of HSS structural members at both the ultimate and 

serviceability limit states for use in building-type structures. Homogenous and hybrid steel 

sections were studied, made from steels up to grade S700 (Ὢ = 700 MPa).  

The principal objectives of the project were to develop: 

¶ New ductility and toughness requirements, grounded on scientific principles, 

which do not unduly penalise HSS, 

¶ Rules for the plastic design of HSS and hybrid beams and frames, 

¶ Rules for ensuring the stability of HSS and hybrid members, 

¶ A floor vibration analysis tool to enable the dynamic performance of HSS floors 

to be assessed easily, 

¶ Comparative designs (HSS versus S355) which quantify the weight, carbon and 

cost savings resulting from the application of the research in this project. 

¶ Proposed amendments to Eurocode 3 with comprehensive background 

information 

¶ A webinar series to communicate key results to practitioners. 

Ductility & toughness requirements for HSS material (WP1) 

In this work package, parametric true stress-strain curves were developed for HSS based 

on a statistical evaluation of a large database including materials with varying material 

parameters such as the yield strength, tensile strength, elongation at tensile strength and 

yield plateau. The material database was also used to derive parametric damage curves 

which were based on the Johnson-Cook damage model and an analytical relationship 

between the parameters of the damage model and the material characteristics.  

The parametric stress-strain curves and damage curves were subsequently used to 

investigate the ductile failure of steel components under tension by means of numerical 

simulations on notched specimens covering a wide range of material characteristics in 

order to detect critical combinations. The numerical study included HSS of grades up to 

S960 and six upper-shelf toughness. Different geometries were included in the numerical 
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simulations in order to study the influence that a concentrated load introduction, or 

multiple cross-sectional weakening may have on the ductility requirements. 

Based on the numerical results obtained from the centrally notched tensile (CNT) 

specimens, a procedure for deriving mechanically justified ductility requirements, in the 

form of diagrams which account for the effect of different material parameters, was 

developed and subsequently transferred to the other notched geometries. 

Plastic design with HSS (WP2) 

This work package assessed the applicability of plastic design for homogeneous and 

hybrid HSS beams and indeterminate frames, and developed design recommendations. 

An experimental programme on homogeneous HSS beams and hybrid beams with the 

flanges made in HSS was carried out to investigate the cross-sectional resistance and 

rotation capacity of the beams. The tests showed that most of the tested beams were 

able to develop the rotation capacity of R = 3 required by EN 1993-1-1 for plastic design. 

Only two beams, which were characterized by a large web slenderness, were not able 

to reach the required minimum rotation capacity. Hybrid beams showed higher rotational 

capacities than the geometrically equivalent homogeneous beams. However, they also 

showed slightly less ultimate capacity. 

The results from the experiments were used to validate a numerical model which was 

further used to investigate the effect several parameters may have on the rotational 

capacity of HSS I-section beams, including the cross-sectional slenderness, steel 

grades, hybrid sections, boundary conditions and type of loading. The parametric studies 

showed that the cross-sectional slenderness and in particular, the slenderness of the 

web had the biggest influence on the rotational capacity. 

In order to investigate the structural response of HSS frames and to quantify the level of 

plastic redistribution that can be achieved, an experimental programme involving the 

testing of a series of two-dimensional, single bay, single storey frames was carried out. 

Homogeneous and hybrid HSS frames were considered. The frames were laterally 

restrained preventing out-of-plane movement but not restraining any in-plane movement. 

The frames were subject to different combinations of horizontal and vertical loading in 

order to enable a beam, sway and combined plastic collapse mechanisms to form. The 

results from this experimental programme were complemented with numerical 

simulations.  

The experimental and numerical investigation on HSS beams and frames showed that 

the current EN 1993-1-1 Class 2 and 3 slenderness limits are applicable to S690 HSS, 

while stricter Class 1 limits are shown to be more suitable for both conventional strength 

steels and HSS. The current plastic design methods set out in EN 1993-1-1 were also 

found to be generally suitable for HSS frames, provided the stricter Class 1 slenderness 

limits are employed. The new method of using a modified (reduced) elastic buckling load 

factor Ŭcr,mod to account for the increased susceptibility to second order effects due to 

plasticity, as included in prEN 1993-1-1:2019, was found to provide conservative results. 
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Stability design with HSS (WP3) 

This work package studied the stability behaviour of HSS columns, beams and beam-

columns members through a programme of tests and numerical analyses. A numerical 

study was also conducted to develop a deformation limit criterion for plates subject to 

buckling. 

The experimental programme included four columns subject to major and minor axis 

flexural buckling, fourteen beams subject to lateral-torsional buckling, and two beam-

columns subject to flexural-torsional buckling. The experiments covered steel grades 

S460 and S690, homogeneous and hybrid sections, as well as monosymmetric beams. 

The experiments were complemented with material characterization, measurement of 

residual stresses and the geometric imperfections. Numerical simulations were 

conducted to extend the range of steel grades, cross-section and member slenderness, 

and type of loading conditions covered in the study.  

The study showed that higher bucking curves can be used for beams and columns due 

to the reduction in the impact of the residual stresses as the yield strength of the steel 

increases. Design rules were developed for HSS beams and columns susceptible to 

global buckling based on the current format of the buckling curves given in EN 1993-1-1 

but with smaller imperfections factors. For beam-columns made of HSS, it was 

concluded that the current interaction equations in combination with the proposed 

buckling curves for beams and columns are applicable. 

The results from the numerical study on plates were used to develop diagrams which 

provide deformation limits based on the plate slenderness. 

Optimisation & dynamic performance of HSS floors (WP4) 

This work package addresses the design and optimisation of HSS floor beams  and the 

dynamic response of HSS floor systems. 

A web tool for optimisation and design of HSS (homogeneous and hybrid) plate girders 

was developed. The design verification is in accordance with the relevant parts of the 

Eurocodes, and includes provisions from the DE, PT and UK National Annexes. The 

optimisation tool determines the lightest cross-section able to pass the ULS and SLS 

checks and considers both hot rolled and welded pate girders. The web tool is publicly 

available here: http://strobe.steel-sci.org.  

An FE analysis based tool to calculate the dynamic performance of a floor system was 

developed, with an accompanying user guide. The tool is freely downloadable from 

https://steel-sci.com/strobe.html. The calculation engine of the floor vibration analysis 

(FVA) tool consists of a pre-processing unit, an FE solver (open-source FE package 

CalculiX) and a post-processing unit. The pre-processing unit enables a simple 

rectilinear floor model to be user-defined and creates an input file for frequency analysis 

performed by the FE solver. The post-processing unit reads the frequency analysis 

results and calculates the dynamic performance of the floor in terms of a response factor.  

http://strobe.steel-sci.org/
https://steel-sci.com/strobe.html
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Using the tool, 10000 analyses were run to determine the sensitivity to the dynamic 

response of floors with HSS beams compared to floors with conventional strength steel. 

The cases were selected to reflect the kinds of design typically specified in steel framed 

buildings. The comparative study showed that HSS and hybrid floors are not necessarily 

always more susceptible to vibration than equivalent S355 solutions, and the difference 

in response is relatively small for most of the cases. The dynamic response of a floor 

system as a whole is not particularly sensitive to the stiffness and mass of the beams 

(hence to the steel strength), it is more sensitive to the slab depth and the span of the 

primary and secondary beams.  

Four floor systems originally designed in S235 or S355 steel were redesigned using 

HSS. If lateral-torsional buckling is prevented and pre-camber of the beam is applied to 

compensate for the deflection due to dead loading, the use of HSS can be an effective 

way of reducing the weight of a floor beam. The use of HSS leads to greater benefits for 

longer spans and heavily loaded beams. 

Life cycle assessment of HSS designs (WP5) 

This work package assessed the benefits of using HSS solutions relative to conventional 

strength steel (S355) in terms of saving weight, cost and carbon emissions for different 

structures.  

The five following structural cases were defined in which it was considered that the use 

of HSS was likely to show savings, both in carbon emissions and/or costs relative to 

S355 steel:  

Case 1: 9m x 9m floor grid for an office building 

Case 2: 15m x 7.5m floor grid for an office building 

Case 3: 15m span transfer beams for 6 residential levels over a commercial space 

Case 4: Columns in 10 and 20 storey buildings 

Case 5: Berlin Museum Hall 

These cases included highly loaded members where serviceability limits do not control 

or where sections are relatively stocky to overcome the effects of local buckling.  

Embodied carbon and cost assessments were undertaken on the chosen designs, 

comparing the HSS designs with the S355 designs. In some cases, rolled sections in 

S355 steel were compared with fabricated members in HSS, but in general, fabricated 

members in S355, S460 and S690 were used for the comparison. 

The study concluded that: 

¶ Steel weight savings of up to 48% are achievable using HSS. 
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¶ Cost savings between 5 and 14% are achievable using HSS, and sometimes 

higher savings are possible, although some HSS showed a small increase in cost 

due to the increased fabrication relative to rolled profiles. 

¶ Embodied carbon savings of up to 45% are achievable using HSS. 

This study showed that the main benefit of using HSS is the weight and carbon reduction. 

As demand grows for HSS, it is likely that the cost premium for buying HSS compared 

to S355 will reduce, and the availability of material will increase. 

Exploitation of results (WP6) 

The purpose of this WP was to present the results of the research in an appropriate way 

for the intended audiences.  

Contribution to European standardisation 

The STROBE research has made a useful contribution to the understanding of HSS 

material, members and frames, with a focus on welded I sections. This is significant 

because data on the performance of HSS welded I sections are very sparse 

indeed.  Under WP1, an extensive study of material data led to the derivation of more 

appropriate ductility requirements, which have been verified against a range of structural 

details. These requirements have been introduced into prEN 1993-1-1. WP2 has led to 

recommendations for tighter Class 1 limits which will enable plastic design for HSS 

members and frames. In addition, the cross-section limits in EN 1993-1-1 for Classes 2 

and 3 for welded I sections were confirmed. WP3 led to recommendations for less 

conservative flexural and lateral torsional buckling curves for HSS welded I sections.  

Design examples 

A series of seven design examples was developed showing the step-by-step design 

procedure for HSS members. The examples included the determination of the ultimate 

load that can be supported by a continuous beam using plastic analysis and a portal 

frame using advanced inelastic analysis. 

Webinar series 

A series of four lunchtime webinars was held in January and February 2021 with between 

250 and 350 designers, steelwork manufacturers and contractors attending each 

webinar. The contents of the series was designed so that the information presented was 

varied, giving a ócompleteô picture of the use of HSS in structures, and not just the topics 

studied in STROBE. Presentations included guidance on properties, specification, 

design and fabrication as well as a comprehensive presentation of the results of the 

research carried out in STROBE. The webinar presentations and recordings can be 

accessed from a dedicated web page on the SCI web site (https://steel-

sci.com/strobe.html), which extends the impact and reach of the webinars to a much 

larger audience. 

https://steel-sci.com/strobe.html
https://steel-sci.com/strobe.html
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Conclusions 

The STROBE project has sought to overcome some of the obstacles relating to 

economic design in HSS, with a particular focus on HSS welded I sections, both 

homogeneous and hybrid. The project has shown that the use of HSS presents many 

opportunities for lighter structures which comply with serviceability requirements. The 

data generated in the project will supplement the rather small body of data on HSS cross-

sections and contribute to the provisions for HSS in the next revision of Eurocode 3 in 

terms of ductility requirements, plastic design and  member response. The study of the 

dynamic response of floor systems using HSS beams has also shown that the use of 

HSS does not necessarily lead to excessive dynamic response ï other factors such as 

beam span and slab depth have greater effect than beam weight and stiffness (and 

hence strength).  

The results of the STROBE project have shown there is much potential for designing 

more efficient HSS structures and the potential scope of application of the results of this 

project is extensive. Further dissemination activities are required to enable designers 

make use of the recommendations and techniques arising from the STROBE research. 

List of deliverables 

The following table lists the deliverables for STROBE. All the deliverables are available 

for download from https://steel-sci.com/strobe.html . 

No. (ECAS 

Portal) 
No. Title Type 

D1 1.1 Parametric plasticity and damage curves Report [1] 

D2 1.2 Ductility and upper-shelf toughness requirements for 

HSS 

Report [2] 

D3 2.1 Tests on HSS beams Report [3] 

D4 2.2 Tests on HSS frames Report [4] 

D5 2.3 Numerical analysis of HSS beams Report [5] 

D6 2.4 Numerical modelling of HSS beams and frames Report [6] 

D7 2.5 Plastic design recommendations for HSS Report [7] 

D8 3.1 Buckling tests on HSS members Report [8] 

D9 3.2 Stability design rules for HSS members Report [9] 

D10 3.3 Acceptance limits for local plastic buckling Report [10] 

https://steel-sci.com/strobe.html
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D11 4.1 Online design tool for HSS beams Website [11] 

D12 4.2 Calculation engine of FVA tool Report [12] 

D13 4.3 FVA tool user manual Website [13] 

D14 4.4 Comparative study of dynamic response of HSS floors Report [14] 

D15 4.5 Re-design of floor systems in HSS Report [15] 

D16 5.1 Weight, cost and carbon comparisons Report [16] 

D17 6.1 Proposed amendments to EN 1993  Report [17] 

D18 6.2 Design examples Report [18] 

D19 6.3 Webinar series Report [19] 

D20 7.1 Project overview Report [20] 
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1 DUCTILITY & TOUGHNESS REQUIREMENTS 
FOR HSS (WP1) 

1.1 Objectives 

The main objectives of this WP were as follows: 

¶ Define normalized true stress-strain curves (i.e. true stress-strain characteristics), 

incorporating the main characteristics of HSS to assess limits of strength and 

strain properties. 

¶ Define damage parameters to enable the assessment of plastic instability and 

calculation of cracking effects in the base material. 

¶ Carry out numerical studies using normalized true stress-strain curves and 

material specific damage parameters to link toughness and ductility properties in 

a qualitative way. 

¶ Derive quantitative toughness requirements in the upper-shelf and scientifically 

justified ductility requirements in conformity with the Considère-criterion that 

ensures ductile failure of HSS, independent of geometry and stress state.  

1.2 Definition of normalized flow curves (Task 1.1) 

Within the framework of this research project, the aim is to define parametric true stress-

strain curves covering a wide range of yield strength, tensile strength, elongation at 

tensile strength and yield plateau. Therefore, a database including 300 datasets 

regarding materials with varying material parameters calibrated to exhibit a ductile 

material behaviour was evaluated[21]. With the aid of statistical methods, corresponding 

values representing a lower bound value, a mean value and an upper bound value were 

derived. In a first step, the elongation at tensile strength ὃ (generally designated in 

Eurocode 3 as ‐) and the yield strength ratio Ὑ ȾὙ  (designated in Eurocode 3 as 

ὪȾὪ) were statistically correlated to the yield strength Ὑ  (designated in Eurocode 3 as 

Ὢ) using Equations 1.1 and 1.2. Based on these functions, the mean values of ὃ and 

Ὑ ȾὙ  can be determined as a function of Ὑ , and the coefficients ὅ, ὅ and ὅ, which 

are determined statistically. 

 ὃ ὅϽὩ Ͻ ὅ ( 1.1) 

 Ὑ ȾὙ ὅϽὩ Ͻ ὅ ( 1.2) 
 

In order to cover a wide range of material properties, a lower bound curve (5 % - quantile) 

and an upper bound curve (95 % - quantile), representing the confidence intervals, were 

additionally derived with the aid of statistical methods. The concept used within this 

research project was based on the master-curve concept developed by Wallin[22] which 
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records the Weibull scattering as a function of the failure probability ὖ. Therefore, the 

parameters ὃ and Ὑ ȾὙ  are subjected to a two parametric Weibull-distribution. 

A graphical representation of the correlation functions indicating the corresponding 

coefficients ὅ, ὅ and ὅ is given in Figure 1.1. The red lines represent the ductility 

requirements stated within Eurocode 3 to assure a sufficient ductility on the upper-shelf. 

