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ABSTRACT 

The SAFSS project addresses the use of ferritic stainless steel in structural applications. The primary 
objective was to increase the use of load-bearing ferritic stainless steel in construction by providing 
engineers with reliable performance data and design guidance. The project covered material behaviour, 
response of structural members and corrosion resistance. Both ambient and fire conditions were 
considered. 

This report describes the technical activities carried out in 8 major sections as follows: 

WP1  End-user Requirements and Material Performance 

WP2  Structural performance of steel members 

WP3 Structural and thermal performance of steel-concrete composite floor systems  

WP4  Structural fire resistance 

WP5  Welded connections 

WP6  Bolted and crewed connections 

WP7  Corrosion resistance 

WP8  Exploitation of results 
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1        FINAL SUMMARY 

Project objectives 

The SAFSS project is related to the use of ferritic stainless steel in structural applications. Despite 
many attractive characteristics, ferritic stainless steel is currently under-used due to a lack of reliable 
information relating to structural behaviour. From the outset, three main objectives for the SAFSS 
project were identified and these remained at the forefront of all work that was completed throughout 
the project: 

 To develop Eurocode-aligned structural guidance for grades not previously studied but which were 
identified as being appropriate for structural use; 

 To study construction-relevant aspects of structural design and corrosion resistance which have 
not been studied before (e.g. the performance of structural joints, structural fire resistance, 
corrosion performance of welded and bolted joints etc.); and 

 To examine the structural performance and temperature regulation effects of ferritic stainless 
steel decking in a composite floor system. 

The SAFSS project, which included material and member testing as well as analytical and numerical 
studies, aims to provide practitioners with useful performance data and design guidance so that 
ferritic stainless steels can be specified in structures with confidence.  

Following industry consultation, three target applications most suited to ferritic stainless steels were 
identified, namely: 

 Lattice roof trusses. 

 Exposed decking in composite floor systems. 

 Signage and security structures.  

The project was, in general, limited to developing guidance relevant to these applications involving 
material less than 6 mm thick in both welded and bolted construction. Five ferritic grades were 
studied, with varying levels of corrosion resistance (and cost). 

WP1 End-user requirements and material performance 
This WP addressed the requirements of end-users such as engineers and architects in order to enable 
them to specify ferritic stainless steel in structural applications. This included obtaining the basic 
relevant mechanical property data for ferritic stainless steels needed in order to design the targeted 
structural applications. 

End-user requirements 
A study into the requirements of end-users was conducted. The information required in terms of 
material properties, as well as members and systems was identified. It was recognised that while 
the SAFSS project cannot address all the issues relating to the design and supply of ferritic steels in 
construction projects, it should provide the foundation for future development through the provision 
of base design data for use with European codes and standards. Examples of such data identified 
include corrosion and durability data in environments relevant to buildings, particularly in relation to 
exposed decking and lattice roof/space frame structures. 

Review of existing material performance data 
A review of all available material performance data was conducted: international standards and 
guidelines as well as publications, articles and reports generated in research projects were examined.  
Differences between the various sources of information were identified and noted as areas requiring 
further research during the project (e.g. design strength values). 

Characterisation of stress-strain behaviour  
The objective of this task was to generate relevant basic mechanical property data which engineers 
need in order to design the targeted structural applications. The test results gave information on the 
strength, ductility and stiffness characteristics of the five grades of ferritic stainless steel studied in 
this project. In addition, characteristic values were determined for the coefficient n defining the non-
linearity of the stress-strain curve. Some of the data generated will be included in future amendments 
to the stainless steel Eurocode EN 1993-1-41. 

Charpy notched impact tests 
The impact toughness of five different ferritic stainless steel grades was studied by means of the 
Charpy notched impact tests. The data from the tests was used to develop ‘Ductile to Brittle’ 
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transition temperature (DBTT) curves for each grade in the longitudinal and transverse directions. 
Generally, the transition temperatures were lower for the specimens aligned with the rolling direction 
and increased as a function of the thickness of the material.  

According to the study, for a 95% confidence level: 

Grade 1.4003 has a DBTT below -30 °C for t < 5 mm.  
Grade 1.4016 has a DBTT below -15 °C for t < 3 mm.  
Grades 1.4509/1.4521 have a DBTT below -20 °C for t < 2 mm.  

where t is the thickness of the material 

WP2 Structural performance of steel members 

This WP addressed the design of ferritic stainless steel structural members and also investigated and 
developed efficient design methods for ferritic thin-walled members which take into account the 
different material behaviour of ferritics compared to austenitic stainless steels, as well as the 
complexity of the design of thin-walled sections. 

Review of available data  
The experiences from previous published research on stainless steel structural members was 
assessed and reported. This included an overview of the experimental and numerical studies into 
local, distortional and overall buckling of thin-walled members. The report provided an excellent basis 
for the FE parametric studies, development of the virtual testing tool and calibration tests. Several 
recommendations and improvements to existing methods were proposed. 

Preliminary FEM study  
This study was divided into three major investigations: overall buckling, local buckling and web 
crippling.  

With reference to overall buckling, the main aim was to identify the most salient parameters that 
affect the overall buckling of ferritic stainless steel members. Flexural, torsional-flexural and lateral-
torsional buckling modes were studied for hollow sections, lipped channels and I-sections. It was 
found that with decreasing nonlinearity (i.e. as n rises, fu/fy decreases and the material behaves 
more like carbon steel), the initial slenderness decreases. This effect implies that the initial 
slenderness 0.4 in EN 1993-1-4 may be unconservative with materials that have higher n factors, 
such as ferritics.  It was also found that the transformed Ayrton-Perry curves (with certain conditions) 
provides a better representation of ferritic members subjected to buckling loads than the formulae 
currently included in design codes.  

Local buckling and web crippling were also studied in detail. The study included square and 
rectangular hollow sections with sharp corners subjected to compression (assessment of the class 3 
limit and effective width). The main outcome of the local buckling study was that the slenderness 
limits and reduction factors in EN 1993-1-41 are rather conservative and the alternative proposal by 
Gardner and Theofanous2, which is to be included in the forthcoming amendment to EN 1993-1-4, 
fits the data better. The preliminary FEM study into web crippling examined the effect of different 
material properties, cross-sectional properties and test configurations on the determination of the 
local transverse resistance.  

Model calibration tests  
A series of tests were undertaken in order to calibrate the numerical models, including 10 bending 
tests, 10 internal and external support tests and 21 material tension tests. The dimensions of test 
specimens were selected so that different reductions due to plate and stiffener buckling could be 
studied in the same type of cross section. The tests were successfully used to calibrate the FE models, 
which included the Mirambell-Real3 two stage material model. The parameters required for this 
material model were optimised based on the test results.   

Parametric study and recommendations  
For overall buckling, over 1500 finite element models were processed to verify the overall buckling 
curves presented in EN 1993-1-4. The study covered flexural buckling about the major and minor 
axes, torsional-flexural buckling and lateral-torsional buckling of beams. 

For the welded profiles, it was found that the strain hardening ratio (i.e. fu/fy) did not significantly 
affect the structural response and the effect of the nonlinear parameter, n, was also relatively small. 
The results indicate that current buckling curves for welded open stainless steel sections can be used 
for ferritic stainless steel members. For the press-braked sections, it was found that the higher 
nonlinear factor n which is typical for ferritics could justify a higher buckling curve. This effect was 
also noticed for the other cross-sections, but the combination of enhanced corner properties and 
residual stresses diminished its effect whereas for press-braked sections the effect of fabrication is 
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relatively small on the structural performance of the section. For cold-rolled hollow sections, the 
buckling resistance is highly sensitive to the strain hardening ratio due to the differences in enhanced 
material yield strength, especially in the low slenderness ranges. Using the carbon steel buckling 
curve for hollow sections (=0.49 and 0 = 0.2) is more appropriate than the current guidance in 
EN 1993-1-4. 

In the local buckling analysis, over 550 stub columns and 250 4-point bending tests were simulated 
to assess the slenderness limits and reduction factors (effective width) of EN 1993-1-4, EN 1993-1-54 
and Gardner and Theofanous2 proposal. Square/rectangular hollow sections (internal elements), 
I-sections and channels without lips (outstand elements) were modelled in compression (stub column 
test) whereas only square/rectangular hollow sections were modelled under bending (4-point 
bending tests). The main results show that some of the class limits in the Eurocode are too 
conservative and the alternative proposal by Gardner and Theofanous is valid for ferritics.  

Over 300 numerical simulations were carried out on square/rectangular and hat sections subjected 
to exterior one flange (EOF) and interior one flange (IOF) loading, in order to assess the web crippling 
response. The parametric study considered different cross-section dimensions, internal radii and 
different values for the bearing length in order to determine the impact of as many parameters as 
possible. The analysis found that the design rule in EN 1993-1-35 clause 6.1.7.3 is unsafe when 
applied to ferritic stainless steel rectangular/square hollow cross-sections under IOF loading. A new 
proposal was presented which gives more accurate and consistent results. 

Recommendations for the use of DSM  
The aim of this task was to examine if the Direct Strength Method (DSM) should be proposed as an 
alternative method in the Eurocodes for designing thin-walled ferritic stainless steel members. The 
main conclusion was that the DSM does not bring significant improvement over the traditional 
effective width method and due to its dependency on the numerical solution for the sectional 
slenderness, it would be more efficient to provide full numerical calculation using finite element 
models. 

Comparative design of a roof truss at ambient and elevated temperatures  
The design of a ferritic stainless steel plane truss was compared to equivalent designs in austenitic 
and carbon steel trusses. The comparisons used data generated in other tasks in the SAFSS project. 

The lightest truss on the basis of room temperature and R15 fire design was achieved using the 
ferritic grades 1.4521 and 1.4509 and the austenitic grade 1.4318. In these cases the room 
temperature design determined the cross-sectional dimensions. In the case of the R30 design the 
lightest truss was achieved with the austenitic grades 1.4571 and 1.4318. The most cost effective-
solution for room temperature design, on the basis of the base material price (in March 2013) is a 
lattice girder made of the ferritic grade 1.4509. In the R15 fire case the other ferritic grades, 1.4003 
and 1.4521, are competitive as well. In the R30 fire case the optimal grades are ferritic 1.4509 and 
austenitic 1.4318 and they are quite similar in terms of cost-effectiveness. 

WP3 Structural and thermal performance of steel-concrete composite floor 
systems 
The main objective in this WP was to investigate the structural performance of composite slabs using 
profiled decking, rolled from ferritic stainless steel strip and to determine whether the design rules 
in EN 1994-1-16 and at elevated temperatures in EN 1994-1-27 can be safely applied to ferritics. 
Furthermore, by exploiting the concept of thermal mass, the ability of a composite slab with ferritic 
stainless steel decking and an exposed soffit to contribute to lowering the heating and cooling 
requirements of a building was also examined. 

Production feasibility for composite decking 
Two rolling trials were conducted using the same production parameters as used for galvanised steel 
processing. The first trial looked at the feasibility of rolling decks using the standard Cofraplus 60 
profile (ArcelorMittal produce this in galvanised steel already) in both grade 1.4003 with a 2B finish 
and 1.4621 in a 2R (bright annealed) finish. The first trial demonstrated that the rolling process for 
ferritic stainless steel was more or less identical to that used for galvanised steel. It was noted 
however that there was a problem with the processing machinery (unrelated to the material used) 
which meant that the embossments were lower than acceptable and hence a second trial was 
conducted in order to roll deck for the composite tests in this WP. 
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Decking tests at the construction stage 
This task consisted of: 

 simply supported decking tests subject to point loading to determine the midspan moment 
resistance and the effective flexural stiffness;  

 continuous decking tests to determine the resistance of a sheet that is continuous over two or 
more spans to combinations of moment and shear at internal supports, and its resistance to 
combined moment and support reactions for a given support width;  

 small scale moment rotation tests to simulate negative bending and web crushing;  

 small-scale web crushing tests; 

 tensile tests to determine mechanical properties.  

All tests demonstrated that the resistances predicted by EN 1993-1-3 are conservative when applied 
to ferritic decking. Some are rather too conservative (such as the internal support tests and the end 
support tests), in which case an alternative recommendation was investigated and proposed.  

Composite slab tests  
These tests comprised 4 long span composite slab specimens (4300 mm in length and 180 mm deep) 
as well as 4 short span composite slabs (2500 mm long and 100 mm in depth). The measured 
resistance of the slabs with ferritic decking were very similar to those with galvanised decking and 
hence the existing design rules in EN 1994-1-1 are satisfactory. One observation requiring further 
investigation in the future is that ‘first slip’ occurred at a lower resistance for slabs with ferritic 
stainless steel decking relative to those with galvanised sheeting, owing to its smoother surface and 
(maybe) different chemical composition of the surface. This may have implications for design at the 
serviceability limit state. 

Shear connection tests  
Through decking welding trials were completed. These were necessary to ensure that shear studs 
could be through-deck welded to steel beams through ferritic sheeting using the same process as is 
typically used with galvanised sheeting. The tests showed that the standard through-deck welding 
process used on construction sites is applicable to composite slabs with ferritic decking.  

Eight shear connection push tests were carried out in order to assess the composite action between 
the ferritic decking and the concrete slab. The programme included specimens with shear studs 
through-deck welded as well as slabs using pre-punched holes in the deck, for comparison. The main 
outcomes were that there is little difference between the response of specimens that have through-
deck welded shear studs and those that have directly welded shear studs. Furthermore, analysis of 
the results of the push tests showed that slabs with ferritic stainless steel decking had acceptable 
strength and ductility in accordance with the requirements of the Eurocodes. 

Heat transfer parameters for composite floor slab  
Using the principle of thermal inertia, an exposed composite slab can reduce the requirement for 
heat/cooling in a building. The aim of this task was to investigate the heat transfer parameters using 
a 2D thermal model of the floor slab subject to a daily temperature cycle. A finite element model of 
the composite slab and its profiled decking was developed under daily temperature cycles, and the 
effect of steel thickness, slab depth and profile shape was examined. Comparisons were also made 
with slabs from galvanised decking as well as solid concrete slabs.  

The main conclusion from the study was that a deep deck profile is the most efficient profile shape 
in terms of thermal performance. If the volume of concrete is constant, then all profiled slabs perform 
similarly with the flat concrete slab performance being significantly worse owing to the lower exposed 
surface area. It was shown that the emissivity of the deck is directly proportional to the thermal flux. 
A ferritic decking is likely to have a lower emissivity than a galvanised steel decking, and so its 
thermal performance may be slightly inferior, however, on the other hand, it is much more likely to 
be exposed because of its attractive appearance. 

Performance in fire 
The aim of this task was to study the moment resistance of composite slabs at elevated temperatures 
using ferritic stainless steel decking based on the guidance given in EN 1994-1-1 and Annex D of 
EN 1994-1-2. The study showed that slabs with ferritic stainless steel decking performed very 
similarly to slabs with galvanised decking at all levels of elevated temperatures and for all of the 
configurations examined. Galvanised steel decking is stronger at ambient temperature due to the 
higher yield strength value (350 N/mm2) compared with that for ferritic stainless steel (280 N/mm2). 
Despite the initial unfavourable difference in strength between the two decking materials, the results 
obtained from the numerical analysis show that ferritic stainless steel decking retains slightly more 
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of its initial strength compared to standard galvanised steel decking when subjected to high 
temperatures.  

WP4 Structural fire resistance 
This WP aimed to generate data on the performance of structural members made from ferritic 
stainless steel when exposed to fire loading. Experimental work included isothermal and anisothermal 
material tests as well as member fire tests. These were complemented by numerical analysis. The 
aim was to provide guidance on the behaviour of ferritic structures under fire conditions for inclusion 
in the Eurocodes.  

Isothermal (steady-state) and anisothermal (transient state) tests 
The objective of this task was to determine the stress-strain relationships for steel grades 1.4003, 
1.4016, 1.4509, 1.4521 and 1.4621 in the temperature range from +20 to 1000°C using isothermal 
(steady state) and anisothermal (transient state) tests. The results of these tests were used to derive 
strength and stiffness reduction factors for each of the grades. Stiffness reduction factors were based 
on the isothermal test results whereas a combination of both the isothermal test results and the 
anisothermal test results were used for all other reduction factors.  

The experimental results show that the ferritic grades can be divided in two groups with similar 
characteristics in each group. The first group contains grades 1.4003 and 1.4016. The second group 
contains the stabilised grades 1.4509, 1.4521 and 1.4621. Grades 1.4003 and 1.4016 deformed 
under steady-state creep from around 600°C, whereas this started at around 750°C for the stabilised 
grades.  

Preliminary FEM study 
Non-linear finite element models were developed for predicting the resistance of stainless steel 
beams and columns in fire. Existing test results from the literature on austenitic stainless steel 
structural members under elevated temperature were gathered. These test results formed the basis 
for validation of the finite element models, which were then used to design the test specimens for 
the fire tests on ferritic columns.  

Model calibration tests (members in fire)  
Two ferritic stainless steel beams (one coated with fire protection, the other without) and three 
columns were tested under elevated temperature conditions. The beams were rectangular hollow 
sections (RHS) in grade 1.4509. The results showed that the fire resistance was significantly 
increased by adding intumescent paint as the test duration increased from 25 minutes for the 
uncoated beam to 58 minutes for the protected beam. Nevertheless, the uncoated specimen lasted 
significantly longer than the predicted 15 minutes. Failure in the uncoated beam occurred when 
plastic hinges formed whereas global buckling and therefore excessive deflection lead to the failure 
of the protected beam. 

Three columns made from grade 1.4003 ferritic stainless steel were tested at elevated temperatures, 
two square hollow sections (SHS) of different lengths and one RHS. Identical columns were also 
tested at room temperature in order to fully identify the effects of the fire loading. The columns failed 
by a combination of local buckling and global flexural buckling, both at elevated temperatures and 
at room temperature. The elevated temperature columns all failed when two plastic hinges formed 
due to the temperature gradient along the height. They demonstrated similar fire resistance periods 
of about 12 minutes, as the cross-sections had comparable Am/V (surface area to volume) ratios and 
applied load ratios.  

Parametric study and design recommendations  
The FE models developed in the preliminary study were further validated using the beam and column 
test results and then a series of parametric studies was then performed. For the columns, parametric 
studies investigated the influence of cross-section slenderness, member slenderness and applied load 
level on the fire performance of ferritic stainless steel columns. Parametric studies were conducted 
to study the influence of cross-section slenderness and load level on the performance of ferritic 
stainless steel beams. Amendments to the current design procedures, suitable for the design of 
ferritic stainless steel structures, were proposed, including characteristic material strength 
parameters, cross-section classification limits, effective width parameters, a revised buckling curve 
and member slenderness guidelines. 
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WP5 Welded connections 
The main aim of this WP was to gain a greater understanding of the weldability of ferritic stainless 
steels and to provide design guidance. 

Mechanical tests and metallographic examination of welds  
Tests were conducted on welded connections of ferritic stainless steels. Three common welding 
methods were used: metal active gas welding, tungsten inert gas and manual metal arc welding. In 
addition, thermal simulation tests were included to clarify the effects of different heat inputs. Analysis 
of the results showed that the ultimate tensile strength of autogenous welds rarely matched that of 
the base metals. Grades 1.4003, 1.4509 and 1.4621 were the most suitable for autogenous welding 
because those welds ruptured in the base metal. Austenitic filler metals are preferred over ferritic 
fillers: the welds fabricated with these ductile filler metals had excellent toughness and preferred 
fracture behaviour.  

A limiting factor in using ferritic grades for structural components is the relatively poor toughness, 
as shown by the impact toughness tests on the HTHAZs (high temperature heat-affected zones) and 
weld metals. However, if the sheet thickness is limited to 3 mm, grades 1.4509, 1.4521 and 1.4621 
behaved in a ductile manner in Charpy tests at room temperature when reasonable heat inputs were 
used. Only grade 1.4003 has adequate toughness for welded section in thicker material. 

Design guidance  
Following a literature search, information relating to the structural performance of welded joints was 
collated. In relation to ferritic stainless steel welded tubular joints, it was found that although one 
international stainless steel design standard (the Australian/New Zealand design standard8) gives 
design rules for ferritic tubular joints (the same rules as those for austenitic stainless steel), there is 
no experimental or numerical evidence that these rules are valid for ferritics. Until experimental 
and/or numerical studies are carried out, it is not possible to provide definitive design rules for ferritic 
stainless steel welded tubular joints: important issues to consider are the ductility and toughness at 
the joints.   

WP6 Bolted and screwed connections 
In order to develop an understanding of the behaviour of bolted and screwed connections in ferritic 
stainless steel members, a programme of lap shear tests was carried out on various configurations 
of bolted and screwed connections.  

Tests on bolted and screwed connections  
A total of 54 bolted connection tests and 54 screwed connection tests were completed in this study 
(over twice the number specified in the Technical Annex). The bolted connection tests included single 
and double lap specimens with varying thicknesses while the screwed connection tests examined 
single lap tests with different thickness material. In both tests series, many failure modes were 
investigated. The results of the tests were analysed to provide design recommendations.  

Development of design guidance for bolted and screwed connections 
Recommendations were proposed for net section resistance of bolted connections, bearing resistance 
of bolted connections, block tearing resistance of bolted connections and bearing resistance of 
screwed connections. The existing design rules in the Eurocodes are basically applicable to ferritic 
stainless steels. Some minor modifications are advised in order to make the designs less 
conservative.  

WP7 Corrosion resistance 
WP7 was the most labour- and time-intensive WP in this project as it aimed to develop a 
comprehensive understanding of the durability of the ferritic grades of stainless steel in the 
atmospheric environments encountered by the target structural applications.  

Exposure field tests 
The exposure field trials were completed in Spain, France, Slovenia and Finland. A range of surface 
finishes were studied. The samples (100 × 150 mm²) included flat sheets, bolted specimens and 
welded specimens. The tests were exposed for either 12 or 18 months. Apart from the least highly 
alloyed grade 1.4003, the other grades studied (1.4509, 1.4521 and 1.4621) did not develop 
significant corrosion in the tested environments. Some light staining did occur, but no structural 
degradation of the materials. Grade 1.4003 with a 1D finish (hot rolled) showed some uniform 
corrosion in harsh environments so care should be taken before specifying this grade in challenging 
environments. 
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Accelerated tests 
The aim of these tests was to determine the relative behaviour of the different ferritic stainless steel 
materials. It was found that grade 1.4003 suffered the most significant mass loss due to corrosion. 
Comparatively, grade performance was:  

1.4003 << 1.4016 < 1.4509 ≈ 1.4521 < 1.4621 < 1.4301 (austenitic stainless steel reference 
material).  

The surface finish was not influential in the performance of the highly corroded samples. 
Furthermore, the type of washer (Teflon or metallic) did not have a significant effect on the level of 
corrosion. 

Electrochemical tests  
These tests were carried out to assess the uniform and pitting corrosion resistance of ferritic stainless 
steels. Five different ferritic stainless steels (grades 1.4003, 1.4016, 1.4509, 1.4521, 1.4621), and 
an austenitic grade as reference material (grade 1.4301) were studied in the electrochemical tests, 
which involve generating polarisation curves for the materials in different media. In terms of uniform 
corrosion, the performance of the grades was as follows: 

1.4003 < 1.4016 < 1.4509 < 1.4621 < 1.4521 < 1.4301 (reference material). 

Examination of the test results shows that the repeatability of the tests was improved for the polished 
samples, relative to those in the supply condition (i.e. those with a mill finish). However, the effect 
of the surface finish (i.e. 1D or 2B) was not clear in the comparison of the polished and supply 
conditions surface.  

In terms of pitting corrosion, the performance of the grades was as follows:  

1.4003 < 1.4016 < 1.4509 < 1.4621 < 1.4301 (reference material) < 1.4521  

The tests showed that samples in the supply condition, particularly with 2R (bright annealed) finish, 
performed better than the polished ones, but the results showed a relatively large scatter. 

Interpretation of test results and design guidance 
Guidance on grade selection was developed in a range of environments, taking into account the 
results of the tests carried out in the SAFSS project, and also experience with actual structures9.  

Comparative study of the service life of building components 
This study used the data generated in the SAFSS project to compare the performance of ferritic 
stainless steels in structural applications with that of galvanised steel and austenitic stainless steel. 
Different structural elements were considered such as a façade, roof and frame as well as various 
climatic environments. The program ENNUS™-Steel program, which estimates the design lifetime of 
steel components used in buildings, was used in the study. The study demonstrated the potential 
commercial advantages of using ferritic stainless steels for facades, roofs and frames relative to 
carbon steel.   

WP8 Exploitation of results 

Submission to CEN Technical Committee responsible for Eurocode 3 
A submission outlining the principle recommendations for inclusion in the Eurocodes was made to 
the Evolution Group of EN 1993-1-4.  

Technical brochure 
A technical brochure was written and printed. It is being disseminated in paper and electronic format 
via SCI’s membership network and also by the other SAFSS partners. 

In addition, more than 25 papers were presented at conferences and published in journals during 
the project. This dissemination led to an application from the Chinese steel producer Baosteel to join 
the project: after due consideration their request was declined. 
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Public project website 
A public website was developed from where the following reports can be downloaded:  
www.steel-stainless.org/ferritics.   

WP Form 

1.1 Report identifying end-user information needs10 

1.2 Report containing details of test methodologies11 

1.2 Review of material performance data12 

1.3 Characterisation of stress-strain behaviour13 

1.4 Report on Charpy notched impact tests14 

2.1 Review of structural performance data15 

2.2 Report on preliminary finite element study16 

2.3 Report on model calibration tests17 

2.4 Report on parametric study and conclusions18 

2.5 Report of recommendations for the use of DSM19 

2.6 Results of comparative study of roof truss design20 

3.1 Feasibility study21 

3.2 Report on decking tests22 

3.3 Report on composite slab tests23 

3.4 Report on shear connection tests24 

3.5 Report on heat transfer study25 

3.6 Report on performance in fire26 

4.1 Report on Iso and Anisothermal Material Tests27 

4.2 Report of preliminary numerical analysis study28 

4.3 Beam fire tests report29 

4.3 Column fire tests report30 

4.4 Numerical analysis & design recommendations28 

5.1 Report on weldability31 

5.2 Report on mechanical tests and metallographic examinations of welds32 

5.3 Design guidance33 

6.1 Definition of test programme34 

6.1 Test report35 

6.2 Design recommendations36 

7.1 Review of existing test and performance data37 

7.2 Report on field corrosion trials38 

7.3 Report on laboratory accelerated corrosion tests39 

7.4 Report on laboratory electrochemical tests40 

7.5 Design recommendations41 

7.6 Report on comparative study of service life42 

8.1 Submission to Eurocode 3 committees43 

8.2 Brochure for architects and engineers44 
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2        INTRODUCTION 

Ferritic stainless steels are a family of stainless steels which display considerably better atmospheric 
corrosion resistance than carbon steels, as well as having good ductility, formability and impact 
resistance. ‘Ferritics’ have been used for a range of applications including vehicle frames/chassis, 
railway wagons, conveyors, chutes, tanks and walkways in industries such as road and rail transport, 
water, power generation and mining. Although commonly used in these sectors, structural 
applications of ferritic stainless steels have been rare owing to a relative lack of knowledge, 
performance data and design guidance. It is in this context that the SAFSS project was conceived. 

As ferritic stainless steels contain only small quantities of nickel, they are cheaper and relatively 
price-stable compared to the austenitic stainless steels which are more commonly encountered in 
construction. The cost of austenitics is strongly dependent on the London Metal Exchange (LME) 
nickel price which is highly volatile and periodically shows dramatic increases (e.g. between 2005 
and 2008), which distorts the market price for austenitics. Ferritics also differ from austenitics in that 
they have higher mechanical strengths (approximately 250  330 N/mm2 0.2% proof strength), are 
magnetic, have lower thermal expansion, higher thermal conductivity and are easier to cut and work. 

The mechanical and physical properties of ferritic stainless steels make them suitable for a number 
of structural applications, for example where strong and moderately durable structural elements with 
attractive metallic surface finishes are required. Unlike galvanised or painted steel, ferritic stainless 
steels have a naturally occurring corrosion resistant surface layer so there is no requirement for 
applying protective surface layers and no remedial work or corrosion risk at cut edges. Furthermore, 
ferritics are easy to recycle compared to galvanised steel where the zinc from the galvanised coating 
must be removed prior to re-melting the steel. Ferritic stainless steels can be produced in a range of 
dull and bright surfaces and generally have low maintenance requirements. 

Most grades of ferritics have limited low-temperature toughness and weldability, particularly for 
thicker sections. Their crevice corrosion resistance is also limited. The ferritic grade 1.4003, however, 
has a modified microstructure which ensures adequate toughness for external structural applications, 
which is equivalent to structural carbon steel. It can be welded by conventional methods and has a 
proven track record in many applications across a range of industries. Further investigation is needed 
to determine the limits of applicability for other ferritic grades with regards to toughness in structural 
applications. 

Three of the ‘traditional’ ferritic grades are covered in the American ASCE/SEI 8-02 Specification for 
design of cold worked stainless steel structural members for thicknesses up to 3.8 mm45. The South 
African and Australian/New Zealand structural stainless steel standards take similar approaches46,8. 
The Eurocode dealing with structural stainless steel, EN 1993-1-41, states it is applicable to three 
ferritic grades (1.4003, 1.4016 and 1.4512), however, the guidance is almost exclusively derived 
from work on austenitic and duplex stainless steels and in many cases ferritic-specific guidance is 
missing. EN 1993-1-4 refers to a number of clauses in other parts of Eurocode 3 such as EN 1993-1-1 
(steel structures)47, Part 1-2 (Fire)48, Part 1-3 (Cold-formed)5, Part 1-8 (Joints)49, Part 1-9 (Fatigue)50 
and Part 1-10 (Toughness and through-thickness)51 which have not been validated for ferritic 
stainless steels. One exception is that EN 1993-1-2 includes data on one ferritic grade at elevated 
temperatures. 

Additionally, practically no data relevant to construction applications are available for the new ferritic 
grades which are now included in the European material standard for stainless steels in construction 
EN 10088-4:200952 such as 1.4509 and 1.4521. The SAFSS project also studies a newly developed 
grade 1.4621 which will be included in the next revisions of EN 10088. Even taking into account 
experience using ferritics in other sectors, there is currently insufficient information available on 
structural performance, fire resistance, atmospheric corrosion resistance and strength of screwed 
and welded connections to give construction practitioners the confidence they need to specify the 
material for structural applications. The scope of this project is to develop the necessary information 
which will enable comprehensive guidance to be included in the relevant parts of the Eurocodes and 
other accompanying standards and guidance. 
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The project studied five grades of ferritic stainless steel: 

These grades can be described as ‘standard’ ferritics and are commonly available. 

