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Abstract
An investigation into the material response and local buckling behaviour of ferritic
stainless steel structural cross-sections is presented in this paper. Particular attention is
given to the strain hardening characteristics and ductility since these differ most
markedly from the more common austenitic and duplex stainless steel grades. Based on
collated stress-strain data on ferritic stainless steel, key aspects of the material model
given in Annex C of EN 1993-1-4 [1] were evaluated and found to require adjustment.
Proposed modifications are presented herein.

The local buckling behaviour of ferritic stainless steel sections in compression and
bending was examined numerically, using the finite element (FE) package ABAQUS.
The studied section types were cold-formed square hollow sections (SHS), rectangular
hollow  sections  (RHS)  and  channels,  as  well  as  welded  I-sections.  The  models  were
first validated against experimental data collected from the literature, after which
parametric studies were performed to generate data over a wide range of section
geometries and slendernesses. The obtained numerical results, together with existing
experimental data from the literature were used to assess the applicability of the
slenderness limits and effective width formulae set out in EN 1993-1-4 [1] to ferritic
stainless steel sections.

The comparisons of the generated FE results for ferritic stainless steel with the design
provisions of EN 1993-1-4 [1], highlighted, in line with other stainless steel grades, the
inherent conservatism associated with the use of the 0.2% proof stress as the limiting
design stress. To overcome this, the continuous strength method (CSM) was developed
as an alternative design approach to exploit the deformation capacity and strain
hardening potential of stocky cross-sections. An extension of the method to ferritic
stainless steels, including the specification of a revised strain hardening slope for the
CSM  material  model,  is  proposed  herein.  Comparisons  with  test  and  FE  data  showed
that the CSM predictions are more accurate and consistent than existing provisions thus
leading to significant material savings and hence more efficient structural design.
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1. Introduction
Stainless steels fall into five main categories, depending on their microstructure: ferritic,
austenitic, martensitic, duplex and precipitation hardening. To date, the austenitic and
duplex grades have been the most widely used in construction and have received the
most attention from structural engineering researchers. Ferritic stainless steels differ
from the austenitic and duplex grades in that they contain no nickel, hence their cost is
lower  and  more  stable.  The  key  alloying  element  remains  chromium  which  gives  the
material the ability to resist corrosion. In terms of mechanical properties, ferritic
stainless steels have higher mechanical strengths than the austenitics in the annealed
condition, and display a less rounded stress-strain response with lower ultimate-to-yield
strength ratios. In general, ferritic stainless steels possess many of the advantages that
the austenitics have over carbon steel but at a lower material cost, making them a more
economic and sustainable alternative for a number of structural applications.

Despite the fact that the European structural design guidance for stainless steels, EN
1993-1-4 [1], includes three ferritic grades (1.4003, 1.4016 and 1.4512) the applicability
of all aspects of the code to ferritic stainless steels is yet to be fully validated. With the
benefit  of  a  far  greater  pool  of  experimental  data  [2-11]  than  was  available  when  EN
1993-1-4 [1] was published, and through the use of carefully validated finite element
models, the applicability of the code to ferritic stainless steel is examined herein. In
particular, focus is given to the material model given in Annex C of EN 1993-1-4 [1]
and the slenderness limits and effective width formulations used for cross-section
design. For the latter, the revised slenderness limits and effective width formulae
proposed by Gardner and Theofanous [12] are also assessed. Finally, the continuous
strength method, which is a deformation-based design approach that allows for the
beneficial influence of strain hardening, is extended to cover ferritic stainless steel.

2. Material response
2.1 Material modelling
The nonlinear stress-strain response of metallic materials such as stainless steel and
aluminum has traditionally been represented by Hill’s [13] modified version of the
Ramberg-Osgood material model [14]. During recent years, structural applications of
these materials have increased and therefore, so has the need to provide practising
engineers and researchers with more accurate models to replicate their material
response. The current material model presented in Annex C of EN 1993-1-4 [1] is based
on Rasmussen’s modification [15] of the two-stage Ramberg-Osgood model presented
by Mirambell and Real [16] and described in Eq. (1), where E is the Young’s modulus,
E0.2 is the tangent modulus at the 0.2% proof stress 0.2, 0.2 is the total strain at the 0.2%
proof stress, u is the ultimate tensile stress with its corresponding ultimate strain u and
n and m are strain hardening exponents. Rasmussen [15] also proposed predictive
expressions for some components of the model, reducing the number of required input
parameters from six [16] to three. These predictive expressions, for m,  u and  u, are
given by Eqs. (2)-(4), respectively.
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Rasmussen [15] noted that the accuracy of the predictive model for u (Eq. (3)) may
require further assessment because “it was not clear if the ultimate strain quoted in the
references were the uniform elongation at the ultimate tensile strength, as was assumed,
or the total strain after fracture including local elongation in the area of necking”. A
reassessment of Eq. (3) was carried out in [7], where the accuracy of the predictive
expression was confirmed for austenitic and duplex stainless steel, but the predictions
were found to be less accurate for ferritic stainless steel. A proposed revision to Eq. (3)
was made in [5] based on test data on ferritic stainless steel sheet material. In light of
further available experimental data on a broader range of products, a revised expression
is proposed herein.