Figure 1.1a shows that as the yield strength of the steel increases, the elongation at 

tensile strength decreases, while the requirement for the minimum elongation at tensile 

strength becomes more stringent, leading to disadvantage for the application of high 

strength steel. At the same time, Figure 1.1b shows that the minimum value specified for 

the yield strength ratio for HSS leads to the exclusion of some of the steels with yield 

strengths above 600 MPa. As can be seen in Figure 1.1b, the correlation procedure for 

the yield strength ratio leads to lower bound strength ratios smaller than 1.0 for yield 

strengths higher than 400 MPa, which is technically not possible. Therefore, a second 

correlation was conducted setting a lower limit of 1.0 for the yield strength ratio, as shown 

in Figure 1.1c. 

a) b) c)  

Figure 1.1 a) Correlation functions for Ag vs. ReH; b) Rm/ReH vs. ReH; c) Rm/ReH vs. ReH 

(with corrected coefficients), based on database reported in21. 

Evaluation of the database analysed did not allow a correlation function between the 

yield strength of the steel and the length of its yield plateau to be established. Therefore, 

the length of the yield plateau was determined based on the Sintap-procedure23. The 

resulting values are 0.0 for the lower bound (LB), 0.025 for the mean value (MW) and 

0.05 for the upper bound (UB). 

In a second step, parametric true stress-strain curves were derived using the procedure 

based on the equilibrium consideration of the Considère-criterion developed by 

Schaffrath[24]. The characteristic values of the engineering stress-strain curve, namely 

yield strength Ὑ , tensile strength Ὑ  and elongation at tensile strength ὃ, which are 

required to derive the true stress-strain curve were determined from the correlation 

functions given by Equations 1.1 and 1.2. Four steel grades (S355, S500, S690 and 

S960) were evaluated. In order to reveal critical combinations of material characteristics, 

a broad spectrum of true stress-strain curves was derived by combining the lower, mean 

and upper bound values obtained for the yield strength ratio, elongation at tensile 

strength and yield plateau. 
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An elongation at tensile strength derived by the lower bound curve results in values which 

are smaller than 0.05 for grades S500 and above (see Figure 1.1a). If these lower bound 

ὃ values are combined with an upper bound yield plateau of 0.05, the yield plateau 

would exceed the elongation at tensile strength. Consequently, nine true stress-strain 

curves for high strength steel are technically not possible. Figure 1.2 shows, as an 

example, a graphical representation of the engineering stress-strain curves for steel 

grade S690. 

a) b) c)  

Figure 1.2 Parametric engineering stress-strain curves corresponding to a yield 

strength of 690 MPa having a yield plateau of: a) 0.0; b) 0.025 and c) 0.05. 

1.3 Definition of damage parameters (Task 1.2) 

In order to numerically simulate the ductile failure of steel components, two essential 

parameters are required. The true stress-strain relationship, also referred to as true 

stress-strain curve (plasticity parameters), is required to describe the plastic behaviour 

(see Section 1.2), while a ductile failure criterion also needs to be implemented in the 

model to define the time of failure at material level. Within this project the commercial 

finite element (FE) software ABAQUS was used to simulate representative components. 

Within this software the damage model by Johnson-Cook[25] was implemented as built-

in material. This damage model expresses the ductile failure by a so-called damage 

curve which defines the failure strain ‐Ӷ as a function of the stress triaxiality –, see Figure 

1.3. The stress triaxiality is defined as the ratio of the hydrostatic stress ůH and the von 

Mises equivalent stress ůav, and is a common measure to evaluate the stress state. 

 

Figure 1.3 Characteristic slope and general function of a damage curve. 
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Within this project parametric damage curves based on an analytic relationship of the 

damage curve parameters and the material characteristics were derived. The procedure 

developed by Eichler[21] was applied to establish a direct relationship between the 

parameters ὥ, ὦ and ‐ which are used to describe the damage curve, and the yield 

strength ratio (Ὑ ȾὙ ) and the upper-shelf toughness (ὃȟ ) which relates to the 

material characteristics. Therefore, a database including 100 damage curves was 

evaluated. In a first step, the parameters ὥ, ὦ and ‐ were modified by a weighted least 

square minimization in such a way that in the range of 0.3 Ò – Ò 2.0 equivalent damage 

curves with only slight deviations from the original plastic limit strain could be derived. In 

the following, the equivalent material parameters ὥ and ὦ are correlated to the yield 

strength ratio Ὑ ȾὙ  (Equations 1.3 and 1.4), whereas ‐Ӷ is correlated to the material 

toughness on the upper-shelf region ὃȟ  (Equation 1.5). 

 
ὥ ρπππϽπȢφπρ ϽὩ Ȣ Ͻ Ⱦ πȢψυω ( 1.3) 

 
ὦ ρπππϽπȢσςω ϽὩ Ȣ Ͻ Ⱦ ρȢπςπ ( 1.4) 

 

‐Ӷȟ
ρ

ρπππ
ϽςυȢρρωϽὩ  

 Ͻ ȟ πȢπςυ ( 1.5) 

 

In order to address a high variety of material characteristics, six damage curves covering 

a range of upper-shelf toughness from 50 J to 300 J were derived for each yield strength 

ratio (i.e. lower bound, mean value and upper bound) corresponding to the parametric 

true stress-strain curves defined in Section 1.2. As a result, 72 different damage curves 

were considered within the parametric study covering steel grades S355, S500, S690 

and S960. Figure 1.4a shows a graphical representation of the resulting damage curves 

for steel grade S690 obtained using the mean yield strength ratio. 

Previous studies have shown that the mesh size has a significant impact on the damage 

model[26]. This refers in particular to the stress-state dependent damage curve which is 

implemented to determine ductile crack initiation. The strain development as well as the 

stress state show a dependence on the element size. Within the framework of this project 

scaling factors were developed and applied to the damage curve in order to transfer the 

failure criterion, which were developed on small scale numerical samples (i.e with a mesh 

size of 0.06 mm) to the rough mesh size of component sized structures. In order to 

account for the steel grade dependence, a scaling factor for each steel grade was 

calibrated using the experimental data available26. The scaling factors are listed in Table 

1.1. Figure 1.4b shows the scaled damage curves corresponding to the steel grade S690 

shown in Figure 1.4a. Further information regarding the development of these scaling 

factors is provided in Deliverable D1.1[1]. 

Table 1.1 Scaling factors to consider the influence of the mesh-size. 

Steel grade S355 S500 S690 S960 

Scaling factor 2.8 18 50 95 
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Figure 1.4 a) Parametric damage curves for S690 and a mean yield strength ratio; b) 

scaled damage curves for a mesh size of 2 mm. 

1.4 Damage mechanics and numerical simulation (Task 1.3) 

The aim within this task is to analyse the load bearing behaviour of steel components 

under tension with varying material parameters in order to detect critical combinations of 

material characteristics which may lead to a ductile material failure. Therefore, damage 

mechanics simulations of different geometries combining varying material characteristics 

were conducted. In order to set S690 in the context of different steel grades, grades 

S355, S500 and S960 were also evaluated. According to Reference 27, the centrically 

notched tensile (CNT) specimen (see Figure 1.5a), is the decisive geometry for ductility 

requirements, and it was therefore set as the reference geometry within this project. 

Furthermore, two additional geometries with the same net cross-section ratio were 

analysed. CNT+ specimen (Figure 1.5c) was evaluated in order to analyse the influence 

of a concentrated load introduction. The influence of a multiple cross-sectional 

weakening was analysed by comparing the resulting load bearing capacities of an XNT 

geometry (Figure 1.5b) to the ones of the CNT specimen. In the XNT geometry, the letter 

X stands for the respective number of uniformly introduced cross-sectional weaknesses, 

which in this study was three (3NT). 

 

Figure 1.5 Overview of the investigated geometries. 

1.4.1 Numerical Model 

The damage mechanics simulations were conducted using the commercial finite element 

(FE) software ABAQUS. In order to be able to validate the numerical simulations with 

experimental results, the geometry of the reference model was adapted to the wide-plate 

test specimens reported by Feldmann and Brinnel[26]. To eliminate the influence of the 

testing machine stiffness on the load-deformation curves and to reduce the computation 

time, only the 360 mm long cut-out of the test specimen where the cross-sectional 

weakening is located was modelled. The specimens had a thickness of 30 mm and a 

a) b) 

a) b) c) 
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width of 300 mm. To further reduce the computation time, symmetry properties in the y- 

and z-direction were also used, see Figure 1.6a. The FE models were meshed using 

linear elements with reduced integration and a discretization of around 2 mm, as shown 

in Figure 1.6b. 

In order to simulate the material degradation, the damage curve can either be integrated 

in the material description of the ABAQUS built-in damage model or be applied as a user 

defined FORTRAN subroutine. It was shown by Schaffrath[24] that for CNT specimens 

the crack development starts long before the bearing capacity is reached. Therefore, an 

explicit solver was used to reduce convergence problems, and the damage curve 

integrated in the material description of the FE model was used. The load was applied 

using displacement control. 

a)             b)  

Figure 1.6 a) FE model of CNT reference geometry with indication of boundary 

conditions; b) meshed model with mesh-size of 2 mm. 

1.4.2 Numerical results 

In the following, the corresponding load-bearing capacities were analysed. First, the 

focus was set on an evaluation of the influence of the upper-shelf toughness for the CNT 

specimen, followed by an investigation (on all three geometries) of the influence of the 

yield strength ratio ὪȾὪ, the elongation at tensile strength ‐ and the plateau length Ў‐ 

on the load bearing capacity reached by the corresponding true stress-strain curves. 

As Figure 1.7 illustrates, a higher load bearing capacity can generally be reached if the 

upper-shelf toughness is increased due to a better resistance to crack initiation. With an 

increasing yield strength ratio, the influence of the upper-shelf toughness on the resulting 

load bearing capacity increases due to the fact that higher yield strength ratios require 

more plastic material hardening. Thus, a higher amount of redistribution effects needs to 

take place. As the upper-shelf toughness increases, the material is able to withstand 

more of these redistribution effects due to the better crack resistance. This phenomenon 

is especially distinctive for greater elongations at tensile strength, which can be explained 

by the same mechanism. 

For higher steel grades, the influence of the upper-shelf toughness decreases. As Figure 

1.7 shows, for steel grade S690, there is almost no difference between the resulting load 

bearing capacities for the different steel qualities. This is mostly due to the range of yield 
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strength ratios evaluated (see Section 1.2). Whereas the yield strength ratios for S355 

vary from 1.078 up to 1.693, the yield strength ratio for S690 goes up to only 1.314. 

 

Figure 1.7 Net-cross sectional load bearing capacity as a function of Ůu and AV,US for 

steels with a yield plateau ɲŮl = 0.0 and a mean yield strength ratio fu/fy. 

Figure 1.8a shows the resulting net cross-sectional load bearing capacities as a function 

of ‐ for the CNT reference geometry with steel grade S690, an upper-shelf toughness 

of ὃȟ ρππ J and a yield plateau of Ў‐ πȢπ (LB). The yield strength ratios are 

considered by different colours. As expected, the net cross-sectional bearing capacity 

decreases with an increase of the elongation at tensile strength ‐. Moreover, the full 

plastic load bearing capacity can be reached more easily for materials with a smaller 

yield strength ratio. This can be explained by the fact that the amount of degradation 

effects is linked to the ratio between the tensile strength (Ὢ) and the yield strength (Ὢ). 

If the difference is small, less hardening is required until the ultimate strength is reached 

leading to less degradation effects required. 

In contrast to the other geometries studied, in the CNT+ geometry the load is introduced 

via a plate which is inserted up to the area of cross-sectional weakening. The 

concentrated load introduction leads to higher strain localizations at the notch (Figure 

1.8b), and therefore the CNT+ geometry generally reaches a lower load bearing capacity 

than the CNT specimens. 

The influence of a multiple cross-sectional weakening in the net cross-section was 

evaluated using a 3NT geometry. Since this geometry primarily refers to bolted 

connections, the distance of the cross-sectional weaknesses was chosen to be ςȢτὥ in 

analogy to the minimum hole spacing perpendicular to the load direction, according to 

EN 1993-1-8[28]. The distribution of the cross-sectional weakening through several 

notches leads to a more uniform distribution of the stress state whereby stress peaks at 

the discontinuities are relieved. This results in an increased load bearing capacity. As 

Figure 1.8a illustrates, the CNT geometry has a significantly smaller plasticity area than 

the 3NT geometry (Figure 1.8c) where a distribution of the weakening leads to a plastic 

activation of the entire area between the individual defects. 
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Figure 1.8 Load bearing capacities as a function of Ůu and fu/fy on steel grade S690 with 

ɲŮl = 0.0 (LB), and plastic equivalent strain distribution at maximum load for: 

a) a CNT geometry; b) a CNT+ geometry and c) 3NT geometry. 

1.5 Derivation of ductility and toughness requirements (Task 
1.4) 

Based on the numerical results of the reference geometry (CNT), a procedure for 

deriving mechanically justified ductility criteria was developed and subsequently 

transferred to the other notched geometries. The concept consists of four steps which 

are illustrated in Figure 1.9. 

First, for a particular steel grade with a given yield plateau ((i.e. 0.0 (LB), 0.025 (MW) or 

0.050 (UB)), all resulting net cross-sectional load bearing capacities are plotted in a 

diagram as a function of ‐ and ὪȾὪ, representing a scatter plot (step 1). Based on these 

results, a surface describing the load bearing capacities of each upper-shelf toughness 

in terms of ‐ and ὪȾὪ is defined for each yield plateau and each steel grade. The 

surface is defined using a linear least square curve fitting (step 2). The aim is to detect 

combinations of material properties which do not comply with the resistance function of 

the net cross-section failure specified within the Eurocode 3, and given by Equation 1.6. 

Therefore, the resulting net cross-section load bearing capacity, defined as the relation 

of the maximum net cross-section stress to the tensile strength, has to be greater than 

0.9. In order to determine which combinations of material properties meet this 

requirement, the intersection line between the surface describing the load bearing 

capacities at a level of 0.9, which represents the Eurocode 3 resistance function 

requirement, and the surface describing the load bearing capacities of each upper-shelf 

a) b) c) 
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toughness is derived (step 3). As a result, ‐ can be expressed as a function of ὪȾὪ 

leading to six intersection lines for each yield plateau of each steel grade (i.e. one 

intersection line for each upper-shelf toughness considered). 

 ὔȟ
πȢωϽὃ ϽὪ

‎
 ( 1.6) 

In order to narrow down the number of intersection lines, a reference steel quality 

expressed by the upper-shelf toughness was specified in the following. Previous 

research[24,29,30] has demonstrated that an upper-shelf toughness of ὃȟ ρππ J is in 

most cases a useful requirement to guarantee adequate component behaviour. Based 

on these findings, an upper-shelf toughness of ὃȟ ρππ J was used as a reference 

whereby only one intersection line is considered for each yield plateau. 

Finally, the resulting intersection lines were plotted in one diagram representing the final 

ductility criteria based on the associated yield plateau (step 4), as shown in Figure 1.10. 

All materials combining a yield strength ratio with an elongation at tensile strength greater 

than the one described by the intersection line do not reach the characteristic (neglecting 

the partial safety factor ‎ ) net-section bearing capacity given by Equation 1.6, and 

therefore do not comply with the design rules given in EN 1993-1-1[31]. 

The dotted red lines in Figure 1.10 represent the current ductility requirements specified 

in EN 1993-1-1[31] and EN 1993-1-12[32] to ensure a sufficiently ductile material behaviour. 