1.4003 is a basic ferritic stainless steel with the lowest chromium content of the ferritic grades 
in this project ( 11%). For this reason it is sometimes called a ‘utility’ grade.  

1.4016 contains around 16.5% chromium, and has a greater resistance to corrosion than 
1.4003. It is the most widely used ferritic alloy.  

 

These grades can be described as ‘special’ or ‘stabilised’ ferritic grades, and are less widely 
available. They contain additional alloying elements such as niobium or titanium which 
improves weldability and formability. 

1.4509 contains about 18% chromium. 

1.4621 is a recently developed ferritic grade which contains around 20% chromium. It has 
improved polishability compared to 1.4509 and 1.4521. 

1.4521 contains a similar amount of chromium as 1.4509 and also 2% molybdenum which 
gives better pitting and crevice corrosion resistance in chloride containing environments.  

 

The average world steel prices in November 2013 published by MEPS53 are as follows: 

Hot dipped galvanised coil: carbon steel   600 €/tonne 

Cold rolled coil: 1.4016 ferritic:    1370 €/tonne 

Cold rolled coil: 1.4301 austenitic:    1809 €/tonne 

Cold rolled coil: 1.4401 austenitic:    2593 €/tonne 

The relative costs of various grades of stainless steel are given in Figure 4.27. 

It is very approximately estimated that the cost of fabricating stainless steel (ferritic and austenitic) 
might be 30% higher than carbon steel. This is due to the particular characteristics of stainless steel, 
for example work hardening, which would impact operations like blanking, machining and pressing. 
The welding consumables are also more expensive for stainless steel.  
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3        WP1: END-USER REQUIREMENTS AND MATERIAL PERFORMANCE 

This work package determines the relevant data for ferritic stainless steels which designers need in 
order to design the targeted structural applications. This involved firstly assessing the end-user 
requirements. Thereafter, a series of laboratory tests were undertaken in order to measure the 
stress-strain characteristics and toughness properties to enable member behaviour under different 
loading conditions to be predicted. 

Objectives of WP1 
The objective of this work package is to determine the relevant mechanical property data for ferritic 
stainless steels which designers need in order to design the targeted structural applications. The first 
aim is to ascertain the end-user requirements in terms of both material and structural performance. 
The resulting information is used in this and the following WPs to finalise the work specifications to 
ensure that the tests and studies generate relevant and useful data which end-users want. 

Ferritic stainless steels have different mechanical properties from carbon steels and other families of 
stainless steels. It is necessary to carry out laboratory tests to measure the stress-strain 
characteristics and toughness in order for the member behaviour under different loading conditions 
to be predicted. 

Task 1.1 Identification of end-user requirements 
A review of end-user requirements was undertaken10. 

The end-user requirements do not prejudge or define the outcomes of the proposed research but set 
out broad principles the project should satisfy. These principles are consistent with the data and 
methodologies for the selection and use of other materials when designing structures to the 
Eurocodes. The aim is to provide the end-user (i.e. engineers, architects, clients, specifiers, etc.) 
with the information relevant to the selection of ferritic stainless steels for use in the design of 
structures. These requirements are based on, and derived from, experience of the use of Eurocodes 
for the design of carbon steel and other stainless steel materials (austenitic and duplex) in structural 
engineering.  Other approaches to defining the end-user requirements (such as surveys or 
questionnaires) were considered inappropriate given the very low awareness and use of ferritic 
materials in the target markets. In addition to the project producing the data required by the end-
user it is important this data is presented in a useful, usable and familiar form consistent with the 
Eurocode approach.  

Ferritic stainless steels are largely unknown in the construction industry and are not part of the 
normal palette of materials considered by designers, architects and engineers. As such, this family 
of steels rarely form part of the materials selection discussions for use in construction projects. Only 
occasionally do ferritic steels receive any consideration when offered as an alternative by a supplier 
usually to offer a cost saving over some other preferred material such as aluminium or austenitic 
stainless steels. It is extremely rare that design teams subsequently adopt ferritic steels. It was clear 
that the end-user requirements for WP1 needed to address the reasons for both the lack of awareness 
and uptake in relation to the particular markets that are the focus of the project. 

The lack of use of ferritic steels in construction also means that the supply chain infrastructure for 
the materials does not exist in a recognisable form that is comparable to, for example, carbon steels, 
aluminium and even austenitic or duplex stainless steels. 

The current project cannot address all the issues relating to the design and supply of ferritic steels 
in construction projects. However, it can provide the foundation for future development through the 
provision of base design data for use with European standards, such as:  

 Corrosion and durability data in environments relevant to buildings, particularly in relation to 
exposed decking and lattice roof/space frame structures. 

 Data on the base mechanical properties for use in design 

 Data relating to welding procedures and joining which is particularly relevant to both fabricated 
elements of lattice/space frame structures and decking where through deck resistance welding is 
common on carbon steel products 

The development of detailed design standards specific to ferritic steels and the development of the 
supply chain infrastructure is a longer-term commitment, which is rightly the responsibility of the 
steel producers and other interested parties. 
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Task 1.2 Review of existing material performance data 
A comprehensive review of data on material performance, structural response, available product 
forms and applications for ferritic grades was undertaken12. 

It is clear that ferritics are not actively promoted materials in the same way as other grades of 
stainless steel. To date, in construction, they are most commonly used for facades (cladding, 
roofing). Fabricators of structural hollow sections and profiles are marketing ferritics, but their share 
in building industry applications is unclear. The availability of open structural sections made of ferritic 
grades is also unclear.  

It should be noted that international design standards for stainless steel adopt different approaches. 
For example the design strength in EN 1993-1-41 is the 0.2% proof strength given in EN 10088, 
which is the tensile value determined in the direction transverse to the rolling direction. Other 
standards give strength values in both longitudinal and transversal directions, under compression 
and tension, and the designer can chose which is relevant. The structural design methods in the USA, 
Australia and South African standards8,45,46 take the nonlinearity of the stress-strain curve into 
account by using the tangent modulus approach in stability checks. In the Eurocode, the tangent 
modulus approach is not used and the non-linearity is taken into account in the definition of the 
buckling curve.  

This review showed that ferritic grade 1.4003 is generally recommended for structural purposes 
because of its good weldability. Grades 1.4016 and 1.4512 (the latter is not included in the SAFSS 
project) are documented as being weldable up to thicknesses 3.2 and 3.8 mm8. (Note that 
EN 1993-1-4 does not give any guidance on the weldability of ferritic grades for structural purposes.) 
Few research results are available for structural welded joints in ferritic stainless steel and no test 
results for bolted or screwed joints.  

Eurocode 3 Part 1-248 covers structural design in fire; mechanical strength values are given for 
stainless steel grades, including for just one ferritic grade (1.4003). However it is doubted whether 
the thermal properties such as thermal elongation given for stainless steel apply to ferritics. The rate 
of heating up of ferritic steels may be different from that of austenitic steel due to the phase 
transformation of ferritic grades at certain temperatures. There is a shortage of information on the 
thermal elongation throughout the whole scope of the temperature variation. No tests have been 
carried out on ferritics painted with fire resistant coatings. 

Ferritic stainless steel-concrete composite structures have not been studied previous to the SAFSS 
project.  

Task 1.3 Characterisation of stress-strain behaviour 
The objective of task 1.3 was to generate mechanical property data on the strength, ductility and 
stiffness characteristics of ferritic stainless steel grades, as required for developing structural design 
guidance. 

Experimental work 
The specification for the test programme and test results are fully documented as WP 
deliverables11,13. 

Test materials 
Tension and compression tests were carried out on five ferritic stainless steel grades (i.e. 
grades 1.4003, 1.4016, 1.4509, 1.4521, and 1.4621) with thicknesses ranging from 1.5 to 3.5 mm. 
The test materials were hot-rolled and cold-rolled virgin sheets. Material from two suppliers was 
studied when available. 

Test procedures 
The room temperature tensile and compression testing was performed using a Zwick tensile testing 
machine with the capacity of 250 kN. The tension testing was carried out according to the testing 
standard EN ISO 6892-154 using test method A224. The in-plane compression testing was performed 
using adhesively bonded laminated specimens, in accordance with EN 10002-155. The target strain 
in compression testing was 2%. The tension and compression tests were carried out in both the 
longitudinal and in the transverse direction. 

Results 
The studied ferritic stainless steels showed considerable work hardening capacity and ductility in 
room temperature tension testing. An example of measured stress-strain curves is shown in 
Figure 3.1.  
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Figure 3.1 Stress-strain curves measured in the longitudinal direction (RD) and 
transverse direction (TD) for grade 1.4509 

The steels had significant over-strength and excess ductility compared to the minimum requirements 
specified in the material standard EN 10088-452. On average, the over-strength was 40%, and the 
elongation at fracture exceeded the minimum values given in the material standard by 50%.  

All the steels had sufficient work-hardening capacity and ductility for application in load-bearing 
structural members. The average fu/fy ratio was 1.34 and 1.40 in the transverse and longitudinal 
directions, respectively. The average elongation at fracture A5 = 43%, where A5 is the percent 
elongation after fracture determined on a proportional gauge length 5.65√S0 in which S0 is the initial 
cross-section of the test-piece. 

The steels did not exhibit different behaviour in tension and compression: the difference between the 
0.2% proof strength values measured in tension and in compression was smaller than the 
experimental uncertainly, as shown in Figure 3.2. 

 

Figure 3.2 Correlation between the 0.2% proof strength values in the rolling 
direction and tension and in compression  

Upper and lower limit curves corresponding to material scatter and measurement 
uncertainty are shown for reference. 
 

The studied steels were slightly anisotropic (different behaviour in the (longitudinal) rolling direction 
and transverse to the rolling direction). Without exception, the proof strength values measured in 
the transverse direction were higher than those measured in the longitudinal direction. On average, 
the 0.2% proof strength was 12% higher in the transverse direction than in the longitudinal direction, 
as presented in Figure 3.3. It should be noted that EN 10088-4 gives values for the 0.2% proof 
strength in the transverse and longitudinal directions for ferritics, but not for austenitics and 
duplexes.  
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Figure 3.3 Correlation between the 0.2% proof strength values (tension and 
compression)  

Upper and lower limit curves corresponding to material scatter and measurement 
uncertainty are shown for reference. 

 
The coefficient n defining the non-linearity of the stress-strain curve is conventionally determined by 
means of an expression using the Rp0.01 and Rp0.2 values measured in tensile test. This method gave 
poor accuracy for the stress-strain model and so an alternative expression has been proposed by 
Real et al.56, which is given in Equation 1 and this gives improved accuracy.  

	 .
.

  (1) 

The n values were also determined by VTT by means of an advanced nonlinear least squares 
optimisation method17. Two different values were used for the elastic modulus E. The values of 
coefficient n obtained using different approaches are summarised in Table 3.1. 

Table 3.1 Summary of n values determined using different methods 

  Equation (1) NLSQ
E = 200 GPa 

NLSQ
E = 220 GPa 

Steel Type TD RD TD RD TD RD 

4003-1 CR 19.7 15.4 18.3 12.5 14.7 10.0 

4016-1 CR 23.6 14.5 25.2 12.0 20.9 9.7 

4016-2 CR 45.3 16.4 38.4 10.1 28.3 7.9 

4016-3 HR 14.3 11.6 16.1 10.6 13.7 8.8 

4509-3 HR 24.2 12.7 42.9 12.1 24.1 10.0 

4509-1 CR 26.3 16.5 29.1 14.9 24.1 12.2 

4509-2 CR 34.7 20.6 33.9 17.2 26.7 12.9 

4521-1 CR 68.8 21.6 76.3 16.5 55.7 12.1 

4521-2 CR 32.2 19.3 33.2 16.9 26.2 12.9 

4621-1 CR 43.9 20.4 39.1 14.1  29.9 10.7 

 
The dispersion in the n values is quite large, as shown in Figure 3.4. The scatter is particularly large 
in the transverse direction. The grouping of the points, however, suggests that the steels can be 
divided in two groups. The points of the lower alloyed grades 1.4003 and 1.4016 are located in a 
different part of the plot area to those of the more highly alloyed 1.4509, 1.4521 and 1.4621. The 
average n values of both groups are summarised in Table 3.2. A closer analysis of n values 
determined using different methods reveals that the elastic modulus E in the Ramberg-Osgood 
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stress-strain model has an influence on the parameter n. If the elastic modulus was increased by 
10%, the optimal n value decreased by 25%. 

 

Figure 3.4 The n values for cold-rolled (CR) and hot-rolled (HR) steels obtained 
using the nonlinear optimisation method with E = 200 GPa 

 

Table 3.2 Average n values  

Group Longitudinal Transverse

n1 n200 n220 n1 n200 n220 

1.4003 and 1.4016 14 11 9 26 25 19 

1.4509, 1.4521, 1.4621 18 15 12 38 42 31 

n1    : n value calculated with Equation (1). 
n200 : n value obtained using the NLSQ method with E = 200 GPa. 
n220 : n value obtained using the NLSQ method with E = 220 GPa 

Conclusions from the experimental work 
 All studied ferritic stainless steels had significant over-strength and excess ductility with respect 

to the minimum requirements specified in the material standard EN 10088-4. 

 All steels had sufficient work-hardening capacity and ductility for application in load-bearing 
structural members.  

 The studied steels did not exhibit tension-compression anisotropy.  

 The 0.2% proof strength was on average 12% higher in the transverse direction than in the 
longitudinal direction. The transverse vs. longitudinal anisotropy was similar in tension and in 
compression. 

 The value of coefficient n defining the non-linearity of the stress-strain curve depends on the 
elastic modulus E in the Ramberg-Osgood stress-strain model. If the elastic modulus E was 
increased by 10%, the optimal n value decreased by 25%. It follows that the coefficients n and E 
should be provided together in the design guidance. 

 There is significant dispersion in the n values depending on direction, steel grade, steel producer 
and delivery condition. The scatter was particularly large in the transverse direction.  

 Differences in the experimental n values suggest that the investigated steel grades can be divided 
in two groups with similar characteristics in each group. The first group contains the less highly 
alloyed 1.4003 and 1.4016, and the second group contains the more alloyed grades 1.4509, 
1.4521 and 1.4621. Average n values were calculated for both groups of steels.  

 The average n values obtained in this work were somewhat higher (i.e. more like carbon steel) 
than the ones given in the EN 1993-1-4 for the grades 1.4003 and 1.4016. 

Task 1.4 Validation of Charpy notched impact testing method   
The objective of this task was to generate data on the toughness of ferritic stainless steels which can 
be used to give recommendations for maximum thicknesses at given temperatures to avoid brittle 
fracture. The test programme and results are fully documented as a WP deliverable14. 
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Test procedure 
Charpy notched impact tests were carried out on five ferritic stainless steel grades 1.4003, 1.4016, 
1.4509, 1.4521, and 1.4621 with thicknesses from 1 to 6 mm. Tests were performed in accordance 
with EN ISO 148-157. The Charpy notched impact test is standardised to a 10 × 10 × 55 mm 
specimen. All the ferritic stainless steels that were tested were less than 10 mm in thickness, i.e. 
sub-sized specimens. The impact tests were carried out in two directions, L-T and T-L, defined in 
Figure 3.5. 

The temperature range was between -140 and +120 °C, depending on the steel grade being tested, 
although some grades were tested up to 240°C. 

 

Figure 3.5 Direction and markings of Charpy notched impact specimens 

Test results  
The data from the impact tests were used to develop a ductile to brittle transition temperature (DBTT) 
curve by using a hyperbolic tangent function (tanh). A criterion of 35 J/cm2 for the DBTT was used. 
For a standard-sized specimen, 28 J corresponds to 28 J/(1.0 cm × 0.8 cm) = 35 J/cm2. The 
absorption energy criteria for different thicknesses are shown in Table 3.3. 

Table 3.3 Transition criteria used for different thicknesses 

Specimen type 
  

Dimensions 
[mm] 

Value of Charpy notched test in 
transition  

[J] [J/cm2]

Standard 10 × 10 × 55 28 35 

Sub size 1 × 10 × 55 2.8 35 

Sub size 2 × 10 × 55 5.6 35 

Sub size 3 × 10 × 55 8.4 35 

Sub size 4 × 10 × 55 11.2 35 

Sub size 5 × 10 × 55 14 35 

Sub size 6 × 10 × 55 16.8 35 

 

Table 3.4 presents the DBTTs. A 95% confidence interval was taken into account in the presentation 
of the DBTTs. It is noteworthy that there was inadequate impact toughness test data for some 
materials for realistic transition curves to be derived and these materials are marked in yellow in the 
table. 

When the transition temperatures of the sub-sized specimens are compared to those of a standard 
specimen, it is necessary to extrapolate the transition temperatures using the Wallin correlation for 
sub-sized specimens58. The temperature correction for the sub-sized specimens can be calculated by 
Equation 2. 

∆ / 51.4 ∙ 2 ∙
.

1  (2) 

where B = specimen thickness in mm. 

Values for ∆ /  are given in Table 3.4. However, it is important to note that this expression 
has not been verified for the thinner sections tested in the SAFSS project.  
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Table 3.4 Measured transition temperatures and size corrections 

 

Figure 3.6 shows the DBTT curve for 3 mm thick grade 1.4003 in the L-T testing direction. The red 
diamonds are data between 0.1CV-US and 0.85CV-US which were used for fitting the transition curve, 
where CV-US is the constant Charpy notched impact energy corresponding to the upper shelf energy. 
The full procedure for determining the DBTT, and all of the transition curves, are presented in the 
deliverable for this task14. 

Table 3.5 gives the ductile to brittle transition temperatures derived from the transition curves 
developed from the impact tests for a 95% confidence level. 

Grade Producer
B =    
THK 

[mm]

Transition 
criterion 

[J]*
TxJ  T28J TxJ T28J

∆TCV35J/cm
2 f(B) 

(equation 5)

1.4003 B 1.00 2.8 -130 ± 30 - - - (-107)**

1.4003 B 1.97 5.5 - - - - -57

1.4003 B 2.83 7.9 -75 ± 26 -35 -102 ± 21 -62 -40

1.4003 B 3.95 11.1 - - -105 ± 17 -77 -28

1.4003 B 4.91 13.8 -49 ± 22 -29 -67 ± 12 -47 -20

1.4003 B 5.97 16.7 -34 ± 19 -20 -53 ± 12 -39 -14

1.4016 C 1.02 2.9 -112 ± 44 - -132 ± 35 - (-105)**

1.4016 B 2.00 5.6 -42 ± 18 14 -110 ± 23 -54 -56

1.4016 C 2.01 5.6 -84 ± 25 -28 -56

1.4016 C 2.97 8.3 -25 ± 11 13 -36 ± 22 2 -38

1.4016 C 3.99 11.2 7 ± 21 34 -7 ± 20 20 -27

1.4509 B 1.02 2.8 -94 ± 26 - -107 ± 24 - (-105)**

1.4509 C 0.99 2.8 -97 ± 26 - -108 ± 25 - (-108)**

1.4509 B 1.98 5.5 -30 ± 13 26 -59 ± 26 -3 -56

1.4509 C 1.98 5.5 -29 ± 19 27 -74 ± 37 -18 -56

1.4509 B 2.95 8.3 -5 ± 20 33 -7 ± 14 31 -38

1.4509 A 2.95 8.3 -12 ± 22 26 -32 ± 34 6 -38

1.4509 C 3.52 9.9 - - 25 ± 32 57 -32

1.4509 B 3.91 10.9 -11 ± 23 17 -4 ± 20 24 -28

1.4521 B 0.99 2.8 -104 ± 25 - -114 ± 37 - (-107)**

1.4521 B 1.99 5.6 -44 ± 17 12 -43 ± 33 7 -56

1.4521 C 1.97 5.5 -29 ± 29 28 -59 ± 25 -2 -57

1.4521 B 3.02 8.5 23 ± 17 60 21 ± 17 58 -37

1.4621 A 1.49 4.2 -84 ± 31 -15 -100 ± 26 -27 -73

Test direction

T-L L-T

More data is required

* Based on 35 J/cm2 transition criterion, reference Table 3

** Thickness correction only for thicknesses from 1.25 mm to 10 mm
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Figure 3.6 Transition curve determined for 3 mm thick grade 1.4003 in the L-T 
testing direction 

 

Table 3.5 Summary of DBTTs for ferritic stainless steel grades that were tested (95% 
confidence level) 

 
 

An alternative way of interpreting the results of these tests is to define the ductility by the minimum 
temperature corresponding to fully ductile fracture behaviour, i.e. the upper shelf energy. The 
criterion is conservative and ensures that the material with the specific plate thickness can withstand 
several mm of ductile tearing without brittle fracture. Table 3.6 gives these minimum temperatures 
for the thinner specimens tested in the T-L direction.  

 

Thickness Min Temp Thickness Min Temp

[mm] [°C] [mm] [°C]

1 -100 1 -70

3 -50 2 -20

5 -30 3 0

6 -15 4 0

Thickness Min Temp Thickness Min Temp

[mm] [°C] [mm] [°C]

1 -70 1 -75

2 -25 2 -30

3 -15 3 RT

4 RT

Thickness Min Temp

[mm] [°C]

1.4621 1.5 -50

Grade

Grade

1.4016 1.4521

Grade

1.4003 1.4509

Grade

Grade
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Table 3.6 Minimum upper shelf energy temperatures 

Material 
Thickness 
(mm) 

Temperature (CV upper shelf)  
(C) 

1.4003 1 -100 

 2 -40 

 3 -10 

1.4016 1 -40 

 2 -20 

1.4509 1 -50 

 2 0 

1.4521 1 -40 

 2 -10 

1.4621 1.5 -40 

The orientation was T-L for all specimens (lower temperatures apply for the L-T direction). 

Discussion - Charpy notched impact tests 
In general, the DBTTs were lower in the specimens tested in the L-T direction. The lowest DBTTs 
were defined for the less alloyed grades 1.4003 and 1.4016. The transition temperatures increased 
with increasing specimen thickness. (Welding and cold working also reduces toughness.) Thin 
materials proved to be very difficult to test and in some cases the shear fracture mechanism played 
a very significant role. 

When a thin material is loaded in tension, a plane stress condition prevails (i.e. two of the principal 
stresses are always parallel to a given plane and the stress is constant in the normal direction) and 
fracture is characteristically in a ductile manner. For this reason, the product standard EN 1034659 
for light gauge carbon steel sections (C sections, Z sections etc) contains no fracture toughness or 
Charpy impact requirements. Bearing this in mind, it is not surprising that no comparative toughness 
data was found for thin gauge carbon steel sections. 

The brittle fracture requirements for carbon steel contained in EN 1993-1-1051 is intended exclusively 
for use with thicker welded sections and does not address cold-formed light gauge steel Z & C type 
sections nor cold formed hollow sections. Guidance on the choice of steel to avoid brittle facture for 
hollow sections has recently been developed60, but again this is intended for thicker walled cross-
sections than what we studied in SAFSS.  

It should be noted that the ASCE/SEI Specification 8-02 permits the use of 1.4016 in thicknesses up 
to 3.2 mm, even for welded construction but it was not possible to find the data that supported this. 

Although Charpy impact test data gives an indication of the likely performance of a structural 
member, there are other parameters which will govern whether a brittle failure occurs, for example 
the applied stress, residual stress and size of pre-existing defect. It is therefore recommended that 
fracture toughness tests should be carried out on ferritic stainless steels in order to provide more 
comprehensive and specific design guidance. 

Concluding remarks for WP1 
This WP provided the basis for much of the work in the other work packages.  Identification of realistic 
and achievable end-user requirements is essential in order to give the SAFSS project targets and to 
put the work into perspective. These requirements will be the measure against which the success of 
the project can be determined.  
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4        WP2: STRUCTURAL PERFORMANCE OF STEEL MEMBERS 

This WP addresses the design of ferritic stainless steel structural members. It seeks to develop 
efficient design methods for ferritic thin-walled members which take into account the different 
material behaviour of ferritics compared to austenitic stainless steels as well as the complexity of the 
design of thin-walled sections. The study is based mainly on numerical methods (i.e. GMNIA: 
geometrically and materially non-linear analysis of the imperfect structure). Model calibration tests 
have been carried out to ensure the validity of the numerical approach and design expressions 
developed. 

Objectives of WP2 
The aim of this WP is to examine the performance and design of ferritic stainless steel structural 
members. Both numerical analysis and model calibration tests were used to achieve this. More 
specific objectives include: 

 To develop design expressions for ferritic stainless steel members in accordance with 
EN 1993-1-4.  

 To propose design recommendations using the Direct Strength Method (DSM) as an alternative 
approach which may be included in an appendix to EN 1993-1-4 in the future.  

 To investigate the effect of gradual yielding of stainless steel material and residual stresses of 
stainless steel members and how this may affect the member buckling capacity. 

 The proposed design guideline will be developed using finite element (FE) models, which are first 
calibrated on the basis of experiments on different geometries of sections. The calibrated GMNIA 
models are utilised for parametric studies covering wide slenderness ranges. The proposed 
guidance will be based on roughly one thousand values of experimental or numerical strengths 
and on reliability analyses of the fit of the proposed buckling curves to experimental and numerical 
strengths. 

 Based on this guidance, designs for an RHS plane truss in ferritic stainless steel were compared 
with equivalent designs for an austenitic stainless steel and carbon steel truss. 

Task 2.1 Review of available data 
A report was prepared which provides a comprehensive summary of the previous research into 
stainless steel structural members, including an overview of experimental and numerical analyses as 
well as existing design methods and solutions for assessing the local, distortional and overall stability 
of thin-walled members15. The review focused on the goals of WP2 and presents the theoretical 
background for the FE parametric studies, development of virtual testing tool and also the calibration 
tests. Several recommendations and improvements of existing methods are proposed in the 
deliverable as a result of the thorough review of existing standards, background documentation, 
numerical and experimental investigations; these are investigated and discussed in later tasks in 
Work Package 2. In summary, the main topics covered in the report included: 

 An overview of experimental tests of structural members from ferritic, austenitic and duplex 
stainless steels. The basic information was collected from more than 560 experimental tests in 10 
different categories performed at 14 major research institutes in Europe, Australia, South Africa 
and North America. 

 An overview of numerical studies of cold-formed stainless steel structural members. In a similar 
way the data from hundreds of numerical studies were collected focusing on the modelling 
techniques, element types, imperfections, residual stresses and enhanced material properties. A 
few studies of cold-formed carbon steel members were also included for comparison. 

 A review of design methods available for stainless steel structural members. This topic focused 
on the overall, distortional and local stability of thin-walled structural members, the buckling 
curves and web crippling under concentrated lateral loads. 

 A detailed review of particular phenomena of numerical modelling of ferritic stainless steels. This 
part includes typical solution schemes in FEM analysis, non-linear material models, enhanced 
material properties and residual stresses. 
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Task 2.2 Preliminary FEM study 
The study carried out for this task is fully documented as a WP deliverable16. 

An Abaqus plugin was developed in order to carry out the extensive studies required. The plugin 
supports all the material and predictive models reviewed and most of the basic loading situations 
such as tensile, compressive, bending and web crippling tests.  

Overall buckling 
The aim was to identify clearly the most salient parameters and the ranges of the parameters that 
affect the overall buckling of stainless steel members. Flexural, torsional-flexural and lateral-torsional 
buckling modes were studied for hollow sections, lipped channels and I-sections. The effect of 
material nonlinearity was investigated using three different material models, as shown in Figure 4.1, 
and the results are presented in Figure 4.2 for flexural buckling (FB), lateral-torsional buckling (LTB) 
and torsional-flexural buckling (TFB).  

 

Figure 4.1 Stress-strain relationship of studied materials 

The same study was carried out on three materials with different yield point (Figure 4.3) and the 
results are presented in Figure 4.4. 
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Figure 4.2 Effect of material nonlinearity on buckling response 

 

Figure 4.3 Stress-strain relationship of studied materials 
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Figure 4.4 Effect of material yield strength on buckling response 

The finite element models were developed using the Abaqus plugin for virtual testing of thin-walled 
structural members. Additional studies were carried out in this task to verify the suitability of the 
modified Ayrton-Perry buckling curve approximation model61 which takes the material gradual 
yielding into account in the form of the tangent modulus. The effect of bending residual stresses was 
also investigated in order to prepare parameters for the future full parametric study. The main 
conclusions from the study are summarised as: 

 With increasing non-linear n parameter, initial slenderness decreases. This effect implies that 
while the initial slenderness of 0.4 in EN 1993-1-4 (derived from mainly austenitic steel 
experimental results) can be used for materials with low n parameter, it may be unconservative 
to use it in combination with ferritic grades that have generally higher n values. 

 The transformed Ayrton-Perry curve describes more precisely the behaviour of ferritic stainless 
steel members subjected to buckling loads than the formulae used in present codes. However, it 
does not account for some uncertainties such as the nonlinear stress distribution in the cross-
section, and therefore it would be necessary to adjust its parameters to align with experimental 
data. 

 Bending residual stresses due to cold-working are one of the reasons for the different load-
displacement behaviour between virgin material and coupons taken from the flat and curved 
member parts. However, their prediction is very complex and therefore it is usually recommended 
to perform full-section tests to obtain these values experimentally. 
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Local buckling and web crippling 
The main goal was to assess the slenderness limits and reduction factors (effective widths) from two 
primary sources: 

 EN 1993-1-41 and Gardner and Theofanous2, by studying the effect of different material properties 
on the resistance over a range of slendernesses.  

 The numerical study, which was carried out by using the Abaqus plugin, covered square and 
rectangular hollow sections with sharp corners subjected to compression. Enhanced corner 
properties and residual stresses were not considered in this task in order to keep the inputs as 
low as possible and highlight the differences in specific material parameters without additional 
effects. The sectional stress distribution during the evolution of local buckling phenomena was 
also analysed to identify and compare the main issues for both assessed procedures. 

For web crippling, the main objective was to study the effect of different material properties, 
cross-sectional properties and test configurations on the determination of the local transverse 
resistance. Since EN 1993-1-4 does not give any specific rules for stainless steel, numerical results 
were compared with the rules given in EN 1993-1-35. Square/rectangular and hat sections 
undergoing interior one flange (IOF) and exterior one flange (EOF) load were simulated using the 
Abaqus plugin and some relevant conclusions were presented. The definition of IOF and EOF is given 
in the North American Specification for the Design of Cold-formed Steel Structural members62 as 
illustrated in Figure 4.5.  

 

Figure 4.5 Definition of IOF (interior one flange) and EOF (exterior one flange) for 
web crippling tests 

Task 2.3 Model calibration tests 
A full test report is available as a work package deliverable17.  