2.2 Collection of experimental data
The results from a total of 135 material tests on ferritic stainless steel [2-9], where the
strain at the ultimate tensile stress u was recorded, have been gathered. Additionally,
128 material tests conducted on austenitic stainless steel [5, 7, 17-22], 20 on duplex [5,
7,  20,  23]  and  20  on  lean  duplex  [7,  24]  have  also  been  considered  for  comparison
purposes. A summary of the sources of the test data, the number of results, the product
types and the material grades is provided in Table 1. Note that the collected
experimental data includes results on sheet material as well as material extracted from
the flat and corner regions of SHS, RHS, CHS (circular hollow sections) and I-sections.

Table 1. Summary of the available stainless steel material data
Source Austenitic Ferritic Duplex Lean duplex

[2] - 60 sheets - -

[3] 2 flat parts (SHS)
1 flat part (RHS) - -

[4] - 4 sheets - -
[5] 14 sheets 14 sheets 14 sheets -
[6] - 9 sheets - -

[7]

10 flat parts (SHS)
4 flat parts (RHS)
10 corners (SHS)
4 corners (RHS)
5 welds (SHS)
2 welds (RHS)

7 flat parts (SHS)
2 flat parts (RHS)

4 welds (SHS)
1 welds (RHS)

2 CHS
2 flat parts (SHS)

1 weld (SHS)
2 corners (SHS)

[8] -

8 flat parts (SHS)
8 flat parts (RHS)
2 corners (SHS)
2 corners (RHS)

- -

[9] - 6 CHS
5 welded I-sections - -

[17] 28 flat parts (SHS)
26 flat parts (RHS) - - -
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Source Austenitic Ferritic Duplex Lean duplex
3 corners (SHS)
2 corners (RHS)

[18]
2 flat parts (SHS)

1 CHS
1 corner (SHS)

- - -

[19] 2 flat parts (SHS)
4 flat parts (RHS) - - -

[20] 2 sheets - 1 sheet -

[21] 1 flat parts (SHS)
1 flat part (RHS) - - -

[22] 6 sheet - - -
[23] - - 3 sheet -

[24] - - - 11 flat parts (SHS)
4 flat parts (RHS)

Total 128 135 20 20

2.3 Assessment of the predictive expression for u
The collected test data are compared with the existing EN 1993-1-4 predictive model
(Eq.  (3))  in  Fig.  1,  which  shows  a  graph  of  ultimate  strain u against  0.2 u. The
comparison reveals good agreement between the predictive model and the austenitic,
duplex and lean duplex data, all of which follow a similar trend. However, the ferritic
material data points follow a less inclined path due to their lower ductility and, as a
consequence, the current predictive expression given in Annex C of EN 1993-1-4 [1] is
inappropriate. Hence, a revised predictive expression for the ultimate strain u of ferritic
stainless steels, generated by minimizing the sum of ( u,test - u,pred)2 for the overall data
set where u,test and u,pred are the experimentally measured and predicted ultimate strain
respectively, is proposed, as given by Eq. (5). This proposed expression is also
displayed in Fig. 1 and some relevant statistical results are presented in Table 2, where
it is shown that the revised model for the ferritics provides good average predictions of
the test data with a moderate coefficient of variation (COV). In Table 2, the
experimentally measured ultimate strain u,test has been normalized by the predicted
ultimate strain u,pred, determined from either the current model of EN 1993-1-4 (Eq.(3))
or the proposal made herein for ferritics (Eq. (5)).

= 0.6 0.6 . for ferritic stainless steel (5)

Note that the current predictive model given in the Eurocode (Eq. (3)) over-estimates
the ductility (strain at  ultimate stress u) of ferritic stainless steel by a factor of around
two, and it is therefore recommended that the revised expression (Eq. (5)) is adopted for
the ferritics in future revisions of EN 1993-1-4 [1].

Table 2. Statistical results of the ratio u,test u,pred for different predictive models
Austenitic, Duplex and Lean duplex

EN 1993-1-4 model
(Eq. (3))

Ferritic
EN 1993-1-4 model

(Eq. (3))

Ferritic
Proposed model

(Eq. (5))
u,test/ u,pred u,test/ u,pred u,test/ u,pred

Mean 1.041 0.558 0.929
COV 0.277 0.496 0.496
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Fig. 1 Comparison between ultimate strain u from material tests and predictive
expressions given in EN 1993-1-4 and proposed herein for ferritics in Eq. (5)

3. Numerical modelling of ferritic stainless steel cross-section behaviour
3.1 Introduction
In this section, the local buckling behaviour of ferritic stainless steel cross-sections is
examined. In particular, the applicability of the slenderness limits and effective width
formulae for slender cross-sections given in EN 1993-1-4 [1], as well as those proposed
by Gardner and Theofanous [12], is assessed.