As there is currently no regulation for grade S960, the requirements given in EN 1993-

1-12 were also applied to this grade. It should be noted that the Eurocode 3 rules define 

minimum requirements for the respective material characteristics, while the limit curves 

derived in this study define maximum permissible combinations for the material 

characteristics. The requirements given in EN 1993-1-1 and EN 1993-1-12 are given, for 

example, to ensure sufficient material hardening, which is required, among other things, 

for the development of rotational capacity of components subject to bending. The limit 

curves, on the other hand, describe the relationship between the upper-shelf toughness 

and material properties, using design criteria related to tensile strength, such as the net 

cross-section verification. 
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Figure 1.9 Concept developed to derive new ductility requirements. 

In addition, in Figure 1.10 the 5% and 95% quantile limits of the Weibull distribution are 

denoted by grey areas. From the data sets, the values that do not comply with the limit 

curves are marked with a red border. Interestingly, these data sets are only found in 

grade S355, but not for the higher strength steels. Furthermore, it can be seen that the 

derived limits can be met without any problems for steel grades up to S960. The definition 

of a specific requirement for the upper-shelf toughness is therefore only necessary for 

conventional steels up to S355, as has already been proposed to the Technical 

Committee responsible for EN 1993-1-10 in an amendment. This may change if high 

strength steels with much higher yield strength ratios were produced and sold in the 

future. 
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Figure 1.10 Limit curves based on CNT geometry with indication of EC3 ductility rules 

and actual material properties coming from extended data base. 

Figure 1.11 compares, for steel grade S690, the resulting intersection lines for the CNT+ 

and the 3NT geometries against those for the CNT geometry. With regard to the CNT+ 

geometry, no limit line could be derived for a yield plateau of 0.05 because all 

corresponding simulations resulted in a load bearing capacity of less than 90%. 

Consequently, there is no permissible combination of material properties at a yield 

plateau of 0.05, which makes it clear that this geometry is to be rated significantly more 

critically than the CNT reference geometry. Nevertheless, in general the resulting limit 

lines show a similar course which is shifted to a smaller range of permissible material 

characteristic combinations. 

Regarding the 3NT geometry, all simulations belonging to material combinations without 

yield plateau resulted in load bearing capacity greater than the threshold value of 0.9 

used for the derivation of the ductility criteria. Thus, no intersection lines could be 

derived. The resulting requirements corresponding to a mean and upper bound yield 

plateau show a similar course which is shifted to a higher range of permissible material 

characteristic combinations compared to the CNT geometry. Contrary to the CNT+ 

geometry, the 3NT geometry is more favourable than the CNT geometry. 
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Figure 1.11 Limit curves for grade S690 corresponding to: a) CNT+; b) 3NT, compared to 

CNT reference geometry. 
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2 PLASTIC DESIGN WITH HSS (WP2) 

2.1 Objectives 

The main objectives of this work package were as follows: 

¶ Generate underpinning experimental data on HSS beams and indeterminate 

frames using homogenous and hybrid sections 

¶ Validate numerical models against performed tests 

¶ Conduct a series of numerical parametric studies on HSS and hybrid beams and 

frames to broaden the range of available structural performance data 

¶ Assess the applicability of plastic design to HSS and hybrid structures and 

develop design recommendations 

2.2 Rotation capacity and requirements according to 
Eurocode 3 

EN 1993-1-1[31] contains general rules for buildings concerning the design of steel 

structures, which includes requirements of cross-sections for plastic global analysis. 

However, EN 1993-1-1 does not give direct information on rotation requirements or 

methods to determine the rotation capacity associated with the cross-section 

classification limits specified. 

The rotation capacity of beams can be determined by performing monotonic tests in the 

plastic range under increasing load, as shown in Figure 2.1a, where the bending moment 

(M) and the rotation of the plastic hinge (j) of the specimen are measured. These 

measurements can then be plotted as an M-j curve, as shown in Figure 2.1b. 

 

Figure 2.1 Determination of rotation capacity by tests: a) Test setup; b) M-j curve; 

c) normalized M-j curve[33]. 

The M-j curve is characterised by the plastic moment ὓ  and the ultimate moment ὓ  

on the abscissa. The plastic rotation •  on the ordinate defines the angle at which the 

plastic moment is reached for the first time. After the ultimate moment is reached and 

the load degrades the plastic moment is reached for the second time. At this point, the 
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total rotation angle •  is achieved. Equation 2.1 displays the calculation of •  in a 

three-point bending test in accordance with Figure 2.1a, where L is the length and EI is 

the bending stiffness of the beam. 

 •
ὓ Ͻὒ

ςὉὍ
 ( 2.1) 

In order to compare the rotation behaviour of different beams, the M-j curve can be 

normalized to ὓ  on the abscissa and •  on the ordinate, as shown in Figure 2.1c. The 

unitless rotation capacity Ract, defines the difference between •  and • , normalized 

to • , as shown by Equation 2.2.  

 Ὑ
• •

•

•

•
ρ ( 2.2) 

To perform a global plastic analysis, sufficient rotation capacity of the system has to be 

guaranteed. The amount of required rotation capacity Rreq depends on the structural 

system, as shown in Figure 2.2. However, the requirement is independent of section 

geometry and can be independent of system lengths due to the unitless definition of Ract. 

Additionally, only Class 1 sections can be utilised for global plastic analysis, as only these 

sections are considered to exhibit sufficient rotation capacity. When specifying limits for 

Class 1 sections, the requirement of Ὑ σ has been fixed as documented in the 

background document to EN 1993-1-1[34]. This requirement was developed with common 

systems in mind. 

 

Figure 2.2 Exemplary rotation requirements for frames and continuous beams[33]. 

2.3 Experiments on beams (Task 2.1) 

To extedt the database on rotation tests of HSS beams, a comprehensive test program 

was conducted. The following sections present the details on the tests. 

2.3.1 Specimen design 

The investigated specimens comprise beams with I-sections made of different steel 

grades. Figure 2.3 presents the general layout of the beams while Table 2.1 and 

Table 2.2 give information on the dimensions of each investigated specimen. 
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Figure 2.3 Specimen dimensions in view and cross section[33]. 

Two specimens made of S355 (S101 and S102) were investigated for comparability 

reasons. Additionally, eight homogeneous HSS beams (S103 ï S110) made of S690 

were tested. Moreover, ten hybrid specimens (S201 ï S210), with the web consisting of 

S355 and the flanges of S690, were investigated. The beams can be divided into two 

groups of span lengths:  

¶ short beams (L = 2600 mm) and  

¶ long beams (L = 4000 mm).  

A certain overhang ñOò has also been considered. The beams have been fabricated by 

welding plates with a weld thickness of aw = 4 mm. Stiffeners were applied at the support 

of the beam ends and at the position of load application at mid span. 

The test program allowed to investigate the influence of various geometrical parameters 

on the rotation capacity of the beams. Also, the influence of the material of the entire 

section as well as the material of the web was evaluated. 

Table 2.1 Material and geometry of homogeneous beams. 

Specimen S101 S102 S103 S104 S105 S106 S107 S108 S109 S110 

Flange  S355 S355 S690 S690 S690 S690 S690 S690 S690 S690 

Web  S355 S355 S690 S690 S690 S690 S690 S690 S690 S690 

ὒ (mm) 2600 2600 2600 2600 4000 2600 2600 4000 2600 4000 

ὸ (mm) 16 16 16 16 16 16 16 16 16 16 

ὦ (mm) 260 260 170 170 170 170 170 170 195 195 

ὸ (mm) 16 16 8 8 8 16 16 16 16 16 

Ὤ  (mm) 250 320 160 200 200 160 200 200 200 200 

Ὤ  (mm) 282 352 192 232 232 192 232 232 232 232 
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Table 2.2 Material and geometry of hybrid beams. 

Specimen S201 S202 S203 S204 S205 S206 S207 S208 S209 S210 

Flange  S690 S690 S690 S690 S690 S690 S690 S690 S690 S690 

Web  S355 S355 S355 S355 S355 S355 S355 S355 S355 S355 

ὒ (mm) 2600 2600 2600 4000 4000 2600 2600 4000 4000 4000 

ὸ (mm) 16 16 16 16 16 16 16 16 16 16 

ὦ (mm) 260 260 170 170 170 170 170 170 195 195 

ὸ (mm) 16 16 8 8 8 16 16 16 16 16 

Ὤ  (mm) 250 320 160 200 200 160 200 200 200 200 

Ὤ  (mm) 282 352 192 232 232 192 232 232 232 232 

 

A wide range of slenderness for the flanges and the web was considered. All the 

specimens made of S355 had a Class 1 section (on the basis of nominal material values). 

The flange slenderness adopted values up to 100% of the Class 1 limit, while the web 

slenderness was up to 56% of the Class 1 limit. By varying the length of the beams, the 

influence of the moment gradient was also evaluated. 

The section dimensions and imperfections of the specimens were measured before 

testing. The dimensions of the sections as well as the local and global imperfections lie 

within the tolerance limits of EN 1090-2[35] and EN 10029[36].  

2.3.2 Utilised materials 

The material properties of the specimens have a significant influence on the test results 

since the beams are loaded in the plastic range. Table 2.3 presents the characteristics 

of the utilised steels, derived by coupon tests B4x20 according to EN ISO 6892-1[37]. 

Table 2.3 Material properties of used steels. 

Grade 
Thickness 

Nominal Measured 

Yield 

strength  

Tensile 

strength  

Yield 

strength  

Tensile 

strength  

Yield 

plateau  

Elongation 

at tensile 

strength 

Yield 

ratio 

(mm) (MPa) (MPa) (MPa) (MPa) (%) (%) (-) 

S690QL 8 690 770 787 828 0.617 6.17 1.05 

S690QL 16 690 770 833 848 2.07 5.79 1.02 

S355+N 16 355 490 367 516 1.74 16.42 1.41 

 

The measured strengths of the HSS clearly exceeded the nominal values according to 

EN 10025-6[38]. Also, the ductility requirements of S355 given in EN 1993-1-1 were 

fulfilled. The HSS achieved sufficient ultimate strain 
 

υ Ϸ, and the coupon test 

of the steel with 8 mm thickness were able to meet the requirement for the minimum yield 
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strength ratio (ὪȾὪ ρȢπυ) according to EN 1993-1-12[32]. However, the HSS with a 

thickness of 16 mm did not meet this requirement, as shown in Table 2.3. 

The measured yield strengths were used to determine the cross-sectional load-bearing 

capacities, which were used as a basis for the presented investigations. 

2.3.3 Test set-up and measurement instrumentation 

The test series comprised three-point bending tests. In an idealised view, a plastic hinge 

is supposed to form in the area of load introduction. The rotation capacity at this point is 

to be determined within the scope of the tests. In the following, the test set-up and the 

utilised measurement instrumentation are presented.  

The load at midspan was applied by a hydraulic actuator, which was able to apply a 

maximum force of 2.5 MN. The load was applied over the entire width of the upper flange 

through a roller attached to the actuator. Lateral supports were provided to prevent failure 

due to lateral torsional buckling. Three different test rigs were used. The beams made of 

S355 were tested without lateral supports as they were not susceptible to lateral-torsional 

buckling. For the short HSS beams lateral supports were provided at quarter points, while 

for the long HSS beams lateral support was provided at sixth points, as shown in Figure 

2.4 and Figure 2.5. 

a)  b)  

Figure 2.4 Test set-up for: a) short HSS beams with two lateral supports on each side; 

b) long HSS beams with four lateral supports on each side[33]. 

a)   b)  

Figure 2.5 Design of the lateral support system: a) in a technical drawing; b) in the 

experimental set-up[33]. 
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The vertical deflection of the beams was measured by two displacement transducers 

located in the centre of the beam, towards the tips of the bottom flange. Inclinometers 

were attached to the web of the beam above the end supports in order to measure 

rotations. Moreover, strain gauges were attached to the upper and lower flange at a 

distance of 100 mm from the load application.  

2.3.4 Plastic rotation test results 

The load was applied under displacement control at a speed of 2 mm/min for the short 

beams and 3 mm/min for the long beams resulting in a similar rotational speed. Initially, 

the force behaved proportional to the displacement, but as soon as the plastic moment 

capacity Mpl was reached, the force increase was continuously reduced, until the ultimate 

moment Mu was reached. After reaching Mu, the moment decreased. During the plastic 

moment-rotation range, small local plastic buckles were observed in the compression 

flanges, as shown in Figure 2.6.  

   

Figure 2.6 Progression of buckle formation exemplarily shown for specimen S109[33]. 

In all short beam tests, the reduction in bending moment was accompanied by the 

development of small cracks in the tension flange next to the stiffener in the heat-affected 

zone (HAZ), until the moment suddenly drops with a fast crack growth through the 

thickness of the flange and into the web, as shown in Figure 2.7. 

    

Figure 2.7 Crack development in beam S106[33]. 

Figure 2.8 illustrates the moment-rotation behaviour recorded for all specimens. The 

figure also shows the minimum rotational capacity of Ὑ σ, required for plastic 

analysis[34]. The evaluated test results can be found in Table 2.4. As expected, all beams 

were able to reach the plastic moment capacity. With the exception of two beams, S104 

and S105, all beams achieve a rotation capacity that meets the minimum requirement of 

Ὑ σ. It is noted that the S104 and S105 beams had the highest web slenderness of 

all beams, which corresponds to 56% of the Class 1 limit, while the slenderness values 

of the other webs of the beams were significantly lower, at values from 24% to 37% of 
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the Class 1 limit. Moreover, the beams made of S355 reached distinctly higher rotation 

capacities, showing the general advantage of lower steel grades in the context of 

moment-rotation behaviour. However, S355 beams with the same cross-sections as a 

HSS exhibit lower plastic resistances due to the lower steel grade. Overall, the general 

exclusion in EN 1993-1-1232 of HSS beams for plastic design seems to be at least partly 

unjustified according to these results. 

Table 2.4: Bending moment and rotational capacities obtained from beam tests. 

Specimen 
╜Ἰἴ ⱴἸἴ ╜Ἵ ⱴἵἩὀ ⱴἺἷἼ 

╜Ἵ
╜Ἰἴ

 
ⱴἺἷἼ
ⱴἸἴ

 ╡ 

(kNm) (rad) (rad) (rad) (rad) (-) (-) (-) 

S101 498.0 0.018 665.0 0.175 0.386 1.34 21.05 20.05 

S102 663.5 0.015 874.3 0.140 0.282 1.32 19.12 18.11 

S103 438.8 0.060 504.8 0.223 0.319 1.15 5.28 4.28 

S104 552.0 0.050 611.5 0.138 0.192 1.11 3.88 2.88 

S105 552.0 0.076 600.0 0.216 0.279 1.09 3.66 2.66 

S106 483.8 0.063 555.4 0.260 0.356 1.15 5.66 4.66 

S107 622.3 0.052 705.7 0.202 0.319 1.13 6.14 5.14 

S108 622.3 0.080 688.4 0.256 0.379 1.11 4.74 3.74 

S109 694.3 0.051 771.0 0.169 0.213 1.11 4.14 3.14 

S110 694.3 0.079 775.3 0.204 0.358 1.12 4.52 3.52 

S201 436.1 0.057 499.8 0.217 0.288 1.15 5.09 4.09 

S202 491.4 0.051 569.3 0.195 0.218 1.16 4.30 3.30 

S203 547.9 0.046 635.4 0.176 0.276 1.16 6.04 5.04 

S204 491.4 0.078 567.6 0.312 0.464 1.16 5.97 4.97 

S205 547.9 0.070 620.5 0.260 0.404 1.13 5.74 4.74 

S206 556.7 0.051 615.7 0.168 0.234 1.11 4.61 3.61 

S207 619.8 0.046 690.0 0.151 0.240 1.11 5.23 4.23 

S208 556.7 0.078 623.7 0.249 0.367 1.12 4.70 3.70 

S209 619.8 0.071 693.2 0.227 0.349 1.12 4.94 3.94 

S210 749.5 0.059 810.5 0.157 0.248 1.08 4.21 3.21 

 

Also, the comparison of S108 with S205 and S110 with S209 shows that hybrid beams 

in comparison with geometrically equivalent homogeneous HSS beams tend to reach 

larger rotations. 
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Subsequently, the influence of the material properties and the slenderness of the 

constitutive elements of the cross-section has been evaluated using numerical 

simulations (see Section 2.4). 