The following experiments were performed in order to calibrate the numerical models: 

 Bending tests:  

(a) Hollow sections: size 80 × 80 × 2 (SHS) and 80 × 40 × 2 (RHS), 1 test of each = 2 tests in 
total; 

(b) Top-hat sections (TH): size 72 × 72 × 24, 4 material thicknesses (1, 1.5, 2 and 3 mm) and 
two directions = 8 tests in total. 

 Internal and external support tests:  

(a) Hollow sections, only size 80 × 80 × 2 = 2 tests in total;  

(b) Top-hat sections, one direction only: 4 thicknesses tested twice each = 8 tests in total. 

 Material tension tests: full section tension tests (2 tests for hollow sections), material tests for 
pieces taken from faces and strip material of hollow sections (7 tests) and material tests for pieces 
taken from sheets of top hat section (12 tests). 

The dimensions of test specimens were selected so that different reductions due to plate and stiffener 
buckling could be studied in the same type of cross-section. In the case of an SHS 80 × 80 × 2, the 
plastic resistance was utilised to some extent. The top-hat sections were also used for demonstrating 
the distortional buckling phenomenon (stiffener buckling). 

A comparison of the test results with the values predicted by EN 1993-1-35 and EN 1993-1-41 was 
carried out. Additionally, the measured resistances were compared with the values based on the 
GMNIA. Figure 4.6 summarises the results of the accuracy of the GMNIA approach. Top-hat sections 
(TH) and hollow sections (SHS and RHS) results are presented in tension (MA0), bending downwards 
(BD) and upwards (BU), and in internal (IS) and external (ES) support tests. 
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Figure 4.6 Comparison of experimental (EXP) and finite element (FEM) results 

The Eurocode approach for calculating the bending resistance is based on the plastic resistance. The 
local resistance in the Eurocode comparison was calculated using the formulae for both single and 
multiple webs. Based on material test data, the initial modulus of elasticity was taken as 200 GPa. 
However, E is a very difficult property to determine for stainless steel. In order to obtain reliable 
material parameters for the constitutive model used by designers, a method based on the curve-
fitting of experimental data was developed (task 1.3). This algorithm provided slightly different 
results than the standard approach which uses only two measured points (0.01% and 0.2% offset 
stress), however, the accuracy of the comparison was greatly improved.  

The material model used in finite element simulations was based on the Mirambell-Real two stage 
material3 and its parameters were optimised using the stress-strain data from the material tests. 
The initial modulus of elasticity was taken as 200 GPa. In the GMNIA analysis, initial imperfections, 
residual stresses and enhanced corner properties were taken into account. Cross-section 
imperfections were distributed according to the first local buckling shape and amplified to b/200, 
where b is the maximum plate width of the cross section. The enhanced properties in the corners of 
brake-pressed top hat sections were calculated using the method proposed by Cruise and Gardner63, 
where the 0.2% proof strength depends on the corner radius and material thickness. Bending residual 
stresses in corners have plastic though-thickness distribution and their value was 15% of yield 
strength.  

Task 2.4 Parametric study and recommendations 
A report which gives a comprehensive account of the work carried out under this task is available as 
a work package deliverable18. 

Overall buckling 
Over 1500 finite element models were processed to verify the overall buckling curves presented in 
EN 1993-1-4. The study covered flexural buckling about the major and minor axes, torsional-flexural 
buckling and lateral-torsional buckling of beams. The values of the Ramberg-Osgood coefficient n 
used in the analysis were:  

 n = 5 (referred to as material group A),  

 n = 10 (group B), 

 n = 20 (group C)  

 n =40 (group D).  

Different levels of material hardening (fu/fy) were also employed:  

 fu/fy = 1.1 (referred to as material group 1),  

 fu/fy = 1.2 (group 1*),  

 fu/fy = 1.4 (group 2)  

 fu/fy = 1.8 (group 2*).  

This produced 16 different materials (i.e. A1, B1, …, D2*). Figure 4.7 shows the materials used in 
the analyses; the violet markers indicate the real material tests of ferritic grades. The enhanced yield 
strength and residual stresses of press-braked C sections and hollow sections were also modelled, 
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and the residual stresses due to welding were included in the case of I sections. The computationally 
predicted buckling curves were compared to the Eurocode buckling curves. 

Welded profiles were tested in major and minor axis flexural buckling and lateral-torsional buckling. 
The material model was uniform across the whole cross-section with the same material yield strength 
fy,b. The variation of strain hardening ratio fu/fy did not significantly affect the results and the effect 
of the nonlinear parameter n was also relatively small. The results indicate that the current buckling 
curves for flexural buckling of welded open sections can be used with all materials. 

Press-braked channels were also tested in minor axis flexural and torsional-flexural buckling. The 
basic yield strength fy,b and the average strength fy,a were both examined. (The definition of fy,b and 
fy,a are taken from EN 1993-1-3 Section 3.3.2. The basic yield strength is the strength of the flat 
material before press-braking. The average yield strength is the actual strength of the cross-section 
which takes account of cold working and is determined from the results of full size tests.) The 
Eurocode design rules can only be applied using the basic yield strength and therefore the buckling 
curves would need to be recalibrated in order to use the average strength.  

 
Figure 4.7 Materials in FEM study compared to the real tests 

Cold-rolled hollow sections were tested in minor and major axis flexural buckling and an example of 
some results for minor axis buckling of a 72 × 24 × 4 RHS is shown in Figure 4.8. Virgin material 
strength fy,v, flat part strength fy,f and average strength fy,a were used in the analysis. (Note that the 
flat parts strength is different from the virgin material strength in a cold-rolled hollow section because 
the cold-rolling circle-to-rectangle forming operation leads to an increase in strength.) While the 
application of virgin strength resulted in conservative results, average strength would require new 
buckling curves as in the case of press-braked sections. The results were very sensitive to the strain 
hardening ratio due to the differences in enhanced material yield strength prediction. Ferritic steels 
with a lower fu/fy ratio than austenitic stainless steels produced lower strength than the Eurocode 
stainless buckling curve, especially in lower slenderness ranges. Using the carbon steel buckling 
curve with the initial slenderness 0.2 would be more appropriate in such cases. 
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Figure 4.8 RHS 72 × 24 × 4 flexural buckling – minor axis 

Local buckling 
Over 550 stub columns and 250 4-point bending tests were simulated to assess the slenderness 
limits and reduction factors (effective width) proposed in EN 1993-1-4, EN 1993-1-54 and Gardner 
and Theofanous2. The values of the Ramberg-Osgood coefficient varied from n = 5 (austenitic), 
n = 10 (ferritic) to n = 100 (carbon steel) and different levels of material hardening fu/fy from 1.1 to 
1.8 were studied. The corresponding numerical ultimate response and real reduction factor (ρ) was 
plotted against the slenderness of the most slender constituent element and the ultimate numerical 
load was compared to the different theoretical predictions. 

Square/rectangular hollow sections (internal elements), I-sections and channels without lips 
(outstand elements) were tested in compression (stub column test) whereas only square/rectangular 
hollow sections were modelled under bending (4-point bending test). The results for internal 
elements indicate the following (see Figure 4.9 and Figure 4.10): 

 The class 3 limit of EN 1993-1-4 is quite conservative and the Gardner and Theofanous proposal2 
provides a more efficient result. Moreover, despite the material similarities between ferritics and 
carbon steel, the Class 3 limit for carbon steel is not suitable for ferritics.  

 The reduction factor proposed in EN 1993-1-5 provides the most efficient design for the carbon 
steel materials considered herein (n = 100) but cannot be applied to ferritics (where n = 10). 

 Both EN 1993-1-4 and Gardner and Theofanous2 design procedures to evaluate the effective width 
of internal elements (SHS/RHS) subjected to uniform compression could be safely applied to 
ferritic stainless steel. 
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Figure 4.9 Class 3 limit for internal elements in compression 

 

 
Figure 4.10 Class 3 limit for internal elements in compression and reduction function ρ 

 

Results from outstand elements (I-sections and channels without lips) show the following (see 
Figure 4.11 and Figure 4.12): 

 The class 3 limit specified in EN 1993-1-4 is quite conservative and Gardner and Theofanous 
proposal, which proposes to adopt carbon steel limit to stainless steel, is more efficient. 

 Both EN 1993-1-4 and Gardner and Theofanous design procedures to evaluate the effective width 
of outstand elements subjected to uniform compression could be safely applied to ferritic stainless 
steel. 
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Figure 4.11 Class 3 limit for outstand elements in compression 

 

 
Figure 4.12 Class 3 limit for outstand elements in compression and reduction function ρ 

 

Square/rectangular hollow sections (internal elements) were tested in 4-point bending. The results 
for internal elements indicate the following (see Figure 4.13 and Figure 4.14). 

 The Class 1 and 2 limit in EN 1993-1-4 is quite conservative; a more efficient design for stainless 
steel is possible using the Gardner and Theofanous proposal2. 

 The equivalent Class 2 limit for carbon steel is not a suitable border for ferritics whereas the 
Class 1 limit for carbon steel can be safely adopted. 
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Figure 4.13 Assessment of class 2 slenderness limits for fully compressed hollow sections 
(internal elements) 

 

 

Figure 4.14 Assessment of class 1 slenderness limits for fully compressed hollow sections 
(internal elements) 

It is noteworthy that the definition of the width-to thickness ratio (c/tε) in outstand flanges from 
channels given in EN 1993-1-4 (for stainless steel) is different from that defined in EN 1993-1-1 (for 
carbon steel). According to EN 1993-1-1, the outstand elements should be classified using the flat 
part of the section whereas EN 1993-1-4 proposes that the whole width should be considered. It is 
important to point out that the EN 1993-1-4 definition gives greater slenderness ratios and the limits 
become unduly conservative. As a consequence, and to be consistent with the carbon steel design 
rules, it is proposed that the EN 1993-1-1 width-to thickness ratio for outstand flanges of channels 
should be used instead. Additionally, the definition of the relevant width in EN 1993-1-5 and 
EN 1993-1-4 for RHS/SHS differs. These discrepancies might give different element slenderness 
values ( p ) for the same section and affect the comparison of results between different Eurocodes. 
Further details can be found in the deliverable for this task18. 

Web crippling 
Over 300 numerical simulations were carried out on square/rectangular and hat sections subjected 
to exterior one flange (EOF) and interior one flange (IOF) loading18. Since the value of the Ramberg-
Osgood coefficient does not affect the web crippling resistance, this value was fixed at n = 10 (for 
ferritics) and different levels of material hardening fu/fy from 1.1 to 1.8 were examined. The 
parametric study considered different cross-section dimensions, internal radii and different values 
for the bearing length in order to assess as many parameters as possible. Numerical results were 
compared with Clauses 6.1.7.2 and 6.1.7.3 of EN 1993-1-35. 
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The results are presented in Figure 4.15 and Figure 4.16 for IOF loading, and the main conclusions 
can be summarised as follows: 

 Both EN 1993-1-3 Clause 6.1.7.3 and Clause 6.1.7.2 provide unsafe results with considerable 
scatter in the results.  

 Results from the new proposal give more accurate results with a lower standard deviation, 
compared with the current design standards. 

 

Figure 4.15 Comparison of FEM results with design rules: SHS/RHS sections under 
IOF load 

 

Figure 4.16 Comparison of FEM results with design rules: hat sections under IOF 
load 

The results are presented in Figure 4.17 and Figure 4.18 for EOF loading, and the main conclusions 
can be summarised as follows: 

 Despite EN 1993-1-3 Clause 6.1.7.35 recommending that the bearing length is taken as 10 mm, 
both Figure 4.17 and Figure 4.18 demonstrate that it is more suitable to consider the real plate 
length which produces crippling (ss). This assumption provides less conservative and less 
scattered results. 

 In general, EN 1993-1-3 Clause 6.1.7.25 presents quite dispersed results but less conservative 
than current EN 1993-1-3 Clause 6.1.7.3 formulation. 

 The new proposal predicts the best results with the least conservative results and reasonable 
scatter. 
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Figure 4.17 Comparison of FEM results with design rules: SHS/RHS sections under 
EOF load 

 

Figure 4.18 Comparison of FEM results with design rules: hat sections under EOF 
load 

Task 2.5 Recommendations for the use of DSM 
A comprehensive report of the work carried out under this task is available as a work package 
deliverable19. 

The Direct Strength Method (DSM) is a modern simulation-based design method for determining the 
resistance of thin-walled cold-formed steel members, taking into account the interactions of local, 
distortional and overall buckling. It has been introduced in the American cold-formed specification 
AISI S10062, as well as the Australian carbon steel specification. The method is predicated upon the 
idea that if an engineer determines all of the elastic instabilities for the member and its gross section 
(i.e. local, distortional, and global buckling) and the load (or moment) that causes the section to 
yield, then the strength can be directly determined.  

The full report for this task presents an evaluation of the applicability of the DSM for determination 
of the ultimate compression resistance for cross-sections compared with the effective width method 
proposed in EN 1993-1-4 and other international standards1,4,5,46,47,62,64,65. The results were 
compared with results from a GMNIA for the members. The analysis was performed using the same 
material and cross-sectional properties studied in the previous tasks in this WP. Relevant work by 
Becque was also considered66. 

Figure 4.19 presents the results for the torsional-flexural resistance of columns with variable length 
and fixed thickness of 0.5, 1.0 or 1.5 mm, whilst similar results for flexural buckling are given in 
Figure 4.20. The DSM is compared with the recommendations in EN 1993-1-147, EN 1993-1-41 and 
Talja and Salmi67, as well as the numerical predictions. 
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Figure 4.19 Comparison of torsional-flexural resistance of a column with variable 
length 

Figure 4.20 Comparison of flexural resistance of a column with variable length 

The study showed that the DSM did not bring significant improvement over the traditional effective 
width method in the Eurocode (see Figure 4.21 and Figure 4.22), but it was a more straightforward 
approach than the effective width and effective thickness approaches, which usually need several 
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iterations and are limited to simple cross-sections. The use of the DSM is also limited to certain 
sectional shapes and loading combinations but its true range can be extended by calibration. 

The behaviour of ferritic stainless steels lies between carbon steels and austenitic stainless steels, so 
the curve for the DSM for stainless steels gives conservative results for ferritic stainless steels. The 
comparison of different methods for the determination of the ultimate resistance concludes that the 
DSM for stainless steels provides good results for austenitic and ferritic stainless steels (n = 5, n = 
10). 

 

Figure 4.21 Torsional-flexural buckling resistance normalized to FEM results with 
respect to the variable length 
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Figure 4.22 Flexural buckling resistance normalized to FEM results with respect to the 
variable length 

Task 2.6 Comparative design of a roof truss 
This comparative study is reported in full in the deliverable for this task20.  

The performance of different grades of stainless steel (austenitic and ferritic) in a roof truss was 
compared at room temperature and in a fire situation. The grades compared were austenitic 
grades 1.4301, 1.4571 and 1.4318 and ferritic grades 1.4003, 1.4509 and 1.4521. The comparison 
was undertaken for a truss which consists of structural hollow section members and dimensions as 
shown in Figure 4.23. The structural design was performed for room temperature and for R15 and 
R30 fire cases, which correspond to fire resistances of 15 and 30 minutes according to the ISO 834 
standard fire. The load ratio, which indicates the loads used in fire situation divided by the room 
temperature loads, was 0.35 in the case study.  

 

Figure 4.23 Dimensions and loads for comparative roof truss designs 

The span of the girder was 16 m, the height at midpoint was 2.2 m and the height at the ends was 
1.6 m. The analysis was carried out using the Winrami software68. The resistance of the members 
was calculated in accordance with EN 1993-1-4 and EN 1993-1-2 for in-plane behaviour. The material 
strengths and stiffnesses at elevated temperatures for the austenitic grades was taken from EN 
1993-1-2 except for grade 1.4318 which was taken from the Design Manual for Structural Stainless 
Steel69. The properties for the ferritic grades were taken from the data that was available from WP4 
at the time of carrying out the analysis, so do not exactly reflect the final recommendations from 
WP4. 
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Figure 4.24 and Figure 4.25 show the variation in 0.2% proof strength with temperature and the 
variation of stiffness with temperature for the grades covered. It should be noted that after this task 
was complete, a less favourable set of stiffness retention factors for the elastic modulus of ferritic 
stainless steels was derived (Figure 6.5) and additionally, WP 1 and 2 recommend a value of E = 
200,000 N/mm2 for ferritics, and not the value of 220,000 N/mm2 given in EN 10088 (and assumed 
in this analysis). The lower value of E and lower strength retention factors would lead to a reduction 
in buckling resistance of between 10-20% for the compression members, depending on the buckling 
length of the member. 

 

Figure 4.24 0.2% proof strength (y axis, MPa) as a function of temperature (x axis, C) 

 
 
Figure 4.25 Elastic modulus (y axis, GPa) as a function of temperature (x axis, C) 

Table 4.1 shows the properties of the various grades of stainless steel at 710C and 840C, which is 
the temperature reached by a 3 mm thick steel member after 15 and 30 minutes fire exposure 
respectively. 
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Table 4.1 Mechanical properties at temperatures of 710 and 840C 
Material RT 

fy  
[N/mm2] 

RT 
fu  
[N/mm2] 

Fire situation  
design parameters 
according to 

fy,Θ 

t=3mm 
T= 840°C  

E 
[N/mm2] 

fy,Θ 

t=3mm 
T= 710°C  

E 
[N/mm2] 

1.4301 230 540 EN 1993-1-2 74 111600 120 140400 
1.4571 240 540 EN 1993-1-2 125 111600 179 140400 
1.4521 380 540 SAFFS 59 122760 183 154440 
1.4509 350 480 SAFFS 53 122760 169 154440 
1.4318 350 650 Euro Inox Manual 86 1) 111600 164 140400 
1.4003 330 490 SAFFS 41 122760 64 154440 
S355 355 510 EN 1993-1-2 32 23900 77 27300 

1) Mechanical properties are complemented by adding information related to a temperature of 900°C. 
 
Figure 4.26 gives a comparison of the weights of the lattice girders covering all the design cases, 
normalised against the weight of the lightest possible truss at room temperature, which is made of 
1.4521. The lightest truss based on room temperature and R15 fire design was obtained by using 
ferritic grades 1.4521 and 1.4509 or austenitic grade 1.4318. In the case of R30 design, the lightest 
truss used austenitic grades 1.4571 and 1.4318. Generally, the R30 situation determines the member 
sizes, except for grade 1.4571, where the room temperature design is the limiting situation. 

  
Figure 4.26 Comparison of relative truss weights 

Figure 4.27 shows the relative cost of four ferritic grades (1.4003, 1.4016, 1.4509 and 1.4521) and 
two austenitic grades (1.4301 and 1.4401). Using this cost data, the cost of the various truss 
solutions was compared (Figure 4.28). The most cost effective solution, based on R15 fire design 
and base material price, was the lattice girder made of ferritic grade 1.4509. In R30 fire design, the 
ferritic grade 1.4509 and austenitic grade 1.4318 were best choices in terms of cost effectiveness. 
The ferritic grade 1.4003 and structural carbon steel S355 have the lowest strengths at temperatures 
over 700C and therefore the fire design determines the section dimensions, even in the R15 fire 
case. The use of grade S355 with any fire protection is usually limited to R10 fires because, unlike 
carbon steels, the modulus of elasticity of S355 drops very fast after 650C. 

 

Figure 4.27 Price of cold-rolled stainless steels / March 2013 
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Figure 4.28 Comparison of relative truss material prices 

Concluding remarks for WP2 and design recommendations 
More than 2000 numerical simulations of 3D finite element models were carried out, which 
incorporate complex material behaviour, enhanced properties in corners and residual stresses. To 
verify these models, 22 cold-formed members were tested in tension, bending and web crippling in 
addition to 19 material tests. The work was reported in several deliverable reports15-20 as well as 
various conference proceedings and peer-reviewed journals56,70,71,72,73. 

The important role of material nonlinearity (represented as non-linear factor n in the models) was 
recognised in the buckling strength of members. A relatively higher n factor leads to higher resistance 
of members with the non-dimensional slenderness is close to unity. Work hardening and residual 
stresses due to fabrication cause the degradation of the n factor of the whole cross-section, as the 
nonlinearity is increasing. This weakens the positive effect of high n of the virgin material, and 
therefore it is essential to include it in finite element analysis. 

Recommendations for Eurocode 3 from the work carried out in this WP2 include: 

Material properties  
Although EN 10088-1 gives a value for elastic modulus of 220 GPa for the ferritic grades studied, a 
lower value of 200 GPa is recommended for ferritic grades based on the review of available data15, 
analysis of 60 material test results provided by steel producers and experimental tests17. 

Classification of cross-sections 
It is recommended that the cross-section classification and reduction factors proposed in Gardner 
and Theofanous2 is adopted in design guidance for ferritic stainless steel. For consistency with carbon 
steel design rules, it is recommended that the outstand elements of channel sections are classified 
according to width-to-thickness definition of EN 1993-1-1. It is also recommended that the relevant 
slenderness of square/rectangular hollow sections is defined using the flat part of the section. 

Buckling resistance of members 
The results of the parametric study indicate that the initial slenderness of hollow sections made from 
ferritic steels (where the fu/fy ratio is typically low) should be lower than the current value 0.4 in 
EN 1993-1-4. The proposed parameters are presented in Table 4.2 and these take into account the 
variability of the n factor and fu/fy ratio. Due to the typically low fu/fy ratio in ferritic grades, it is 
recommended that the carbon steel value of initial slenderness in EN 1993-1-1 (i.e. 0.2) is used 
when flat face properties are used in design. For comparison, Table 4.3 gives the buckling curves 
currently given in EN 1993-1-4. 
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Table 4.2 Recommended changes of the values of  and 0  for flexural, torsional and 
torsional-flexural buckling when the basic strength is used 

Buckling mode Type of member 
n > 5 


n > 10


n > 20

0  

Flexural Cold-formed open sections 0.49 0.34 0.21 0.4 

Hollow sections fu/fy ≥ 1.1 0.76 0.49 0.49 0.2 

Hollow sections fu/fy ≥ 1.4 0.76 0.49 0.49 0.3 

Hollow sections fu/fy ≥ 1.8 0.76 0.49 0.49 0.4 

Welded open sections (major axis) 0.76 0.49 0.49 0.2 

Welded open sections (minor axis) 0.76 0.76 0.76 0.2 

Torsional-flexural Cold-formed open sections 0.34 0.34 0.21 0.2 

Other sections (not studied here) 0.34 0.34 0.34 0.2 

Torsional All members (not studied here) 0.34 0.34 0.34 0.2 

 

Table 4.3 Values of  and 0  for flexural, torsional and torsional-flexural buckling 
given in EN 1993-1-4 

Buckling mode Type of member  
0  

Flexural Cold formed open sections 0.49 0.40 

 Hollow sections (welded and seamless) 0.49 0.40 

 Welded open sections (major axis) 0.49 0.20 

 Welded open sections (minor axis) 0.76 0.20 

Torsional and torsional-flexural All members 0.34 0.20 

 
A new and improved definition for the overall buckling curve has been proposed. Currently, the 
design codes take into account either initial imperfections1,47 or gradual yielding of the material8,45 in 
overall buckling. It is proposed that a combination of both approaches may be adopted which would 
result in iterative calculation of modified member slenderness (Equations 3a and 3b). This greatly 
improves the accuracy of the buckling strength prediction of stainless steel and similar metallic beams 
and columns.  
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Plate buckling  
The plate slenderness calculation in EN 1993-1-5 is always based on stress equal to the material 
yield strength fy. It is recommended that the calculation should take into account the overall buckling 
stress of the full cross section (similarly to that used in AISI, ASCE and AS/NZS standards45,46,47,62,65) 
and recommended by Talja and Salmi67. The proposed formula is presented in Equation 4. The full 
cross-section should be used in overall buckling calculation of the reduction factor . 




k

tb
p

4.28
 (4) 

Web crippling resistance  
Currently, EN 1993-1-4 does not give any specific design rules for calculating the web crippling 
resistance for stainless steel sections, so the designer assumes the carbon steel rules apply. The 
formula for sections with two or more unstiffened webs (EN 1993-1-3, clause 6.1.7.3) is only 
applicable to hat sections and sheeting. Studies into square/rectangular hollow sections have 
assumed the rules for sheeting can be applied without any background that proves their suitability. 
Results from this study indicated that for some square hollow sections, EN 1993-1-3 predictions in 
specimens undergoing interior one flange load are unsafe. 

The following equation for predicting the web crippling resistance is proposed instead, which is 
applicable to both hat sections and rectangular and square hollow sections: 
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, .
. 0.5 0.01 ⁄ 2.4 90⁄  (5) 

where: 

k = δr/t 

la = effective bearing length for the relevant category determined as 0.01ss for EOF loading 
or 2.2ss for IOF loading. 

This equation differs from that given in EN 1993-1-3 in the following aspects: 

 The internal radius is considered differently. 

 The term that takes into account the bearing length, la, has changed. Currently, EN 1993-1-3 
Clause 6.1.7.3 considers an invariable bearing length equal to 10 mm when βv ≥ 0.3 (the most 
common state) whereas this new proposal recommends that the actual bearing length should be 
used instead. 

 A new term has been added involving the strength at 1% proof strain, 1.0 

 Three non-dimensional coefficients (β, δ and ξ) have been added to allow a better adjustment of 
the different parameters 

Table 4.4 gives values for the non-dimensional coefficients derived from the results of the numerical 
analysis and validated by the tests. Since the preliminary study concluded that the nonlinear 
parameter has no influence on the web crippling strength, this new proposal expression is applicable 
to any stainless steel. 

Table 4.4 Coefficients to determine web crippling resistance 

 Category 1 (EOF) Category 2 (IOF)

 SHS/RHS Hat section SHS/RHS Hat section

α 0.07 0.085 0.13 0.14 

β 2.14 1.65 0.59 0.81 

δ 0.22 0.13 0.14 0.065 

ξ 2200 2275 2700 2000 

 

Generalised multistage material model 
Most currently used stress-strain models are based on the two-stage Ramberg-Osgood equation 
proposed by Mirambell and Real 3,74,75. However, there are differences in the definition of when the 
first stage ends and the second begins. The model proposed herein offers a single definition that 
covers most of the basic theories and allows for extension (i.e. adding more stages) if required. Each 
stage is formulated using the initial tangent modulus of elasticity, stress and plastic strain (Ei, σi and 
εipl, respectively) together with the nonlinear parameter ni, as follows: 
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where the tangent modulus and plastic strain of the next segment are given as: 
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To characterise the material behaviour, the model thus requires a defined number of points on the 
material curve or the differences between consecutive points: 

pl
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The consecutive stresses have to satisfy the constraint related to the initial tangent modulus of each 
segment: 
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A full explanation of the model is given elsewhere15,73. 
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Optimisation of material parameters 
The standard method of determining the material parameters for application of the Ramberg-Osgood 
curve is based on the knowledge of two measured points: 0.01% stress (Rp0.01 or σ0.01) and 0.2% 
stress (Rp0.22 or σ0.2). However, modern testing equipment usually provides a load-displacement 
curve with many data points. These data can be processed by the nonlinear regression algorithms to 
find the best fit of the material model.  

An algorithm has been developed to optimise the Ramberg-Osgood parameters (E, σ0.2 and n) using 
the measured data up until the offset yield point, and is able to provide the parameters for multistage 
models (e.g. proposed by Mirambell and Real3, Gardner and Ashraf75 or the generalised formula 
developed in this project, as described in Appendix E of the test report for this work package17. 
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5        WP3: STRUCTURAL AND THERMAL PERFORMANCE OF STEEL-CONCRETE 
COMPOSITE FLOOR SYSTEMS 

This work package is concerned with the performance of composite flooring systems using ferritic 
stainless steel profiled sheeting. Composite construction using profiled slabs with galvanised steel 
decking is now very common in construction. This WP aims to gain an understanding of the behaviour 
of these systems using ferritic stainless steel decking so that design guidance can be provided.  

Objectives of WP3 
The use of composite floor slabs is well established and the design approach is presented in 
EN 1994-1-16. Figure 5.1 illustrates a typical composite floor system in which a reinforced concrete 
slab is case on profiled steel decking, supported on the top flange of downstand beams.  

     

Figure 5.1 Composite slab: schematic and example of a composite floor with exposed 
soffit in a car park  

Exposing the soffit of a composite slab enables the thermal capacity of a slab to be mobilised and 
can contribute to regulating the temperature in a building. Ferritic stainless steel decking is more 
attractive than galvanised carbon steel decking, and hence it is more likely to be acceptable to expose 
decking from ferritic stainless steel. Therefore, in order to develop this technology further, the 
structural performance of composite slabs using profiled decking rolled from ferritic stainless strip 
steel was studied. The scope of these tests was limited to a typical composite deck profile of 
approximately 60 mm depth that is currently rolled in galvanised steel strip. The performance in the 
tests was compared against the design rules for carbon steel decking given in EN 1994-1-16 and 
EN 1994-1-2 (Fire)7. 

Task 3.1 Production feasibility for composite decking 
A report of the work carried out under this task is available as a work package deliverable21. 

The aim of this task was to assess whether ferritic stainless steel could be processed in the same 
way as galvanised steel to produce steel decking or if some adaptations to the process parameters 
were needed. The decking type chosen was Cofraplus 60, a 58 mm high deck produced in galvanised 
steel by ArcelorMittal (Figure 5.2). Two configurations were tested in different ferritic stainless steel 
grades, although only one of them was used for structural testing (Table 5.1).  
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Figure 5.2 Cofraplus 60 deck 

Table 5.1 Processed stainless steel coils for decking trial 

Material 
Finish 
 

Thickness 
mm 

Width 
mm 

Profile Embossment Structural tests 

1.4003 2B 0.8 1500 Cofraplus 60 – 5 waves Yes Yes 

1.4621 2R 0.8 1220 Cofraplus 60 –  4 waves Yes No 

 
To determine the mechanical properties of the material, tensile tests were carried out on 
grade 1.4003 material, which was used in all the tasks in this work package. The tensile properties 
are reported in Table 5.2. The comparison to S350GD galvanised steel properties (Table 5.3) shows 
similar tensile strength but slightly lower elongation and significantly higher yield strength for 
galvanised steel than for 1.4003. 