Numerical analyses were performed using the finite element programme ABAQUS.
Stub  column  and  4–point bending models were firstly validated against existing
experimental results [8, 9, 11, 17, 25, 26], and were subsequently used for parametric
studies to expand the numerical data over a wider range of section geometries and
slendernesses. The study covers compressed internal elements and outstand flanges in
SHS, RHS, channels, and I-sections.

3.2 FE model
Owing to the thin-walled nature of the modelled cross-sections, and based on previous
studies concerning numerical analyses of metallic structures [27-31], the general-
purpose shell element S4R was used to discretise the models.  Following  the
recommendations of [32] concerning the minimum number of elements to employ in
such buckling based problems, mesh convergence studies were conducted to determine
an appropriate mesh density to achieve suitably accurate results while minimizing
computational time. Hence, an element size equal to one twentieth of the largest plate
width that makes up the cross-section was used for the flat parts, while the curved
geometry of the corner regions of the cold-formed sections was approximated by 2 or 3
elements. Sharp corners were specified in the case of the I-sections.

Regarding the stub column models, all degrees of freedom were restrained at the end of
cross-sections except vertical displacement at the loaded end, where a vertical
deformation was applied to represent the loading. For the beam models, which featured
SHS, RHS and I-sections, the cross-sections at the supports were defined as rigid bodies
with boundary conditions applied at their centre to allow appropriate movement and
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rotation to simulate simple support conditions. The loads were evenly applied at third
points to simulate 4–point  bending;  the  cross-sections  at  the  load  points  were  also
defined as rigid bodies to avoid web crippling.

The nonlinear material behaviour of stainless steel was introduced into ABAQUS by
defining a multi-linear stress-strain curve based on the compound two-stage Ramberg-
Osgood model [15, 16] included in Annex C of EN 1993-1-4 [1], specified in terms of
true stresses true and logarithmic plastic strains pl,true as given by Eq. (6) where E is the
Young’s modulus, and nom and nom are the engineering stress and strain, respectively.

= (1 + )
(6)

, = (1 + )

Initial geometric imperfections were incorporated into the FE models in the form of the
lowest elastic eigenmode, with an amplitude w0 derived from the predictive expression
of Eq. (7) [27, 33], where t is the plate thickness, 0.2 is the material 0.2% proof stress
and cr is the elastic buckling stress of the cross-section plate elements assuming simply
supported conditions. The influence of other imperfection amplitudes on the structural
response of the generated models was studied in [34]. The geometrically and materially
nonlinear analyses employed the modified Riks algorithm to trace the pre- and post-
ultimate equilibrium response of the models.

= 0.023 . (7)

Residual stresses were not explicitly incorporated into the FE models due to their
inherent partial (i.e. bending residual stresses) presence in the material properties
extracted from manufactured profiles in the case of cold-formed sections [18, 35-37]
and their limited influence on the behaviour of similar studied sections [25, 36, 38, 39].
For simplicity, and with little influence when the results are considered on a normalised
basis, corner strength enhancements [40-43] were also omitted from the models.

3.3 Validation of the FE model
The ability of the FE model to replicate observed physical behaviour was assessed by
comparison with existing experimental results on different stainless steel grades. The
ultimate reported axial load Nu,test from the previous stub column tests [8, 9, 11, 17, 25,
26]  as  well  as  the  ultimate  experimental  bending  moment  Mu,test and rotation capacity
Ru,test from existing 4–point bending tests [8, 25] were compared with the equivalent
numerical values Nu,num,  Mu,num and  Ru,num predicted  by  the  FE  model.  The  rotation
capacity was defined by Eq. (8) where  is the sectional curvature at the point at which
the falling branch of the moment–curvature curve falls below the plastic moment
resistance of the cross-section Mpl,  and  pl=Mpl/EI is the elastic portion of the total
curvature corresponding to the plastic moment Mpl,  as  illustrated  in  Fig.  2.  The
curvature  was determined [8,  18] from the central  uniform moment region of the 4–
point bending models through Eq. (9), where ums is the deflection at mid-span, uav is the
average of the two vertical displacements at third points (uav=(u1+u2)/2),  and  L  is  the
distance between those points, as shown in Fig. 3.
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Fig. 2 Non-dimensional moment-curvature diagram and definition of rotation capacity
R

Fig. 3 Loading arrangement in the 4 point bending model

= 1 (8)

=
8( )

4( ) +
(9)

The comparisons between the test and FE results are presented in Tables 3 and 4 for the
stub columns and beams, respectively. Overall, the FE models show excellent ability to
predict ultimate load-carrying capacity, with mean test-to-numerical ratios very close to
unity and with small scatter, though the rotation capacity R is less accurately, but
acceptably, predicted. Typical comparison between test and FE failure modes for stub
columns are shown in Fig. 4 where the observed test failure modes can be seen to be
accurately captured by the FE models. FE failure models for the beams are shown in
Fig. 5, which also mirror those observed in the corresponding tests [8, 25]. Hence, it is
concluded that the FE models are appropriate to perform parametric studies.
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Table 3. Comparison between numerical and experimental results for the stub column
models

Source Stainless steel Reference Cross-
section

Nu,test
(kN)

Nu,num
(kN)