 

Figure 2.8 Moment-rotation curves of all specimens. 

 

2.4 Numerical simulation of beams (Task 2.3) 

Finite element (FE) simulations of I-section beams under moment-rotation were carried 

out using the software ABAQUS, as explained in the following.  

2.4.1 Description of FE model and simulation technique  

The FE models were created by scripting a python file, so that input parameters 

regarding geometry, material, presence of stiffeners and model and mesh settings can 

be easily changed.  

The vertical load was applied via a reference point in the middle of the beam, which was 

coupled to the upper flange over its entire width. The width of the load introduction 

corresponded in a simplified way to the thickness of the stiffener underneath the load 

application. The model provided two vertical supports, the position of which was specified 

by the span of the beam. Lateral restraints were modelled at the flanges tip to avoid 

lateral-torsional buckling. It is possible to adopt the lateral supports rigidly or to provide 

them with a spring stiffness, so that a lateral deflection of the beam is permitted to a 

certain extent. In addition, the beam was prevented from lateral deflection at the load 

introduction. Figure 2.9 illustrates the lateral supports in form of springs for a long 

specimen.  
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Figure 2.9 Meshed ñlongò beam with load introduction, vertical rigid supports and 

lateral supports modelled with springs[33]. 

The discretisation was specified by a combination of a globally defined element size 

(5 mm) and locally adapted element size (2 mm) using type C3D8R (brick element with 

8 nodes and reduced integration). Areas closer to the midspan of the beam, where plastic 

deformations and crack initiations occur, consist of smaller elements to improve the 

accuracy of the results. As a result of this, a typical numerical model consisted of around 

200 000 elements.  

The elastic material behaviour was defined using a Youngôs modulus of 210 000 MPa 

and a Poisson´s ratio of 0.3. The definition of the plastic material characteristics was 

given by true stress strain curves. For the replication of the tests, the true stress strain 

curves were based on the results obtained from the coupon tests. In order to be able to 

also reproduce the crack initiation that occurred in some of the beams during the 

experimental tests, 2D damage curves, as explained in Section 1, were calibrated 

according to Johnson-Cook[39]. For each specimen failed by crack occurrence, one 

damage curve was fitted and for the final simulations of all specimens, one average 

damage curve was derived and implemented. 

Geometric imperfections were modelled based on the first eigenmode (obtained from an 

elastic buckle analysis) displaying local buckling in the compression flange. The 

eigenmode was scaled using the maximum imperfection measured on the specimens, 

which was of 1 mm. 

2.4.2 Verification of numerical model 

Figure 2.10 compares, for two representative specimens, the moment rotation curve 

obtained experimentally and numerically using the mean damage curve. Figure 2.11 

compares the location of the damage predicted by the FE model and observed from the 

experiment of specimen S203. Very good agreement can be observed. 

The deformation behaviour of test and simulation also showed excellent 

correspondence, as shown in Figure 2.12 for a representative beam. In addition to 

comparing moment-rotation curves and damage behaviour, strain propagations of test 

and simulation were considered, and good agreement between test and simulation was 
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observed. See Deliverable D2.3[5] for more information. The numerical model was 

thereby successfully validated. 

  

Figure 2.10 Validation of the mean damage curve on the beams: a) S109 and b) S202, 

whose failure was expressed by crack initiation and propagation. 

 

 

Figure 2.11 Crack development of beam S203: a) FE and b) test. 

 

 

Figure 2.12 Comparison of the deformation pattern of the beam S207[33]. 
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2.4.3 Influences on the rotation capacity of beams 

The validated FE models were used to investigate different parameters that affect the 

rotation capacity of homogeneous and hybrid HSS beams. In total 775 simulations were 

performed and analysed. Since the influences on rotation capacity were investigated in 

order to derive design recommendations, nominal material parameters were considered. 

These were derived from a database of actual flow curves. For the investigations of 

homogeneous beams, two high strength steels, S500 and S690, were included in the 

study. For reference, steel grade S355 was also considered in the study. For each steel, 

24 flow curves with different characteristics yield strength ratio, yield plateau and 

elongation at tensile strength were considered. As a result of this, any possible 

configuration of realistic material properties was considered. For each flow curve, six 

nominal damage curves (50 to 300 J toughness) were applied in order to consider crack 

initiation and propagation. The material characteristics are applied and combined with 

different sections. During the study, three  ratios were considered for the flange. 

Namely, τȢυ‐, φȢχυ‐ and ω‐, corresponding to 50%, 75% and 100% of the 

current Class 1 limit. Since webs with high slenderness lead to very high webs with small 

thicknesses, four  ratios were investigated. Namely, ρψ‐, σφ‐ȟ υτ‐ and 

χς‐, corresponding to 25%, 50%, 75% and 100% of current Class 1 limit were 

considered. For all beams the span length was set to 3000 mm; the stiffeners were 

modelled at supports and load application; lateral supports were modelled at six points 

along the beam, spaced at a distance equal to 20 times the flange thickness. 

Furthermore, stiff supports were modelled in order to achieve efficient calculation times.  

All investigated beams were able to reach Mpl and to withstand a certain rotation. The 

evaluation of the numerical results revealed that the slenderness of the cross-section is 

the most decisive criterion on the rotation capacity of the beam, as is shown in Figure 

2.13, with the web having a greater influence on the rotation capacity than the flange. 

Beams with very slender webs were not able to reach sufficient rotations due to the 

occurrence of local buckling. Compact beams tend to fail due to damage initiation, while 

more slender beams experience a ductile type of failure to the end of the rotation test 

before damage plays a role. 

Focusing on the effect of the material characteristics, higher yield ratios lead to higher 

rotation capacities, as shown in Figure 2.14. The effect of the elongation at tensile 

strength on the rotation capacity is smaller, and only affects beams with compact 

sections which can reach a sufficient rotation on all levels. However, a minimum 

elongation at tensile strength should be guaranteed in order to achieve sufficient rotation 

capacity. With longer yield plateaus the rotation capacity tends to be smaller. The effect 

of individual material properties cannot be transformed to a general statement on 

preferred material properties because their combination can lead to opposite effects.  
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Figure 2.13 Regression surface for the rotation capacity R as a function of the flange and 

web slenderness of the different sections with the average flow curve 

S690_MW_MW_25 for a steel grade S690. 

 

 

Figure 2.14 Rotation capacity depending on yield ratio for three web slenderness values: 

a) 28Ů; b) 54Ů; c) 72Ů. 

The effect of geometric imperfections, lower steel grade for the web (hybrid section), 
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investigated. Larger imperfection sizes lead to lower rotation capacities. With regard to 

the influence of the span, it was shown that as the span increases, the rotational capacity 

of the beam decreases, which is also strongly connected to the lateral supports. Another 

observed phenomenon is that shorter beams tend to fail due to the occurrence of cracks, 

whereas longer beams tend to fail due to local buckling in the compression flange. 

Stiffeners at the load application and the supports can have a negative influence on the 

stress concentration, especially on beams with compact cross sections. For slender 
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cross sections, however, stiffeners are necessary. Also, according to EN 1993-1-1[31], 

stiffeners have to be installed at load applications.  

The simulations of hybrid beams, where the web is made out of a steel of a lower grade 

than the flanges, showed that they reach the same or a higher rotation capacity than the 

geometrically equivalent homogenous beams made of the higher steel grade. At the 

same time, the hybrid beams reach lower rotation capacities than geometrically 

equivalent homogenous beams made of the lower steel grade. In general, hybrid beams 

are advantageous regarding rotation capacity compared to the homogenous HSS 

beams, but it has to be kept in mind that a hybrid section always leads to a reduced load 

bearing capacity. 

The effect of the loading condition was found to depend on the cross section of the beam. 

For example, for compact sections the four-point bending simulations resulted in higher 

rotation capacities than the three-point bending simulations, while for slender beams the 

four-point bending simulations showed lower rotation capacities. It can also be stated 

that load conditions with concentrated load introduction (i.e. 3-point bending simulations 

or 4-point bending simulations with point loads applied close to each other) showed 

higher Mu/Mpl ratios and smaller rotation capacities, while for more equally distributed 

loads (i.e. uniform load simulations, or 4-point bending simulations with point loads 

applied far apart from each other) the Mu/Mpl ratio was lower, and in some cases Mpl was 

not even reached.  

The general conclusion is that plastic design for HSS beams (homogenous and hybrid) 

is in general possible, as evidenced by the fact that all investigated beams were able to 

reach the plastic moment resistance and a certain rotation capacity. However, additional 

requirements, especially regarding the cross-section slenderness (particularly of the 

web), are necessary to ensure a sufficient rotation capacity. 

2.5 Recommendations for rotation capacity (Task 2.5) 

The definitions of rotation capacity and rotation requirement have already been 

presented in Section 2.2. The aforementioned sections utilise the unitless definition R to 

describe rotation capacity and rotation requirement. However, this is not the only 

definition into question. Three different definitions of rotation requirement can be 

considered (see Figure 2.1): 

1.  Unitless definition: Ὑ ρ 

2.  Total rotation: • ȟ •  

3.  Only the plastic part of the total rotation: • ȟ • •  

The definition of the unitless rotation capacity R has the following advantages, regarding 

definitions of design requirements: 

¶ Rotation requirements are independent of the system lengths and cross-sectional 

geometry (Iy, Iz) 
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¶ A unitless definition is simple to formulate and use as a design requirement 

On the other hand, also drawbacks can be identified: 

¶ Due to the independence of the system lengths in the relative definition of R, the 

absolute rotation, which plays a role in the deformation behaviour of a plastic 

hinge in a component, is left out of consideration: due to the normalisation in the 

relative definition of R to the elastic rotation, a dependence of the rotational 

behaviour of a plastic hinge on length is suggested. This is, roughly said, not 

correct (nevertheless there are secondary influences of the free distance 

between the lateral bracing restraints on the plastic behaviour of the plastic hinge. 

But these influences originate from out-of-plane stability effects and not from in-

plane-deformations as considered in the definition of R). 

¶ As illustrated by Axhag[40] and explained above, HSS can be disadvantaged by 

the relative formulation of rotation capacity due to the larger •  component 

compared to that of lower strength steels. 

In order to understand how the different definitions of rotation capacity affect the 

perception and design recommendations given here, the rotation capacity values 

obtained from the numerical simulations (see Section 2.4) were compared to specific 

rotation requirements for different structural systems, considering all 3 definitions, as 

explained in the following. 

Figure 2.15 presents a comparison of rotation capacity and requirement based on the 

three definitions of rotation capacity. The comparison includes a total of 770 simulations 

of the structural system shown in Figure 2.16. Here, one can see again, that if the plastic 

part of the total rotation is related to the elastic rotation behaviour of the structure for Ὑ

ρ, then the rotation capacity R is independent of the material, system length and 

section geometry and only depending on the structural system. 

a) b) c)  

Figure 2.15 Comparison of rotation capacity and rotation requirement in 770 cases based 

on a) ⱴἺἷἼ, b) ⱴἺἷἼⱴἸἴ and c) ╡. 
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Figure 2.16 Continuous beam subject to a concentrated load. 

 

Independently of the definition, 99 beams of the configurations investigated, meaning 

12.9%, lie on the side where the theoretical rotation requirement is higher than the 

provided rotation capacity. This leads to the conclusions: effectively, for typical systems, 

there is no difference on the safety level in how rotation requirement and rotation capacity 

are defined (in absolute or related values). Nevertheless, each of the three definitions of 

rotation capacity have certain advantages and disadvantages when analysing different 

effects. Since only 87.1 % of the beams lie on the safe side, a supplementary limitation 

for the beams is necessary, see Section 2.8. It can also be remarked, that for this system, 

all 20 experimentally tested beams (see Section 2.3) have exhibited a higher rotation 

capacity than the rotation requirement and therefore are conservative. 

Some results shown in Figure 2.15 lie on the unsafe side in terms of rotation capacity 

versus requirement. However, falling short of the rotation requirement only has a smaller 

impact on the overall safety. This is due to several factors:  

¶ Structural systems intended for a fully plastic design are always statically 

indeterminate ï thus a reduction of a rotation capacity of a plastic hinge affects 

the overall bearing capacity of the whole structure to a significantly lesser extent.  

¶ Even after falling below the plastic moment Mpl, the plastic hinge provides a 

significant moment resistance so that  in the vicinity of •rot does not really affect 

the overall structural safety. 

¶ Almost always the material provides overstrength whereas the calculation 

assumes nominal strength. Although higher strengths result in smaller rotation 

capacities, in many cases the reduction of the rotational requirement prevails.  

The points given above give rise to consider the rotation capacity (as usual in similar 

situations) as a requirement ñin addition to the strengthò (note that for ñadditional 

requirementò the 5% fractile can be regarded as relevant). Furthermore, when assessing 

the rotation capacity, we should speak about ñconservativeò or ñnot-conservativeò instead 

of ñsafeò and ñunsafeò as the latter denomination indicates the overall structural safety, 

which is not really appropriate.  

2.6 Experiments on frames (Task 2.2) 

2.6.1 Specimen design 

A total of twelve two-dimensional, single bay, single storey, unbraced rectangular frames 

were tested. For each of the twelve tested frames, the same welded I-section was used 
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for both the columns and beam. Specimens with three welded cross-section (CS) profiles 

ï Series 1 (CS1 HSS-I-65×116×8×8), Series 2 (CS2 HSS-I-80×136×8×8) and Series 3 

(CS3 HYB-I-80×136×8×8), were examined, as illustrated in Figure 2.17. The frame 

specimens were categorised into three series, with each series consisting of four 

identical frames, according to their cross-section (CS) profile. Figure 2.18 shows the 

configurations of the test frame specimens.  

 

Figure 2.17 Notation and nominal dimensions of welded I-sections for different series of 

frame specimens (in mm). 

 

 

Figure 2.18 Configuration of frame specimens (unit in mm) and instrumentation, 

including strain gauges (SG), string potentiometers (SP) and inclinometers 

(I). 

 

The average measured geometric dimensions of the cross-section of each frame 

specimen are presented in Table 2.5, which also include the cross-sectional properties 

of each frame specimen, where A is the cross-sectional area, Wel and Wpl are the elastic 

and plastic section moduli, respectively, and Mel and Mpl are the elastic and plastic 

bending moment capacity, respectively.  
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Table 2.5 Average measured cross-sectional dimensions and properties of frame 

specimens. 

Series Frame label 

B H tf tw tweld A Wel Wpl Mel Mpl 

(mm) (mm) (mm) (mm) (mm) (mm2) 
×103 

(mm3) 
×103 

(mm3) 
(kNm) (kNm) 

Series 1 

HSS-I-65×116-V 63.64 115.20 8.31 8.21 5.21 1921.3 66.07 79.05 51.70 61.86 

HSS-I-65×116-H 64.10 115.73 8.41 8.29 5.52 1959.1 67.70 81.03 52.98 63.41 

HSS-I-65×116-
V&H-1 64.08 115.79 8.36 8.22 4.96 1934.9 66.96 80.07 52.40 62.66 

HSS-I-65×116-
V&H-2 64.00 115.30 8.33 8.24 4.87 1926.5 66.32 79.33 51.90 62.08 

            

Series 2 

HSS-I-80×136-V 79.06 136.77 8.47 8.39 5.61 2407.6 101.4 119.7 79.35 93.66 

HSS-I-80×136-H 79.63 136.46 8.51 8.42 5.56 2422.8 102.0 120.3 79.80 94.15 

HSS-I-80×136-
V&H-1 78.20 136.76 8.36 8.26 5.11 2351.2 98.93 116.7 77.42 91.35 

HSS-I-80×136-
V&H-2 79.02 136.60 8.35 8.28 4.92 2360.8 99.39 117.2 77.77 91.72 

            

Series 3 

HYB-I-80×136-V 79.41 136.89 8.29 8.26 5.66 2374.4 100.3 118.3 50.92 79.83 

HYB-I-80×136-H 79.20 136.60 8.34 8.24 5.37 2366.9 99.86 117.7 50.49 79.62 

HYB-I-80×136-
V&H-1 78.76 136.75 8.44 8.35 4.90 2378.3 100.1 118.1 50.23 79.99 

HYB-I-80×136-
V&H-2 79.57 136.62 8.48 8.36 5.33 2406.7 101.5 119.7 51.41 81.09 

 

2.6.2 Test set-up and measurement instrumentation 

The schematic SOLIDWORKS model of the frame test setup is shown in Figure 2.19. 