Table 5.2 Tensile test of 1.4003 samples from processed coil 

Specimen 
orientation 

Specimen 
# 

Rp0.2% 
MPa 

Rp1% 
MPa 

Rm 
MPa 

A 
% 

Ag 
% 

Transverse 
direction 

1 323 349 504 27.2 17.6 

2 324 351 503 27.6 17.5 

Rolling 
direction 

1 305 335 492 28.8 18.1 

2 305 334 491 28.7 18.1 

 
Table 5.3 Tensile test of S350GD (mean out of 10 measurements each) 

Specimen orientation 
Nominal thickness 
galvanised/bare steel 
mm 

Rp0.2 
 
MPa 

Rm 
 
MPa 

A 
 
% 

Rolling direction 0.75 / 0.71 408 ±6 486 ±7 26.4 ±1.5 

Rolling direction 1 / 0.96 388 ±7 475 ±5 26.3 ±1.6 

Decking trial 
Two profiling trials were carried out at the ArcelorMittal Strasbourg plant, firstly in March 2011 and 
then in May 2012 (Figure 5.3 presents images from the trials). Two coils were processed, one of 
grade 1.4003 and the other from grade 1.4621. These roll forming trials were carried out using the 
same processing parameters as for galvanised steel. The decking was obtained after successive 
deformation through various roll forming stands. The first step of the roll forming produced 
embossment on the flat strip while following steps lead to the bending of the strip into various 
“omega” waves.  

After profiling and cutting the samples, geometrical checks were carried out. Global geometrical 
parameters (i.e. wave height and width) were found to be within tolerances. Superficial defects on 
some ribs were noticed and these were because of the presence of zinc traces in some parts of the 
rolls. The zinc traces should have been removed prior to processing the stainless steel. The shiny 
aspect of the sheets was preserved by using protective films on both sides of the strip. 
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Figure 5.3 Roll-forming trials of Cofraplus 60 decking in ferritic stainless steel 

Following the first trial, it was noticed that the embossment height was quite low, below the minimum 
specified in ArcelorMittal product specification. This, however, was unrelated to the material and was 
actually owing to a problem with the plant. As a result of this, a second profiling trial was arranged 
following maintenance to the rolling equipment and the profile in this case complied with all 
dimensional requirements. Decking samples from this second trial were used for composite decking 
tests. The decking tests in the construction stage used the profile from the first production since the 
embossments do not play any role in these tests. 

Task 3.2 Decking tests in the construction stage 
A report of the work carried out under this task is available as a work package deliverable22. 

This task looked at the performance of bare ferritic steel decking, as may occur during construction 
prior to concrete pouring. During construction, decks are usually placed into their final position over 
2 or 3 spans without temporary propping and they need to be able to resist not only their own weight, 
but also the weight of the wet concrete when it is poured before composite performance can be 
assumed to take place. Four types of test were performed on the stainless steel decking, including 
(i) simply supported decking tests, (ii) continuous decking tests, (iii) small scale moment rotation 
tests and (iv) small scale web crushing (end support) tests. 

The test results were compared to carbon steel test results where possible. The material properties 
of the decking were also assessed through tensile tests on coupons extracted from the final decking 
and were compared to the original coil properties (prior to deck rolling). 

Material properties 
The grade 1.4003 decking produced in task 3.1 was used for these tests. A 60 mm height profile was 
tested. The mechanical properties of the ferritic stainless steel were assessed by conducting tensile 
tests on coupons extracted from the decking; the tensile properties are summarised in Table 5.4. 
These results can be compared with those presented in Table 5.2 to show the effect of cold-forming 
the material. 

Table 5.4 Tensile properties 

Parameter Value 

E 178000 MPa 

σ0.2 304 MPa 

n 15 

Simply supported tests 
Three positive bending moment tests and three negative bending tests were conducted on simply 
supported stainless steel decks (Figure 5.4). These tests are necessary to determine the mid-span 
moment resistance and the effective flexural stiffness corresponding to the positive and negative 
bending moment situations. The total length of the sheets was 3.1 m including 50 mm extra length 
at either end beyond the support. The decks were subjected to a uniformly distributed load 
configuration, introduced by 4 longitudinally distributed cross beams in accordance with 
EN 1993-1-3, Annex A5 and in all the tests spreading of the corrugations was prevented by using 
transverse ties under the loading sections. In terms of end conditions, one support allowed free 
rotation and free longitudinal displacement whereas the other end allowed only free rotation. 
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(a) (b) 

Figure 5.4  General view for (a) positive and (b) negative bending moment tests 

Test results are presented in Table 5.5 with the resistances predicted in accordance with the rules 
provided in EN 1993-1-3 for both positive and negative bending. 

Comparison of the ferritic and galvanised results shows that both provide similar ultimate bending 
moment values in both positive and negative bending tests. The experimental results show that for 
the positive and the negative bending position, the EN 1993-1-3 design rules for carbon steel can 
safely be applied to ferritic stainless steels. This was further verified through comparison with similar 
tests completed on carbon steel decking76,77. 

Table 5.5 Analysis of the positive and negative bending moment tests 

 Positive bending tests Negative bending tests 

Test 
Ultimate 
load (kN) 

Ultimate 
bending 
moment 
(kNm) 

Carbon 
steel test 
results* 
(kNm) 

EN 1993-1-3 
predicted 
ultimate 
moment 
(kNm) 

Ultimate 
load (kN) 

Ultimate 
bending 
moment 
(kNm) 

Carbon 
steel test 
results* 
(kNm) 

EN 1993-1-3 
predicted 
ultimate 
moment 
(kNm) 

nº1 14.34 5.37 5.42 

5.0 

16.44 6.17 5.18 

5.58 nº2 15.52 5.82 5.22 15.29 5.73 5.14 

nº3 15.82 5.93 5.21 15.75 5.91 4.82 

Mean 15.23 5.71 5.29 5.0 15.83 5.94 5.05 5.58 

Continuous decking tests 
Three continuous decking tests on 2 × 3 m spans were conducted in order to study bending-shear 
interaction in the middle support and to enable a comparison to be made with the previous single 
span tests; see Figure 5.5(a). A hinged support was placed at the internal support and roller supports 
at either end. 

  
(a) (b) 

Figure 5.5 (a) General view of the continuous tests and (b) load-displacement graph 
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The results are presented as load-displacement curves in Figure 5.5(b) and middle support collapse 
loads and ultimate loads in Table 5.6.  

Table 5.6 Ultimate loads in the continuous decking tests 

Test 
Middle support collapse 
load (kN) 

Ultimate load
(kN) 

nº1 37.17 40.45 

nº2 37.58 40.9 

nº3 36.10 40.86 

Mean value 36.95 40.74 

 
The maximum bending moments at the middle support are presented in Table 5.7 together with the 
positive bending moment values when the negative bending moment is at a maximum at middle 
support as well as the maximum bending moments under the point of load application. It is observed 
that there is a reduction in the moment resistance at the internal support due to the moment-shear 
interaction in this region.  

Table 5.7 Bending moment values for the representative points of the tests 

Test 
Maximum bending 
moment in middle 

support (kNm) 

Bending moment under load 
application when middle 
support collapses (kNm) 

Maximum bending 
moment under load 
application (kNm) 

nº1 5.66 3.72 7.86 

nº2 5.41 3.95 7.63 

nº3 5.54 3.52 7.37 

Mean 5.54 3.73 7.62 

Small scale rotation tests 
A total of nine internal support tests with different span lengths were conducted in order to simulate 
an inverted deck element at the middle support.  

The deck was simply supported, with a hinged support at one end and a roller at the other 
support. The concentrated load was uniformly introduced by a transverse steel beam at the 
middle span. Load-displacement curves were obtained at the middle span section and at a 
distance of 100 mm from each support section. The test results were presented as ultimate 
loads (Table 5.8). Also included in the table are two sets of predicted resistances using (i) 
Equation 6.28c in EN 1993-1-3 for moment-shear interaction and (ii) a new interaction 
equation proposed by Gozzi for stainless steels78, as well as results for similar tests 
undertaken at Universität Karlsruhe, using carbon steel76,77. 
 
Table 5.8 Comparison between experimental and predicted loads for internal support 

tests 

 
It has been shown that the EN 1993-1-3 interaction proposals provide safe results for the studied 
decks, although they are quite conservative. It is recommended that the proposal by Gozzi78 can be 
safely applied. It has also been found that plastic design can be applied for continuous decks. 

Span 
length 

Test 
Experimental 
ultimate load (kN) 

EN 1993-1-3 predicted 
ultimate load (kN) 
(Eqn.10) 

New proposal  
predicted ultimate 
load (kN) (Eqn 11) 

Previous tests 
results 
(carbon steel) 

430 mm 

nº1 29.33 

25.61 28.68 

25.4 

nº2 29.43 25.0 

nº3 29.43 --- 

705 mm 

nº1 25.33 

20.44 22.89 

20.91 

nº2 25.73 20.28 

nº3 25.73 --- 

1200 mm 

nº1 18.03 

14.99 16.79 

--- 

nº2 17.43 --- 

nº3 18.43 --- 
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Small scale web crushing (end support) tests 
A total of four 600 mm span web crushing (end support) tests were conducted in this study. The 
width of the beam used to apply the test load was 300 mm, in accordance with the guidance in 
EN 1993-1-3, and the load was applied at a distance of 200 mm from the studied support. The other 
support, a hinge, was stiffened with rectangular hollow sections.  

Load-displacement curves were obtained measuring linear displacement of the deck along the vertical 
axis in the loading section and at a distance of 80 mm from the studied support section. Test results 
are presented as load-displacement curves (Figure 5.6) and the collapse loads are summarised in 
Table 5.9.  

Figure 5.6 Load-displacement curves for the end support tests and general view of the 
sheet after collapse 

The table also includes the web crippling resistance (Rw,Rd) predicted using EN 1993-1-3. This value 
imposes a bearing length of 10 mm for all end support tests, noted as (a) in Table 5.9. The 
assumption of the real bearing length has also been considered in this study, noted as (b) in the 
table. However, during the tests it was observed that the deck did not fail in the support section as 
expected, and the collapse occurred in the loaded section due to the combination of bending moment 
and concentrated load. Hence, these tests have also been studied as internal support tests 
considering the most appropriate interaction expression, denoted as (c) in the table.  

Similar end support tests were also conducted using carbon steel at the Universität Karlsruhe76,77, 
and these results are also presented in the table. It is observed that the ultimate loads are very 
similar to those obtained in the current study, illustrating that ferritic stainless steel decking does 
not behave very differently to carbon steel deck in this respect. 

Table 5.9 Comparison between experimental and predicted loads for internal support 
tests 

Test 
Experimental 
ultimate reaction 
(kN) 

EN 1993-1-3 
predicted 
ultimate reaction 
(kN) (a) 

EN 1993-1-3 
predicted 
ultimate reaction 
(kN)  (b) 

EN 1993-1-3 
predicted 
ultimate reaction 
(kN) (c) 

Previous tests 
results 
(carbon steel) 

nº1 30.19 

9.83 20.59 23.06 

29.0 

nº2 30.32 29.13 

nº3 29.30 28.73 

nº4 30.10 --- 

 
These tests have shown that the guidelines in EN 1993-1-3 for web crushing are very conservative. 
It is also noteworthy that the observed failure mechanism in all tests was due to moment-
concentrated load interaction, meaning the the decks in these tests would be expected to fail in the 
middle span section before the web crushing resistance is reached at the outer supports.  

Similar end support tests were also conducted using carbon steel at the Universität Karlsruhe76,77, 
and these results are also presented in the table. It is observed that the ultimate loads are very 
similar to those obtained in the current study, illustrating that ferritic stainless steel decking does 
not behave very differently to carbon steel deck in this respect. 

Task 3.3 Composite slab tests 
A report of the work carried out under this task is available as a work package deliverable23. 
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Changes in the test programme 
At an early stage of the project, some changes were made to the test configuration. This was 
because, according to the product information for carbon steel decking, the original test configuration 
would result in failure under self-weight for the long span slab tests while the original short-span 
configurations were only appropriate for double span decks. The new test configurations adopted 
were as follows: 

 Long span composite slabs: 180 mm deep slab of 4.3 m span (instead of 130 mm and 4.5 m) 

 Short span composite slabs: 100 mm deep slab of 2.5 m span (instead of 150 mm and 3 m) 

Test description 
Eight composite slab tests were conducted including four long span slabs and four short span slabs. 
For both the long and short span tests, three of the slabs used ferritic stainless steel decks, and one 
used galvanised steel for comparison. Samples from the second profiling trial were used in this 
campaign with the deeper embossments. 

All the slabs were fully supported on the ground when pouring, vibrating and curing the concrete, as 
required in EN 1994-1-1. Crack inducers were cast into each slab, together with an electro-welded 
reinforcing mesh to avoid any cracking of the concrete surface due to shrinkage. Before the tests 
were conducted, concrete cylindrical specimens were tested in order to determine the actual concrete 
strength fck. 

The test configuration was similar for the long and short span slab tests, as shown in Figure 5.7 and 
Figure 5.8. The first test in each series was used as a reference static test, where the ultimate load 
was employed for the determination of the cyclic loading values. In every test, the longitudinal slip 
was measured at both ends, as was the midspan deflection and central curvature.  

(a) (b) 

Figure 5.7 Long span tests (a) set-up and (b) photograph during testing 

 

(a) (b) 

Figure 5.8 Short span tests (a) set-up and (b) photograph during testing 

Figure 5.9(a) and Figure 5.10(a) show the load-slip curves for both long and short slab tests in 
stainless steel (“SS”) and galvanised steel (“C steel”), while the load-midspan deflection curves are 
presented in Figure 5.9(b) and Figure 5.10(b). The ultimate loads are given in Table 5.10. According 
to EN 1994-1-1, all the slabs were clearly classified as ductile since all failure loads exceeded the 
load corresponding to end slip of 0.1 mm by more than 10%. 
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(a) (b) 

Figure 5.9 Load-slip curves for long-span tests 

 

  

(a) (b) 

Figure 5.10 Load-slip curves for short-span tests 

Table 5.10 Ultimate loads for long and short slab tests 

 Ultimate loads (kN) 

 Long span slabs Short span slabs

SS. nº1 26.87 35.05 

SS. nº2 29.85 39.51 

SS. nº3 32.60 36.24 

Mean 30.77 36.93 

Carbon Steel 31.63 36.06 

 
The ultimate state parameters were calculated for all the tested slabs. The design methods proposed 
in EN 1994-1-1 for composite slabs are (i) the m-k method and (ii) the partial connection method. 
The m-k method consists of plotting the support reaction against the shear span length (Ls) and 
approximating a straight line that provides the m and k parameters (see Figure 5.11), while the 
partial connection method requires the determination of the ultimate shear resistance u,Rd from the 
ultimate bending moment values achieved in the tests. Table 5.11 presents the most relevant 
parameters (m, k and u,Rd) for the tests. 
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Figure 5.11 Determination of the m-k parameters 

Table 5.11 Ultimate limit state parameters 

 Ultimate limit state parameters

Partial connection method u,Rd without considering Vt u,Rd considering Vt 

Stainless steel long span slabs 0.1 0.092 

Carbon steel long span slabs 0.116 0.107 

Stainless steel short span slabs 0.18 0.167 

Carbon steel short span slabs 0.201 0.188 

m-k method m k 

Stainless steel 134 -0.0329 

Conclusions from Task 3.3 
 The specimens with ferritic stainless steel showed a lower resistance at first slip compared with 

the slabs with galvanised decks, probably due to the weaker initial adherence because of the 
much smoother surface of stainless steel, and also to the different chemical reaction of the 
concrete with the stainless steel or zinc surfaces. Consequently, regarding the serviceability limit 
states, the low resistance to slip may lead to the necessity of providing end anchors or, 
alternatively, taking into account the slip effect when calculating deflections under service loads.  

 The ultimate loads measured for the ferritic stainless steel decks were similar to those for the 
galvanised sheeting. Hence, the ultimate limit state parameters are not significantly different, 
regardless of the calculation method, i.e. the application of both the m-k and partial connection 
methods gave similar results for the stainless and galvanised steel decking.  

Task 3.4 Shear connection tests 
A report of the work carried out under this task is available as a work package deliverable24. 

The scope of this task includes welding trials, push-out tests and the comparison between the test 
results and the Eurocode 4 design guidance. 

Welding trials 
The main aim of the welding trials was to verify the practicality of the through-deck welding technique 
for ferritic stainless steel. The welding trials were completed at Hare Decking Ltd (formerly Richard 
Lees Steel Decking) in the UK, where 19 mm carbon steel shear studs were welded through grade 
1.4003 ferritic stainless steel sheeting to structural carbon steel beams using the same technique as 
used for regular galvanised steel decking (Figure 5.12). Once welded into position, they were 
subjected to the standard tests performed on welded shear studs in construction, i.e. the ring and 
bend tests as shown in the figure; all welds passed these tests. Importance was given to subjecting 
the ferritic specimens to the same standard of testing as is commonly used on-site for galvanised 
decking. 
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Figure 5.12 Through deck welding and testing 

Further observations from the trials were that the welds were very satisfactory and all welds were 
found to have good collars and to be of correct ‘left after weld height’, i.e. 95 mm ‘left after weld 
height’ for a shear stud which was originally 100 mm in height, as shown in Figure 5.12. Based on 
the results of these trials, it can be deduced that there is no greater difficulty using ferritic decking 
than using galvanised decking from the welding perspective. Once the welding trials were completed 
with satisfactory results, the push test specimens were prepared at the same location. 

Push-out tests 
A total of 8 push tests were completed in the structures laboratory at Brunel University, which was 
sub-contracted by the SCI to complete this task. As with the other tasks in this work package, all of 
these specimens used ArcelorMittal Cofraplus 60 sheeting with a thickness of 0.8 mm in grade 1.4003 
ferritic stainless steel. It was originally planned that the 8 tests would consist of 4 specimens with 
single shear studs and 4 with double shear studs. However, upon receipt of the ferritic decking from 
Aperam, it was noted that the sheets had a stiffening rib in the trough, where the shear stud would 
be through-deck welded. It was not known if the presence of this rib during the welding process 
might lead to contamination of the weld. As a consequence, a revised plan for the 8 push-out tests 
was devised to determine the shear capacity of through-deck welded studs with stainless steel 
decking: 

Test Series 1 Tests on 2 specimens where the shear studs were through-deck welded 
through flat ferritic steel plate to the steel beam.  

Test Series 2 Tests on 3 specimens where the shear connectors were through-deck welded 
through the Cofraplus 60 ferritic stainless steel decking, with the stiffening rib 
hammered flat local to the stud position. 

Test Series 3 Tests on 3 specimens where the shear connectors were welded directly to the 
steel section (not through-deck welded), through pre-punched holes in the 
deck.  

Figure 5.13 shows the test set-up. In each case the test specimens were loaded to failure by applying 
a hydraulic jack to a plate on top of the steel tees. Load was transferred to the concrete through the 
shear studs. In accordance with EN 1994-1-1, the load was first applied in increments up to 40% of 
the expected failure load and then cycled 25 times between 5% and 40% of the expected failure 
load. In each test, following the cycles, the load and displacement were gradually increased until 
failure occurred, typically by concrete pull-out, which was accompanied by a significant reduction in 
load capacity. The longitudinal slip between each composite slab and the steel section was measured 
continuously using displacement transducers, as was the lateral displacement of the slabs. 
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Figure 5.13 Set-up for push-out tests 

The tests were all completed successfully. Load-slip relationships for the 8 tests are presented in 
Figure 5.14 whilst Figure 5.15 shows a specimen after testing. A summary of all the experimental 
data is provided in the deliverable for this task24. During the 25 cycles between 5% and 40% of the 
expected failure load, the specimens remained in good condition with no visible cracks, although 
concrete movement could be heard. At about 80-90% of the peak load and a slip of around 1 mm, 
visible delamination occurred between the concrete slab and the decking.  

 

Figure 5.14 Load-slip curves for Series 3 

As the loading applied through the jack increased, the concrete began to visibly and audibly crack. 
Failure was typically accompanied by a notable drop in the load-carrying capacity of the specimen. 
All of the specimens demonstrated concrete pull-out failure around the shear connectors, regardless 
of the construction form. As expected, the Series 2 specimens which were through-deck welded and 
offered continuity of the steel sheeting demonstrated higher load and slip capacities. The combination 
of the through-deck welded shear studs and the continuous steel sheeting enhanced the bond 
strength and consequently the load and slip capacity of the slab.  



 

57 

 
 
Figure 5.15 Failed specimen after testing 

Comparison of the results with design to EN 1994-1-1 
The experimental results were compared with the predicted capacities according to EN 1994-1-1, 
and the results are given in Table 5.12. Full details on the calculation of these values are given in 
the deliverable for this task24. 

Table 5.12 Results of push tests 

Specimen 
Pf,total 
(kN) 

PRk 
(kN) 

δu 
(mm) 

δuk 
(mm) 

PRd,rib 
(kN) 

PRk/PRd,rib 

1-A 174.66 43.66 22.07 19.86 64.07 0.69 

1-B 234.70 58.68 6.43 5.78 64.07 0.92 

2-A 249.72 62.43 7.67 6.90 64.07 0.98 

2-B 245.19 61.30 9.62 8.66 64.07 0.96 

2-C 270.93 67.73 5.61 5.05 64.07 1.06 

3-A 231.66 57.92 6.77 6.09 64.07 0.91 

3-B 244.20 61.05 6.58 5.92 64.07 0.96 

3-C 232.40 58.10 6.87 6.18 64.07 0.91 

1-A and -B were identical, 2-A,B and C were identical and 3-A,B and C were identical specimens. 
Pf  = experimental failure load 
PRk  = characteristic resistance per stud (90% of Pf divided by the number studs) as defined in 

EN 1994-1-1 Annex B 
δu  = slip corresponding to PRk 

δuk  = characteristic slip (=  δu reduced by 10%)  
PRd,rib  = design resistance, as defined in EN 1994-1-1 

 
The ratio of PRk/PRd,rib varied between 0.91 for Specimens 3-A and 3-C and 1.06 for Specimen 2-C. It 
is clear that this ratio is higher for Series 2 relative to Series 3 showing that the through-deck welded 
shear connectors offer slightly greater shear resistance. In general, given that the design resistance 
PRd,rib values in Table 5.12 do not include safety (γ) factors, having a ‘test to design’ ratio of around 
1 is as expected. The ductility of the specimens was reasonable with all of the δuk values being around 
the 6 mm value required by the Eurocode in order to justify the assumption of ideal plastic behaviour 
of the shear connection.  

There is no data in the literature for equivalent tests using galvanised steel decks. However, some 
tests have been reported which were conducted in a similar manner and used galvanised decking 
with a very similar profile shape to the Cofraplus 6079. These tests appeared to show very limited 
ductility (δuk values significantly below 6 mm) which the authors attributed to the test arrangement 
causing premature failure. On this basis, it is reasonable to deduce that specimens with ferritic 
stainless steel decking behave at least as well as slabs with galvanised decking and therefore conform 
to the current requirements of the Eurocode specification. 



 

58 

Conclusions from Task 3.4 
 Through deck welding can be successfully carried out through ferritic stainless steel decking to 

connect carbon steel shear studs to carbon steel beams. 

 There is little difference between the response of specimens that have through-deck welded shear 
studs and those that have directly welded shear studs. 

 Push tests with ferritic stainless steel decking showed acceptable strength and ductility compared 
with the current Eurocode standards. 

Task 3.5 Heat transfer parameters 
A report of the work carried out under this task is available as a work package deliverable25. 

Thermal mass of composite slabs may be utilised over a daily heating cycle by releasing and 
absorbing heat to and from the room space below. By absorbing heat during the day and releasing 
the heat by night, when the temperature outside the slab drops, large fluctuations in room 
temperature may be avoided. This inherent passive heating and cooling system can provide an 
effective means of thermo-regulation within an environment. The concept is illustrated in Figure 5.16. 

Figure 5.16 Effects of thermal mass on internal temperatures 

The aim of this task was to evaluate the heat transfer properties of composite slabs using ferritic 
decking and to compare the performance to that of flat slabs and composite slabs with galvanised 
steel decking. A thermal finite element model of the composite slab and its profiled decking was 
used, including the required material properties in order to complete the analysis. Various daily 
temperature cycles were examined as a function of steel thickness, slab depth and profile shape. The 
performance of the exposed composite slab was evaluated as part of a whole building energy model 
to establish the reduction in heating / cooling demand for the building. 

Thermal finite element model 
The Ansys software was employed to create finite element analysis models. The model was first 
validated against test data for galvanised carbon steel. Both flat slabs and deep deck profiled sections 
were examined.  
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Analysis & comparison with galvanised steel 
The thermal response was studied for a range of decks thicknesses, concrete thicknesses, profile 
shape and surface emissivity. Comparisons were also made with galvanised steel decking and a 
concrete slab with no decking.  

When the deck thickness was varied, within reasonable limits, there was no significant increase in 
thermal flux across the surface. When the concrete thickness was varied, the thermal flux increased 
until the concrete thickness reached a certain depth (140 mm approximately), after which there was 
no significant increase in thermal flux across the bottom surface. 

When the profile shape was varied, the thermal flux changed significantly. On further investigation 
it was found that this was predominantly due to the different quantities of concrete used for the four 
profile shapes. When this difference in concrete volume was accounted for, it was found that the 
three metal deck profiles appeared to be very similar in their “effectiveness” at transferring heat to 
the slab. The 200 mm flat slab was found to be considerably less effective at transferring heat due 
to the smaller surface area of the concrete slab.  

When the emissivity of the surface increased, the thermal flux increased: the shinier the surface (i.e. 
the lower the emissivity), the less effective the surface at transferring heat to the slab. This is 
illustrated in Figure 5.17.  

Figure 5.17 7th day thermal flux (W/m2) on bottom surface per horizontal metre for 
emissivity values from 0.2 to 0.7 

The only significant difference between the performance of the galvanised steel decking and ferritic 
stainless steel decking was the emissivity value. An emissivity of 0.28 seems to be applicable to 
galvanised carbon steel, although the older the steel, the higher the emissivity becomes and values 
of 0.88 are quoted for old galvanised steel. For polished stainless steel, emissivity values can be as 
low as 0.1 increasing to values of 0.6 for less shiny finishes. Stainless steel decking is more likely to 
be specified for a composite floor slab if the soffit is to be exposed because of its attractive 
appearance, however, this study showed that the effectiveness of regulating the temperature of a 
building reduces as the emissivity reduces as the surface is less effective at transmitting heat to the 
slab. In effect, the more shiny the deck surface, the more it will reflect heat back to the room and 
this is not a desirable effect if the slab is to be used as a means of passively cooling the building 
space. It is therefore necessary to find a balance between attractive appearance and good thermal 
performance. 
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Whole building energy model  
The results obtained from the work reported above were used in a whole building energy model, as 
outlined in CIBSE Guide A80. The building model assessed a simplified single room building with the 
variable being the floor type. Three different floors were considered:  

 130mm composite slab with ferritic decking. 

 130mm composite slab with galvanised decking.  

 200mm concrete slab.  

Full details on the model used are given in the deliverable for this task25. It was shown that based 
upon the calculated thermal response factor for the three models, all three fell within the scope of a 
‘slow response structure’. This means that the three buildings have the same solar gain factor and 
ultimately will result in the same values being calculated for mean and the ‘mean to peak’ swing in 
operative temperature. This is despite having different admittance and transmittance values. For the 
models used in this analysis, these values were determined as 31.51°C and 4.68 °C, respectively. It 
is noteworthy however that for both models comprising composite floor systems, the mean and peak 
operative temperatures were the same as for the flat slab, despite using far less concrete. This is 
mainly owing to the crudeness of the CIBSE Guide A model, where only two building classifications 
are allowed, i.e. a slow response or a fast response. 

Task 3.6 Performance in Fire 
A report of the work carried out under this task is available as a work package deliverable26. 

The objective of this task is to conduct a desk study predicting the bending resistance of a range of 
configurations of composite slabs with ferritic stainless steel decking based on the guidance given in 
EN 1994-1-16 and EN 1994-1-27.  

Desk study 
The fire resistance of composite slabs is dependent on the temperature distribution in the deck profile 
and slab, the strength retention of the materials and the shear bond strength at elevated 
temperatures. The main aim of this task was to carry out a desk study predicting the bending 
resistance of a range of configurations of composite slabs with ferritic stainless steel decking based 
on the guidance given in EN 1994-1-16 and EN 1994-1-27. The results enabled a comparison to be 
made between the performances of ferritic stainless steel decking and galvanised steel decking in 
fire. The strength retention factors were those developed in WP4. 

Annex D of EN 1994-1-27 provides a method to perform a thermal analysis for a range of slabs with 
trapezoidal and re-entrant profiles, which was used for this desk study. The method provides a means 
to derive the relevant temperatures for different materials at certain positions within the composite 
slab. The full procedure adopted is described in the deliverable for this task26.  

A summary of the results for just one configuration (Cofraplus 60 sheeting, which was also used in 
previous tasks in this WP) is presented herein. Table 5.13 presents the bending moment resistance 
for three types of slab (deck only, deck with anti-cracking mesh and deck with anti-cracking mesh 
and reinforcement in the ribs), using either ferritic stainless steel decking or galvanised decking. Four 
different fire resistance levels are presented: R0 (= 0 minutes fire resistance), R60 (= 60 minutes 
fire resistance), R90 (= 90 minutes fire resistance) and R120 (= 120 minutes fire resistance).  

Table 5.13 Sagging bending moments for composite slabs at elevated temperature 

Fire Rating Decking Type Deck Only
kNm/m 

Deck + Mesh
kNm/m 

Deck, Mesh + 
Rib Rebar 
kNm/m 

R0 Galvanised Steel Decking 41.7 42.0 47.7 

 Ferritic Steel Decking 34.3 35.2 41.8 

R60 Galvanised Steel Decking 6.4 8.6 18.0 

 Ferritic Steel Decking 5.0 7.3 16.8 

R90 Galvanised Steel Decking 2.9 5.3 14.2 

 Ferritic Steel Decking 3.2 5.6 14.4 

R120 Galvanised Steel Decking 2.1 4.5 10.4 

 Ferritic Steel Decking 2.4 4.8 10.7 
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It can be seen that slabs comprising ferritic stainless steel decking perform similarly to galvanised 
decking at all levels of elevated temperatures and for all of the configurations examined. Galvanised 
steel decking is stronger at ambient temperature due to the higher yield strength value (350 N/mm2) 
compared with that for ferritic stainless steel (280 N/mm2). Despite the initial unfavourable difference 
in strength between the two decking materials, the results obtained from the numerical analysis in 
this report show that ferritic stainless steel decking retains more of its initial strength compared to 
standard galvanised steel decking when subjected to high temperatures. 