Nu,num/
Nu,test

[17] Austenitic RHS100×50×2-SC2 RHS 181 175 0.967
[17] Austenitic SHS100×100×4-SC2 SHS 774 761 0.983
[8] Ferritic 80×80×3-1 SHS 392 381 0.972
[8] Ferritic 60×60×3-1 SHS 376 372 0.989
[8] Ferritic 120×80×3-1 RHS 449 468 1.042
[8] Ferritic 60×40×3-1 RHS 278 268 0.964
[25] Lean duplex I-200×140×6×6 I-section 1473 1464 0.994
[25] Lean duplex I-200×140×8×6 I-section 1849 1807 0.977
[25] Lean duplex I-200×140×10×8 I-section 2540 2495 0.982
[25] Lean duplex I-200×140×12×8 I-section 2978 2859 0.960
[9] Ferritic ISC140×80 I-section 680 695 1.022
[11] Austenitic I-160×160-SC I-section 1440 1510 1.049
[26] Austenitic SC-2C2 Channel 134 127 0.948
[26] Austenitic SC-2C4 Channel 156 166 1.064
[26] Austenitic SC-4C1 Channel 186 173 0.930
[26] Austenitic SC-4C3 Channel 234 219 0.936

Mean 0.986
COV 0.038

Table 4. Comparison between numerical and experimental results for the 4 point
bending models

Source Stainless
steel Reference Cross-

section
Mu,test
(kNm) Rtest

Mu,num
(kNm) Rnum

Mu,num/
Mu,test

Rnum/
Rtest

[8] Ferritic 120×80×3-4PB RHS 20 1.45 19.21 3.81 0.961 2.628
[8] Ferritic 60×40×3-4PB RHS 5.3 >4.9 5.1 (12.3) 0.962 -
[8] Ferritic 80×80×3-4PB SHS 11.3 1.86 10.95 2.13 0.969 1.145
[8] Ferritic 60×60×3-4PB SHS 7.9 2.85 7.43 7.1 0.941 2.491
[25] Lean duplex I-200×140×6×6-2 I-section 132 2.22 128.25 2.06 0.972 0.928
[25] Lean duplex I-200×140×8×6-2 I-section 169 6.79 163.64 6.81 0.968 1.003
[25] Lean duplex I-200×140×10×8-2 I-section 219 14.2 213.37 16.4 0974 1.155
[25] Lean duplex I-200×140×12×8-2 I-section 259 9.98 257.53 18.71 0.994 1.875

Mean 0.968 1.604
COV 0.015 0.418

(a) (b) (c)
Fig. 4 Typical deformed shapes from FE models for (a) a channel, (b) an I-section [25]
and (c) an SHS [17] under compression (stub column models), including comparisons,

where available, with corresponding experimental failure modes
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(a) (b)
Fig. 5 Typical deformed shapes of (a) an RHS and (b) an I-section under bending (4

point bending models)

3.4 Parametric studies
Having validated the FE models, further numerical analyses were conducted to generate
results over a wider range of geometries and local slendernesses to assess the
applicability of the slenderness limits and effective width formulae for the treatment of
local buckling of compressed internal elements and outstand flanges given in EN 1993-
1-4 [1], as well as those proposed by Gardner and Theofanous [12], to ferritic stainless
steel. The parametric study included 320 stub column models and 108 4–point bending
models.  For  the  stub  column  models,  the  overall  length  of  all  the  specimens  was  set
equal to three times the largest cross-section dimension whereas for the 4–point bending
models, the span remained constant at 1000 mm. The cross-section geometries were
chosen, as detailed below, to cover all four cross-section classes.

A total of 21 different SHS and 12 RHS were modelled. The height of the SHS ranged
from 40 to 140 mm, whereas for the RHS, cross-section aspect ratios from 1.3 to 2 were
considered by varying the width from 60 to 80 mm and the height between 80 and 120
mm. For both types of cross-sections (SHS and RHS), the thickness was varied between
1.5 and 3 mm, giving internal element width-to-thickness ratios c/t  ranging from 8.8 to
77.9 where =[(235/ 0.2)(E/210000)]0.5. The range of channel section geometries was
generated by varying the height from 37 to 155 mm, the flange width from 28.5 to 80
mm and the thickness from 1 to 5 mm. For the I-sections,  the web height ranged from
40 to 100 mm, the flange width was varied from 70 and 100 mm, and the considered
thicknesses ranged from 3 to 4 mm and from 0.95 to 6 mm for the web and the flange,
respectively. A total of 46 outstand flange width-to-thickness ratios c/t  were covered
with values ranging from 7.8 to 45.7.