The test rig contains three main hydraulic actuators, four external support frames and 

top and bottom loading beams, as illustrated in Figure 2.19. Different loading conditions 

were applied to the four frame specimens within each of the three test series, with one 

subjected to vertical load V only applied at the mid-span of the beam, one subjected to 

horizontal load H only applied to the bottom loading beam and the other two subjected 

to different combinations of V and H. Note that the horizontal load was applied at the 

base level to allow the vertical actuator to remain stationary during testing, rather than 

requiring it to move laterally with the frame. A restraint system was carefully designed to 

prevent out-of-plane instability of the test frames without inducing any undesirable in-

plane restraint.  
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Figure 2.19 Schematic SOLIDWORKS model of frame test setup. 

Electrical resistance strain gauges were mounted on the top and bottom flanges at 

selected locations on the frame specimens to estimate bending moments and monitor 

the strain development histories during testing. As indicated in Figure 2.18, a total of 

eight beam and column sections (Section 1-1 to Section 8-8 in Figure 2.18) were 

monitored. The sections were located adjacent to the base of each frame column, the 

beam-to-column connections and the mid-span of the beam, covering the most highly 

stressed regions of the frames under the different loading scenarios. String 

potentiometers (SP) were used to measure the in-plane vertical deflections at the mid-

span of the beam (see SP3 in Figure 2.18) and the in-plane horizontal deflections at the 

base and top of each column (see SP1, SP2, SP4 and SP5 in Figure 2.18). In addition, 

a total of six inclinometers (I) were employed on each frame, positioned close to the 

beam-to-column connections and the column base connections, as illustrated in Figure 

2.18. They were used to measure the connection rotations and evaluate their rotational 

stiffnesses. Digital Image Correlation (DIC) was also employed in the frame tests to 

provide more comprehensive measurements of the full-field displacements of the frame 

specimen, as well as the surface strain field within particular regions of interest (i.e. the 

plastic hinges).  

2.6.3 Test results 

Table 2.6 summarises the maximum vertical loads (or the pre-determined vertical loads 

for the frame specimens subjected to combined loading) Vtest,max and the corresponding 

vertical displacements at the mid-span of the frames beam ŭmid, as well as the maximum 

horizontal loads Htest,max and the corresponding horizontal displacements at the column 

bases ŭbase. The applied load versus displacement curves for all frame specimens are 

plotted in Figure 2.20. Photographs of typical failure modes of frames specimens 

subjected to different loading conditions are displayed in Figure 2.21. The failure modes 

of the tested frame specimens subjected to vertical load only, horizontal load only and 

combined loading featured a beam collapse mechanism, a sway collapse mechanism 

and a combined beam and sway plastic collapse mechanism, respectively, as indicated 

in Figure 2.21.  

Vertical support frame

Vertical hydraulic actuator

Left horizontal support frame

Right horizontal support frame

Test frame specimen

Horizontal 

hydraulic 

actuator

Bottom loading beam Lateral support frame

Top loading beam
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a) b)  

c) d)  

e)  

Figure 2.20 Load-displacement curves for: a) frame specimens subjected to vertical load 

only; b) frame specimens subjected to horizontal load only; c-e) frame 

specimens subjected to combined vertical and horizontal loads. 
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Table 2.6 Summary of maximum applied loads and corresponding displacements for 

frame specimens. 

Series Frame label 

Vertical loading step Horizontal loading step 

Vtest,max ŭmid Htest,max ŭbase 

(kN) (mm) (kN) (mm) 

Series 1 

HSS-I-65×116-V 161.9 173.5 - - 

HSS-I-65×116-H - - 154.5 247.8 

HSS-I-65×116-V&H-1 101.3 38.7 123.9 203.2 

HSS-I-65×116-V&H-2 130.3 54.0 98.8 204.1 

Series 2 

HSS-I-80×136-V 264.6 143.4 - - 

HSS-I-80×136-H - - 236.6 244.0 

HSS-I-80×136-V&H-1 152.7 37.0 173.9 174.6 

HSS-I-80×136-V&H-2 210.6 58.3 122.8 124.9 

Series 3 

HYB-I-65×116-V 227.0 155.2 - - 

HYB-I-65×116-H - - 191.9 205.3 

HYB-I-65×116-V&H-1 131.1 30.0 169.6 221.5 

HYB-I-65×116-V&H-2 170.1 39.0 137.8 165.4 

 

a)   b)  

 c)     d)  

Figure 2.21 Failure modes of: a) frame specimen HSS-I-65×116-V featuring a beam 

collapse mechanism; b) frame specimen HSS-I-65×116-H featuring a sway 

collapse mechanism; c-d) frame specimens HSS-I-65×116-V&H-1 and HSS-I-

65×116-V&H-2 featuring a combined beam and sway plastic collapse 

mechanism. 
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2.7 Numerical simulation of frames (Task 2.4) 

A comprehensive numerical modelling programme was performed to investigate the 

structural performance and design of HSS frames using the general purpose finite 

element (FE) software ABAQUS. FE models were established with the aim of (i) 

replicating the structural behaviour of the frame tests and (ii) performing parametric 

studies to derive further FE data to assess the accuracy of the current design methods, 

as well as to underpin new design proposals for HSS structures. Basic assumptions for 

the developed numerical models are addressed in Section 2.7.1, while the validation and 

parametric studies are described in Sections 2.7.2 and 2.7.3, respectively. 

2.7.1 Basic modelling assumptions  

The four-node shell element S4R which accounts for finite membrane strains with 

reduced integration was selected to establish the FE models. The modelled welded I-

sections were then subdivided according to the residual stress pattern (as described 

later), with a mesh size of approximately (B+H)/40, where B is the flange width and H is 

the overall section height, adopted within the clear width of the web and flange plates 

while a finer mesh of 6 elements was adopted in the flange plate and 5 elements in the 

web plate of each fillet zone of the welded I-sections. The mesh size of approximately 

(B+H)/40 was also assigned uniformly along the longitudinal direction of the structural 

members, such that the element aspect ratio of the FE models was close to unity. 

Initial geometric imperfections were introduced into the developed shell FE models by 

modifying the nodal coordinates of the perfect geometry. Local geometric imperfections 

were assigned to the shell FE models in a sinusoidal wave shape with a half-wavelength 

Lb,cs, determined using the finite strip software CUFSM[41], as shown in Figure 2.22. The 

magnitudes of the local geometric imperfections (i.e. the local web and flange 

imperfections ŭw and ŭf, respectively, as shown in Figure 2.22) were taken as the values 

recommended in Annex C of EN 1993-1-5[42]. Global geometric member in-plane out-of-

straightness imperfections about the major axis were assigned to the shell FE models in 

the shape of a half-sine wave along the longitudinal direction of the individual members, 

with its magnitude scaled to 1/1000 of the member length. The geometric frame in-plane 

out-of-plumbness was also accounted for by modelling the frame with an initial sway 

imperfection, which was scaled to 1/200 of the frame height as recommended in EN 

1993-1-5. A simplified residual stress pattern, based on the residual stress 

measurements on HSS welded I-sections reported in[43,44] was used in the shell FE 

models. 

                                           

Figure 2.22 Definition of the shape and amplitudes of assumed local geometric 

imperfections (not to scale) employed in shell FE models. 
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The measured engineering stress-strain curves from the S355 and S690 steel coupon 

tests, were converted into the true stress-plastic strain relationships before incorporating 

into the shell FE models for the validation study. For the FE model validation, the loading 

configuration and boundary conditions of the test specimens were carefully replicated.  

2.7.2 Validation of FE models 

Table 2.7 summarises the comparisons between the maximum recorded loads obtained 

from the frame tests (Vtest,max and Htest,max) and the ultimate loads derived from the shell 

FE models (VFE,ul and HFE,ul), together with the mean and COV of the shell FE-to-test 

ultimate load ratios. It can be seen from Table 2.7 that the developed shell FE models 

are able to provide accurate predictions of the maximum recorded load from the physical 

frame experiments, with an average FE-to-test ultimate load ratio of 1.009 and a 

corresponding COV of 0.027. The load-deformation paths derived from the developed 

shell FE models generally closely follow the corresponding experimentally obtained load-

deformation paths. The failure modes of the HSS frames under different loading 

conditions obtained from the shell FE models are also in good agreement with those 

obtained from the frame tests. Overall, it can be concluded that the established shell FE 

models are able to accurately replicate the observed structural responses of the tested 

HSS three-point bending beams and frames. 

Table 2.7 Comparison between maximum recorded loads obtained from experiments 

and ultimate loads derived from shell FE models for HSS frames. 

Series Frame label 

Vertical loading Horizontal loading 
VFE,ul/Vtest,max 

or 
HFE,ul/Htest,max 

Vtest,max VShellFE,ul Htest,max HFE,ul 

(kN) (kN) (kN) (kN) 

Series 1 

HSS-I-65×116-V 161.9 171.2 - - 1.06 

HSS-I-65×116-H - - 154.5 156.7 1.01 

HSS-I-65×116-V&H-1 101.3 101.3* 128.2 125.0 0.98 

HSS-I-65×116-V&H-2 130.3 130.3* 94.6 95.8 1.01 

Series 2 

HSS-I-80×136-V 264.6 260.2 - - 0.98 

HSS-I-80×136-H - - 236.6 235.5 1.00 

HSS-I-80×136-V&H-1 152.7 152.7* 173.9 181.0 1.05 

HSS-I-80×136-V&H-2 210.6 210.6* 125.2 123.9 0.99 

Series 3 

HYB-I-80×136-V 227.0 227.7 - - 1.00 

HYB-I-80×136-H - - 191.9 201.9 1.05 

HYB-I-80×136-V&H-1 131.1 131.1* 165.3 165.8 1.00 

HYB-I-80×136-V&H-2 170.1 170.1* 138.0 135.5 0.98 

     
Mean 1.009 

          COV 0.027 

* For frame specimens subjected to the combined loading, the ultimate vertical load VFE,ul 

employed in the FE model was taken as the same as the corresponding maximum recorded 

vertical load Vtest,max from the frame test. 
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2.7.3 Parametric studies 

Parametric studies were carried out on a series of single bay, single storey, unbraced 

rectangular frames with varying configurations and load cases. The ranges of variation 

of the different parameters considered in the frame parametric studies are summarised 

in Table 2.8. The modelled frame specimens were fixed at the base of the columns with 

rigid beam-to-column connections. The horizontal load was increased simultaneously 

and maintained proportionally with the vertical loads. H/V ratios ranging from 0.1 to 1.0, 

in 0.1 intervals, as listed in Table 2.8, were considered in the parametric studies. Since 

the present study focuses only on the in-plane behaviour of HSS frames, out-of-plane 

instability was prevented by restraining the out-of-plane displacements (i.e. Uz = 0) at the 

web-to-flange junctions of the frame members along their lengths at intervals 

approximately equal to the length that gives a non-dimensional lateral torsional 

slenderness value of 0.2 for the unrestrained segments under uniform bending. The 

selected restraint spacing was found to provide sufficient out-of-plane restraint, while 

having minimum influence on the local buckling behaviour (if any) of the frame members. 

All selected I-sections are classified as compact sections (Class 1 or Class 2) under the 

major axis bending reflecting the focus of the present study being on the plastic design 

of HSS frame structures.  

Table 2.8 Ranges of variation of parameters considered in parametric studies. 

Frame 
configuration 

Material Cross-section 
Horizontal 
loading H 

Frame height 
Hframe (m) 

Frame bay 
width Lframe 

(m) 

 

S355, S690 

I-100×150×7.5×4.5, 
I-100×200×7.5×4.5, 
I-100×150×10×6, 

I-100×200×14×8.4 

0.1V-1.0V 

with 0.1V 
intervals 

2, 3, 4, 5, 6 5 

 

2.8 Recommendations for plastic design (Task 2.6) 

2.8.1 Stricter Class 1 limits for HSS 

Based on the previous sections of this chapter, the following gives recommendations for 

plastic design of beams and frames made of HSS:  

First, for the following discussion, it is reasonable to define rotation capacity in terms of 

R, since the use of the unitless definition enables a simple assessment of the rotation 

capacity, i.e. to compare to the reference limit of Ὑ σ. Experimental and numerical 

investigations have shown, that HSS can be suitable for plastic design, see Deliverable 

D2.3[5]. Most cases showed a sufficient rotation capacity. However, some ñnon-

conservativeò cases lead to the discussion of an additional limitation for the plastic design 

of HSS girders, especially in terms of cross-section class limits. 

Different approaches on limiting HSS cross section classes have been compared 

referring to the results of the beam simulations, see Figure 2.23. The first approach (blue 

curve) shows the amount of non-conservative cases when the current Class 1 limits are 
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reduced from 9Ů to 8Ů for the flange, and from 72Ů to 60Ů for the web. The second 

approach (red curve) is based on the same modified Class 1 limits, but in this case, the 

rotation capacity is based on 95% of Mpl. 

 

Figure 2.23 Amount of unsafe cases, where the rotation capacity is smaller than an 

arbitrary rotation requirement for two approaches. 

This evaluation is already based on a statistical transformation from rotation to load 

bearing level. The integral of the blue curve led to ñfailureò in 2.25% of the investigated 

cases ( φπ‐,  ψ‐), while integral of the red curve failure occurred in significantly 

less than 2.25% of the investigated cases (pf,exist << 2.25%). From Figure 2.23 it can be 

seen, that if the rotation capacity is evaluated based on the 95%-level (which fulfils the 

EN 1990-safety requirements) higher values of slenderness can be used. The reduction 

of Mpl is only applied when carrying out the safety assessment, and therefore no 

reduction of Mpl is necessary in design. 

In summary, the following Class 1 limits are recommended for the flange and web of 

HSS (S500 and S690) sections, see Table 2.9. 
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Table 2.9 Maximum width-to-thickness ratios for compression parts in case of S500 to 

S690. 

 

Class Part subject to bending 

Stress distribution in 

parts (compression 

positive) 

 

1 
ὧ

ὸ
φπ‐ 

 

Class Part subject to compression 

Stress distribution in 

parts (compression 

positive)  

1 
ὧ

ὸ
ψ ‐ 

‐ ςσυȾὪ 

2.8.2 Plastic design of HSS frames 

The design of steel frames generally involves two steps: (1) the determination of the 

internal forces and moments within the frame structure using either first-order analysis, 

defining equilibrium equations with respect to the initial geometry (i.e. in the undeformed 

state) of the structure, or second-order analysis, taking into accounting the influence of 

the global geometrical nonlinearity (i.e. P-ȹ effects or global second order effects) of the 

structure and (2) the performance of strength and stability checks on individual members 

at both cross-sectional and member levels. Whether or not the effects of the global 

geometrical nonlinearity should be considered depends on the extent to which they 
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increase the action effects (i.e. the internal forces and moments) in individual structural 

elements or modify the structural behaviour. The susceptibility of a steel frame to the 

global geometrical nonlinearity can be indicated by the elastic buckling load factor Ŭcr, 

which is defined as the ratio of the critical load Fcr that causes frame buckling in a global, 

in-plane (sway) mode to the applied design load FEd. For an elastic analysis, the second 

order effects due to the global geometrical nonlinearity are deemed to be sufficiently 

small to be ignored when Ŭcr Ó 10[31], the limit of which has been established based on a 

requirement that the amplification of the action effects from second order behaviour 

should be no greater than 10% of those determined by first order analysis. For frames 

designed using plastic analysis, a higher limit of Ŭcr Ó 15, beyond which second order 

effects may be neglected, is defined in EN 1993-1-1: 2005. This more restrictive limit 

takes into account the fact that steel frames are more susceptible to second order effects 

due to reduced stiffness caused by the material yielding, the spread of plasticity and the 

formation of plastic hinges associated with moment redistribution when the material 

nonlinearity is considered. Instead of setting a higher limit on Ŭcr to account for the 

reduced stiffness of frames, a revised approach is employed in the latest version of prEN 

1993-1-1: 2019[45], to assess the influence of second order effects in the plastic regime, 

where a modified (reduced) elastic buckling load factor Ŭcr,mod is used with a limiting value 

of 10 (i.e. the same as that used for elastic analysis according to EN 1993-1-1: 2005). 