For the other decks examined (re-entrant decking profiles Cofrastra 40 and Cofrastra 56), these were 
shown to have a better performance in fire compared with that of the trapezoidal profiles (i.e. 
Cofraplus 60 and Cofraplus 77), irrespective of material type. There is a slower transmission of heat 
through the re-entrant profiles as the bottom flange of the deck shades the top flange of the deck 
from the elevated temperature. The shape of the profile also offers a much greater depth of concrete 
for the heat to be transferred through. On the other hand, it takes longer for the reinforcement steel 
in the ribs of the re-entrant profiles to obtain the same temperature to that obtained in the 
trapezoidal profiles. 

Concluding remarks for WP3 
The findings presented in this section concerning the performance of composite slabs with ferritic 
stainless steel have generally shown that ferritic decking displays very similar structural performance 
to galvanised decking. The main reason for using stainless steel in this application is because of the 
more attractive surface finish which would be an advantage if the soffit of the floor were to be 
exposed. 

As an additional task in this Work Package, a number of architects were asked for their opinion on 
the attractiveness of the ferritic stainless steel sheeting. The feedback was very positive, in general 
and there was no problem foreseen with the reflectivity. 
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6        WP4: STRUCTURAL FIRE PERFORMANCE 

Objectives of WP4 
The aim of this WP was to obtain information on the performance of structural members made from 
ferritic stainless steel when exposed to fire loading. Strength and stiffness retention factors were 
derived from the results of tensile tests carried out under isothermal and anisothermal conditions on 
four grades of ferritic stainless steel which have not been tested before.  

Numerical studies were carried out using non-linear finite element analysis with the material data 
generated by the tensile tests. A limited number of loaded member tests subject to fire loading were 
carried out in order to calibrate the numerical model.  

Task 4.1 Isothermal and anisothermal tests 
A report of the work carried out under this task is available as a work package deliverable27. 

The objective of this task was to determine the stress-strain relationships for steel grades 1.4003, 
1.4016, 1.4509, 1.4521 and 1.4621 in the temperature range from +20 to 1000°C using isothermal 
(steady state) and anisothermal (transient state) tests. The elevated temperature behaviour of the 
latter four grades has not been studied before. Based on the test results, stress-strain relationships 
in accordance with the stainless steel model in EN 1993-1-2 Annex C were derived. 

Test materials and experimental procedure 
The isothermal tests were carried out according to the elevated temperature tensile testing standard 
EN ISO 10002-581. Stress-strain relationships were determined for the ferritic stainless steel 
grades 1.4003, 1.4016, 1.4509, 1.4521 and 1.4621 in the temperature range from +20°C to 
+1000°C. The tests were carried out at temperature intervals of 100°C between room temperature 
and 500°C and at temperature intervals of 50°C between 500°C and 1000°C. Two identical tests 
were carried out at each temperature. If there was a significant disparity between the results, a third 
test was performed. 

Anisothermal tests were performed on grades 1.4509 and 1.4521 with a constant heating rate of 
10°C/min. Sixteen different load levels between 10% and 90% of the room temperature yield 
strength were used. Two equal tests were performed at each stress level. If there was a significant 
disparity between the results, a third test was performed. All tested materials were cold-rolled sheet 
metals in the annealed condition. Material from two European steel producers was used when 
available. The specimens were cut in the longitudinal direction. A summary of the mechanical 
properties at room temperature is given in Table 6.1. 

Table 6.1 Room temperature properties of materials in the rolling direction 

Identifier 
Thickness 
(mm) 

Rp0.01 
(N/mm²) 

Rp0.1 
N/mm² 

Rp0.2 
N/mm² 

Rp1.0 
N/mm² 

Rt2.0 
N/mm²

Rm 
N/mm²

Ag 
% 

A80 
% 

A5 
% 

4003-1 2.0 234 318 330 357 389 493 16.2 31 51 

4016-1 2.0 225 299 311 338 358 478 16.8 26 38 

4016-2 2.0 237 305 315 333 349 458 17.4 33 53 

4509-1 2.0 250 321 331 353 369 479 17.6 29 43 

4509-2 2.0 287 358 367 384 400 488 15.9 33 54 

4521-1 2.0 291 367 375 396 416 542 16.2 29 45 

4521-2 2.0 309 382 394 419 438 564 15.6 28 44 

4521-3 2.0 337 379 391 411 427 532 17.3 28 42 

4621-1 1.5 279 351 359 373 406 469 15.9 32 56 

Results 

Isothermal tests 
Isothermal stress-strain curves were measured at a number of different temperatures in the 
temperature range from +20°C to +1000°C. Figure 6.1 shows the isothermal elevated temperature 
test results for grade 1.4509. It can be seen that in the temperature range T ≥ 750°C, the material 
exhibits no strain hardening and the strength decreases rapidly with increasing temperature. In this 
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stage, the material is deforming under the steady state creep condition. The strength is essentially 
constant and depends mainly on temperature and on the rate of loading. The small difference 
between the measured proof stress values and the ultimate tensile strength value is caused by the 
increase of loading rate during the test.  

The critical temperature for the steady state creep deformation was T = 600°C for grades 1.4003 
and 1.4016, and T = 750°C for the stabilised grades 1.4509, 1.4521 and 1.4621. In stabilised grades, 
the free interstitial elements are bound to stable nitrides and carbides by the stabilising elements 
such as niobium and titanium. The nitrides and carbides act as barriers to dislocation motion and 
inhibit grain boundary sliding and grain growth. This improves the elevated temperature strength 
and creep resistance of these alloys. 

 
Figure 6.1 Isothermal test results for stainless steel grade 1.4509 

Anisothermal tests 
Figure 6.2 shows the results of anisothermal tests on grade 1.4521 stainless steel specimens. (The 
room-temperature 0.2% proof strength was 391 MPa for this steel.) 

 
Figure 6.2 Transient test results for grade 1.4521  

Reduction factors 
The results of isothermal and anisothermal tensile coupon tests described previously were used to 
derive strength and stiffness reduction factors for a series of ferritic stainless steel grades. This is 
described in more detail as a work package deliverable28. 

From examining all the test results, it was observed that ferritic stainless steel grades may be divided 
into two groups on the basis of their similar elevated temperature properties, as illustrated in 
Figure 6.3 and Figure 6.4 for the 0.2% proof stress and the ultimate tensile stress reduction factors.  



 

64 

 
Figure 6.3 Comparison of k0.2,θ reduction factors for ferritic stainless steels 

 
Figure 6.4 Comparison of ku,θ reduction factors for ferritic stainless steels 

The main difference between these two groups is their retention properties above 550°C, as 
illustrated in Figure 6.3 for the 0.2% proof stress reduction factor. Ferritic stainless steel 
grades 1.4003 and 1.4016, referred to as group I, show lower retention properties above 550°C than 
grades 1.4509, 1.4521 and 1.4621 grades, referred to as group II. The first group are grades 1.4003 
and 1.4016 which are also less alloyed and the second group is formed of stabilised grades, i.e. 
containing stabilising elements such as niobium and titanium. The positive impact of these alloying 
elements on mechanical properties at high temperature explains the difference in terms of retention 
properties. 

At high temperatures, above 700°C, the stress-strain curve of ferritic stainless steels becomes flatter 
and the ultimate strength is generally reached earlier (before 10% total strain). This results in high 
values for the k2,θ parameter used for calculating the stress at 2% total strain as a function of 0.2% 
proof strength and the ultimate tensile strength at a given temperature (see Equation 10). In order 
to ensure that the stress at 2% total strain values are safe for design, the k2,θ parameter has been 
set to 0.5 for temperatures above 600 °C. 
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. , 	 . , 	 %. , . ,  (10) 

Therefore two sets of reduction factors were derived and are given in Table 6.2 and Table 6.3 for 
Group I and II respectively. 

Stiffness reduction factors were based on the isothermal test results whereas a combination of both 
the isothermal test results and the anisothermal test results were used for all other reduction factors. 
Owing to the difficulties associated with determining accurate elastic modulus values at both room 
temperature and elevated temperatures, it is proposed that a common single set of stiffness 
reduction factors be used for all ferritic stainless steel grades (Figure 6.5). 

 
Figure 6.5 Proposed Young’s modulus reduction factors for all ferritic stainless steel 

grades 

 

Table 6.2 Proposed reduction factors for group I grades 

Group I (Grades 1.4003 and 1.4016) 

Temperature (°C) k0.2,θ ku,θ k2.0,θ kE,θ 

20 1.00 1.00 0.31 1.00 

100 0.93 0.93 0.33 0.98 

200 0.91 0.89 0.35 0.95 

300 0.89 0.87 0.30 0.92 

400 0.87 0.84 0.43 0.86 

500 0.75 0.82 0.46 0.81 

600 0.43 0.33 0.50 0.75 

700 0.16 0.13 0.50 0.54 

800 0.10 0.09 0.50 0.33 

900 0.06 0.07 0.50 0.21 

1000 0.04 0.05 0.50 0.09 
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Table 6.3 Proposed reduction factors for group II grades 

Group II (Grades 1.4509, 1.4521 and 1.4621)

Temperature (°C) k0.2,θ ku,θ k2.0,θ kE,θ 

20 1.00 1.00 0.30 1.00 

100 0.88 0.93 0.31 0.98 

200 0.83 0.91 0.35 0.95 

300 0.78 0.88 0.32 0.92 

400 0.73 0.82 0.40 0.86 

500 0.66 0.78 0.47 0.81 

600 0.53 0.64 0.50 0.75 

700 0.39 0.41 0.50 0.54 

800 0.10 0.11 0.50 0.33 

900 0.04 0.03 0.50 0.21 

1000 0.02 0.01 0.50 0.09 

Concluding remarks on Task 4.1 
 The experimental results show that the investigated ferritic stainless steels grades can be divided 

in two groups with similar characteristics in each group. The first group contains grades 1.4003 
and 1.4016. The second group contains the stabilised grades 1.4509, 1.4521 and 1.4621.  

 Elevated temperature elastic modulus values were determined using the isothermal stress-strain 
curves. The scatter however in the elastic modulus values obtained was large. No systematic 
trends could be observed between different steel grades. One stiffness reduction factor was 
proposed for all studied grades.  

 In the range temperature ≥ 600°C, grades 1.4003 and 1.4016 were deforming under the steady 
state creep condition. In this stage, the material exhibits no strain hardening and the strength 
decreases rapidly with increasing temperature.  

Task 4.2 Preliminary FEM study 
The work carried out under this task and task 4.4 has been presented as a single deliverable28 and 
the discussion of this task is presented after task 4.3. 

Task 4.3 Model calibration tests (members in fire) 
Elevated temperature fire tests were performed on two beams and three columns.  

Elevated temperature beam tests 
A report of the experimental work carried out under this task is available as a work package 
deliverable29. 

Two fire tests were carried out on identical ferritic stainless steel beams. One of the beams was 
uncoated while the second one was covered with a primer Epigrip L425 (0.10 mm thick) and an 
intumescent paint Firetex FX13881 (1.5-1.8 mm thick) manufactured by Leighs Paints. An identical 
specimen was tested at room temperature in WP2.  

Specimen description 
A rectangular hollow section (RHS) 40 × 80 × 2 in grade 1.4509 was tested which corresponded to 
a section factor (Am/V) of 430 m-1 (where Am is the surface area of the member per unit length 
[m²/m] and V is the volume of the member per unit length [m³/m]. The overall length of the beams 
was 1000 mm with a span of 900 mm. Two types of tensile tests were carried out on the 40 × 80 × 
2 sections to ascertain the material properties, namely full-section tensile tests (as shown in 
Figure 6.6(a)), and tensile test on coupons extracted from one of the faces of the RHS (Figure 6.6(b).  
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          (a)        (b) 

Figure 6.6 Tensile tests : (a) full section system and (b) position of the coupons 

The results of these tensile tests are summarised in the table below. More details regarding the test 
procedure can be found in the deliverable for this task29. 

Table 6.4 Mechanical properties of tested RHS 

Type 

Thickness Section L0 Rp0,2% Rp1% Rm A E n 

mm mm² mm MPa MPa MPa % GPa - 

Face 1 1.970 39.6 80 535 554 557 11.8 210 6.6 

Face 2 1.945 39.1 80 489 508 525 23.9 202 6.1 

Full-section 1.96 424 1543 535 578 578 6.0 220 4.4 

Description of the tests 
The tests were conducted in accordance with EN 1365-382, with exception of the size recommendation 
which should not be less than 4 m. Both specimens were loaded identically with a total load of 9.96 kN 
(corresponding to a load factor of 0.25) distributed on two points using a hydraulic jack. The load 
was determined based on maximum bending moment capacity calculations. The specimens were 
simply supported and therefore free to deflect. The furnace temperature was controlled to fit the 
target ramp-up curve and only 3 out of the 4 faces of the beam were exposed to fire. 

Results and discussion 
Photos of the two beams following testing are given in Figure 6.7. The test results were analysed 
with respect to the performance criteria imposed by the standard EN 13501-283 as well as 
EN 1365-284 and EN 1363-185. The test duration was approximately 25 min and 58 min for the 
uncoated and coated beams, respectively. 

   

Figure 6.7 General view of the uncoated and coated beams at the end of the test 

Prior to testing, FE analysis was conducted on the uncoated beam using the Comsol Multiphysics 
software and this suggested that the yield stress would be reached at about 15 minutes which 
corresponds to a specimen temperature of 731°C. As no information existed on the effect of 
intumescent paint Firetex FX13381 for rectangular hollow beams, it was not possible to perform 
thermal and mechanical analysis for the protected beam. The maximum temperature in both beams 
at the time of failure was around 800˚C. The full results are presented in Table 6.5. The results in 
terms of deflections and deflection rates are described in Table 6.6.  



 

68 

Table 6.5 Calculated loads on uncoated and fire-protected beams  

 Uncoated section Fire protected section
(calculated loads at different 
temperatures) 

Time  15 min 30 min    

Critical temperature  731 C 839 C 500 C 600C 750C 

Total load F 9.96 kN* 2.16 kN 22.20 kN 17.98 kN 7.08 kN 

Load level 0.25 0.05 0.56 0.45 0.18 

*Test load for both specimens 
 
Table 6.6 Summary of test measurements 

Conclusions from elevated temperature beam tests 
The fire resistance was significantly increased by adding intumescent paint as the test duration 
increased from 25 minutes for the uncoated beam to 58 minutes for the protected beam. Failure in 
the uncoated beam occurred when plastic hinges formed whereas global buckling and therefore 
excessive deflection led to the failure of the fire-protected beam. 

Elevated temperature column tests 
A report of the experimental work carried out under this task is available as a work package 
deliverable30. 

This programme of testing consisted of fire tests on tubular thin-walled members made of ferritic 
stainless steel under concentric compressive load. Three fire tests on square hollow section (SHS) 
and rectangular hollow section (RHS) columns of varying global slenderness were carried out. In 
order to fully identify the effects of fire loading, identical columns were also tested at room 
temperature. In addition, the mechanical properties of the columns at room temperature were 
established by means of tensile tests on material coupons extracted from members. 

Specimen description 
Three columns made from grade 1.4003 ferritic stainless steel grade were selected:  

 Two SHS 80 × 80 × 3 mm with nominal lengths of 3000 mm and 2500 mm respectively;  

 One RHS 120 × 80 × 3 mm, 2500 mm in length.  

The actual cross-section dimensions are reported in Table 6.7, where the section factor is the ratio 
of the surface area exposed to fire to the volume of the section. For columns #1 and #3, the 
maximum out-of-straightness of the four faces was less than 1 mm. For column #2, the maximum 
amplitude of the out-of-straightness was around 5.0 mm (i.e. about L/500) at mid-height. Tensile 
tests were carried out at room temperature on coupons extracted from 3 of the 4 faces for each 
column section (excluding welded face). Mean values of the measured mechanical properties are 
given in Table 6.8. 

 Parameter Specimen 1 - uncoated Specimen 2 - coated 

 Section RHS : 40 x 80 x 2 

 Length / span 1000mm / 900mm 

 Grade 1.4509 

 Test time 24 min 40s 57min 50s 

P
er

fo
rm

an
ce

 c
rit

er
ia

 

Deflection 

critical value 25 mm* 

max test value 23 mm at the end 
26.9 mm at the end 
(25 mm reached at 57 min 45 s) 

Rate of 
deflection 

critical value 1.1 mm/s** 

max test value 
14.4 mm/min at the end 
(1.1 mm/min reached at 22 min 35 s) 

8.9 mm/min at the end 
(1.1 mm/min reached at 56 min)

*  criterion:  deflection < L2/400 d mm = 25 mm when d=80 mm 
**  criterion:  rate of deflection < L2/9000 d =1.1 mm/min when d = 80 mm and the value L/30 = 30 mm has 
 been exceeded 
(performance criteria imposed by EN 13501-2 complemented with EN 1365-2 and EN 1363-1) 
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Table 6.7 Column geometry 

Column # 1 2 3

Section (mm) 80×80×3 80×80×3 120×80×3 

Length (mm) 3000.0 2499.5 2500.0 

A (cm2) 8.5 8.4 11.2 

Section factor (m-1) 360 365 345 

 
Table 6.8 Mechanical properties of 1.4003 tested columns (coupons) 

Section 80×80×3 120×80×3

σ0.2 (MPa) 458.7 437.2 

σ1.0 (MPa) 485.8 462.8 

σult (MPa) 505.4 490.1 

ult (%) 25.6 24.2 

E (MPa) 193 194 

Description of the tests 
Two groups of tests were completed in this programme: room temperature tests and fire tests.  Three 
room temperature tests were performed in order to obtain the compressive axial capacities and the 
failure modes. The columns were fully restrained. The out-of-straightness of the four faces was also 
measured. The actual total length of each column was: L#1 = 2962.5 mm, L#2 = 2473.5 mm, L#3 = 
2475 mm, respectively.  

For the fire tests, full restraint was achieved during the tests as can be seen on Figure 6.8. The 
supports in the fire tests were made of concrete which was covered with ceramic fibre. Therefore, 
the heated length was reduced by approximately 50 mm as the fibre was 25 mm thick. 

     

Figure 6.8 Boundary conditions of tested columns 

The distribution of the air temperature in the furnace was measured using pyrometers (plate 
thermometers) located at 11 points around the column: 7 coming into the furnace through the closing 
wall and 4 located behind the column coming into the furnace through the brick wall where burners 
are located. They provided the air temperature at a distance of 100 mm from the steel surface. No 
thermocouples were installed on the specimens.  

The load protocol followed the provisions given in EN 1363-185. The tests began by applying the 
static loading at ambient temperature until 30% of the design load Nb,Rd was reached, as calculated 
according to EN 1993-1-4 on the basis of a yield strength equal to 350 MPa (see Table 6.9). The 
failure time was defined from t = 0 to the time when the displacements increased with vertical 
asymptote. 

Table 6.9 Applied static load at high temperature 

Column # 1 2 3

Calculated Nb,Rd (kN) 239 260 336 

Applied load (kN) 72 78 100 

Results and discussion 
The results from the three room temperature tests are given in Table 6.10. All the three columns 
failed in the same way, by combination of local buckling and global flexural buckling. 
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Table 6.10 Column tests results at ambient temperature 

Column # 1 2 3 

Length (mm) 2962.5 2473.5 2475.0 

Global imperfection amplitude at mid-length (mm)  L/3000  L/2500  L/2500 

Ultimate axial capacity (kN) 314.7 343.6 417.9 

 
The results from the fire tests are given in Table 6.11. The mode of failure was characterised by the 
formation of two plastic hinges (approximately at the top and at mid-height, as shown in Figure 6.9) 
and was influenced by the temperature gradients established inside the furnace. In particular, the 
top of the column was, in all tests, warmer, whereas the bottom end was always colder with a 
temperature variation along the height of approximately 35°C-40°C in the last 30s of the test, i.e. 
close to failure.  

Table 6.11 Column tests results at elevated temperature 

Column # 1 2 3 

Length (mm) 3000.0 2499.5 2500.0 

Heated length (mm) 2950.0 2449.5 2450.0 

Global imperfection amplitude at mid-length (mm)  L/3000 ~L/500  L/2500 

θ tests (C) 709.4 707.7 705.0 

t tests (min) 12min 9s 12min 11min 51s 

Min. axial displ. (under vert. load at ambient temp., mm) 2.4 2.3 2.5 

Max. axial displ. (dilatation, mm) -16.0 -12.7 -12.6 

 

Analysis of the test results shows that the fire resistance was very similar for all three columns. This 
was expected since the section factors were very similar for the specimens (330-340 m-1) as well as 
the applied load ratio (0.3 Nb,Rd). It is worth noting that column #3 had the lowest section factor and 
its fire resistance was also the lowest (less ‘massive’ columns have lower temperature resistance). 

     

Figure 6.9 Failure mode for specimen #1 (3 m long) 

Conclusions from the column tests 
 The room temperature tests showed that the axial capacities were higher than predicted, primarily 

owing to a higher average yield strength in the columns. 

 The three room temperature columns failed in the same way, by combination of local buckling 
and global flexural buckling. 

 For the fire tests, due to similar section factors and applied load ratios for all three tests, the fire 
resistance was fairly the same at about 12 minutes.  

 The failure mode in all tests consisted of two plastic hinges forming due to the temperature 
gradient along the height which developed inside the furnace.  

Task 4.4 Parametric study and design guidance 
A comprehensive report of the numerical work carried out under task 4.2 and 4.4 is available as a 
work package deliverable28. 

The aim of this task is to develop and validate numerical models for predicting the resistance of 
ferritic stainless steel beams and columns in fire, and then to carry out parametric studies, appraise 
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the current design guidance and make proposals for suitable design recommendations. Numerical 
models were developed using the Abaqus software.  

Validation of the numerical models 
Numerical models for stainless steel columns and beams subjected to fire loading were developed in 
Abaqus and validated against the results of previous tests on austenitic (grade 1.4301) stainless 
steel members86,87.  

Column tests 
The results of the fire tests on three EN 1.4003 columns from Task 4.3, combined with the previous 
series of column fire test results on austenitic (EN 1.4301) stainless steel columns86,87 were used for 
the validation of the finite element models. A summary of these tests, including nominal section size, 
boundary conditions, applied loads and critical temperature, are provided in Table 6.12,Table 6.13 
and Table 6.14. All column buckling tests were performed on square hollow sections (SHS) and 
rectangular hollow section (RHS) specimens. The RHS columns given in Table 6.12 were formed by 
welding two press-braked channel sections tip-to-tip along the length of the column. The 
manufacturing process of the SHS columns and beams given in Table 6.13 and Table 6.14, involved 
cold-rolling into a circular tube followed by sizing into the final cross-section geometry. All fire tests 
were performed anisothermally, whereby the load was applied at room temperature and was 
maintained at a constant level while the temperature was increased until failure. 

Table 6.12 Summary of austenitic column tests by SCI87 

Nominal section size 
Boundary 
conditions 

Applied load (kN) 
Critical specimen 
temperature (°C) 

RHS 150×100×6 Fixed 268 801 

RHS 150×75×6 Fixed 140 883 

RHS 100×75×6 Fixed 156 806 

 
Table 6.13 Summary of austenitic column tests by VTT86 

Nominal section size 
Boundary 
conditions 

Applied load (kN) 
Critical specimen 
temperature (°C) 

SHS 40×40×4 (T1) Pinned 45 872 

SHS 40×40×4 (T2) Pinned 129 579 

SHS 40×40×4 (T3) Pinned 114 649 

SHS 40×40×4 (T4) Pinned 95 710 

SHS 40×40×4 (T5) Pinned 55 832 

SHS 40×40×4 (T7) Pinned 75 766 

 
Table 6.14 Summary of ferritic column tests reported in Task 4.3 

Nominal section size 
Boundary 
conditions 

Applied load 
(kN) 

Critical specimen 
temperature (°C) 

Failure time 
(min) 

SHS 80×80×3-3000mm  Fixed 72 709.4 12 min 9 sec 

SHS 80×80×3-2500 mm Fixed 78 707.7 12 min 0 sec 

RHS 120×80×3-2500 mm Fixed 100 705.0 11 min 51 sec 

 

Beam tests 
The results of the two fire tests on grade EN 1.4509 beams from Task 4.3 were used for the validation 
of the finite element models. Both beams, one uncoated and one coated with fire protection, were 
loaded in the four point bending configuration. A summary of these tests, including nominal section 
size, boundary conditions, applied loads and critical temperature, are provided in Table 6.15. 
 
Table 6.15 Summary of ferritic beam tests reported in Task 4.3 

Nominal section size 
Boundary 
conditions 

Total Applied 
load (kN) 

Critical specimen 
temperature (°C) 

Failure time 
(min) 

SHS 80×40×2 – uncoated Pinned 9.96 791 24 

SHS 80×40×2 – coated Pinned 9.96 833 57 
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Finite element models 
The non-linear finite element analysis package Abaqus was used to replicate the elevated 
temperature response of stainless steel column and beam tests. A sequentially coupled thermal-
stress analysis was carried out in which three types of numerical analyses were performed for each 
model – a linear elastic buckling analysis to determine the buckling mode shapes, and a heat transfer 
analysis to obtain the temperature development in the structural members, were initially carried out. 
The results were subsequently incorporated into a geometrically and materially non-linear stress 
analysis. The non-linear stress analysis was performed in two steps to simulate the anisothermal 
loading condition of the column and beam fire tests. In the first step, the load was applied to the 
structure at room temperature. This load was maintained at a constant level during the second step 
while the evolution of the temperature with the fire exposure time was applied. For the case of the 
austenitic stainless steel columns and ferritic beams, the steel surface temperature was measured 
during the test and was directly imported into the models. 

The models were used to conduct a thermal analysis and structural analysis for both the columns 
and the beams. Figure 6.10 to Figure 6.12 show the time-temperature results obtained from the 
thermal analysis model for the three ferritic columns and the unprotected steel beam. 

 
Figure 6.10 FE Temperature development in SHS 80×80×3 (L=3000 mm) 

 
Figure 6.11 FE Temperature development in RHS 120×80×3 (L=2500 mm) 
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Figure 6.12 FE Temperature development in SHS 80×80×2 beam 

A total of nine austenitic stainless steel columns, three ferritic stainless steel columns and two ferritic 
stainless steel beams were modelled using the sequentially coupled thermal-stress analysis 
procedure. Figure 6.13 to Figure 6.15 compare the test results with the FE results for the ferritic 
beam and column tests. For the austenitic stainless steel columns, the FE models give a mean FE/test 
critical temperature of 0.90 and a coefficient of variation of 0.03, and provide safe-side predictions 
of the fire resistance of the test column specimens. This under-prediction may be due to the 
application of uniform temperature through the thickness of the column section. In addition, all 
column tests were partially protected near the column ends to prevent the effect of sudden 
temperature variation at the start of the test, leaving a smaller exposed length than the full length 
used in the FE simulations. For the ferritic stainless steel beams and columns, the FE and test results 
are in very good agreement with a mean FE/Test critical temperature of 1.004 and a coefficient of 
variation of 0.018. From the comparison of the test and FE results, it is concluded that the described 
FE models are capable of safely replicating the non-linear, large deflection response of the stainless 
steel beams and columns in fire. 

A summary of the comparison between the test and FE results is provided in Table 6.16 and 
Table 6.17 for the columns and beams, respectively. 

 
Figure 6.13 Vertical displacement versus temperature for SHS 80×80×3 (3000 mm) 
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Figure 6.14 Vertical displacement versus temperature for RHS 120×80×3 (2500 mm) 

column 

 

 
Figure 6.15 Deflection versus temperature for the SHS 80×40×2 uncoated beam 

 
Table 6.16 Comparison of critical temperatures between test and FE results for 

austenitic and ferritic columns 

Material Nominal section size Critical temperature (°C) Reference 

Test FE FE/Test

Austenitic 
stainless steel 

RHS 150×100×6     801 757 0.91 Ref 87 

RHS 150×75×6       883 814 0.92 

RHS 100×75×6       806 744 0.92 

SHS 40×40×4 (1)    872 750 0.86 Ref 86 

SHS 40×40×4 (2)    579 502 0.87 

SHS 40×40×4 (3)    649 608 0.94 

SHS 40×40×4 (4)    710 646 0.91 

SHS 40×40×4 (5)    832 722 0.87 

SHS 40×40×4 (7)    766 681 0.89 

Ferritic 
stainless steel 

SHS 80×80×3-3000 709 726 1.02 SAFSS (Ref 30) 

SHS 80×80×3-2500 708 718 1.02 

RHS 120×80×3-2500 705 709 1.01 
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Table 6.17 Comparison of critical temperatures between test and FE results ferritic 
beams 

Nominal section size Critical temperature (°C)

Test FE FE/Test

SHS 80×40×2-coated 803 783 0.98 

SHS 80×40×2-uncoated 944 934 0.99 

Parametric studies 
Having validated the FE models, a series of parametric studies was performed. For the columns, 
parametric studies investigated the influence of variation of cross-section slenderness, member 
slenderness and applied load level on the fire performance of ferritic stainless steel columns. Three 
section sizes, namely SHS 80×80×6, RHS 120×80×6 and SHS 80×80×3 were employed to study 
the buckling response of ferritic stainless steel columns. The column lengths were varied from 0.5 m 
to 3.0 m and provided a range of room temperature member slenderness of 0.25 - 1.55. Three 
different load levels were applied to each column specimen: 25%, 45% and 65% of the room 
temperature minor axis buckling resistance, determined in accordance with EN 1993-1-41. 
Figure 6.16 presents the effect of load level on a RHS 120×80×6 column critical temperature whereas 
the effect of cross-section slenderness is given in Figure 6.17. As anticipated, the column failure 
temperature reduces with increased load level. The variation of critical temperature with load level 
is also dependent on the member slenderness. This is expected as the member slenderness is 
dependent on the material strength and stiffness and its degradation with temperature. 

 
Figure 6.16 Effect of load level on the RHS 120×80×6 column critical temperature  

 

Figure 6.17 Effect of cross-section slenderness on the critical temperature 

Parametric studies were conducted to study the influence of cross-section slenderness and load level 
on the performance of ferritic stainless steel beams. The results are given in Figure 6.18 where it is 
shown that the beam failure temperature reduces with increased load level and also depends on the 
cross-section thickness. 
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Figure 6.18 Effect of cross-section slenderness and load level on the critical temperature 

Design recommendations 
Comparison between the parametric study and test results, for both the beams and the columns, 
with the existing design rules provided in EN 1993-1-248 and the less conservative rules given in the 
Design Manual for Structural Stainless Steel69 and other reference was carried out. Table 6.18 and 
Table 6.19 compare the design rules recommended in the references studied.  