The material properties adopted in the FE models to simulate the behaviour of ferritic
stainless steel sections were based on the average material properties given in EN 1993-
1-4 [1] with the following values: Young’s modulus E=200GPa, 0.2% proof stress

0.2=250MPa, strain hardening parameters n=10 and m=3 and finally, in order to study
the influence of material strain hardening, four different ultimate stresses u were
considered ( u=275, 300, 350 and 450MPa) which provided u 0.2 ratios ranging from
1.1, which is the lower limit of the ductility requirement in [44], up to 1.8. Discussion of
the numerical results is presented in the following section.
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4. Analysis of cross-section resistance results
4.1 General
In the following sub-sections, the obtained numerical results, combined with existing
experimental data on ferritic stainless steels [8-10], are analysed and used to assess the
applicability of the slenderness limits and effective width formula (i.e. local buckling
reduction factor ) provided in EN 1993-1-4 [1] to ferritic stainless steel internal
elements and outstand flanges. In addition, the revised slenderness limits and effective
width formula proposed by Gardner and Theofanous [12] are also considered (labelled
as G&T in Figs 6-14). The reported weighted average material properties were used in
the analysis of the existing experimental results.

4.2 Class 3 slenderness limit and effective width formulation
The obtained numerical results from the stub column models and existing tests [8-10]
are  used  in  this  sub-section  to  assess  the  Class  3  limits  and  effective  width  formulae
given in [1, 12] for application to ferritic stainless steel elements. Figs 6 and 7 show the
relevant response characteristic Nu/A 0.2 for internal and outstand elements respectively,
where Nu is  the ultimate load achieved in the FE models or tests,  A is the gross cross-
sectional area and 0.2 is the 0.2% proof strength, plotted against the slenderness of the
most slender constituent element of the cross-section, expressed by the parameter c/t
where c is  the  compressed  flat  element  width, t is  the  element  thickness  and   is  the
material factor =[(235/ 0.2)(E/210000)]0.5 given in EN 1993-1-4 [1]. The corresponding
Class 3 limits given in EN 1993-1-4 [1] and [12] are also shown. Note that a cross-
section is deemed to be Class 3 (or better) if Nu exceeds A 0.2. Results from the 4–point
bending  models  could  also  have  been  used  for  the  assessment  of  the  Class  3  limits
where the relevant response characteristic is the ultimate bending moment Mu
normalised by the elastic moment capacity Mel,  defined  as  the  product  of  the  elastic
section modulus Wel and  the  0.2%  proof  strength  0.2.  A  value  of  Mu/Wel 0.2 greater
than  unity  would  indicate  a  Class  3  (or  lower)  section.  However,  as  shown  in  Fig.  8,
assessment based on compression data leads to a stricter Class 3 limit, and this is
therefore used in the present study; this approach has also been used in previous
investigations [45].

Fig. 6 Assessment of Class 3 slenderness limits for internal elements
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Fig. 7 Assessment of Class 3 slenderness limits for outstand elements

Fig. 8 Comparison between compression and bending data for the assessment of Class 3
slenderness limits

From Figs 6 and 7, it may be concluded that the current Class 3 limits for stainless steel
given in EN 1993-1-4 [1] (c/t =30.7 for internal elements and c/t =11.0 and 11.9 for
welded and cold-formed outstand flanges, respectively) are slightly conservative, while
the  limits  of c/t =37 and c/t =14 proposed in [12] for internal elements and outstand
flanges respectively, more closely match the numerical and test results. Note also that
no distinction is made between welded and cold-formed elements in [12], which is
consistent  with  EN  1993-1-1  [44].  It  is  therefore  concluded  that  the  proposed  limits
given in [12], which have been previously verified for application to austenitic and
duplex stainless steel, may also be applied to ferritic grades.
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The effective width formulae given in EN 1993-1-4 [1] and [12] to allow for local
buckling prior to the attainment of the 0.2% proof stress are also evaluated on the basis
of the generated compression data and existing test results. The results are illustrated in
Figs 9 and 10 for internal elements and outstand flanges, respectively, together with the
local buckling reduction factor  from EN 1993-1-4 and [12]. The relationships between

 and non-dimensional plate slenderness  which is defined in EN 1993-1-5 [46], are
given by Eqs. (10)  (12) for EN 1993-1-4 [1] and Eqs (13) and (14) for [12].

Fig. 9 Assessment of effective width formulations for internal elements

Fig. 10 Assessment of effective width formulations for outstand flanges

From Figs 9 and 10, it  can be concluded that both sets of effective width formulations
[1, 12] are adequate for ferritic stainless steels, though those proposed in [12] (Eqs. (13)
and (14)) enable more efficient structural design.
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= . . 1 for internal elements with 0.541 [1] (10)

= . 1 for cold-formed outstand flanges with 0.637 [1] (11)

= . 1 for welded outstand flanges with 0.589 [1] (12)

= . . 1 for internal elements with 0.651 [12] (13)

= . 1 for outstand flanges with 0.748 [12] (14)

4.3 Class 2 and Class 1 slenderness limits
The obtained numerical ultimate capacities from the 4–point bending models, together
with previous [8] bending test results, have been used to assess the applicability of the
Class 2 slenderness limits specified in EN 1993-1-4 [1] and those proposed in [12] to
ferritic stainless steel. The ultimate bending moment Mu achieved in the FE models and
tests has been normalized by the plastic moment capacity Mpl,  defined  as  the  plastic
section modulus Wpl multiplied  by  the  material  0.2%  proof  stress  0.2 and plotted
against the slenderness parameter c/t  of the compression flange of the beams in Figs 11
and 12 for internal elements and outstand flanges, respectively. From Fig. 11, the EN
1993-1-4  [1]  Class  2  limit  for  internal  elements  (c/t =26.7) is observed to be safe, but
the proposed slenderness limit in [12] (c/t =35) may be more appropriate. For outstand
flanges (Fig. 12), the EN 1993-1-4 Class 2 limits of c/t =9.4 (welded) and 10.4 (cold-
formed) and the single proposed limit [12] of c/t =10 are very similar, and both provide
a good representation of the ferritic stainless steel data.