The modified (reduced) elastic buckling load factor Ŭcr,mod is calculated based on the 

frame before forming the last plastic hinge, with hinges applied at locations of previously 

formed plastic hinges; this is a simple, yet conservative, approach to account for the 

reduced stiffness of frames with plastic hinges. The different Eurocode methods for 

analysing second order effects are summarised in Table 2.10. According to EN 1993-1-

1: 2005, plastic analysis can be employed for structures comprising members with Class 

1 cross-sections and made of steel grades up to S460, while for structures made of steel 

grades higher than S460, plastic design is not permitted and thus elastic analysis (i.e. 

neglecting the inelastic moment redistribution) should be used.  

Table 2.10 Summary of different Eurocode methods for allowing for second order 

effects. 

Code 

Analysis 
type to 

consider 
material 

nonlinearity 

Applicability 

Analysis type to 
consider geometrical 

nonlinearity 
Method of 
accounting 

for plasticity First   
order 

Second 
order 

EN 1993-1-1: 2005 & 
prEN 1993-1-1: 2019 

Elastic 
analysis 

All steel grades 
and cross-
sections 

Ŭcr Ó 10 Ŭcr < 10 - 

EN 1993-1-1: 2005 

Plastic 
analysis 

Steel grades up 
to S460 and 
only Class 1 

cross-sections 

Ŭcr Ó 15 Ŭcr < 15 
Increased 

limiting value 

prEN 1993-1-1: 2019 Ŭcr,mod Ó 10 Ŭcr,mod < 10 

Modified 
(reduced) 

critical load 
factor 
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In this section, the suitability of the current Eurocode methods, as summarised in Table 

2.10, for the analysis of HSS frames is examined. Geometrically and materially nonlinear 

analyses with imperfections (GMNIA) of a series of frames were carried out based on 

the developed and validated shell FE models to generate benchmark data. Frame FE 

models using computationally efficient beam elements have also been developed and 

used to perform different types of analyses including first order (linear) elastic analysis 

(LA), second order (geometrically nonlinear) elastic analysis (GNA), first order plastic 

(materially nonlinear) analysis (MNA) and second order (geometrically nonlinear) plastic 

(materially nonlinear) analysis (GMNA). The results obtained from the above analyses 

were then compared with the corresponding benchmark shell FE GMNIA data to 

evaluate the accuracy of the conventional global stability design rules to HSS frames. 

The beam FE models were used to determine the elastic buckling load factor Ŭcr, the 

modified (reduced) elastic buckling load factor Ŭcr,mod and the EC3 design load factors 

ŬEC3, as defined in Table 2.11. 

Table 2.11 Different analyses employed for the determination of EC3 design loads ŬEC3 

for frames considered. 

Code 
Cross-
section 

Elastic 
buckling 
load factor 

ŬEC3 

EN 1993-1-1: 
2005 

Class 1 
Ŭcr Ó 15 First order plastic collapse load factor Ŭpl_col,1 

Ŭcr < 15 Second order plastic collapse load factor Ŭpl_col,2 

Class 2 

Ŭcr Ó 10 
First order first plastic hinge load factor 
Ŭpl_1st_hinge_1 

Ŭcr < 10 
Second order first plastic hinge load factor 
Ŭpl_1st_hinge_2 

    

EN 1993-1-1: 
2019 

Class 1 
Ŭcr,mod Ó 10 First order plastic collapse load factor Ŭpl_col,1 

Ŭcr,mod < 10 Second order plastic collapse load factor Ŭpl_col,2 

 

The ratios of the GMNIA ultimate load factor Ŭu to the first order first plastic hinge load 

factor Ŭpl_1st_hinge_1 are plotted in Figure 2.24 against the elastic critical load factor Ŭcr for 

the investigated HSS frame specimens with Class 1 and Class 2 cross-sections. It can 

be seen from Figure 2.24 that the current EN 1993-1-1 predictions for HSS frame 

specimens composed of Class 1 section members with Ŭcr > 10 are conservative due to 

the neglect of moment redistribution at the global system level, with a mean value of 

Ŭu/Ŭpl_1st_hinge_1 equal to 1.12 and a corresponding COV of 0.06. The conservatism is more 

pronounced for frame specimens with higher values of Ŭcr (i.e. frames that are less 

susceptible to the second order effects). For HSS frames composed of Class 2 section 

members with Ŭcr > 10, the current EN 1993-1-1 approach (i.e. corresponding to the first 

order first plastic hinge load factor Ŭpl_1st_hinge_1) is shown to provide generally accurate 

predictions, with a mean value of Ŭu/Ŭpl_1st_hinge_1 equal to 1.02 and a corresponding COV 

of 0.06. Some results for frame specimens with 10 < Ŭcr Ò 20 lie on the unsafe side, but 

by less than 10%, as shown in Figure 2.25. It can also be seen from Figure 2.25 that for 

frames with Ŭcr Ò 10, second order effects become dominant and are deemed necessary 
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to be considered in the analysis. For HSS frames composed of Class 2 section members, 

the ratios of Ŭu/ŬEC3, where ŬEC3 is taken as the first order first plastic hinge load factor 

Ŭpl_1st_hinge_1 for Ŭcr > 10 and as the second order first plastic hinge load factor Ŭpl_1st_hinge_2 

for Ŭcr Ò 10, are plotted against the elastic critical load factor Ŭcr in Figure 2.25. The current 

design provisions can be seen to be generally accurate for the investigated HSS frame 

specimens composed of Class 2 section members, with an overall mean value of Ŭu/ŬEC3 

of 0.97 and a corresponding COV of 0.11. 

 

Figure 2.24 Ratio of Ŭu/Ŭpl_1st_hinge_1 versus Ŭcr for the investigated HSS frame specimens 

with Class 1 and Class 2 cross-sections. 

 

Figure 2.25 Ratio of Ŭu/ŬEC3 versus Ŭcr for the investigated HSS frame specimens with 

Class 2 cross-sections. 

The suitability of applying plastic global analysis to HSS frames with Class 1 cross-

sections (determined using the stricter Class 1 slenderness limits proposed in Section 

2.8.1) is examined by plotting the ratios of Ŭu/ŬEC3, where ŬEC3 is taken as the first order 

plastic collapse load factor Ŭpl_col_1 for Ŭcr > 15 and as the second order plastic collapse 

load factor Ŭpl_col_2 for Ŭcr Ò 15, against the elastic critical load factor Ŭcr, as shown in 

Figure 2.26. The results from CSS frames are also plotted in Figure 2.26 for comparison 

purposes. It can be seen from Figure 2.26 that the results for the HSS and CSS frames 

generally follow the same trend, i.e. the influence of second order effects is similar for 

HSS and CSS frames with the same value of Ŭcr. The plastic design provisions are shown 
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to be accurate for HSS frames composed of Class 1 section members with Ŭcr Ò 15, with 

a mean value of Ŭu/ŬEC3 of 1.03 and a corresponding COV of 0.02. The results of the 

HSS frames composed of Class 1 section members with 15 < Ŭcr Ò 25 lie slightly on the 

unconservative side (i.e. within 10%) as shown in Figure 2.26, though to a similar extent 

to those obtained from the CSS frames.  

 

Figure 2.26 Ratio of Ŭu/ŬEC3 versus Ŭcr for the investigated CSS and HSS frame specimens 

with Class 1 cross-sections. 

The revised approach to the assessment of second order effects for plastic global 

analysis, as included in prEN 1993-1-1:2019, is also evaluated herein by plotting the 

ratios of Ŭu/ŬEC3 against the modified (reduced) elastic buckling load factor Ŭcr,mod for both 

CSS and HSS frames with Class 1 cross-sections, as shown in Figure 2.27. The Ŭcr,mod 

of all investigated frame specimens fall below the limit of 10, requiring a second order 

plastic analysis to be conducted. The method of including hinges in the linear buckling 

analysis for the determination of the elastic buckling load factor yields conservative 

results for all considered frame specimens, as shown in Figure 2.27. The method is 

based on the assumption that the stiffness reduction due to the formation of the plastic 

hinges begins at the onset of loading, while, in reality, the frames initially have their full 

elastic stiffness and it is not until the onset of plasticity that the gradual degradation of 

stiffness begins. This assumption is simple and convenient, but results in conservative 

predictions[46]. 

It may be concluded from the above analyses that the current plastic design methods set 

out in EN 1993-1-1:2005 are generally suitable for HSS frame specimens in conjunction 

with the stricter Class 1 slenderness limits proposed in Section 2.8.1. The use of a single 

limit of Ŭcr = 15 above which second order effects can be ignored is somewhat crude and 

results in slightly unconservative results for the investigated CSS and HSS frames. The 

new method of using the modified (reduced) elastic buckling load factor Ŭcr,mod to account 

for the increased susceptibility to second order effects due to plasticity, as included in 

prEN 1993-1-1:2019, has shown to provide conservative results for the investigated CSS 

and HSS frame specimens. 
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Figure 2.27 Ratio of Ŭu/ŬEC3 versus Ŭcr,mod for the investigated CSS and HSS frame 

specimens with Class 1 cross-sections. 

2.8.3 Semi-analytical formula 

An approach to estimate the rotation capacity for a specific beam with an I-section is 

given in [47,48] based on folding mechanisms, see Equation 2.3: 

 • ȟ

τὯ

Ὢ Ў„ὦὬ

τὉὦύ

υὬ
ὪὬύ τὪὦὸύὬЎ„ ὪὬύ  ( 2.3) 

with Ὧ  as correction factor which is calculated by an equation, compare Figure 2.28, 

and considers a yield strength dependence. The variable Ὢ depicts the yield strength, E 

is the Youngôs modulus, Ў„ amounts to 150 MPa and takes into account strain hardening 

in the plastic buckles. b is the flange width, h is the total height, t is the flange thickness 

and w is the web thickness of the section. 

Figure 2.28 displays a comparison of rotation angles calculated using Equation 2.3 with 

the rotation angles derived by numerical simulations in terms of two examples for 

modified Ὧ  approaches. 
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Figure 2.28 Comparison of absolute rotation angle derived by the simulations to 

differently modified calculated rotation angles. 

2.8.4 Individual rotation check 

As an alternative to comply with the Class 1 limits presented in Section 2.8.1, an 

individual rotation check can be performed. The rotation requirement •  can be 

calculated analytically with the plastic hinge method. Two different calculation 

approaches exist. While the first one is based on the principle of virtual displacement, 

the second one uses the rotation angle method. 

The rotation capacity in terms of •  can either be calculated by numerical simulation, 

taking into account an actual realistic true stress strain curve, performing rotation tests 

on the actual material and section or by applying a semi-analytical formula, presented in 

Section 2.8.3. 

The rotation check can be performed by using Equation 2.4: 

 • •  ( 2.4) 
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3 STABILITY DESIGN WITH HSS (WP3) 

3.1 Objectives 

The main objectives of this WP were as follows: 

¶ Assess the applicability of the existing stability rules for columns, beams and 

beam-columns in HSS (local and global buckling).  

¶ Validate and/or extend the stability rules to a wide range of uniform members in 

HSS (varying from Class 1 cross-sections to Class 4) on the basis of a general 

methodology.  

¶ Propose design recommendations for the lateral torsional buckling of hybrid 

girders.  

¶ Increase the knowledge on the residual stress distribution on HSS members 

(welded and rolled sections). 

¶ Define strain and deformation acceptance limits for plates and beams exposed 

to local plastic buckling for use in numerical analysis 

3.2 Buckling tests on HSS columns, beams & beam-columns 
(Task 3.1) 

3.2.1 Overview of experimental programme 

An experimental programme was undertaken on HSS members considering flexural 

buckling around major and minor axes and lateral-torsional buckling. The major focus of 

the experimental programme was on beams in S460 and S690, considering both hot rolled 

and welded I shaped sections, and the extension of the design rules to hybrid sections.  

The experimental programme included 4 columns: two of them tested for flexural 

buckling about their major axis and the other two about the minor axis. The beam tests 

consisted of 14 specimens, including welded and rolled HSS uniform I beams, 

monosymmetric I beams and hybrid beams. The campaign also includes 2 beam-column 

tests. A summary of the experimental programme is given in Table 3.1. Among the 

studied parameters, steel grade, fabrication process, hybrid sections and cross-section 

geometry were considered. 

The experimental programme also included material characterisation (tensile coupon 

tests), measurement of geometrical imperfections and residual stress measurements. 

For the welded sections, coupons were taken from each plate in the longitudinal and 

transverse directions in order to characterize the material properties. For the rolled 

sections, the same was done by taking coupons from the flanges and web. 
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Table 3.1 Experimental programme. 

Type 
Member cross-

section dimensions 
(mm) 

Fab. 
Steel grade Section Classification 

Flanges Web Flange Web Overall 

C1 y-y * 180 × 100 × 8 × 8 
Welded S 690 

(PL-3) 

S 690 

(PL-3) 
1 1 1 

C2 y-y * 150 × 150 × 8 × 8 
Welded S 690 

(PL-3) 

S 690 

(PL-3) 
3 1 3 

C3 z-z * 220 × 170 × 8 × 16 
Welded S 690 

(PL-4) 

S 690 

(PL-3) 
1 2 2 

C4 z-z * 180 × 180 × 8 × 16 
Welded S 690 

(PL-4) 

S 690 

(PL-3) 
1 1 1 

B1* 500 × 200 × 8 × 16 Welded 
S 460 

(PL-7) 

S 460 

(PL-6) 
1 2 2 

B2* 500 × 200 × 8 × 16 Welded 
S 690 

(PL-4) 

S 690 

(PL-3) 
2 3 3 

B3* IPE 500 Rolled S 460 S 460 1 1 1 

B4* 310 × 300 × 8 × 16 Welded 
S 460 

(PL-7) 

S 460 

(PL-6) 
3 1 3 

B5* 310 × 300 × 8 × 16 Welded 
S 690 

(PL-4) 

S 690 

(PL-3) 
4 1 4 

B6* HE 320 A Rolled S 460 S 460 3 1 3 

B7* 750 × 200 × 8 × 16 Welded 
S 690 

(PL-5) 

S 690 

(PL-2) 
2 4 4 

B8* 750 × 200 × 8 × 16 Welded 
S 690 

(PL-5) 

S 355 

(PL-1) 
2 4 4 

B11* 
750 × 200(400) × 8 × 

16 
Welded 

S 690 

(PL-5) 

S 690 

(PL-2) 
2 4 4 

B12 
750 × 200(400) × 8 × 

16 
Welded 

S 690 

(PL-5) 

S 355 

(PL-1) 
2 4 4 

B13 
750 × 200(400) × 8 × 

16 
Welded 

S 460 

(PL-7) 

S 460 

(PL-6) 
1 4 4 

B14 
750 × 200(400) × 8 × 

16 
Welded 

S 460 

(PL-7) 

S 355 

(PL-1) 
1 4 4 

BC1* 
500 × 200 × 8 × 16 

Welded 
S 690 

(PL-4) 

S 690 

(PL-2) 
2 4 4 

BC2* 
500 × 200 × 8 × 16 

Welded 
S 690 

(PL-4) 

S 355 

(PL-1) 
2 4 4 

*Residual stress measurement 

C: column specimens;   B: beam specimen;   BC: beam-column specimen 

 

3.2.2 Measurement of residual stresses 

In order to obtain representative residual stress measurements, the welded specimens 

used for the buckling tests were fabricated with an additional length L2 (Figure 3.1), 

which was cut and used for the measurement of the residual stresses. This length L2 
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was chosen to be longer than two times the section height[49] in order to exclude any 

possible boundary effects from the measurements. The residual stresses were 

measured using the sectioning method[50]. The procedure involved longitudinal and 

transverse cuts which provoked the release of stresses locked in the test specimen. The 

stress release itself caused deformations which were recorded by strain gauges during 

the experiment. The measurements were then converted into stresses using Hookeôs 

law. For reasons of simplification, it was assumed that the transverse stresses in the 

specimens were negligible. 