Table 6.18 Elevated temperature design strength parameters from current design 
guidance 

Design standard Columns Beams 

EN 1993-1-4 & EN 1993-1-2  
 

Cross-section design: 
fy,θ=σ2,θ for Class 1,2 and 3  
fy,θ=σ0.2,θ for Class 4 
  
Member design: 
fy,θ=σ2,θ for Class 1,2 and 3  
fy,θ=σ0.2,θ for Class 4  

Cross-section design: 
fy,θ=σ2,θ for Class 1,2 and 3  
fy,θ=σ0.2,θ for Class 4  
 
Member design: 
fy,θ=σ2,θ for Class 1,2 and 3  
fy,θ=σθ,0.2 for Class 4  

Design Manual for Structural 
Stainless Steel 69 

Cross-section design: 
fy,θ=σ0.2,θ for all  Classes 
 
 
Member design: 
f , σ . ,  for all  Classes 

Cross-section design: 
fy,θ=σ2,θ for Class 1,2 and 3 
fy,θ=σ0.2,θ for Class 4 
 
Member design: 
fy,θ=σ0.2,θ for Classes 

Ng and Gardner 88 

Cross-section design: 
fy,θ=σ2,θ for Class 1 and 2  
fy,θ=σ0.2,θ for Class 3 and 4 
  
Member design: 
fy,θ=σ2,θ for Class 1 and 2  
fy,θ=σ0.2,θ for Class 3 and 4  

Cross-section design: 
fy,θ=σ2,θ for Class 1 and 2  
fy,θ=σ0.2,θ for Class 3 and 4  
 
Member design: 
fy,θ=σ2,θ for Class 1 and 2  
fy,θ=σ0.2,θ for Class 3 and 4  

Lopes et al.89 As in EN 1993-1-2 & EN 1993-1-4 As in EN 1993-1-2 & EN 1993-1-4 

Uppfeldt et al.90  As in Ng and Gardner  As in Ng and Gardner 

 
Amendments to the current design procedures, suitable for the design of ferritic stainless steel 
structures, were proposed which would enable less conservative design. In determining the structural 
fire resistance of stainless steel members, the characteristic material strength parameters provided 
in Table 6.20 are recommended. It is proposed that in determining the cross-section resistance of 
ferritic stainless steel structures at elevated temperatures, the cross-section classification limits and 
the effective width equation from Gardner and Theofanous2 in conjunction with the temperature 
dependent material parameter εθ as in References 88 and 90, be employed. A summary of the 
recommended design method is provided in Table 6.21. 
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Table 6.19  Elevated temperature cross-section design approaches from current design 
 guidance 

Design standard Cross-section classification limits Effective width formula

EN 1993-1-4 & EN 1993-1-2 
EN 1993-1-4 limits with εθ =0.85 235/fy 
All cross-section classes 

EN 1993-1-4 formula 
 

Design Manual for Structural 
Stainless Steel 69 

EN 1993-1-4 limits with 

εθ= 235/fy E/210000
0.5

 
All cross-section classes 

EN 1993-1-4 formula 
 

Ng and Gardner88 

EN 1993-1-4 limits with 

εθ=
235

fy

E

210000

kE,θ

k2,θ

0.5

 

Class 1&2 sections at room temperature 

εθ=
235

fy

E

210000

kE,θ

k0.2,θ

0.5

 

Class 3&4 sections at room temperature 

EN 1993-1-4 formula with 

λp,θ=
b t⁄

28.4εθ kσ
 

 

Lopes et al.89 As in EN 1993-1-2 & EN 1993-1-4 
As in EN 1993-1-2 & EN 
1993-1-4 

Uppfeldt et al.90 

EN 1993-1-4 limits with 

εθ=
235

fy

E

210000

kE,θ

k2,θ

0.5

 

Class 1 & 2 sections at room temperature 

εθ=
235

fy

E

210000

kE,θ

k0.2,θ

0.5

 

Class 3 & 4 sections at room temperature 

EN 1993-1-4 formula with 

λp,θ=
b t⁄

28.4εθ kσ
 

 

 

Table 6.20 Proposed elevated temperature design strength parameters 

Columns Beams

Cross-section design: 
fy,θ=σ2,θ for Class 1 and 2  
fy,θ=σ0.2,θ for Class 3 and 4 

Cross-section design: 
fy,θ=σ2,θ for Class 1 and 2  
fy,θ=σ0.2,θ for Class 3 and 4  

Member design: 
fy,θ=σ0.2,θ for all Classes 

Member design: 
fy,θ=σ0.2,θ for all Classes 

 

Table 6.21 Proposed cross-section design method 

Cross-section classification limits Effective width formula 

Gardner and Theofanous limits with: 
 

εθ=
235

fy

E

210000

kE,θ

k2,θ

0.5

 

Class 1 & 2 sections at room temperature 
 

εθ=
235

fy

E

210000

kE,θ

k0.2,θ

0.5

 

Class 3 & 4 sections at room temperature 

Gardner and Theofanous formula with: 

λp,θ=
b t⁄

28.4εθ kσ
 

 

 
A revised buckling curve, with the general form of the room temperature buckling curve of 
EN 1993-1-4, but, with imperfection parameter α = 0.49 and limiting slenderness λ0=	0.2  is 
proposed for cold-formed SHS/RHS members. The proposed buckling curve, which has also been 
shown to work well for room temperature design of cold-formed ferritic stainless steel column tubular 
columns91, provides an improved representation of the fire resistance of ferritic stainless steel 
columns at elevated temperatures.  
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The definition of member slenderness at elevated temperature, in terms of the room temperature 
member slenderness, provided by current design guidelines is not in line with the cross-section 
classification at elevated temperature. Since the cross-section classification may change at elevated 
temperatures, which in turn changes the cross-section area from gross to effective, or vice versa, 
the member slenderness is redefined appropriately, as given by Equation 11. 

λθ= Aθfy,θ Ncr,θ⁄   
(11) 

where, Aθ = Agross for sections which are Class 1, 2 and 3 at elevated temperature and Aθ = Aeff for 
sections which are Class 4 at elevated temperature.  

Considering the design proposals made at both cross-section level and member level, the FE and test 
results are plotted in Figure 6.19 with the revised buckling curve also depicted. 

 

Figure 6.19 Comparison of FE and test results with the proposed method 

Concluding remarks for WP4 
This WP has satisfied its principle aims that were to obtain information on the performance of 
structural members made from ferritic stainless steel when exposed to fire loading. Strength and 
stiffness retention factors were derived from the results of tensile tests carried out under isothermal 
and anisothermal conditions. These tests enabled stress-strain relationships for this range of 
temperatures to be proposed in accordance with the stainless steel model in EN 1993-1-2 Annex C. 
Numerical studies were also carried out using non-linear finite element analysis with the material 
data generated by the tensile tests. A limited number of loaded member tests subject to fire loading 
were carried out in order to calibrate the numerical model. Parametric analyses were carried out to 
study the effect of various parameters on the fire resistance. Design methods were compared and a 
less conservative method was proposed. 
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7        WP5: WELDED CONNECTIONS 

Objectives of WP5 
The objective of this work package was to develop useful data on the performance of welded joints 
in ferritic stainless steels for structural use, and to provide design guidance in accordance with 
EN 1993-1-4 and EN 1993-1-8. 

Task 5.1 Study of weldability 
A literature review was undertaken to gather information about the relevant issues associated with 
welding ferritic stainless steels31. The literature study was used as a guideline for defining the task 5.2 
test programme. Ferritic stainless steels can be welded using manual metal arc welding (MMA 
welding), metal-arc inert gas welding (MIG welding), metal-arc active gas welding (MAG welding), 
tungsten inert gas welding (TIG welding) and plasma arc welding. Other methods such as electron 
beam welding and laser welding may be used also.  

It is known that ferritics are susceptible to grain growth at temperatures above 950°C, resulting in 
decreased toughness. Therefore the welding heat input should be kept low, e.g. small weld pool, 
faster travel speeds. It is recommended that shielding gases are argon-based mixtures which do not 
contain carbon dioxide, hydrogen and/or nitrogen, in order to minimise the susceptibility to 
embrittlement. As with all families of stainless steel, it is essential that welds are made using correct 
procedures, including compatible consumables, with suitably qualified welders. In corrosive 
environments, intermittent fillet welds and intermittent partial penetration butt welds should be 
avoided to reduce the possibility of crevice corrosion. 

Grades 1.4003 and 1.4016 often develop some austenite at higher temperatures, which on cooling 
tends to transform into martensite. Stabilised grades are entirely ferritic all the way to molten metal, 
which in some instances exacerbates the grain growth in the high temperature heat-affected zone 
(HTHAZ). Low carbon lath martensite in the heat-affected zone (HAZ) of 1.4003 is beneficial in terms 
of toughness. Somewhat higher carbon grain boundary martensite occurs with grade 1.4016, which 
will deteriorate the toughness and ductility of the weld. Austenitic filler metals can salvage some of 
the toughness in the welded joint but the HAZ in grade 1.4016 remains brittle and a post-weld heat 
treatment (PWHT) is recommended for tempering the martensite. This heat treatment will also 
improve the corrosion resistance by allowing chromium back-diffusion to take place to restore the 
passive layer of sensitised regions. 

The sensitisation phenomenon (i.e. susceptibility to intergranular corrosion) is mainly a concern for 
grades which are not stabilised with elements such as niobium or titanium. Nevertheless, low 
chromium grades can suffer from chromium depletion in some instances. Low heat inputs can restrict 
the chromium back-diffusion and expose the steel surface to intergranular corrosion. Hydrogen 
embrittlement concerns all ferritics and every precaution should be made to prevent hydrogen access 
to the weld metal. Second-phase embrittlement phenomena such as 475°C, sigma- and Laves-
phases concern mainly medium- and high chromium grades. These are not common in as-welded 
structures of sheet materials, but incorrect post-weld heat treatments or service temperatures could 
lead to these phenomena. 

Task 5.2 Mechanical tests and metallographical examination of welds 
Following the literature study, practical welding tests were completed for 19 materials (4 in the hot 
rolled and 15 in cold rolled condition) ranging between 1 mm and 6 mm in thickness, as shown in 
Table 7.1. The work is reported in detail as a work package deliverable32. The task was completed to 
schedule and according to plan. The tests investigated the strength, ductility, toughness and 
resistance to intergranular corrosion of the welded joints in ferritic stainless steels. 



 

80 

Table 7.1 Material data and mean chemical compositions wt.% 

Grade 
THK 
[mm] 

Cond No. C Si Mn Cr Mo Ti Nb N FF 

1.4003 
1–2 CR 2 0.01 0.3 1.4 11 – – – 0.01 7.4–7.7 

4–6 HR 2 0.01 0.3 1.4 11 – – – 0.01 7.5–7.7 

1.4016 
1–2 CR 3 0.04 0.3 0.4 16 – – – 0.03 14.2–14.9 

3 HR 1 0.06 0.3 0.3 16 – – – 0.03 13.3 

1.4509 
1–4 CR 6 0.02 0.5 0.4 18 – 0.1 0.4 0.02 20.0–21.2 

3.5 HR 1 0.02 0.4 0.3 18 – 0.2 0.5 0.02 20.3 

1.4521 1–2 CR 3 0.01 0.5 0.5 18 2.0 0.2 0.4 0.02 28.2–28.9 

1.4621 1.5 CR 1 0.01 0.2 0.2 21 – – 0.5 0.01 21.5 

THK = thickness; Cond = material condition; No. = number of different materials 
CR = cold rolled (2B, 2R or 2E finish); HR = hot rolled (1D finish) 
FF = ferrite factor = Cr + 6Si + 8Ti + 4Mo + 2Al + 4Nb – 40(C+N) – 2Mn – 4Ni 

Experimental work 
Manual metal arc (MMA), pulsed metal arc active gas (MAG) and pulsed autogenous tungsten inert 
gas (TIG) welding tests were prepared. In addition, thermomechanical simulation tests were carried 
out to explore the influence of heat input onto grain size and impact toughness at room temperature. 
TIG welding was used for light sheet thicknesses, MAG for intermediate thicknesses and MMA for the 
rest. Single pass butt welds were prepared parallel to the rolling direction for 1 – 4 mm thicknesses, 
but 6 mm materials required two passes. A V-type joint configuration with 60° bevelled groove angle 
and a root height of 1 – 1.5 mm were used for the 4 – 6 mm thicknesses. In addition, a few 
supplementary tests with an X-type joint configuration were prepared. TIG welding tests were 
autogenous full penetration bead-on-plate welds. Two austenitic (308LSi and 316LSi) and three 
ferritic (409LNb, 430LNb and 430Ti) filler metals were used in MAG welding with a wire diameter of 
1.0 mm. Austenitic 308L-15 basic electrodes were used in MMA, 2.5 and 3.2 mm in diameter. The 
scope of welding parameters examined is shown in Table 7.2. 

Table 7.2 Welding parameters 

THK 
[mm] 

Method 
Current 
[A] 

Voltage
[V] 

Travel speed
[mm/min] 

Heat input 
[kJ/mm] 

1.0–2.0 TIG 46–94 8–10 106–455 0.05–0.25 

1.5–3.5 MAG 105–189 20–26 480–1040 0.14–0.41 

3.0–6.0 MMA 44–80 20–22 n/a 0.22–1.51 

2.0 Gleeble HTHAZ simulations 0.10–0.40 

TIG: shielding: Ar, 7 l/min; backing: Ar, 10 l/min; gas cup Ø 11.2 mm; 120° tip angle 
MAG: shielding: Ar + 2% O2, 14 l/min; backing: Ar, 18 l/min 
Gleeble HTHAZ simulations: Rykalin 2D heat flow; peak temperature 1350 °C 

 
Mechanical properties were evaluated with hardness measurements, transverse tension tests and 
Charpy notched impact toughness tests. Sub-size Charpy test specimens in T-L orientation were 
prepared from the 1.5–6 mm thick materials at three locations: the unaffected base metals, coarse-
grained HTHAZ, and at the centre of the weld metals. All Charpy tests were done within a temperature 
band from -40 to +20 C. The criterion used for the ductile-to-brittle transition temperature (DBTT) 
was 35 J/cm2, and these are merely estimates from the limited data. Corrosion aspects were 
evaluated with the standard Strauss test according to EN ISO 3651-292, which is suitable for detecting 
the susceptibility of welds for intergranular corrosion. A modified version of this test was required for 
the low chromium grade 1.4003. Other examinations were performed by means of conventional 
laboratory techniques. 

Results 
The microstructures of the studied welds differ from each other, and the key figures from the 
metallographic examinations are shown in Table 7.3. The 1–3 mm thick materials experienced a 2 
dimensional cooling, while the 4–6 mm thicknesses had 3 dimensional heat flow. This has a 
noteworthy influence on the Charpy test specimens because the width of the HTHAZ is quite narrow 
for relatively thicker materials. Therefore, the impact toughness tests for thinner materials represent 
the HTHAZ most accurately, while the thicker materials represent the HAZ toughness in general, 
especially with the 6 mm material. 
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Table 7.3 Results of the metallographic examinations 

Grade 
THK 
[mm] 

Cond 
Grain size, μm Martensite, % HTHAZ 

width, mm Base HTHAZ LTHAZ HTHAZ Weld 

1.4003 
1–2 CR 10–11 n/a ~100 ~100 ~100 1.0–1.9 

4–6 HR n/a n/a ~100 ~100 ~100 0.4–1.2 

1.4016 
1–2 CR 10–14 100–180 24–35 10–25 7–16 0.9–2.4 

3 HR 10 127–156 33–34 20–28 n/a 0.4–1.7 

1.4509 
1–4 CR 22–53 53–100 0 0 0 0.8–2.4 

3.5 HR 31 78–84 0 0 0 1.8–2.7 

1.4521 1–2 CR 12–25 51–84 0 0 0 0.9–2.5 

1.4621 1.5 CR 27 90–96 0 0 0 0.7–1.4 

Grain size: mean linear intercept, Martensite: fraction obtained from image analysis 
LTHAZ = low temperature HAZ; HTHAZ = coarse-grained high temperature HAZ 

 
Grade 1.4003 had ferrite factors below 8, thus the microstructure in the HAZ, as well as in the 
autogenous weld metal, is martensitic. However, this low carbon lath-type martensite is relatively 
soft, with the hardness being 300–320 HV. Thus, the hardness remained below 350 HV, which is 
usually considered to be the limit after which preheating or controlled welding is necessary. Retained 
delta-ferrite was detected neither in metallographic examinations nor in the hardness measurements. 
The lath size did increase near the fusion line due to grain growth of delta-ferrite, before 
transformation into austenite and subsequently to martensite during cooling. The unaffected ferritic 
base metal had a hardness of 140–160 HV. 

Traditional 1.4016 is a high carbon and nitrogen grade, which transforms partially to austenite during 
the thermal cycle. Its microstructure after welding is a distinctive mixture of delta-ferrite and grain 
boundary Widmanstätten patterned martensite. The hardness in the HAZ was typically 200–220 HV. 
The martensite fraction varied slightly between the materials due to the compositional differences, 
i.e. the ferrite factors varied between 13.3 – 14.9. The highest amount of martensite, 24–35%, was 
obtained in the lower temperature region of the HAZ (LTHAZ), where the time spent in the dual-
phase region during welding was the longest. The autogenous welds had coarse grains with roughly 
7–16% intergranular martensite. Grain sizes in the HTHAZ were large in every instance, ranging 
between 100–180 μm. 

Welds in the stabilised grades 1.4509, 1.4521 and 1.4621 had very similar microstructural features 
with each other due to the absence of martensite, and only minor differences in chemical 
compositions. Overall, the grain sizes in the HTHAZ were smaller than in the 1.4016 welds ranging 
between 51–100 μm because of the pinning capability of Ti and Nb precipitates. However, grade 
1.4621, which is only stabilised with niobium, suffered from coarse grain structure in autogenous 
welds, while the titanium-containing materials had much finer grain structure. Hardness results were 
rather monotonous due to the absence of martensite. 

Transversal tension tests were completed for both the base metals and also the welds. Because of 
the heterogeneous nature of the weld tension test specimen, only the ultimate tensile strength (UTS) 
and the location of rupture were evaluated, and the results are summarised in Table 7.4. TIG weld 
specimens rarely matched the UTS of the base metals. Grades 1.4003, 1.4509 and 1.4621 were seen 
as the most suitable for autogenous welding due to the preferred rupture in the base metal. 
Autogenous welds for 1.4016 and 1.4521 materials suffered from frequent weld metal ruptures, 
which is undesirable behaviour. MMA and MAG welds fabricated with the austenitic filler metals (308L, 
308LSi, 316LSi) gave preferable results because the UTS of specimens was usually higher than with 
comparable base metals, and rupture occurred through the base metal.  

Table 7.4 Typical behaviour of welds in transversal tension test. 

 Rupture from the base metal Rupture from the weld region 

UTS above 
base metal 

1.4003 (MAG 308LSi & 409LNb, MMA 308L)
1.4016 (MAG 308LSi & 430LNb & 430Ti) 
1.4509 (MAG 308LSi, MMA 308L)  
1.4521 (MAG 316LSi) 
1.4621 (MAG 316LSi, TIG) 

1.4509 (MAG 430LNb & 430Ti) 

UTS below 
base metal 

1.4003 (TIG) 
1.4016 (MMA 308L)  
1.4509 (TIG) 

1.4521 (TIG) 
1.4016 (TIG) 
1.4509 (all welds in the 3.5 mm hot rolled material)
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Estimated DBTTs are presented in Table 7.5 and Table 7.6. In general, grade 1.4003 and other 
materials in the cold-rolled condition had adequate toughness down to 0°C. Hot rolled 1.4509 had 
the lowest toughness as the brittle-type fracture occurred even at room temperature. HTHAZ 
toughness remained reasonable for 1.4003, and for the 1.5 – 3 mm stabilised materials, but 
grade 1.4016 had poor toughness in the HTHAZ despite the material thickness. Welds fabricated with 
the austenitic filler metals resulted in superior toughness, and often the crack propagated away from 
the ductile weld metal. TIG welding for stabilised materials resulted in moderate toughness, as well 
as MAG welding with titanium stabilised 430Ti filler metal. All ferritic welds using the grade 1.4016 
and welds fabricated with the 430LNb filler metal resulted in poor toughness. 

Thermal simulations clarified that the HTHAZ in grade 1.4016 is prone to brittle failure even with the 
lowest heat inputs used, as shown in Table 7.7. The examined stabilised grades did not result in 
brittle failure in thermal simulations even when the heat input was increased to an excessive level of 
0.40 kJ/mm for the 2 mm thick materials. All simulated specimens did lose their upper shelf energies 
correspondingly to those of practical welds. 

Table 7.5 Estimated DBTTs for the base metals and HTHAZs 

THK 
[mm] 

Grade 
Steel 
Producer 

Base metal High temperature heat-affected zone 

Grain size 
[μm] 

DBTT
[°C] 

Heat input
[kJ/mm] 

Grain size 
[μm] 

DBTT 
[°C] 

1.5 1.4621 A 27 < -40 0.16 90–96 < -40 

2.0 

1.4003 B 11 < -40 0.24 n/a < -40 

1.4016 
B 14 < -40 0.24 127–180 > +20 

C 12 < -40 0.23 118–141 > +20 

1.4509 
B 32 -30 0.23 70–93 -20 

C 35 -30 0.23 57–90 -20 

1.4521 
B 12 < -40 0.23 51–81 -30 

C 25 -30 0.23 78–84 -10 

3.0 
1.4016 C 10 -30 0.34 127–156 > +20 

1.4509 A 53 -10 0.34 81–100 0 

3.5 1.4509 C 31 > +20 0.40 78–84 > +20 

4.0 
1.4003 B n/a < -40 0.61 n/a -20 

1.4509 B 33 0 0.70 81 +20 

6.0 1.4003 B n/a < -40 
0.55 
+ 0.85 

n/a < -40* 

* overall HAZ toughness 

 
Table 7.6 Estimated DBTTs for welds [°C] 

THK 
[mm] 

Grade 
Steel 
producer 

TIG MAG MMA 

no filler 308LSi 316LSi 409LNb 430LNb 430Ti 308L-15 

1.5 1.4621 A < -40 – < -40 – – – – 

2.0 

1.4003 B – < -40 – -20 – – – 

1.4016 
B > +20 n/a* – – > +20 > +20 – 

C > +20 n/a* – – – – – 

1.4509 
B -10 < -40 – – > +20 -10 – 

C -30 < -40 – – – – – 

1.4521 
B < -20 – < -40 – – – – 

C -20 – < -40 – – – – 

3.0 
1.4016 C – n/a* – – – – – 

1.4509 A – < 0* – – – – – 

3.5 1.4509 C – < -40 – – – – – 

4.0 
1.4003 B – – – – – – < -40 

1.4509 B – – – – – – < -40 

6.0 1.4003 B – – – – – – < -40 

* persistent crack propagation through HTHAZ 



 

83 

 
Table 7.7 Results from thermal simulations 

Grade 
Steel 
producer 

Base metal Simulated HTHAZ

Grain size Energy Heat input Grain size Energy 

1.4016 B,C 12–14 122 

0.10 96–114 13 

0.23 118 13 

0.40 151–162 n/a 

1.4509 B,C 32–35 129 

0.10 57 102 

0.23 61–75 106 

0.40 66–90 90 

1.4521 B 12 128 
0.23 61 94 

0.40 75 73 

Grain size: mean linear intercept, μm; Energy: mean absorbed energy at 20 °C, J/cm2; 
Simulated HTHAZ: Rykalin 2D heat flow; peak temperature 1350 °C; hold time 0.1 s; 
Heat input, kJ/mm; Material thickness is 2.0 mm 

 
 

 

Figure 7.1 Impact toughness of ferritic stainless steels 

Figure 7.1 summarises the impact toughness results obtained from this project, for the base metal, 
HAZ/HTHAZ and welds. 

The Strauss test confirmed that grade 1.4016 suffers from intergranular corrosion in the as-welded 
condition even when using low heat inputs, as presented in Table 7.8. All the stabilised grades passed 
the test without encountering any problems. Postweld heat treated (PWHT) welds of grade 1.4016 
also passed the test, indicating a sufficient restoration of the corrosion resistance in the weld region 
after a 750°C two hour treatment. A modified test for low chromium grade 1.4003 revealed that the 
sensitisation can occur when a multipass welding is carried out in the X type joint configuration. 
However, it should be emphasised that this requires specific conditions to occur, certain joint 
configuration, thickness and the level of heat input. The multipass V type joint configuration did not 
lead to sensitisation. 
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Table 7.8 Summary of the sensitisation tests 

THK 
[mm] 

Steel 
producer 

Grade Method Filler 
Heat input
[kJ/mm] 

Condition 
Test 
result 

1.0 C 

1.4016 

TIG Autog. 

0.06 As-welded FAIL 

0.07 PWHT PASS 

2.0 

C 
0.22 As-welded FAIL 

0.23 PWHT PASS 

B 
0.23 As-welded FAIL 

0.23 PWHT PASS 

C 
1.4509 

0.24 As-welded PASS 

B 0.23 As-welded PASS 

B 1.4521 0.19 As-welded PASS 

6.0 B 1.4003 MAG 308LSi 
0.69+0.65 V-type, 2 passes PASS 

0.40+0.42 X-type, 2 passes FAIL* 

*failure through HAZ 

Conclusions for the welding tests 
 Grade 1.4003 had entirely lath martensitic HAZ and autogenous weld metal with a tolerable 

hardness of 300–320 HV. Martensitic microstructure was expected from low (< 8) ferrite factors. 
A preferred tensile behaviour was observed in all welds, i.e. the rupture located in the base metal, 
and thus the tensile strength of the welds generally surpassed that of the base metals. Above all, 
the level of impact toughness remained reasonable in the HTHAZ of 2 – 4 mm materials and HAZ 
of 6 mm materials. 

 Grade 1.4016 had substantial difficulties with low toughness in the HTHAZ and weld metals due 
to the severe grain growth and formation of intergranular martensite. Tensile behaviour of the 
welds was somewhat passable due to partial hardening, but this is only of secondary importance 
if structural feasibility is considered. A PWHT at 750°C for 1 - 2 hours tempers the brittle grain 
boundary martensite, and partial restoration in toughness is obtained. Even though the 
grade 1.4016 can be considered to be readily weldable, the recommendation from this study is 
that the properties are not strong enough for this grade to be used in structural applications in 
the as-welded condition, even after the PWHT. 

 The examined stabilised ferritic grades remained single phase ferrite after welding. The grain 
growth in the HTHAZ was somewhat restricted because of the pinning capability of Ti and Nb 
precipitates. Furthermore, the Ti stabilisation was clearly beneficial for refining the grain structure 
in autogenous welds. The tensile behaviour of stabilised grades was complex, with grades 1.4509 
and 1.4621 behaving reasonably well, but all autogenous welds of grade 1.4521 ruptured 
unexpectedly through the fine grained weld metal. The impact toughness of the stabilised 
materials was also complex. The 1.5–3 mm base materials had a DBTT below 0 °C, and the DBTT 
remained below room temperature in the HTHAZ, autogenous weld metals, and welds fabricated 
with the 430Ti ferritic filler metal. However, with thicker materials (>3 mm) and with welds 
fabricated with the ferritic 430LNb filler metal, a brittle fracture was obtained near or at room 
temperature. The somewhat restricted grain growth observed with the stabilised grades did not 
severely increase the DBTT, even when excessive heat input was used in HTHAZ simulations. 

 1.4003, 1.4509 and 1.4521 are most suitable for autogenous welding, though the UTS may be 
lower than the base metal. 

 Austenitic filler metals are preferred over ferritic filler; the welds fabricated with these ductile filler 
metals have excellent toughness and preferred rupture behaviour. However, under certain special 
circumstances, ferritic stainless steel consumables may be selected if having similar thermal 
expansion, similar surface colour of welds or nickel-free welds are required. 

Task 5.3 Design guidance 
The main aim of this task is to provide design guidance on the welding of ferritic stainless steel for 
structural applications, based on the results of the results from task 5.2. In order for ferritic stainless 
steels to be used in structural applications, it is necessary to understand how they perform at joints 
and connections. The work is described in detail as a work package deliverable33. The study covered 
Eurocode design rules for welded connections between flat material, welded tubular joints and 
fatigue. Although the rules in EN 1993-1-8 for various types of welded connections technically apply 
to the ferritic grades 1.4003, 1.4016 and 1.4512 which are currently in EN 1993-1-4, no tests are of 
structural joints are known of in the literature. The AWS Structural Welding Code for stainless steel 
D1.6 includes ferritic stainless steels93. The Outokumpu Welding Handbook also covers ferritic 
stainless steels94.  
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Welded tubular joints 
Trusses and space frames are target structural applications for ferritic stainless steels in this project 
and, in this context, welded tubular joints are a key concern. However, no tests have been carried 
out on ferritic stainless steel tubular joints to date. There are six main classifications of joint types – 
‘T’, ‘Y’, ‘X’, ‘N’, ‘K’ and ‘KT’ joints’, as well as several different possible failure modes. There are no 
specific design rules for ferritic stainless steel tubular joints currently available. The Australian/New 
Zealand Standard for stainless steel structures8 is the only international design standard that 
currently provides design rules for cold-formed stainless steel tubular joints. This standard covers 
ferritic stainless steel grades 1.4003, 1.4016 and 1.4512 as well as austenitic and duplex grades. 
The design rules given in this standard are generally adopted directly from the CIDECT 
recommendations for carbon steel tubular joints95,96,97,98 but replace the yield stress with the 0.2% 
proof stress, as determined from the finished tube rather than the annealed material. However, there 
is no experimental evidence that the rules have been validated for ferritic stainless steel tubular 
joints.  

The key issues to consider for the design of ferritic stainless steel tubular joints are the ductility and 
toughness properties. In terms of toughness, ferritic stainless steels offer limited toughness, 
particularly for thicker specimens. However, for thinner sections the toughness properties of the 
stabilised ferritics should be adequate. This, however, requires numerical and/or experimental 
validation which is outside the scope of SAFSS. It is unlikely that inadequate ductility should be a 
concern for ferritic stainless steel joints as, according to the test results obtained from the SAFSS 
project, the ratio of ultimate tensile strength to tensile proof stress of these grades is relatively high, 
as is the value of elongation after fracture. 

Fatigue behaviour of welded ferritic stainless steel joints 
The method proposed in EN 1993-1-950 relies on empirically derived relationships for the material 
between applied elastic stress ranges and fatigue life, presented as the number of cycles to failure 
(i.e. S-N curves). According to EN 1993-1-9 for carbon steel joints, the S-N curve is determined 
depending on the detail type. No distinction for material type is made and the standard states that 
the rules apply to stainless steels which conform to the toughness requirements of EN 1993-1-10. 
From the rather sparse number of tests carried out, it appears that the guidance for carbon steel can 
be applied to ferritic stainless steel, but only a few details have been tested and the information is 
not in the public domain. Additionally the tests have generally only been on grade 1.4003, although 
it is unlikely that the other ferritic grades will behave very differently. To ensure good fatigue 
performance it is necessary to control the microstructure to ensure that localised corrosion at the 
welds does not occur which in turn might have an adverse impact on the fatigue performance. 