Fig. 11 Assessment of Class 2 slenderness limits for internal elements

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

0 10 20 30 40 50 60 70 80

M
u/W

pl
0.

2

c/t

FE results
Tests [8]
G&T Class 2 limit [12]
EN 1993-1-4 Class 2 limit



14

Fig. 12 Assessment of Class 2 slenderness limits for outstand flanges

For  the  appraisal  of  the  Class  1  slenderness  limits,  the  rotation  capacity  R,  defined  by
Eq. (8), obtained from the FE models and tests is plotted against the c/t  ratio  of  the
compression flange of the beams, as shown in Figs 13 and 14 for internal elements and
outstand flanges, respectively. The rotation capacity requirement for plastic design of
carbon steel structures of R=3 [47] is also shown in the figures, and assumed to apply to
stainless steel structures, though it should be noted that EN 1993-1-4 [1] does not
currently permit plastic design. One of the key controlling parameters of the rotation
capacity response is the ultimate-to-yield strength ratio u 0.2 of the material [47]; this
point  is  emphasized  in  Fig.  13,  where  the  trends  of  the  FE  results  for  varying  u 0.2
ratios are shown. From the figure, it can be observed that the proposed Class 1 limit in
[12] (c/t =33) is appropriate for ferritic stainless steel exhibiting higher u 0.2 ratios but
optimistic when u 0.2  1.2. In the latter case, the EN 1993-1-4 [1] limit of c/t =25.7)
may be more appropriate. For outstand flanges (Fig. 14), both the EN 1993-1-4 [1]
Class 1 limits of c/t =9 (welded) and 10 (cold-formed) and the proposed limit [12] of
c/t =9 are suitable for ferritic stainless steel.

Fig. 13 Assessment of Class 1 slenderness limits for internal elements
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Fig. 14 Assessment of Class 1 slenderness limits for outstand flanges

5. The Continuous Strength Method
5.1 General
The current European design rules for stainless steel  given in EN 1993-1-4 [1] assume
elastic, perfectly plastic material behavior with the maximum attainable stress limited to
the 0.2% proof stress; this idealized material model clearly deviates substantially from
the actual material response of stainless steel. As a consequence, the concept of cross-
section classification which is underpinned by the elastic, perfectly plastic material
behaviour is not ideally suited for application to nonlinear materials and can lead to
significant underestimates of ultimate capacity, particularly for stocky cross-sections,
which are able to attain stresses far beyond the 0.2% proof stress 0.2.

The continuous strength method (CSM) has been developed as an alternative design
approach [48-51] that enables material strain hardening properties to be exploited. The
key features of the CSM are (1) the base curve, which defines the limiting CSM strain

csm that a cross-section can endure and (2) the strain hardening material model. These
two components have been developed for austenitic and duplex stainless steels [51], for
which the method is included in the AISC Design Guide 30 [52], but not yet verified for
ferritic stainless steel.

5.2 CSM base curve
The CSM base curve, given by Eq. (15), provides a continuous relationship between the
normalized cross-section deformation capacity csm y,  where  y 0.2/E is the material
yield strain, and the cross-section slenderness, , given by Eq.  (16)  where  cr is the
elastic buckling stress of either the full cross-section or its most slender constituent plate
element. The elastic buckling stress may be determined by numerical methods [53] or
approximate analytical methods [54] for the full cross-section or by the classical
analytical expression for individual plates [1, 46]. The two former procedures, which
are used in the direct strength method (DSM) [55], allow for interaction between the
elements within the cross-section whereas the latter assumes simple support conditions
at the plate edges resulting in a lower-bound (conservative) prediction of cr. Clearly
more favourable results will be achieved by considering element interaction, and this is
therefore recommended but not mandatory within the CSM.
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= .
. but 15,

0.1
 for austenitic and duplex grades (15)

= . (16)

The base curve (Eq. (15)) is illustrated in Fig. 15 and applies when 0.68, which is
the boundary between slender and non-slender sections [51]. The CSM normalised
deformation capacity csm y is limited to the minimum of either 15, which is related to
the material ductility requirement according to EN 1993-1-1 [44] and prevents
excessive strains, or 0.1 u y, where u is the strain at the ultimate stress of the material.
This latter boundary relates to the adopted bilinear material model and was set to avoid
over-predictions of CSM material strength for austenitic and duplex stainless steel [51].
A revised value may be required for ferritic stainless steels, as discussed later. The
collected experimental data shown in Fig. 15 represents maximum strains achieved in
stub column and bending tests on a variety of materials. The comparisons show that the
base curve provides good predictions of cross-section deformation capacities for all the
considered materials, including ferritic stainless steel.