 

Figure 3.1 Residual stresses ï sectioning method. 

The tensile and compressive residual stresses measured in the flanges and web were 

analysed. Additionally, the maximum value of tensile residual stress measured at the 

flange tips was also considered in the analysis because it may have a beneficial effect 

on the stability behaviour.  

   

Figure 3.2 Residual stresses histograms. 

The compressive residual stresses were obtained as an average per unit length per 

outstand flange or total web, whereas the tensile stresses were always considered as 

the maximum value measured. Table 3.2 summarizes the statistical parameters 

associated with the residual stresses measured in the different parts of the section, while 

Figure 3.2 illustrates the histograms of the residual stresses measured in the flanges. 
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The mean values of the tensile residual stresses measured at the flanges were found to 

be very close to the ECCS[51] recommendation for maximum tension ï 235 MPa, which 

could even be lower if calculated as an average within the tensile region instead of a 

maximum value. 

The average compressive stresses were higher than the ECCS[51] recommended values. 

However, this results from to the presence of tensile residual stresses at the tips of the 

flanges, thus leading to the need of higher residual compressive stresses to achieve 

equilibrium, but over a smaller length. 

Table 3.2 Statistical parameters from residual stress measurements. 

  
Flange 

Compression 

Flange 
Tension 

Web 
Compression 

Flange tip 
Tension 

All 

  

  

  

  

  

Mean (MPa) -76.98 247.48 -99.99 149.56 

St. Dev. (MPa) 24.92 114.56 42.42 99.68 

COV (%) 32 46 42 67 

Min (MPa) -149.58 29.02 -185.83 4.34 

Max (MPa) -22.92 509.57 -62.03 476.45 

N 52 26 13 47 

S690 

  

  

  

  

  

Mean (MPa) -78.60 249.83 -105.28 164.83 

St. Dev. (MPa) 26.72 123.75 50.88 99.56 

COV (%) 34 50 48 60 

Min (MPa) -149.58 29.02 -185.83 4.34 

Max (MPa) -22.92 509.57 -62.03 476.45 

N 44 22 9 40 

S460 

  

  

  

  

  

Mean (MPa) -68.08 234.55 -89.83 62.31 

St. Dev. (MPa) 5.65 43.69 4.34 36.20 

COV (%) 8 19 5 58 

Min (MPa) -77.09 195.87 -92.90 21.56 

Max (MPa) -57.99 297.01 -86.76 113.56 

N 8 4 2 7 

 

3.2.3 Measurement of geometric imperfections 

The geometrical imperfections of the column, beam and beam-column specimens were 

measured prior to the buckling tests using a digital scanning system. The resulting 

measurements consisted of a cloud of points. In order to interpret the measurements, 

the measured data was plotted along the flanges and webs of each specimen. The 

flanges were divided into four parts, thus the points were 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, as shown in Figure 3.3. In addition, the centre of the 
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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 3.3 Alinements considered for estimation of the geometrical imperfections. 

In general, the measured imperfections were lower than the nominal imperfection 

magnitude of L/1000, except for those recorded on column specimens C1, C2, and beam 

specimens B5 and B12. However, in the case of beam specimens B5 and B12, the shape 

of the imperfections did not correspond to the more unfavourable half-sine wave and 

therefore, these imperfections were not expected to have a great impact on the lateral-

torsional buckling resistance of these specimens. Plots of the geometric imperfections 

recorded on the flanges and web of all the tested specimens can be found in Deliverable 

D3.1[8]. 

3.2.4 Column tests 

The columns were tested for buckling about the major axis (C1 and C2) and minor axis 

(C3 and C4). The columns were tested between pinned supports allowing free rotation 

about the major or minor axis, as shown in Figure 3.4 and Figure 3.5, respectively. To 

allow for major axis buckling, lateral restraints were included in the tests C1 and C2. The 

lateral restraint was fixed to the column web on one side (Figure 3.4) and to the floor on 

the other with pins at both ends. During the tests, displacements were monitored at 

several locations along the members, and the strains were recorded at the end cross-

sections and the section at mid-length. 
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Figure 3.4 Test set-up for columns buckling about the major axis. 

 

  

Figure 3.5 Test set-up for columns buckling about the minor axis. 

The axial and transverse displacement of the columns was recorded during the 

experiment using LVDTs (linear variable differential transducers) at the locations shown 

in Figure 3.6 and Figure 3.7. Strain gauges were attached at three cross-sections along 

each column, as shown in Figure 3.4 and Figure 3.5. 
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Figure 3.6 Layout for column tests (major axis). 

 

 

Figure 3.7 Layout (Lateral view) for column tests (minor axis). 

For test C1, the buckling mode was predominantly flexural buckling about the major axis. 

However, due to small gaps between the column and the lateral restraint some torsional 

deformations where also observed. In test C2, the buckling mode was purely about the 

major axis, as shown in Figure 3.8a, while in tests C3 and C4 the buckling mode was 

flexural buckling about the minor axis, as shown in Figure 3.8b for column C3. The peak 

loads obtained from the column tests are listed in Table 3.3. 
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a)   b)  

Figure 3.8 Failure mode: a) column C2 (major axis flexural buckling; b) column C3 

(minor axis flexural buckling). 

 

3.2.5 Beam tests 

The beam were tested under a four-point bending configuration using two different 

layouts. Layout 1 was used to tests beam specimens B9 and B10, while Layout 2 was 

used to test the rest of beam specimens. A schematic representation of the two different 

layouts is shown in Figure 3.9 and Figure 3.10. The test set-up corresponding to Layout 

2 is also shown in Figure 3.11. All the beam specimens were laterally restrained at the 

points of load application and at the supports. Vertical (V) and horizontal (H) 

displacements were monitored during the tests at key locations using LVDTs, while 

strains were recorded using strain gauges. The locations where the LVDTs and strain 

gauges were located are shown in Figure 3.9 and Figure 3.10 for the two different 

layouts. Strains were also measured using digital image correlation (DIC) on one side of 

the web.  
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Figure 3.9 Layout and instrumentation for beam test: Layout 1. 

 

 

Figure 3.10 Layout and instrumentation for beam test: Layout 2. 

 

  

Figure 3.11 Beams: experimental layout. 
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Lateral-torsional buckling was observed in all tested beams, as shown in Figure 3.12 for 

a representative beam specimen. When comparing beams of identical nominal 

dimensions, those made of higher steel grades achieved higher lateral-torsional buckling 

resistances. The slight difference in the cross-sectional geometry between hot-rolled and 

similar welded sections was also reflected in the resistance. The beams with hybrid 

section had a similar behaviour as the homogeneous section. In the tests of 

monosymmetric beams it was possible to observe local deformations using the DIC. 

The ultimate load obtained from the beam tests are listed in Table 3.4. Detail results from 

the beam tests including load displacement curves or strain measurements for all the 

beam specimens are given in Deliverable D3.1[8]. 

 

Figure 3.12 Deformed shape B4 

 

3.2.6 Beam-column tests 

The set-up for the beam-column tests is presented in Figure 3.13.The test specimen for 

the beam-column tests consist of an L-shaped member where the longer leg (4 m) is the 

beam-column specimen to be considered and the shorter leg serves for load application, 

as shown in Figure 3.13b. The load was applied with a 0.75 m eccentricity with respect 

to the middle axis of the beam-column, thus leading to proportional increase of axial force 

and bending moment. 
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a)  b)  

Figure 3.13 Set-up for beam-column tests 

The test specimen was connected to a reaction wall with pinned connection at axis G 

(with reference to Figure 3.14), which allows free in-plane rotation. The vertical and 

transverse (out-of-plane) displacements of the short leg were restrained, while allowing 

displacements along the long leg. 

The strains were measured using strain gauges on the flanges and web at cross-section 

A-A, B-B and C-C, as shown in Figure 3.14. Strain were also measured on one side of 

the web using DIC as it was done for the beams. 

 

Figure 3.14 Instrumentation for beam-columns. 

The failure mode of both beam-columns was lateral buckling, as shown in Figure 3.15, 

followed by weld failure at the connection with the shorter leg after the peak load was 

reached.  Both tests failed at similar load (about 1500 kN), see Table 3.3. 
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Figure 3.15 Deformed shape of beam-column specimen 

 

3.2.7 Discussion of experimental results 

A comparison between the experimental resistances and the Eurocode 3 predictions was 

carried out to evaluate the applicability of the current design rules for the tested 

specimens.  

In order to assess the results, the normalized slenderness ‗Ӷ was calculated on the basis 

of critical forces (or moments) obtained from linear buckling analyses which considered 

the boundary conditions as in the experiments. For the beams, the reduction factor 

…  from the experimental tests was calculated as the ratio between the experimental 

resistance (ὓ ) and the cross-section resistance using the measured yield stress fy, 

where W is the plastic, elastic or effective section modulus for Class 1/2, Class 3 and 

Class 4, respectively.  

…
ὔ

ὃὪ
 ( 3.1) 

‗Ӷ
ὃὪ

ὔ ȟ
 ( 3.2) 

Figure 3.16 shows the results obtained for flexural buckling of the columns. In all four 

cases, the resistance obtained was significantly higher than the code recommendation. 

At present, for welded I-sections with thicknesses of less than 40 mm, EN 1993-1-1 

specifies curves b for buckling about the major axis and curve c for buckling about the 

minor axis. Hence, the results obtained during the experiments show a significant 

reserve of resistance.  
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Figure 3.16 Comparison of experimental results for columns and code recommendation. 

Concerning the beams, for all cases, as seen from Figure 3.17, the experimental lateral-

torsional buckling resistances were found to be on the safe-side. This is mainly attributed 

to the member imperfections. The current design provisions in EN 1993-1-1 do not 

distinguish between the different steel grades, thus assuming that the residual stresses 

have the same impact with increasing strength of the steel. The available data on 

residual stress measurements has shown that the relative impact reduces as the yield 

strength increases[52]. This is also confirmed by the fact the residual stress patterns for 

welded profiles are caused by localised heat input hence their magnitude is not exactly 

related to the yield stress of the steel plates but rather to the geometry of the cross-

section, the welding procedure, speed, heat input, number of passes, etc.  

Therefore, the trends indicated by the experimental programme need to be addressed in 

the code by providing adequate design rules for HSS beams. 

  

 

Figure 3.17 Comparison of experimental results for beams and code recommendation. 
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3.2.8 Numerical modelling 

The experimental results were used for the calibration of numerical models. The main 

objective was to validate the modelling strategy and further apply it to extend the scope 

of the study with numerical experiments.  

For the validation of the numerical models with experiments a common strategy was 

adopted for all tests (columns, beams and beam-columns). The models were developed 

using the software package ABAQUS[53], using shell S4R elements. To reproduce the 

experimental results, all parameters that were measured from the experiments were 

introduced in the model with the as-measured values. For the residual stresses this 

implied the division of the cross-section into regions which corresponded to the test 

configuration and apply an average stress according to the performed measurements. 

For the geometrical imperfections, a numerical procedure was developed in MATLAB[54], 

which interpolated the measured imperfections with the digital scanning system into the 

finite element mesh which was chosen for the respective model. The material properties 

were modelled using the results from the coupon tests carried out in the scope of the 

experimental programme. 

The only difference in the modelling of columns, beams and beam-columns was in the 

implementation of the boundary conditions which corresponded to the test set-up 

adopted in the experiments. For the columns, this involved the modelling of the pins at 

both ends, including certain level of restraint that was observed during the tests (Figure 

3.18). In addition, for the columns tested for major axis flexural buckling, the lateral 

restraint used in the experiments was modelled by coupling all the nodes at the cross-

sections where these were provided to reference points, and then appropriately 

restraining the relevant degrees of freedom of the reference points to simulate the 

restraint provided by the lateral supports. 

 

Figure 3.18 Boundary conditions for column specimen. 

For the beam-columns the models also included the pins and the part for load 

application. The pin-ended support attached to the longer leg was simulated in the same 

way as in the column models, preventing all freedom degrees except the one related to 

the major-axis rotation (Figure 3.19a). At the shorter leg, the vertical displacements were 

restrained at the top and bottom lines A (Figure 3.19b). The top line has an extension of 
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250 mm, whilst the bottom line has a length of 125 mm. The lateral displacements were 

restricted at the points B Figure 3.19b), which are placed at 117 mm from the external 

flange, and the load was applied at the point C (Figure 3.19b) allocated at the middle of 

the load application plate.  

a)  b)  

Figure 3.19 Boundary conditions for beam-column specimens 

For the beams, the end sections were coupled to the middle point simulating the action 

of the rigid plate welded at the ends of each beam. At the end sections, the vertical 

displacements were restrained, and at the left end, the longitudinal displacement was 

also prevented. At the load application points, the lateral displacements were restrained 

along the whole length of the stiffener for beams B1-B6, and at the points where the 

rollers were touching the stiffener for beams B7, B8, B11-B14 (Figure 3.20).  

 

 

Figure 3.20 End section and load application point for beam specimen. 

Figure 3.21, Figure 3.22 and Figure 3.23 compare the failure mode obtained from the 

experiments and numerical simulation for a representative column, beam-column and 

beam, respectively. 

Horizontal and vertical 

displacements prevented.

Vertical displacement 

prevented.

Lateral displacement 

prevented.
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Figure 3.21 Experimental and numerical in-plane failure modes. 

 

 

Figure 3.22 Experimental and numerical failure modes for beam-columns. 

 

 
 

Figure 3.23 Experimental and numerical failure modes. 
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The ultimate loads obtained from the experiments and numerical simulations for the 

column and beam-column specimens are listed in Table 3.3, which shows that a close 

approximation was achieved in all cases. For the beam specimens, Table 3.4 

summarizes the comparison between the experimental and numerical results. Additional 

comparisons were carried out for several measurement points and it was concluded that 

good agreement was achieved. 

Table 3.3 Comparison between the experimental and numerical ultimate loads for 

columns and beam-columns. 

Test 

Experimental 

Ultimate Load 

(kN) 

Numerical 

Ultimate Load 

(kN) 

Deviation  

(%) 

C1 1485.24 1494.28 -0.61 

C2 1637.25 1678.76 -2.54 

C3 2070.24 2142.96 -3.51 

C4 2571.26 2462.12 4.24 

BC1 1561.15 1544.25 1.08 

BC2h 1500.41 1563.76 -4.22 

 

For the beam, in order to assess the influence of adopting different assumptions about 

the member imperfections, several combinations between measured imperfections and 

the standard values in ECCS[51] were considered, and are also summarised in Table 3.4. 

The results show that, in general, the assumption of L/1000 is a safe-sided estimate for 

the global imperfection of beams. The assumption of residual stresses according to 

ECCS combined with the real geometrical imperfection follows quite closely the 

experimental results. A significant difference was found between the measured tensile 

residual stresses at the tips of the flanges and the ECCS distribution. Although the 

compressive residual stresses of the ECCS recommendation are generally lower in 

comparison with the measurements, the tensile stress at the tips has a beneficial effect, 

leading to accurate results, as seen, for example, for B14. 