Concluding remarks for WP5 
This WP has provided a comprehensive review of existing information on welding of ferritic stainless 
steels as well as conducting a series of experiments looking at different welding methods and limits 
of heat inputs. Tensile tests and impact toughness tests were also carried out at different 
temperatures on welded samples.  The aim of this work was to advance the understanding of welding 
these materials so that design guidance could be produced. This includes guidance on heat inputs, 
consumable materials and methods of welding as well as-welded joints in structures. 
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8        WP6: BOLTED & SCREWED CONNECTIONS 

Objectives of WP6 
This WP seeks to develop design guidelines for bolted and screwed connections in ferritic stainless 
steel members up to 6 mm thick. A programme of lap shear tests was carried out on various 
configurations of bolted and screwed connections in order to study the various failure modes. Design 
guidance in accordance with EN 1993-1-35, 1993-1-4 and EN 1993-1-849 was developed. 

Task 6.1 Tests on bolted and screwed connections 
The development of the test programme and test results are described as work package 
deliverables34,35. 

The test programme for bolted connections comprised 40 different tests, including 24 using thick 
plate connections and 16 on thin plate connections. Some tests were also repeated so that the total 
number of bolted connections tested was 54. One bolt size (M12 bolts with a diameter d = 12 mm) 
was used in all tests with a corresponding hole diameter, d0 = 13 mm. Both single and double lap 
specimens were tested. In the case of thick-walled connections, one ferritic stainless steel of 
grade 1.4509 with material thicknesses of 3, 4.5 and 5.5 mm was used. Specimens comprised four 
types of bolt groups which demonstrate net section, bearing and block tearing failure modes. In the 
case of thin-walled connections, the same failure modes were tested by single lap specimens for 
grade 1.4509 with thickness of 0.8, 1.2 and 2 mm. 

The test programme for screwed connections comprised 54 tests. Three tests were carried out for 
each configuration. Self-drilling screws (5.5 mm diameter) joining thin-walled material with thickness 
of 0.5, 0.8 and 1.2 mm were used. Tests were carried out for single lap specimens with varying 
material thicknesses and arrangements of screws in order to demonstrate different failure modes 
(shear failure, bearing failure, tilting failure). One ferritic stainless steel grade 1.4509 was used in 
all tests. The screws for the tests were chosen based on preliminary tests studying the thread cutting 
properties during installation. 

Test specimens 
The test programme included tests on bolted and screwed connections. With reference to the bolted 
connection tests, M12 bolts were used in all tests. The width of the connected pieces depended on 
the type of specimen, but the length of the pieces was 470 mm in all cases. Bolts of grade A2 
austenitic stainless steel with property class 70 were used, except for some comparative carbon steel 
specimens where normal class 8.8 bolts was employed. The nominal values of 0.2% proof strength 
and ultimate tensile strength were 450 N/mm2 and 700 N/mm2 for class 70 bolts, respectively, and 
640 N/mm2 and 800 N/mm2 for the carbon steel bolts, respectively. The bolts were fully threaded so 
that the same bolts could be used in all specimens. For the single tests with the bolts in one row, 
washers were used both under the head and the nut.  

The specimen dimensions are shown in Figure 8.1 and also provided in Table 8.1. These values have 
been chosen so that the relevant failure modes could be demonstrated. Failure types under 
consideration were net section failure (type A in Figure 8.2), bearing failure (types B and C) and 
block shear failure (type D). Also curling effects (out-of-plane deformations) were under 
consideration in all tests with thin-walled materials. The spacing of holes shown in Figure 8.1 agrees 
with the minimum values given in the Eurocodes. 

 

Figure 8.1 Dimensions of specimens 
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Table 8.1 Specimen dimensions for bolted connections 

 
Single 
shear 

Double
shear 

Number 
of bolts 

b e1 e2 p1 p2 

Net section failure A1 A2 2 3.2 d0 1.6 d0 1.6 d0 3.2 d0 - 

Bearing failure B1 B2 2 6.4 d0 1.6 d0 3.2 d0 3.2 d0 - 

Bearing failure C1 C2 2 6.4 d0 1.6 d0 1.6 d0 - 3.2 d0 

Block tearing failure D1 D2 6 16 d0 1.6 d0 4.8 d0 3.2 d0 3.2 d0 

Bearing failure  E1 - 1 3.2 d0 1.6 d0 1.6 d0 3.2 d0 - 

Net section failure F1 - 2 3.2 d0 1.6 d0 1.6 d0 3.2 d0 - 

 

 

Figure 8.2 Types of shear lap specimens for bolted connections with predicted 
failure modes 

The test programme is shown in Table 8.2. Single lap specimens comprised all types of connections 
and double lap joints comprised only thick-walled flat specimens. In double shear tests, the 
intermediate plate had a thickness of about twice that of the surface plate. In addition, double shear 
tests comprised two comparative tests for carbon steel material S355. One or two tests were carried 
out for each test configuration. 

The screwed specimen programme comprised only single lap tests, as shown in Figure 8.3. The 
connection had a width of 50 mm and length of 470 mm in all tests. The specimens demonstrated 
bearing failure, but other observed failure modes included tilting, pull out or shear of screws. The 
thin-walled materials were the same as those used for the bolted connections. Self-drilling austenitic 
stainless steel screws (corrosion class A2) with a nominal diameter of d = 5.5 mm were used in 
joining. According to EN ISO 147899, the range of outer thread diameter of the screw is 5.28–
5.46 mm, the range of inner diameter is 3.99 – 4.17 mm and the thread pitch is 1.8 mm. Because 
the self-drilling screws were not hard enough to drill into ferritic stainless steel properly in all cases, 
pre-drilled clearance holes of 4.0 mm were used in all test specimens. 
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Table 8.2 Test identification and materials of bolted connections 

Type of test Test identification code 
Plate 1, t [mm] 

and grade 
Plate 2, t2 [mm]

and grade 

Single shear 
tests 
t 	3 mm  

S0808-A1 
S0820-A1 
S1220-A1 
S2020-A1 

S0808-B1 
S0820-B1 
S1220-B1 
S2020-B1 

S0808-C1 
S0820-C1 
S1220-C1 
S2020-C1 

S0808-D1*

S0820-D1*

S1220-D1*

S2020-D1* 

0.8 
0.8 
1.2 
2 

1.4509 
1.4509 
1.4509 
1.4509 

0.8 
2 
2 
2 

1.4509 
1.4509 
1.4509 
1.4509 

Single shear 
tests 
t 	3 mm 

A1-33  
A1-55 

B1-33  
B1-55 

C1-33 
C1-55 

D1-33* 
D1-55* 

3 
4.5 

1.4509 
1.4509 

3 
4.5 

1.4509 
1.4509 

Double shear 
tests 
t ≥ 3 mm 

A2-36 
A2-510* 
A2-510S* 

B2-36 
B2-510* 
B2-510S* 

C2-33 
C2-510* 
C2-510S* 

D2-36* 
D2-510* 
D2-510S* 

3 
4.5 
5.0 

1.4509 
1.4509 
S355 

5.5 
10 
10 

1.4509 
S355 

S355 

Angle bar 
test 
t ≥ 3 mm 

E1-33 
E1-55 

F1-33 
F1-55 

  
3 
4.5 

1.4509 
1.4509 

3 
4.5 

1.4509 
1.4509 

* In these tests the gauge length for measuring elongation was 600 mm, in other tests the length was 500 mm 

 

 

Figure 8.3 Shear lap tests for screwed connections 

Two thickness combinations for the front and back plates were considered, as described in Table 8.3. 
In the first test configuration, the thickness of the back plate was equal to the front cover plate 
whereas in the second case it was thicker. In both cases, the thinner sheet was always next to the 
head of the screw. Based on ECCS guidance100, the tests were made either by using one screw with 
an edge distance e1=30 mm (type 1a in Table 8.3) or two screws with an edge distance of e1=30 mm 
and pitch distance of p1=30 mm (type 2a). In addition, the tests comprised one screwed specimen 
with a minimum value of e1=3 and d=16.5 mm as given in EN 1993-1-3 (type 1b). Each configuration 
had three test repeats. 

Table 8.3 Test identification and materials of screwed connections 

Plate thicknesses in test

plate 1, t [mm] 0.5 0.5 0.8 0.8 1.2 1.2 

plate 2, t2 [mm] 0.5 2 0.8 2 1.2 2 

1 screw, e1=30 mm S0505-1a S0520-1a S0808-1a S0820-1a* S1212-1a S1220-1a* 

1 screw, e1=3d=16,5 mm S0505-1b S0520-1b S0808-1b* S0820-1b* S1212-1b S1220-1b* 

2 screws, e1/p1=30/60 mm S0505-2a S0520-2a S0808-2a S0820-2a S1212-2a S1220-2a 

* In these tests the gauge length for measuring elongation was 400 mm, in other tests the length was 300 mm 
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Test procedure 
In manufacturing the test specimens, it was ensured that the longitudinal direction of the pieces was 
the same as the rolling direction of the sheet. Thus the effect of possible material orthotropy was 
similar in all tests. The bolts were tightened only to a little more than finger tight so that the friction 
did not affect to results, but the plates were in good contact. In the single shear tests with bolts in 
one row (types C1, E1) the bolts were provided with washers under both the head and the nut.  

Tensile tests were carried out for determining the force-displacement behaviour of the connections. 
The gauge length for measuring the elongation over the connection was 500 or 600 mm for bolted 
connections (Table 8.2) and 300 or 400 mm for screwed connections (Table 8.3). Material properties 
in a longitudinal direction were determined for each material batch by three samples, which were 
taken from the mid-width and from both edges of the sheet of the raw material. The average values 
of the measured material properties are given in Table 8.4. 

Table 8.4 Measured material properties. 

 ID Grade t A Rp0.2 Rm ALO

S05 1.4509 0.5 0.52 276 457 32 

S08 1.4509 0.8 0.80 327 478 30 

S12 1.4509 1.2 1.20 311 456 33 

S20 1.4509 2.0 1.97 334 463 34 

M-3 1.4509 3.0 2.93 295 447 36 

M-5 1.4509 4.5 4.50 353 478 24 

M-6 1.4509 5.5 5.50 345 451 32 

S-5 S355 5.0 4.97 395 526 26 

S-10 S355 10 9.96 400 545 27 

ID – test identification code 
t – nominal thickness [mm]  
a – measured thickness [mm] 

Rp0.2 – 0.2 proof stress [MPa] 
Rm – tensile strength [MPa]  
ALO – elongation after fracture [%]

Test results 
Figure 8.4 shows examples of different failures of bolted connections whereas Figure 8.5 shows 
examples of different failures of screwed connections. The elongations corresponding to maximum 
load were 6 – 24 mm in the case of bolted connections and 2 – 16 mm in the case of screwed 
connections.  

As there is no single-valued approach for failure criterion, two failure criteria were compared. The 
first is based on the maximum load without limited deformation (hereafter referred to as the Fmax 
criterion) whilst the second criterion considered is based on the maximum load before a limited 
elongation (hereafter referred to as the displacement criterion). For bolted connections, the 
elongation of the holes was limited to 3 mm and for screwed connections the deformation was limited 
to 3 mm over the joint.  

Comparison between existing guidance and experimental studies 
The design of connections according to the Eurocodes covers bearing resistance, net section 
resistance and block tearing resistance (block shear failure) of the connected parts. In addition, the 
shear resistance of the bolts and screws should be checked. The grade and thickness of the connected 
materials may affect the design equations and therefore the guidelines given in the Eurocodes differ 
from each other. EN 1993-1-147 gives basic design rules for steel structures with material thickness 
of t ≥ 3 mm; EN 1993-1-849 shows the basic design rules for connections; EN 1993-1-35 gives the 
basic design rules for connections of steel structures with material thickness of 0.4 ≤ t ≤ 4 mm and 
EN 1993-1-4 gives supplementary rules for stainless steel structures. The Design Manual for 
Structural Stainless Steel69 brings together the design guidelines applicable for stainless steel 
structures. 
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In the following comparisons (as shown in Figure 8.6 to Figure 8.8), the test results are compared 
with the design resistances calculated using γM2 = γM0 = 1.0. Because the design for bearing 
resistance in EN 1993-1-4 is equal to EN 1993-1-8 but uses fu,red = 0.5fy + 0.6 fu ≤ 1.0 instead of fu, 
the comparisons are also shown based on fu,red.   

 

 

 

 

 
Figure 8.4 Examples of different failure types of bolted connections 
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Figure 8.5 Examples of different failure types of screw connections 

 

 

 

 

 

Figure 8.6 Experimental results of bolted connections compared to calculated 
resistances, failure criterion = Fmax 

 

Figure 8.7 Experimental results of bolted connections compared to calculated 
resistances, failure criterion = displacement 
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Figure 8.8 Experimental results of screwed connections compared to calculated 
resistances, failure criteria = Fmax and displacement 

The results of bolted connections for criterion Fmax (Figure 8.6) show that the results for tests B2-510, 
B2-510S, C2-510, C2-510S and D2-510S are less safe than the other test results. This is due to the 
fact that in these experiments the shear strength of the bolts was exceeded, which was observed in 
testing. When these test results are ignored, all other test results except A2-510S are higher than 
the values calculated by design equations. These tests have been excluded from the statistical 
analysis of the results shown in Table 8.5, Table 8.6 and Table 8.7. The characteristic value of the 
test results, Rk, shown in the tables is determined according to normative Annex A of EN 1993-1-3. 
The characteristic value for a group of test results is obtained from Rk = Rm - ks, where Rm is the 
mean value of results, s is the standard deviation and k ≥ 1.64 is a coefficient depending on the 
number of tests. 

Table 8.5 Values of Rk for the net section resistances of bolted connections, flat bars 
(series A1 and A2) and angle bars (series F1) 

 Flat specimens without test A2-510S, N=11, k=1.90 Angles N=3, k=3.37 

 EN 1993-1-1 EN 1993-1-3 EN 1993-1-8 

Calculation fu fu,red fu fu,red fu fu,red 

Criterion Fmax Displ. Fmax Displ. Fmax Displ. Fmax Displ. Fmax Displ. Fmax Displ. 

Average 1.20 1.09 1.26 1.14 1.08 0.98 1.13 1.02 1.44 1.14 1.53 1.21 

StDev 0.04 0.05 0.05 0.04 0.04 0.04 0.05 0.04 0.14 0.06 0.19 0.09 

CoV 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.10 0.05 0.12 0.08 

Characteristic 1.12 1.00 1.16 1.06 1.01 0.90 1.04 0.95 0.96 0.94 0.90 0.90 

 

Table 8.6 Values of Rk for the bolted connections, bearing resistance (series B1, B2 
and E) and block tearing resistance (series D1 and D2) 

 
Bearing tests without tests 
B2-510,B2-510S, C2-510, C2-510S; N=23, k=1.75 

Block tearing without test
D2-510S; N=11, k=1.90 

 EN 1993-1-8 EN 1993-1-3 EN 1993-1-8 

Calculation fu fu,red fu fu,red fu fu,red 

Criterion Fmax Displ. Fmax Displ. Fmax Displ. Fmax Displ. Fmax Displ. Fmax Displ. 

Average 1.57 1.26 1.66 1.33 1.48 1.19 1.56 1.25 1.29 1.03 1.32 1.06 

StDev 0.10 0.09 0.13 0.10 0.13 0.12 0.15 0.13 0.05 0.06 0.06 0.06 

CoV 0.06 0.07 0.08 0.07 0.09 0.10 0.10 0.10 0.04 0.06 0.05 0.06 

Characteristic 1.40 1.11 1.43 1.16 1.25 0.98 1.29 1.02 1.20 0.91 1.21 0.95 

 

Table 8.7 Values of Rk for the resistance of screwed connections 

 N=54, k=1.70  

 EN 1993-1-3 

Calculation fu fu,red 

Criterion Fmax Displ. Fmax Displ. 

Average 1.41 1.15 1.52 1.24 

StDev 0.23 0.13 0.24 0.15 

CoV 0.16 0.11 0.16 0.12 

Characteristic 1.02 0.93 1.11 0.98 
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Task 6.2 Design recommendations 
The work carried out under this task is reported as a work package deliverable36. Based on the test 
results described above, recommendations have been proposed for design: 

 The design expressions for ferritic stainless steel bolted connections can be the same for all 
thicknesses between 0.8 – 4.5 mm. The EN 1993-1-1 approach uses fu (instead of fu,red) and this 
is recommended for net section resistance and also for bearing and block tearing resistances. 

 The design expressions for screwed ferritic stainless steel connections can be the same for 
thicknesses between 0.5 and 1.2 mm. The EN 1993-1-3 approach uses fu, and this is 
recommended for ferritic stainless steels. The extra condition given for t < 1 mm is not required.  

 For the ultimate load failure criterion, the design expressions given in EN 1993-1-1, EN 1993-1-3 
and EN 1993-1-8 all result in a safe design.  

 In order to ensure that the deformation at the fasteners is limited to 1 mm in the serviceability 
limit state (SLS), an extra reduction factor of 0.9 should be considered in EN 1993-1-8 for design 
for block tearing resistance of bolted connections and in 1993-1-3 for design for bearing resistance 
of screwed connections. 

 The conclusions above are based on characteristic resistances, which are determined according 
to Annex A of EN 1993-1-3. More favourable results may be achieved, if the statistical resistance 
models according to Annex D of EN 1990 are used. Additional evaluation of the results according 
to Annex D is proposed.  

Concluding remarks for WP6 
Before this project, there was little information available on the behaviour of stainless steel bolted 
or screwed connections.  Having completed the tests in this WP, there is a much greater knowledge 
of the behaviour which has enabled design guidance to be proposed which closely aligns to that for 
carbon steel bolted and screwed connections.  
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9        WP7: CORROSION RESISTANCE 

Objectives of WP7 
This WP seeks to develop a comprehensive understanding of the durability of ferritic grades of 
stainless steel in the atmospheric environments encountered by the target structural applications. 
Three different tests were carried out: exposure fields (atmospheric test), accelerated tests (climatic 
chamber) and electrochemical tests. Welded and bolted specimens were studied, as well as flat 
sheets. A comparative study of design lives for structural components in different climatic conditions 
was carried out for ferritic and austenitic stainless steels, and galvanised steel. 

Task 7.1 Review of available data 
The work carried out under this task is reported as a work package deliverable37. 

The resistance of stainless steel to corrosion results from the formation of a chromium oxide film on 
the metal surface. The film is hard and generally invisible. If the film is accidentally removed, a new 
film is formed and the self-protection continues (self-passivation). Any breakdown in the passive film 
on the metal surface can lead to dangerous localised corrosion. The various different grades and 
stainless steel families possess different degrees of corrosion resistance. The variation is related to 
the amount of chromium and other alloying elements that are contained therein. 

It is very important to know the environment in which the stainless steel is going to be exposed prior 
to specification. Relative humidity, temperature, rain and wind are just some of the parameters that 
can influence the behaviour of the stainless steel material. Pollutants like SO2 and chlorides will have 
a significant effect on the steel.  

It should be noted that discoloration of stainless steel is not automatically the result of atmospheric 
corrosion of the stainless steel or even corrosion attack. It can be due to dirt or extraneous rust. 
Although the accumulation of dirt pockets sometimes can cause corrosion, it has been shown that 
the corrosion behaviour, reflection behaviour and sensitivity to dirt of stainless steel surfaces can be 
influenced and optimised by appropriate “surface design”. Therefore, it is important to minimise 
details which retain dirt.  

When considering susceptibility to atmospheric corrosion, it is important to differentiate between 
architectural and structural applications. In the case of architectural applications, maintaining a stain-
free surface is essential. In the case of structural uses, retaining the structural integrity of the section 
is more important than the appearance and some staining and even pitting can be tolerated.  

Task 7.2 Exposure trials 
The work carried out under this task is reported as a work package deliverable38. 

A comparative study was carried out for ferritic stainless steels in atmospheric conditions. Four 
different locations were selected: Seville (urban area), Isbergues (industrial area), Ljubljana (rural 
area) and Tornio (marine area). The tests were planned in accordance with the international standard 
ISO 8565101. Two extractions were planned, the first after 12 months and the second after 
18 months, three specimens being exposed for every type of stainless steel and condition. 

Test materials 
Four different ferritic stainless steels were tested, grades 1.4003, 1.4509, 1.4521 and 1.4621. In 
order to gather as much information as possible, the specimen design included flat samples as well 
welded and bolted samples (bolted samples included both a Teflon and metallic washer). The 
chemical composition of the samples was examined by means of X-Ray Fluorescence Spectroscopy 
and Leco Automatic Detectors (Carbon, Nitrogen and Sulphur); the results are given in Table 9.1 and 
Table 9.2 contains the roughness data.  
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Table 9.1 Ferritic stainless steel chemical composition 

Stainless 
Steel 

Finish Producer 
Weight %

C Si Mn Sn Ni Cr Mo Ti Nb S N

1.4003 

1D B 0.011 0.29 1.40 0.011 0.55 11.02 0.03 0.004 0.017 0.003 0.0146 

1D A 0.019 0.29 1.40 0.011 0.55 11.05 0.03 0.003 0.017 0.002 0.0124 

2B A 0.024 0.46 0.59 0.009 0.53 10.80 0.03 0.004 0.007 0.001 0.0154 

2B B 0.014 0.26 1.42 0.010 0.48 11.05 0.01 0.004 0.002 0.002 0.0111 

1.4509 

1D C 0.016 0.43 0.26 0.010 0.27 17.85 0.01 0.170 0.475 0.001 0.0210 

1D A 0.017 0.57 0.32 0.010 0.26 17.64 0.01 0.149 0.402 0.002 0.0143 

2B C 0.015 0.46 0.26 0.009 0.39 17.65 0.04 0.135 0.464 0.001 0.0255 

2B B 0.019 0.52 0.44 0.015 0.32 18.14 0.03 0.120 0.443 0.001 0.0176 

1.4521 
2B C 0.019 0.59 0.28 0.004 0.24 17.78 1.92 0.156 0.408 0.001 0.0237 

2B B 0.027 0.55 0.54 0.007 0.41 18.02 1.98 0.138 0.395 0.003 0.0241 

1.4621 2M A 0.017 0.29 0.26 0.009 0.29 20.36 0.02 0.003 0.452 0.002 0.0230 

 

Table 9.2 Ferritic stainless steel roughness 

Stainless 
Steel 

Finish Producer 
Ra

(µm) 
Rmax

(µm) 
Rz

(µm) 

1.4003 

1D B 3.74 25.67 21.37 

1D A 3.75 24.70 21.26 

2B A 0.05 0.51 0.42 

2B B 0.06 0.45 0.34 

1.4509 

1D C 3.69 22.81 20.16 

1D A 4.98 28.12 23.53 

2B C 0.19 1.26 1.08 

2B B 0.11 1.01 0.88 

1.4521 
2B C 0.58 3.65 2.98 

2B B 0.12 1.30 1.08 

1.4621 2M A 0.22 2.08 1.68 

Sample preparation 
The samples were cut to dimensions of 150 × 100 mm2. The edges were polished up to a fine-grained 
finish using 120, 180, 320 and 600-grit SiC paper, consecutively. Welded and bolted samples had a 
weld on the left side of the sample (TIG type) and two holes in order to be bolted using a plastic and 
metallic washer, as shown in Figure 9.1. In total, there were 528 samples, 132 for each of the four 
locations. 

  

Figure 9.1 Flat and welded/bolted samples 

An exposure rack was constructed for each location. The supports were high enough to prevent rain 
splashes from affecting the samples (i.e. 30 cm above ground). Samples were supported at an angle 
of 45º to the horizontal. The four test locations are shown in Figure 9.2.  
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(a) Seville (b) Isbergues 

  
(c) Ljubljana (d)  Tornio 

Figure 9.2 Exposure test sites 

Characterisation of test stations 
It was very important to accurately characterise the environment of each test station and in particular 
to determine the pollutants in contact with the surface of the exposure samples. According to EN 
ISO 9223102, the required atmospheric data are temperature, relative humidity, SO2 deposition rate 
and chloride deposition rate. Figure 9.3 shows the various devices used to collect the atmospheric 
variables information.  

   

(a) (b) (c) 

Figure 9.3 (a) SO2 detectors, (b) temperature and humidity register and (c) atmospheric 
chloride detector  

SO2 and chloride deposition rate are given in Figure 9.4 and Figure 9.5. Figure 9.6 shows the TOW 
(time of wetness) values and Figure 9.7 shows the overall classification of corrosivity of the exposure 
sites. The SO2 values were found to be very low in all environments. Only Isbergues (industrial) 
suffered a significant increase during a relatively short period of time. The chloride content was also 
low, even in the marine atmosphere of Tornio. TOW values were generally higher in Isbergues than 
the other locations. The rest of the locations were more variable, especially the values from Tornio.  
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Figure 9.4 SO2 deposition rates at exposure sites 

 

Figure 9.5 Chlorides deposition rates at exposure sites 

 

Figure 9.6 Time of wetness at exposure sites 

 

P0 

P1 

P2 
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Figure 9.7 Overall classification of the exposure sites 

Corrosion field test evaluation 
The evaluation was based on a detailed analysis of the exposed samples. All specimens were weighed 
both before and after the exposure. Flat samples with a significant mass variation were cleaned by 
an immersion in HCl (18% w/w) and HNO3 (4% w/w) solution. Finally, the pits were evaluated based 
on the recommendations in ASTM G46103 by means of a microscope observation.  

12 month exposure 
After 12 months it was found that grade 1.4003 was homogenously stained; most of these samples 
had a 1D finish. Grades 1.4509, 1.4521 and 1.4621 did not show stains on the flat samples in any 
exposed environments, as shown in Figure 9.8. 

 

Figure 9.8 Summary flat samples performance. 1st extraction 
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Washers generally attract dirt and pollutants and this was observed in the grade 1.4003 samples. 
Furthermore, there was discoloration in this area for most of the materials exposed in Tornio. The 
welded grade 1.4003 samples were also highly stained and there was light discoloration in some of 
the grade 1.4509 and 1.4521 specimens at all the exposure sites. 

Only the grade 1.4003 with a 1D or 2B finish showed a significant mass loss, as shown in Figure 9.9. 
The mass loss was obtained following the cleaning process for samples from every test site. The 
mass variation was negligible for the other grades. A large number of relatively shallow pits were 
found in the grade 1.4003 with a 2B finish. 

 

Figure 9.9 Mass loss in grade 1.4003 after cleaning (12 months) 

18 month exposure 
After 18 months of exposure, all the samples were collected from the various exposure sites. In total, 
264 samples were evaluated in this second extraction. Grade 1.4003 stainless steel was again the 
most stained grade in all of the tested environments. In the industrial atmosphere of Isbergues, 
grade 1.4003 samples were particularly stained. Grades 1.4509, 1.4521 and 1.4621 only showed 
significant stains at Isbergues, with insignificant staining at the other sites, as shown in Figure 9.10.  

 

Figure 9.10 Flat samples performance after the 2nd extraction 
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Grades 1.4521 and 1.4621 showed a very similar performance in both Isbergues and Tornio with a 
slightly higher staining under the Teflon washers. Almost no stains occurred in Ljubljana or Seville. 
Only grade 1.4003 specimens demonstrated a significant mass loss during test. Figure 9.11 shows 
the percentage of mass loss after cleaning. It can be observed that the highest mass loss was in the 
1D specimen. The samples from Isbergues suffered the greatest mass loss, which is in accordance 
with the observation of heavy staining in these samples also.  

 

Figure 9.11 Mass loss in grade 1.4003 after cleaning (after 18 months) 

In order to compare the four exposure sites, Figure 9.12 illustrates the comparison in pit depth and 
diameter for all sites. The samples in Isbergues developed the greatest number of pits, followed by 
those in Tornio then Seville whilst the least number occurred in Ljubljana. 
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Figure 9.12 Comparison of pit depth (above) and pit diameter (below) vs. number of pits 

Problems encountered 
Some atmospheric and pit evaluation data from Tornio was not recorded for a short period during 
the study owing to staffing issues. The missing atmospheric variables were replaced with equivalent 
data points from the previous year.  

This task was particularly time consuming and all of the project partners exceeded their man-hour 
allocation.   

Conclusions from the exposure trials 
 It was been found that grade 1.4003 with a 1D finish showed uniform corrosion in all of the tested 

environments.  

 Grade 1.4003 with a 2B finish showed numerous pits which were relatively small in size (depth < 
10 μm, diameter < 50 μm) and therefore it can be concluded that these samples shows a clear 
tendency to suffer uniform corrosion in all the tested environments.  

 Grades 1.4509, 1.4521 and 1.4621 did not develop significant surface corrosion; only a few 
samples showed any degree of cosmetic corrosion.  

 Also, the crevices encountered at welds or under bolts are highly susceptible areas to corrosion 
and most of the samples were stained in this region, except in the rural and urban environments. 
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Task 7.3 Accelerated corrosion tests 
The work carried out under this task is reported as a work package deliverable39. 

The accelerated corrosion tests were completed using a climatic chamber in the laboratory at 
AcerInox. The tests were carried out in accordance with the VDA 621-415 standard104. All 5 grades 
(grades 1.4003, 1.4016, 1.4509, 1.4521 and 1.4621) were tested. Austenitic grade 1.4301 was also 
tested as a reference material. The procedure consisted of introducing samples into the chamber 
where they were then exposed to alternate cycles of salt spray fog (50g/l NaCl-pH=7), humidity and 
temperature variations. The steps are illustrated in Table 9.3. 

Table 9.3 Test conditions in the climatic chamber 

Step Conditions Environment 
Time 
(hours) 

Temperature
(ºC) 

Pressure 
(psi) 

Humidity
(%) 

1 Salt spray NaCl 24 35 21-24 -- 

2 
Humidostatic Air 8 40 

-- 
100 

Climatic Air 16 23 96 

3 
Humidostatic Air 8 40 

-- 
100 

Climatic Air 16 23 96 

4 
Humidostatic Air 8 40 

-- 
100 

Climatic Air 16 23 96 

5 
Humidostatic Air 8 40 

-- 
100 

Climatic Air 16 23 96 

6 Climatic Air 48 23 -- 50 

Sample preparation 
The samples were cut to dimensions of 150 × 100 mm2. The edges were polished to a fine-grained 
finish by using 120, 180, 320 and 600-grit SiC paper, consecutively. The specimens included flat 
sheets and samples with Teflon and metallic washers, as shown in Figure 9.13.  