Fig. 15 Current design base curve for the CSM

5.3 CSM material model
The CSM elastic, linear hardening stress-strain model has been previously verified for
austenitic and duplex stainless steels [51]. Below 0.2, elastic behaviour is assumed,
though note that the influence of material nonlinearity has been accounted for by
deducting 0.2% strain from test cross-section deformation capacity for the development
of the base curve. Above 0.2, the linear hardening behaviour defined by Eq. (17)
applies, where Esh is the material strain hardening slope given, for austenitic and duplex
stainless steels, by Eq. (18).

= . + 1 (17)

= .
.

       for austenitic and duplex stainless steel (18)
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The determination of the material strain hardening slope within the CSM utilises two
definition points: the yield stress point ( y, 0.2) and a maximum stress point ( max, max),
as shown in Fig. 16. The maximum stress is taken as the ultimate tensile stress u, while
the  maximum  strain  is  taken,  for  austenitic  and  duplex  stainless  steel  as  16%  of  the
ultimate tensile strain u. Note that max is not simply taken as u since, for the adopted
linear hardening material model, this would result in a significant under-estimation of
the strain hardening slope for the strain levels of interest in the design of structural
elements such as beams and columns. However, due to the lower ductility and the
different characteristic shape of the stress-strain curve (see Fig. 1), the previously
determined value for max (=0.16 u) was found to be unsuitable for ferritic stainless
steels. Thus, a revised value for max upon which to base the determination of the strain
hardening slope Esh for  the  ferritic  grades  was  sought.  This  was  achieved  through  a
process of least squares regression based on the available material test data, which was
summarised in Table 1. Note that the linear hardening slope was initially fitted through
the points ( y+0.002, 0.2) and ( max+0.002, u) and then translated by 0.002 to give the
final CSM material model, as shown in Fig. 16. Recall that a revised predictive model
for the ultimate strain for ferritic stainless steel (Eq. (5)) was developed in Section 2.3;
this  is  also  utilised  here.  The  resulting  expression  for  Esh is given by Eq. (19) on the
basis  of  max=0.45 u,  with  a  cut-off  of  0.4 u,  applied  to  avoid  over-prediction  of  the
material strength, and included in the base curve – Eq. (20).

= .
. if < 0.45, else = 0 for ferritic stainless steel (19)

=
0.25

. but 15,
0.4

 for ferritic stainless steel (20)

Fig. 16 CSM elastic, linearly hardening material model for ferritic stainless steel

5.4 CSM resistance functions
The CSM characteristic resistance functions for I-shaped and SHS/RHS cross-sections
under pure compression Ncsm,Rk and pure bending (My,csm,Rk for major axis bending and
Mz,csm,Rk for minor axis bending) are given by Eqs. (21) – (23), respectively [50, 51]. In
Eq. (23)  is a dimensionless coefficient taken as 2 for SHS/RHS and 1.2 for I-sections.

St
re

ss

Strain

Stress-strain curve
CSM model
Fitted model

u

0.2

y 0.4 u max+0.002)0.45 u0.002

Esh

E

y+0.002, 0.2)

y, 0.2)

max, max)



18

, = (21)

, , = , . 1 + ,

,
1 1 ,

,
(22)

, , = , . 1 + ,

,
1 1 ,

,
(23)

In the following sub-section, the predictions from the CSM resistance functions,
together with the revised strain hardening slope Esh, are compared with test and FE data
on ferritic stainless steel cross-sections.

5.5 Comparison with design rules
The predictions of the CSM with the revised strain hardening slope Esh for application
to  ferritic  stainless  steel  are  compared  with  both  existing  test  results  [8-10]  and  the
numerical results generated in the present study. Capacity predictions according to EN
1993-1-4 [1] are also determined. All comparisons utilise the measured geometric and
material properties with all partial safety factors set to unity, while Nu,pred and  Mu,pred
represent the predicted axial and bending resistances from the two design methods. The
comparisons are presented in Figs. 17 and 18 for compression and bending,
respectively, where the CSM may be seen to provide an improved mean prediction and
a reduced scatter compared to EN 1993-1-4 [1]. Key statistical values concerning mean
predictions and coefficient of variation (COV) of the CSM and EN 1993-1-4 [1] relative
to the tests [8, 9] and numerical results are given in Tables 5 and 6 for compression and
bending, respectively. The reliability of the CSM for ferritic stainless steel is assessed in
the following sub-section.