STROBE  

 69 

Table 3.4 Comparison between experimental and numerical ultimate loads for beams 

results. 

Test 

Experime

ntal 

(kN) 

Imp. and RS 

measured 

(kN) 

L/1000 and 

RS 

measured* 

(kN) 

Imp. 

measured 

and RS from 

ECCS* 

(kN) 

L/1000 and 

RS from 

ECCS* 

(kN) 

B1 779.37 797.32 684.56 771.57 667.28 

B2 1041.42 1002.32 904.82 987.08 879.57 

B3 829.75 837.09 799.93 824.61 750.13 

B4 675.21 716.14 716.17 707.35 746.41 

B5 1024.49 1052.90 1123.22 1050.59 1100.67 

B6 725.1 733.79 776.48 765.78 777 

B7 1384.59 1425.74 1311.89 1381.08 1277.4 

B8 1327.9 1373.10 1295.85 1354.89 1272.59 

B11 1731.8 1794.97 1684.07 1828.14 1608.58 

B12 1601.03 1587.63 1690.86 1535.13 1606.95 

B13 1307.18 1329.57 1389.32 1291.70 1215.54 

B14 1133.28 1258.34 1398.11 1190.82 1215.26 

* with nominal cross-section dimensions 

 

3.3 Calibration of stability design rules for HSS members 
(Task 3.2) 

3.3.1 Scope 

For the calibration of stability design rules for HSS members, a large number (over 

11000) of numerical simulations were performed using the modelling assumptions 

previously established. These numerical tests were used to assess the code predictions 

for the stability resistance and propose improved rules that satisfy the probabilistic safety 

levels prescribed in the Eurocodes. The new rules were assessed statistically using the 

EN1990 Annex D procedure. 

In order to keep consistency with the existing rules in Eurocode 3, the approach was 

focused on only changing, whenever possible, the current imperfection factors used in 

the buckling curves of columns and beams. The format of the beam-column verification 

remained unchanged, where it was considered that the factors for beams and columns 

apply. They were validated with the numerical results. 

The parametric study covered different normalized slenderness ranging from 0.4 to 2.5, 

different steel grades (S460, S500, S690), 47 different cross-sections with flange 
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thicknesses ranging from 6 to over 100 mm; and different bending moment distributions 

for beams and beam-columns. Further details regarding the parametric study can be 

found in Deliverable D3.2[9]. 

For the numerical model, the approach adopted was similar to the modelling 

assumptions and techniques used in Deliverable D3.1[8]. 

 

 

 

a) constitutive law b) initial geometrical imperfection c) residual stresses pattern 

Figure 3.24 Modelling assumptions[55,56]. 

The typical modelling assumptions include an idealised material behaviour, initial 

imperfections according to the lowest global buckling mode and the consideration of 

residual stresses with fy = 235 MPa, according to Publication No.33[51] of ECCS (see 

Figure 3.24). 

3.3.2 Columns 

The adopted approach was based on comparison with numerical simulations. The 

Ayrton-Perry equation[56] was used in its raw format as written in Equation (3.3). 

However, in this case, the reduction factor was substituted with the result from the 

GMNIA analyses, and the normalized slenderness calculated using the nominal 

expression ‗ Ȣ 

Consequently, it was possible to obtain a numerical estimation of the required 

imperfection factors, as given by Equation (3.4), which can be further re-written, as given 

by Equation (3.5). This numerical imperfection can be directly compared with the 

Eurocode 3 recommendation, Equation (3.6). 

… –
…

ρ ‗Ӷ…
ρ (3.3) 

–
ρ

…
ρ ρ ‗ӶȢ…  (3.4) 

– ‌ ‗ӶπȢς (3.5) 

– ‌ ‗ӶπȢς (3.6) 

L/1000
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Figure 3.25 shows the distribution of the numerical imperfections in comparison with the 

current imperfection factors given in EN 1993-1-1 for welded I-sections buckling about 

the major axis, and the imperfection factors corresponding to one buckling curve above 

the currently specified. In the figure the numerical estimate for the different cross-

sections considered is represented by different colours. It is noted that at low 

slenderness the expression for the imperfection factor follows closely the numerical 

demand, whereas for high slenderness the differences tend to increase. This was 

previously reported in[56], where imperfection factors with a cut-off limit were proposed. 

In the present study, for simplicity, the current design format, with a constant imperfection 

factor for all slenderness, is maintained. 

The same trend was observed for the results obtained for minor axis buckling, where 

one curve above the currently specified for conventional strength steel was found more 

suitable for HSS members. 

Figure 3.26 shows the scatter plots for major and minor axis flexural buckling using both 

the current buckling curves and the proposed ones (see Table 3.9 for the proposed 

imperfection factors for columns), where it is possible to verify that using the new 

proposals the design rules are safe-sided, but not unnecessarily over conservative.  

  

Figure 3.25 Imperfection: major axis. 
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Figure 3.26 Scatter plots: flexural buckling. 

The statistics for the ratio of re/rt (numerical model over design rule) are shown in Table 

3.5. For both buckling modes (major and minor axis), the proposed curves lead to a lower 

mean and COV values than the current curves. It is noted that the proposed curve for 

minor axis bucking is slightly ósaferô than the one for major axis buckling, which was also 

seen in the assessment of the partial factors. 

Table 3.5 Statistical parameters (flexural buckling). 

Axis of 

buckling 
Rule n mean COV min max >1.1 <0.97 

y-y Proposal 1599 1.090 5.7% 0.965 1.232 674 16 

y-y Current 1599 1.180 6.7% 1.013 1.358 1327 0 

z-z Proposal 1599 1.132 6.4% 0.973 1.303 1086 0 

z-z Current 1599 1.257 8.8% 1.020 1.502 1486 0 

 

3.3.3 Beams 

For the beams, the same approach was used. In this case it was applied to the General 

Case and Special Case given in the current version of EN 1993-1-1. Additionally, it was 

applied to the new method for design of rolled and equivalent welded sections given in 

prEN 1993-1-1[45] which is referred to as newEC3 method. For the General case and the 

newEC3 method it was possible to justify better buckling curves. For the Special Case, 

the results obtained show that the current curves might be appropriate for cross-sections 

with h/b<2, but not for cross-sections with h/b>2, where many results were found to 

require larger imperfection factors. The Special Case method has been previously 

reported as inconsistent[57,58,59], and has been removed from prEN 1993-1-1. For this 

reason, the Special Case method is not further considered in this study. 
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Figure 3.27 Scatter plots: lateral-torsional buckling. 

Figure 3.27 shows the scatterplots for the General Case and the newEC3 methods 

considering the current and proposed imperfection factors (see Table 3.10 and Table 

3.11 for the proposed imperfection factors for beams). Table 3.6 summarises the 

statistics for the General Case and the newEC3. Similar conclusions to the members in 

compression can be drawn for members in bending, the new curves provide safe-sided 

yet not overly conservative estimations for the lateral-torsional buckling resistance.  

The statistical parameters show better mean values and coefficient of variation for the 

newEC3 method than for the General case. For both methods there are very few cases 

which fall below 1.0. 

Table 3.6 Statistical parameters (lateral-torsional buckling). 

Design 

method 

Design 

rule 
n mean COV min max >1.1 <0.97 

GC Proposed 4619 1.267 8.3% 0.959 1.811 4251 2 

GC Current 4619 1.405 9.8% 1.024 1.933 4492 0 

newEC3 Proposed 4619 1.132 6.0% 0.935 1.674 3311 8 

newEC3 Current 4619 1.181 6.3% 0.985 1.721 3873 0 

 

3.3.4 Hybrid beams 

For the assessment of the behaviour of hybrid beams, three steel grades were 

considered for the flanges: S460, S500 and S690. The steel grade used for the web was 

S355 for all cases. The assessment was performed for constant bending moment only, 

therefore excluding any interaction with shear force as the objective was to assess the 

lateral-torsional buckling resistance of hybrid members.  

Two sets of tests were carried out: i) to assess whether the hybrid beams have the same 

resistance as homogeneous beams and ii) whether the design rules which were 

proposed for homogeneous beams in HSS are suitable for hybrid beams. 
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Figure 3.28 compares the lateral-torsional buckling resistance of the hybrid beams 

against that of the homogeneous beams. In Figure 3.28a, the horizontal axis shows the 

ratio between the plastic moment resistance of the hybrid beam and the corresponding 

homogeneous beam. The red dots correspond to LTB resistance ratios calculated based 

on numerical LTB resistances, while the black squares correspond to LTB resistance 

ratios calculated using the General Case provisions. This representation shows that for 

a given plastic moment ratio between the hybrid and homogeneous beams, the lateral-

torsional buckling resistance of the hybrid beam is either equal to that moment ratio or 

higher, showing that the lateral buckling resistance is not influenced by early yielding of 

the web. In Figure 3.28b, the same LTB resistance ratios are plotted, however, this time 

against the normalized slenderness. As could be expected, as the slenderness of the 

beam increases, the LTB resistance to the hybrid beam approaches that of the 

homogeneous beam.  

a)  b)  

Figure 3.28 Assessment of the resistance of hybrid beams. 

Furthermore, the ratios between the theorical and experimental resistance were also 

assessed. Figure 3.29 shows the scatter plots for the same set of hybrid and 

homogeneous beams, under constant bending moment and using the new curves for 

General Case. The results showed that in terms of safety the behaviour of hybrid and 

homogeneous beams are similar when lateral-torsional buckling is the governing 

buckling mode.  

  

Figure 3.29 Scatter plots: hybrid and homogeneous beams 
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3.3.5 Beam-columns 

Members in bending and compression were also assessed using current buckling curves 

and the proposed ones. Figure 3.30 shows the scatter plots for the unrestrained and 

restrained members using the current and proposed buckling curves. The results show 

that the new curves do not impact the safety of beam-columns. The higher differences 

are found for unrestrained members, where both imperfection factors (for columns and 

beams) are considered. 

 

Figure 3.30 Scatter plots: members in bending and compression. 

3.4 Design guidance for members prone to stability failure 
(Task 3.3) 

The new proposals were assessed statistically. The procedure adopted is in accordance 

to the recommendations of the European project SAFEBRICTILE[60], where the 

developed reliability procedure was based on the application of the EN1990 Annex D. 

An important conclusion of that project was the specification of statistical distributions to 

be commonly used for the calibration of design rules. These recommendations were 

taken into account in the revision of prEN 1993-1-1[45] where a new Annex E is proposed 

with the distributions of the basic variables. The adopted procedure is summarized in 

Figure 3.31 and the adopted statistical distributions are presented in Table 3.7 and Table 

3.8, according to the Annex E recommendations. 
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Figure 3.31 SAFEBRICTILE safety assessment procedure. 

 

Table 3.7 Distributions for material properties. 

Steel 
fy,nom 

(MPa) 

fym/fy,nom 

(-) 

COV 

(%) 

Em/Enom 

(-) 

COV 

(%) 

S460 460 1.15 4.5   

S500 500 1.1 3.5 1 3 

S690 690 1.1 3.5   

 

Table 3.8 Distributions for geometrical properties. 

Dimension b h tw tf 

mean/nom 1 1 1 0.98 

COV 0.9% 0.9% 2.5% 2.5% 

 

The assessment of partial factors is carried out across several subsets. Based on 

previous experience[59], subsets according to slenderness are essential to achieve more 

accurate representation.  

Summaries of the proposed design rules are given in Table 3.9 to Table 3.11, together 

with average values of the partial factors obtained in subsets of slenderness, steel grade 

and buckling curve.  
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Table 3.9 Proposed buckling curves for columns and associated partial factor. 

 

Fabrication Limits Axis 

EN 1993-1-1 

♬Ἑ  
S235 

to 

S420 

S460  

to 

S700 

W
e

ld
e

d
 p

ro
fi
le

s
 

 

tf Ò 40 mm 
y-y 

z-z 

b 

c 

a 

b 

1.056 

1.036 

tf > 40 mm 
y-y 

z-z 

c 

d 

b 

c 

0.988 

0.977 

 

Table 3.10 Proposed buckling curves for beams using the General Case and associated 

partial factor. 

Cross-section Limits 

S235 

S275 

S355 

S420 

S460 

to 

S700 

 

♬Ἑ  

Welded I-section 
h/b Ò 2 

h/b > 2 

c 

d 

b 

c 

0.999 

0.991 

 

Table 3.11 Proposed buckling curves for beams using the newEC3 and associated 

partial factor. 

Cross-section Limits 
♪Ἐἢ 

♬Ἑ  
S235 to S420 S460 to S700 

W
e

ld
e

d
 p

ro
fi
le

s
 

 

tfÒ40 mm πȢςρ
ὡ ȟ

ὡ ȟ

πȢφτ πȢρφ
ὡ ȟ

ὡ ȟ

πȢτω 1.058 

tf>40 mm πȢςυ
ὡ ȟ

ὡ ȟ

πȢχφ πȢςρ
ὡ ȟ

ὡ ȟ

πȢφτ 1.053 

 

The proposed procedure is compatible with the adoption of a partial factor gM1 = 1.0 and 

results in a failure probability in line with the design rules for steel grades lower than 

S460. 
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3.5 Acceptance limits for local plastic buckling (Task 3.4) 

For the purpose of a numerical check regarding local buckling, EN 1993-1-5[42] suggests 

a limitation to the attainment of the maximum load and a limitation to 5% of the principal 

strain in regions subjected to tension. However, the 5% strain criterion has no scientific 

background and limits are not given in a more general term of deformation. In order to 

review acceptance limits for plates and beams exposed to local plastic buckling, 

especially in case of high strength steel, a broad numerical study is conducted.  

3.5.1 Numerical Model 

The numerical analyses within this study have been performed using the finite element 

(FE) software ABAQUS. Based on an extensive validation, the general settings for the 

parametric study have been chosen to be as follows: regarding material, a statistically 

derived average STROBE Database flow curve (See Deliverable D1.1[1]) and a quad-

linear material model according to prEN 1993-1-14[61], both for S690, have been applied. 

A simply supported plate of dimensions a x b = 300 x 300 mm has been regarded as the 

reference case, where b is the loaded edge and width of the plate. The plate was 

modelled with an imperfection in the shape of the lowest eigenmode and an amplitude 

of b/250. The mesh size was set to 5 mm, using quad-dominated shell S4R elements. 

Throughout the parametric study, the following four main parameters were varied in order 

to analyse their impact on the behaviour of the plate, particularly in the region subjected 

to tension: 

¶ Aspect ratio ‌ :   ‌ ρ, ‌ ρπ, ‌ ,  

¶ Stress ratio ‪ :  ‪ ρ, ‪ ρ, ‪ σ, ‪  

¶ Plate slenderness ‗:   ‗ ρȢπ, ‗ ρȢυ, ‗ σȢπ, ‗ πȢυ πȢπψυπȢπυυ‪ 

¶ Material model:   S690: Flow curve according to STROBE and  

quad-linear model according to [61] 

        

 a)    b) ⱶ    c) ⱶ  

Figure 3.32 a) Plates with different slenderness values; b) buckling shape for pure 

compression; c) buckling shape for pure bending. 

Figure 3.32 shows the investigated plates and typical buckling shapes for different 

loading situations. 



STROBE  

 79 

3.5.2 Deformation limits for plates subjected to in-plane loading 

The aim of this task is a general formulation of deformation limits for plates. Therefore, 

first the deflection of the plate at the point at which they reach the 5% tension strain 

criterion[42] was considered. Since this strain limit is an arbitrary value, also the values 

for the maximum deflection at the onset of damage Ὀ ρȢπ for a toughness level of 50 J 

were chosen as a limiting criterion for the tension zone. Based on this, Table 3.12 depicts 

deformation limits for plates subjected to buckling depending on geometry and loading, 

based on a reference width of 300 mm. 

Table 3.12 Deformation limits for plates subjected to in-plane loading based on 

b = 300 mm. 
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