 

Figure 9.13 Samples inside the climatic chamber after 504 hours 
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Test evaluation 
After 4 cycles and 672 hours, the samples were rinsed with water and then evaluated. Figure 9.14 
shows photographs of the flat samples after testing and Figure 9.15 shows the mass loss measured 
for grade 1.4003 which had suffered significant mass loss due to corrosion. 

 

Figure 9.14 Summary of the performance of the stainless steels after 672 hours 

 

Figure 9.15 Mass loss after cleaning for grade 1.4003 

Figure 9.16 shows some photographs of the area under the washers in the bolted samples.  It is 
clear that grade 1.4003 suffered the most corrosion. 

 

Figure 9.16 Corrosion under the washers 

A procedure was developed to evaluate the percentage of corroded area under the washers, as 
described in Figure 9.17. 

In terms of corrosion resistance, grade 1.4003 was the most corroded, followed by grade 1.4016, 
then 1.4509. The best response was measured from grades 1.4521 and 1.4621 as well as austenitic 
grade 1.4301 (reference material). It is noteworthy that the surface finish was not found to be 
influential in the highly corroded samples. Furthermore, the type of washer (Teflon or metallic) did 
not have a significant effect on the level of corrosion.  

EN	1.4301‐2B

EN	1.4003‐2B	

EN	1.4003‐1D	 EN	1.4016‐2B

EN	1.4016‐BA	

EN	1.4521‐BA EN	1.4621‐2M
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Figure 9.17 Procedure for estimating the degree of crevice corrosion 

From the results of the accelerated corrosion tests, the stainless steel grades may be ranked as 
follows from lower to higher corrosion resistance:  
 
EN 1.4003 <<EN 1.4016 <EN 1.4509 ≈EN 1.4521 <EN 1.4621 <EN 1.4301 

 

Task 7.4 Laboratory electrochemical tests 
The work carried out under this task is reported as a work package deliverable40. 

Five different ferritic stainless steels (grades 1.4003, 1.4016, 1.4509, 1.4521, 1.4621), and an 
austenitic grade as reference material (grade 1.4301) were included in the electrochemical tests. 
The tests involve generating polarisation curves for the materials in different media. In order to 
obtain polarisation curves, the potential is modified by a positive scan and current is measured by a 
potentiostat. The test was carried out in a flat cell as shown in Figure 9.18, a potentiostat and a 
computer with the software “Power Suite, Princeton Applied Research”. The test specimen (which 
measures 40×40 mm2) was used as a working electrode which was connected to the potentiostat by 
means of a copper wire.  

 

Figure 9.18 Electrochemical test cell 

The specimens were tested in two surface conditions (i) 600 grit polished and (ii) the condition they 
were supplied in. A total of 108 samples were tested including 18 types of stainless steels (each 
having a different combination of material, finish and producer). 3 repetitions of each specimen were 
conducted in order to confirm repeatability of the test. 

Cleaning	 Copy	 with	
magnification	

W1	

Cut	crevice	
corroded	areas	 W2	
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Uniform corrosion 
The test was performed in a H2SO4, 1N solution in accordance with ASTM G5105, de-aerated by means 
of bubbling N2 into the solution during the test, and the solution was stirred to homogenise the 
composition. To evaluate the resistance to uniform corrosion in a comparative way, the parameter 
URE (Uniform Resistant Equivalent) was used, as given in Equation 12. This term relates the 
percentage of some influential chemical elements like chromium, molybdenum, nitrogen and nickel, 
with the resistance to uniform corrosion.  

URE = % Cr + 3.3 % Mo + 30 % N + % Ni (12)  

Figure 9.19 illustrates the “icr1” media values for the 600 grit-polished and supply conditions 
(different mill finishes) as a function of URE value. In this figure, an inverse linear correlation between 
URE and “icr1” is observed where a higher icr1 value results in a lower resistance to uniform corrosion 
in this media. In samples tested in the supply condition, those with a 1D finish performed worse than 
the specimens with a 2B finish. 

Comparison of the results shows that no major differences exist in terms of the uniform corrosion 
resistance between the two surface finishes examined (supply and polished surfaces).  

 
Figure 9.19 icr1 vs. URE for the samples (supply and polished) 

The worst performing ferritic grade in these tests was grade 1.4003 followed by 1.4016, then 1.4509, 
then 1.4621 and finally the best grade was 1.4521.  Austenitic grade 1.4301 performed better than 
the ferritic grades. This result is closely related with its URE value. Examination of the test results 
has shown that the repeatability of the tests was improved for the polished samples, relative to those 
in the supply condition, as expected. However, the effect of the surface finish is not clear. It can be 
concluded though that grade 1.4003 with a 1D finish showed the most corrosion in these corrosive 
conditions. 

Pitting corrosion 
An indication of the susceptibility of the specimens to localised corrosion initiation is given by the 
value of pitting potential (Ep). Ep is obtained when the anodic current increases rapidly after the 
passive layer is formed in stainless steel. It can be defined as the minimal potential at which the first 
pitting nucleus occurs (Figure 9.20). The nobler this potential, the less susceptible the alloy is to the 
initiation of localised corrosion in this environment. The procedure is a comparative test of resistance 
from different stainless steels in the applied conditions.  
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Figure 9.20 Polarisation curves - pitting corrosion 

These tests were performed on 108 samples including 18 types of stainless steels (different material, 
finish and producer), 2 surface conditions (600 grit polished and supply) and 3 repetitions in order 
to confirm repeatability of the test. The tests were carried out in a NaCl, 35 g/L solution, de-aerated 
by means of bubbling N2 into the solution during the test and stirring to homogenise the composition. 

The pitting potentials obtained are represented as a function of a useful factor used to predict pitting 
potential resistance of stainless steel, PRE (Pitting Resistance Equivalent). PRE relates the chromium, 
molybdenum and nitrogen content of a stainless steel, with its resistance to pitting corrosion. The 
equation to calculate PRE value is given as: 

PRE  = % Cr + 3.3 % Mo + 30 % N  (13) 

Figure 9.21 shows the pitting potential media for every sample in both the 600 grit-polished and 
supply conditions as a function of PRE. 

 
Figure 9.21  Ep vs. PRE for the samples (supply and polished) 

The worst performing ferritic grade in these tests was grade 1.4003 followed by 1.4016, then 1.4509, 
then 1.4621 and finally the best grade was 1.4521. The performance of the austenitic grade 1.4301 
lay in between that of ferritic grades 1.4621 and 1.4521 (i.e. 1.4521 outperformed 1.4301 in this 
measure). It was observed that an increase of the pitting potential appears with the increase in PRE 
value. In samples with supply surface conditions, it appears that the Ep values are higher than those 
from the specimens with a polished finish, but less favourable repeatability is also observed in these 
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cases. Specimens with a 2R (bright annealed) finish appear to have better resistance than those with 
a 2B finish, in the same ferritic grade. The wet polish with 600-grit paper homogenises the surface, 
removing the variable finish and improving the repeatability of the test. 

The following classification from lower to higher resistance was obtained in these test conditions. 

 
EN 1.4003 <EN 1.4016 <EN 1.4509 <EN 1.4621 <EN 1.4301 <EN 1.4521 
 

Welds 
Electrochemical tests on welds were conducted at IMT. The test was based on a potentiodynamic 
procedure where potential is increased and current density is measured. The parameter studied was 
the pitting potential (Ep), as defined above. The test conditions are presented in Table 9.4. 

Table 9.4 Test conditions for electrochemical tests on welds 

Start potential -1.1 V vs. Saturated Calomel Electrode

Rate scan 0.17 mV/s 

Test area 1 cm2 

De-aeration N2 (0.8 L/min) 

Stirring Yes 

Solution  NaCl (3.5 %) 

Reference electrode Saturated Calomel Electrode 

 

The welds on the samples used in the atmospheric exposure tests (Task 7.2) were evaluated after 
cleaning and polishing using 600 grinding paper.  The results of the tests are shown in Figure 9.22(a). 
In Figure 9.22(b) the pitting potential of the welds is compared with the value obtained in flat 
samples.  
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Figure 9.22  Pitting potential: welds (above) and comparison between welds and flat 
samples (below) 

The tests showed that the pitting potential increases with the PRE value. This tendency is similar to 
that observed in the electrochemical tests on flat samples. 

Task 7.5 Interpretation of test results and design guidance  
The work carried out under this task is reported as a work package deliverable41. 

Following an assessment of the test results, review of all other existing data and discussion between 
corrosion experts in the consortium, the following design guidance was developed: 

Introduction 
The selection of stainless steels for a particular application is dependent on the exposure condition 
and service environment. The more severe the environment the more highly alloyed stainless steel 
that is required to provide corrosion free performance. For stainless steels, corrosion resistance in 
naturally occurring atmospheres is generally good but specific exposure conditions can result in poor 
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performance with respect to corrosion. In particular, chlorides from the sea, road de-icing salts or 
other sources can result in general staining or pitting of exposed surfaces.  

For structural components, structural integrity is rarely affected by staining and pitting but it is 
unsightly when appearance is important. The selection of an alloy appropriate for the service 
environment can avoid the risk of staining or pitting. Generally the higher the alloy content of 
Chromium and Molybdenum the better the corrosion resistance. 

The corrosion performance may also be affected by the quality of the surface finish to the stainless 
steel. Generally the higher the quality of surface the less rough it is and therefore the less risk of 
staining and pitting corrosion. 

There is no accepted or standardised method of classifying the environments and corrosion 
performance of stainless steels used in construction. Guidance for using austenitic and duplex 
stainless steels is based on experience, both good and bad, built up over many years. Such 
experience does not exist for most ferritic stainless steels.   

For carbon steels and galvanized steels the most widely used classification method is that given in 
EN ISO 9223. This method links the corrosion rate of the metal to three measurable environmental 
parameters, Time of Wetness (TOW), Chloride Deposition rate and Sulphur Dioxide deposition rate. 

Environment classification 
For the SAFSS project, the environmental variables given in ISO 9223 were measured at four 
locations for a period of 18 months. Samples of ferritic steels were also exposed at the same sites 
for the same length of time and the results qualitatively analysed at the end of the project. The test 
sites all used standard panels fully exposed at an angle of 45°, other orientations which are likely on 
real structures may give different performance. 

The ISO 9223 method was used because it is established and provides well known classifications, C1 
to C5 plus CX, which are used in the construction industry for corrosion evaluation and protection 
methods for carbon steels. The environmental data obtained in the research was used to calculate a 
predicted corrosion rate of carbon steel using the dose response function given in EN ISO 9223. 
This corrosion rate was then related back to the environment category also given in EN ISO 9223. 
The resulting environment categories for the four test locations are given in Table 9.5. 

The original site selection intended to cover rural, industrial/urban and coastal locations. However, 
the actual data gathered for the assumed coastal site (Tornio, Finland) recorded very low chloride 
deposition rates and is not considered representative of European coastal locations generally which 
are characterised by higher chloride deposition rates. 

Table 9.5 Environment classes to EN ISO 9223 

Location Environment Classification to ISO 9223 

Tornio C2 

Isbergues C3 

Ljubjiana C2 

Seville C2 

 
Based on the qualitative assessment of the extent of corrosion on sample panels of various ferritic 
steel grades, a correlation between the environment category and appropriate use of the different 
alloys was assumed. 

Design Guidance – Alloy Selection 
Table 9.6 and Table 9.7 provide guidance on the selection of alloys for the different environments 
tested based on the performance of test coupon exposures in this project. Table 9.6 provides 
guidance on alloy selection with no tolerance of visible staining on the exposed surface. Table 9.7 
provides guidance where cosmetic corrosion, staining and minor pitting may occur but corrosion will 
not affect the integrity of the component. 
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Table 9.6 Alloy selection for high quality finish 

Alloy  C1 C2 C3 C4 C5 CX 

1.4003       

1.4509       

1.4621       

1.4521       

 

Table 9.7 Alloy selection with tolerance of cosmetic corrosion 

Alloy  C1 C2 C3 C4 C5 CX 

1.4003       

1.4509       

1.4621       

1.4521       

 
Notes to Tables 

1. Green cells indicate the alloy is appropriate for the environment classification. 

2. Red cells indicate the alloy is inappropriate for the service environment. 

3. Yellow cells indicate that caution is required for these combinations of alloy and environment. There is a risk 
of staining and localised corrosion at exposed welds and fixings. This risk is greatest where stagnant water 
and/or atmospheric pollutants (particularly chlorides) may accumulate. 

4. None of the test locations were classified as C4, C5 or CX so it is not possible to provide guidance for these 
environments based on the SAFSS research. 

5. The C1 classification assumes the service condition is an internal environment with no direct exposure to the 
weather or chlorides. This would include unheated areas of building such as roof spaces, perimeter walls 
and steel behind cladding. 

6. Welds and mechanical fixings through stainless steels produce crevices which may be more susceptible to 
corrosion on exposed panels. This risk is greatest where the surfaces allow accumulation of water or 
atmospheric pollutants. 

7. There are variations in the performance of steels from different producers at the same test site due to 
differences in surface condition and whether the steel is hot or cold rolled: the guidance in the tables is 
based on the worst case performance of a given alloy at the test sites. 

8. None of the test sites showed significant chloride deposition rates on the sample panels. The user should 
take this into account when considering applications close to roads where de-icing salts may be used or 
where wind-blown chlorides from the sea may contaminate surfaces of the structure. 

Task 7.6 Comparative study of service life of building components 
The work carried out under this task is reported as a work package deliverable42. 

The aim of this study was to quantify the advantages of using ferritic stainless steels in building 
applications compared to galvanised steel or austenitic stainless steels in different climate conditions. 
The corrosion results from other tasks in this WP were utilised in the comparison. The comparative 
study was made using the program ENNUS™-Steel (freely downloadable from http://www.fcsa.fi/), 
which is a knowledge-based program for designers which estimates the design life time of steel 
components used in buildings. 

ENNUS™-Steel estimates the service life of steel components used in buildings. It has been 
developed by VTT and the program was commissioned by the Finnish Constructional Steelwork 
Association (TRY). With the help of the program it is possible to assess service life for steel facades 
(ventilated structure, sandwich element), double casing facade (glass facade, steel facade with 
ventilation space), roofing sheets and steel frames, in which the design criterion is aesthetic service 
life. The latest version available covers carbon steel grades and austenitic stainless steels. In this 
work, the ferritic stainless grades 1.4509, 1.4521, 1.4621, and 1.4003 were also added to the 
program. 

The service life method used in the program is the so-called ‘factor method’ and it is based on 
ISO 15686106. Material quality, structural design, quality of work execution, indoor and outdoor 
environment and also maintenance level are taken into account by using special impact factors. The 
estimated service life is obtained by multiplying the reference service life by these impact factors. 
The corrosion impact factors for new ferritic materials, based on SAFSS field corrosion tests, were 
determined for environmental atmospheric conditions C2–C3 (conditions defined in EN 
ISO 12944107). 
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The comparison shows that ferritic stainless steels can be used for façade, roof and frame 
applications, similarly to carbon steel grades. The ferritic stainless steels are most competitive for 
facades and roofs in comparison with carbon steel, but they can be competitive also in steel frames 
if the atmospheric corrosion conditions are low or additional painting is required (for carbon steel 
protection). Based on this, it is reasonable to suggest that ferritic stainless steel grades provide a 
viable alternative to carbon steel and austenitic stainless steel grades, because they offer diverse 
mechanical and corrosion properties as well as price-stability.  

Concluding remarks for WP7 
 Grade 1.4003 experiences the most corrosion in all tests within this WP. The 1D (hot rolled) finish 

in particular was most susceptible to staining and uniform corrosion although the 2B (cold rolled) 
finish also developed pitting and was susceptible to uniform corrosion.  

 Grades 1.4509, 1.4521 and 1.4621 were only susceptive to low levels of cosmetic corrosion and 
only in the most aggressive environments. This kind of corrosion does not affect the structural 
integrity of the member.  

 Welds generally suffer from atmospheric corrosion and nearly all samples in all environments 
showed at least some discoloration on the area of the welds.  

 Crevices are also highly susceptible areas to corrosion and most samples have showed some 
staining, except for in rural and urban environments. 

 The accelerated test showed similar results to the field corrosion test. The 2R (bright annealed) 
finish in particular performed very well.  

 The electrochemical test showed a good relation between test results and the PRE and URE 
parameters, as well as highlighting the influence of surface finish on the material behaviour. 
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10        WP8: EXPLOITATION OF RESULTS 

Objectives of WP8 
There are two primary objectives in this WP:  

1. To present a submission to the Eurocode 3 CEN Technical Committee requesting certain 
amendments be made to EN 1993-1-4 based on the findings of the SAFSS project. 

2. To publish a technical brochure which summarises the key findings from the project so that 
engineers, architects and other specifiers have the information they need to specify ferritic 
stainless steels with confidence. 

In addition to these outputs, there have been several publications in internationally-leading 
peer-reviewed journals and conference proceedings. 

Task 8.1 Submission to Eurocode 3 CEN TC 250/SC3 
A preliminary submission was made to the Evolution Group for EN 1993-1-4 in June 2013 which was 
discussed at their summer Evolution Group meeting. A final submission was submitted in March 2014 
and the Evolution Group will discuss and develop the proposals in the coming months and years43. 
The main proposals are given below: 

Recommendations for EN 1993-1-4:2015 

(Note that these recommendations are in relation to the forthcoming amendment to EN 
1993-1-4 which is due to be published in early 2015) 

Clause Current text Recommendation and justification 

Table 2.1 
Grades to 
which the 
design rules 
apply 

Current ferritic grades: 
1.4003, 1.4016 and 1.4512 

Add more ferritic grades:  
1.4509, 1.4521, 1.4621 
 
Unless noted below, the SAFSS project showed 
that the rules in EN 1993-1-4:2014 can safely be 
applied to these ferritic grades. 
 
Remove grade 1.4512 
This grade is not used for structural applications. 

2.1.3(1) 
Design 
values of 
material 
coefficients 

 

The following values of the material 
coefficients may be assumed for the 
global analysis and in determining the 
resistances of members and cross-
sections: 
- Modulus of elasticity, E: 
E = 220 000 N/mm2 for the ferritic grades 
in Table 2.1 

For design purposes, the following values of the 
material coefficients are recommended:  

-  Modulus of elasticity, E = 200,000 N/mm2 

 

Tests have shown that E=220,000 N/mm2 is too 
high for ferritic stainless steels, even though this is 
the value given in EN 10088-1:2005. 

2.1.4(2) 
Fracture 
toughness 

For ferritic stainless steels, the rules in EN 
1993-1-10 give guidance. Required 
testing temperature and required CVN-
values may be determined from Table 2.1 
of EN 1993-1-10. 
NOTE 1: Ferritic steels are not classified 
into sub-grades. 
NOTE 2: The National Annex may provide 
further information on fracture toughness 
of ferritic stainless steels. 

Delete current clause. 

Perhaps consider some limits on thickness, grade 
and service temperature for ferritics. 

EN 1993-1-10 does not give guidance relevant to 
ferritics. Generally, ferritics are only likely to be 
used in thin sections, apart from 1.4003 which has 
superior toughness. More work needed to derive 
definitive guidance based on fracture toughness 
measurements. 

2.1.5(1) 
Through-
thickness 
properties 

 

Guidance on the choice of through-
thickness properties is given in EN 1993-
1-10. 
NOTE: The National Annex may provide 
further information on the choice of 
through thickness properties 

Revise 
 
Lamellar tearing has not been observed in stainless 
steels 
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Clause Current text Recommendation and justification 

Table 4.1 
Values of n 

1.4003: nlongit = 7, ntrans = 11 
1.4016: nlongit = 6, ntrans = 14 
1.4512: nlongit = 9, ntrans = 16 

Discuss replacing these values with one 
conservative value which represents all ferritics and 
both load directions. A conservative value of 7.9 
has been recommended for cold formed ferritics, 
but it might be too conservative for non-cold formed 
material108. To be discussed further.  

Table 5.2 
Classification 
of cross-
sections 

 Outstand elements of channel sections should be 
classified according to width-to-thickness definition 
of EN 1993-1-1.  

Relevant slenderness of square/rectangular hollow 
sections should be defined using the flat part of the 
section. 

Table 5.3 
Flexural 
buckling 
curves 

For hollow sections made from any 
stainless steel, use the buckling curve 

(=0.49 and 0  = 0.4) 

For cold-rolled hollow sections made from ferritic 
stainless steel, use the carbon steel buckling curve 

(=0.49 and 0  = 0.2)  

5.8 
Web crippling 
(New section 
needed) 

 Clause 6.1.7.3 of EN 1993-1-5 is not safe when 
applied to ferritic stainless steel RHS under IOF 
loading  

WP2 of SAFSS Final Report gives a recommended 
expression, still undergoing refinement. 

6.2 
Bolted 
connections 
(and screwed 
connections) 

 To ensure that the deformation at the fasteners is 
limited to about 1 mm at SLS, an extra reduction 
factor of 0.9 should be considered for block tearing 
resistance of bolted connections and bearing 
resistance of screwed connections 

8(1)  
Fatigue 
 
 
 
EN 1993-1-9 
Fatigue 
1.1(4) 

For determining the fatigue strength of 
stainless steel structures, reference 
should be made to EN 1993-1-9. 
 
The assessment methods given in this 
part are applicable to all grades of 
structural steels, stainless steels and 
unprotected weathering steels except 
where noted otherwise in the detail 
category tables. This part only applies to 
materials which conform to the toughness 
requirements of EN 1993-1-10. 

Discuss with EG for EN 1993-1-9 about the 
requirement in EN 1993-1-9 that the rules only 
apply to materials which comply with EN 1993-1-10. 
 
Ferritics do not comply with EN 1993-1-10. But from 
the literature, there is no indication that the carbon 
steel ferritic rules do not apply to ferritics. 

Annex A 
Material 
selection and 
durability  

Guidance currently only covers austenitic 
and duplex stainless steels 

Include guidance given in WP8. 
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Clause Current text Recommendation and justification 

Annex C, 
C.2(2) 
Material 
modelling 

 Replace the existing expressions with the following  
The existing expressions do not describe the 
material behaviour of all the families of stainless 
steel correctly:  
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Recommendations for EN 1993-1-2:2005 Structural Fire Design 

Clause Current text Recommendation and justification 

3 
Material 
properties 
and C.1(1) 

The thermal and mechanical properties of 
following stainless are given in this annex: 
1.4301, 1.4401, 
1.4571, 1.4003 and 1.4462. 

Modify the text to extend the scope of Annex C to 
cover 1.4016, 1.4509, 1.4521, 1.4621 

Table C.1 Factors for determination of strain and 
stiffness of stainless steel at elevated 
temperatures 

Add new data for ferritics from SAFSS Final Report. 

C.3.1 
Thermal 
elongation 
C.3.2 
Specific heat 
C.3.3 
Thermal 
conductivity 

 Include expressions for ferritic stainless steel (given 
in deliverable43). 
 
 

4 
Structural fire 
design 

 Consider modifying the structural fire design rules 
to enable less conservative design  

 
Recommendations for EN 1994-1-1:2005 Design of composite steel and 
concrete structures. General rules and rules for buildings 

Clause Current text Recommendation and justification 

3.3(1) 
Structural 
Steel 

Properties should be obtained by 
reference to EN 1993-1-1, 3.1 and 3.2. 

Discussion about extending the scope to ferritic 
stainless steels – but further investigation needed 
regarding first slip at SLS. 

Task 8.2 Structural design of ferritic stainless steels: brochure 
A technical brochure has been produced which summarises all of the essential information and design 
recommendations arising from the project44. The target audience for this brochure is engineers and 
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architects. 1000 copies have been printed and these are being disseminated by SCI through its 
membership network and the other partners. Figure 10.1 shows the front page. 

 

Figure 10.1  Front page of SAFSS brochure  

Other dissemination 
A dedicated public web page www.steel-stainless.org/ferritics was created for disseminating the 
project deliverables. From this page, all the activity reports can be downloaded, as well as the final 
summary report and brochure. The home page is shown in Figure 10.2. 



 

116 

 

Figure 10.2  SAFSS public web page www.steel-stainless.org/ferritics  

Twenty-five peer-reviewed articles have been published in international journals and conference 
proceedings based on the work in SAFSS: 

Afshan S., Gardner L. and Baddoo N.R. (2013). Buckling response of ferritic stainless steel columns 
at elevated temperatures. Proceedings of the International Conference on Structural Engineering, 
Mechanics and Computation (SEMC), Cape Town 2013. 

Afshan, S. and Gardner, L. (2013). Experimental study of cold-formed ferritic stainless steel hollow 
sections. J. Struct. Eng. 139, SPECIAL ISSUE: Cold-Formed Steel Structures, 717–728. 

Anttila S., Heikkinen H-P., Lantto S. and Säynäjäkangas J. (2013). Weldability evaluation of five 
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11        EXPLOITATION AND IMPACT OF RESEACH 

In South Africa, the utility ferritic stainless steel 3CR12 (almost the same grade as 1.4003) has been 
successfully used for a range of industrial structures for more than 30 years (see Figure 11.1). 
Although these structures have shown surface corrosion and pitting, their structural integrity has not 
been affected9. Elsewhere, structural applications of ferritic stainless steels are rare, apart from in 
Japan which also has a tradition of using ferritics. 

Figure 11.1 Applications of ferritic stainless steels in South Africa: electrification masts 
(left) and industrial support structures (right) 

The results of the SAFSS project have shown that ferritic stainless steels can provide an economic 
and attractive solution in many structural applications. Their structural performance in terms of 
strength and stiffness lies between that of carbon steel and the more highly alloyed stainless steel 
austenitics and duplexes. The ferritic grades studied in this project showed a range of corrosion 
resistance: the basic grade 1.4003 being a suitable substitute material for galvanised steel, the more 
highly alloyed grades like 1.4621 performing in a similar way to the austenitic grade 1.4301, and the 
higher alloyed grade 1.4521 performing similarly to the austenitic grade 1.4401. 

The basic ferritic grade 1.4003 is suitable for structures in benign environments, or in moderately 
corrosive environments where some surface corrosion is acceptable. One possible new application is 
the supporting structure for solar panels, particularly in desert locations where the abrasive effect of 
the sand can be harmful to galvanised steel (Figure 11.2). 

 

Figure 11.2 Support structure for solar panels on a solar farm 

The application which generated the most interest from manufacturers and designers during the 
project was the use of ferritic stainless steel as decking in a composite floor system, which was 
studied in WP3. Ferritic stainless steels might be chosen for decking either for their corrosion 
resistance or for their attractive appearance if the soffit of the composite floor were to be exposed. 
For projects where a long service life is required, or where the environmental conditions are classified 
as moderately corrosive (rather than mild), ferritic decking may provide a more economically viable 
solution than galvanised sheeting which would struggle to retain adequate durability for periods 
greater than 25 years.  
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In addition to composite floor systems, other potential applications where ferritic stainless steels are 
a suitable substitute for galvanised steel include permanent formwork, roof purlins and supports to 
services such as cable trays. They could also be used economically in semi-enclosed unheated 
environments (e.g. railways, grandstands, bicycle sheds etc.) and in cladding support systems 
(Figure 11.3), windposts and for masonry supports. Whilst lean duplexes are starting to be used for 
masonry support systems, there is potential for ferritics also to be considered for these applications.  

 

Figure 11.3 Cladding support system 

There may also be opportunities for using a more highly alloyed ferritic grade like 1.4521 on offshore 
platforms for deck gratings. Galvanised steel grating has been traditionally used, but as the age of 
platforms is extended, they are starting to be replaced with fibre reinforced plastic gratings to reduce 
weight. However, there is concern about the performance of these composite gratings in fire and the 
UK Health and Safety Executive have issued a warning to the offshore industry about their use109. A 
ferritic stainless steel grating could be a sensible solution, balancing strength, stiffness, corrosion 
resistance, fire resistance and cost. 

      

Figure 11.4 Decking grating on offshore platforms: galvanised steel (left) and fibre 
reinforced plastic (right) 
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12        RECOMMENDATIONS FOR FUTURE WORK 

The SAFSS research project has enhanced the knowledge and information base for ferritic stainless 
steels in structural applications. The observations and results have highlighted a number of important 
issues and topics that would benefit from additional exploration and assessment. The potential areas 
for further work include: 

 Further work characterising the facture toughness of ferritic stainless steels, to enable more 
specific recommendations on limits for usage in terms of service temperature and thicknesses. 

 Further exposure trials in more corrosive marine and industrial environments and assessment of 
what pitting density can be accepted before structural integrity is compromised. 

 A detailed investigation into the behaviour of composite floor slabs, particularly in the 
serviceability limit state to study the impact of the smoother surface finish on slip.  

 For bolted connections, the conclusions presented in the SAFSS project (as outlined in Section 8       
of this report) were based on the characteristic resistances, determined according to Annex A of 
EN 1993-1-3. It is recommended that an evaluation of the results according to Annex D is 
completed.  

 Experimental investigations into the performance of tubular welded joints in a range of 
geometries. 
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15        LIST OF ACRONYMS AND ABBREVIATIONS 

Acronym Definition 

BA Bright annealed (surface finish) 

BD Bending down 

BU Bending up 

DBTT Ductile brittle transition temperature 

DSM Direct strength method 

EOF Exterior one flange 

ES External support 

FE/FEM Finite element / Finite element method 

GMNIA Geometrically and materially non-linear analysis with imperfections 

HAZ Heat affected zone 

HTHAZ High temperature heat-affected zone 

IOF Interior one flange 

IS Internal support 

ITT Impact tensile tests 

MAG Pulsed metal arc active gas welding 

MIG Metal-arc inert gas welding 

MMA Manual metal arc welding 

PRE Pitting resistance equivalent 

PWHT Post-weld heat treatment 

R15, R30 Fire rating (i.e. R15 means fire resistant for 15 minutes) 

RHS Rectangular hollow section 

SHS Square hollow section 

SLS Serviceability limit state 

TH Top hat 

TIG Pulsed autogenous tungsten inert gas welding 

TOW Time of wetness 

URE Uniform Resistance Equivalent 

UTS Ultimate tensile strength 

2R Cold rolled, bright annealed, smooth, bright, reflective 

2B Cold rolled, heat treated, pickled, skin passed. Most common finish for most steel 
types to ensure good corrosion resistance, smoothness and flatness. Also common 
finish for further processing. Skin passing may be by tension levelling. 

1D Hot rolled, heat treated, pickled, skin passed, free of scale, Usually standard for most 
steel types to ensure good corrosion resistance; also common finish for further 
processing. It is permissible for grinding marks to be present. Not as smooth as 2B. 

2M Patterned finish 
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