Table 5. Key statistical values of the comparison for stub columns
Tests [8-10] FE models

EN 1993-1-4 CSM EN 1993-1-4 CSM
Nu,test/Nu,pred Nu,test/Nu,pred Nu,FE/Nu,pred Nu,FE/Nu,pred

Mean 1.125 1.079 1.141 1.090
COV 0.045 0.037 0.064 0.059

Fig. 17 Comparison of predicted resistances by CSM and EN 1993-1-4 for stub columns
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Table 6. Key statistical values of the comparison for beams
Tests [8] FE models

EN 1993-1-4 CSM EN 1993-1-4 CSM
Mu,test/Mu,pred Mu,test/Mu,pred Mu,FE/Mu,pred Mu,FE/Mu,pred

Mean 1.372 1.141 1.296 1.112
COV 0.074 0.040 0.092 0.062

Fig. 18 Comparison of predicted resistances by CSM and EN 1993-1-4 for beams

5.6 Reliability analysis
A statistical  analysis was conducted according to EN 1990 Annex D [56] to assess the
reliability of the CSM proposals for ferritic stainless steels.  Tables 7 and 8 summarise
the  key  statistical  parameters  for  the  CSM  comparisons  with  experimental  and  FE
results, respectively, including the number of tests and FE simulations, the design
(ultimate limit state) fractile factor kd,n, the average ratio of test (or FE)-to-model
resistance based on a least squares fit to all the data b, the coefficient of variation of the
tests and FE simulations relative to the resistance model V , the combined coefficient of
variation incorporating both model and basic variable uncertainties Vr, and the partial
safety factor M0. The material overstrength was taken as 1.2 for the ferritic material
with a COV of material strength 0.045, in accordance with [57]. Variation in geometric
properties also followed the recommendation in [57]. The analysis showed that the
required partial factors are all less than the currently adopted value of M0=1.1 used in
EN 1993-1-4 [1]. This partial factor may therefore be safely applied.

Table 7. Summary of CSM reliability analysis based on ferritic stainless steel
experimental results

Specimens No. of tests kd,n b V Vr M0
Stub columns 13 4.078 1.079 0.036 0.080 1.00

Beams 8 5.076 1.137 0.043 0.083 0.99

Table 8. Summary of CSM reliability analysis based on ferritic stainless steel FE
simulations

Specimens No. of FE simulations kd,n b V Vr M0
Stub columns 112 3.179 1.093 0.058 0.091 1.02

Beams 68 3.240 1.127 0.061 0.093 0.99
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6. Conclusions

An investigation into the material response and structural performance of ferritic
stainless steel structural elements has been conducted. Collected material data on ferritic
stainless steel [2-9] has been analysed and used to assess the predictive expression given
in Annex C of EN 1993-1-4 [1] for ultimate strain u. The results show that the current
predictive model is inappropriate for ferritics and yields unconservative results. A
revised expression suitable for ferritic stainless steels has been proposed.

The structural response of cold-formed ferritic stainless steel cross-sections has also
been examined and the applicability of the current slenderness limits and effective width
formulae of EN 1993-1-4 [1] and those proposed by Gardner and Theofanous [12] to
ferritic  stainless  steel  has  been  assessed.  To  this  end,  a  finite  element  model  was
developed in ABAQUS, validated against existing test results from the literature [8, 9,
11, 17, 25, 26] and subsequently used to perform parametric studies. The assessments
were made on the basis of both existing experimental data on ferritic stainless steels [8-
10] and the FE results generated herein. It was shown that the Class 2 and Class 3
slenderness limits and the effective width formulae of EN 1993-1-4 [1] are adequate for
application to ferritic stainless steel internal elements and outstand flanges, though those
proposed in [12] more closely represent the numerical and test results enabling more
efficient design. For the Class 1 slenderness limit, it was observed that the proposed
value in [12] is satisfactory for ferritic stainless steel sections when u 0.2 > 1.2, but the
stricter EN 1993-1-4 [1] Class 1 slenderness limit may be more appropriate when u 0.2

 1.2. Table 9 summarises the slenderness limits given in EN 1993-1-4 [1], those
revised by Gardner and Theofanous [12] and the recommendations given herein for
ferritic stainless steel internal elements and outstand flanges in compression.

Table 9. Summary of the slenderness limits based on the c/t  values for compressed
elements

Type of element EN 1993-1-4 [1] Revised limits by Gardner
and Theofanous [12]

Recommended value
for ferritics

Class 1 Class 2 Class 3 Class 1 Class 2 Class 3 Class 1 Class 2 Class 3
Internal
elements

u 0.2 >1.2 25.7 26.7 30.7 33 35 37 33 35 37
u 0.2 1.2 25.7 26.7 30.7 33 35 37 25.7 35 37

Outstand
flanges

Welded 9 9.4 11 9 10 14 9 10 14
Cold-formed 10 10.4 11.9 9 10 14 9 10 14

The results from the above assessment highlighted the conservatism associated with the
usage of an elastic, perfectly plastic material model, limited to the 0.2% proof stress,
which is assumed in EN 1993-1-4 [1]. The continuous strength method (CSM), which is
a deformation-based design approach that allows for the beneficial influence of strain
hardening beyond the 0.2% proof strength, and was extended herein to ferritic stainless
steel. The available material data on ferritic stainless steel was used to determine new
values  for  the  slope  Esh of the linear hardening material model adopted in the CSM,
suitable for this type of material. A reliability analysis was also conducted to
statistically verify the applicability of the method. Ultimate capacity predictions by EN
1993-1-4 [1] and the CSM of existing test results [8-10] and the numerical results
generated in the present study showed that the latter achieves more precise predictions
enabling a more efficient design.
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