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Abstract

This paper reports on recently conducted structural stainless steel research in the UK and summarises the
activities and findings of two major projects. The first concerns the development of a new approach to
structural stainless steel design that is based on exploiting the full deformation capacity of cross-sections,
by adopting a continuous method of cross-section classification and member design, coupled with more
accurate material modelling. The second involves the numerical modelling of high-strength cold-worked
stainless steel conducted as part of the ECSC funded project ‘Structural design of cold-worked austenitic
stainless steel".

1 INTRODUCTION

Stainless steel is commonly regarded as an extravagant solution to structural engineering problems.
Changing attitudes within the construction industry and a global transition towards sustainable
development and reduction in environmental impact are sure to bring increased interest in the use of
stainless steel. Nonetheless the need to improve the efficiency of structural stainless steel design guidance
and to develop the availability and diversity of the current product range is clear. This paper relates directly
to this challenge by describing a new proposed approach to stainless steel structural design and by
presenting results from a numerical study on high-strength cold-formed stainless steel.

2 A NEWAPPROACH TO STRUCTURAL STAINLESS STEEL DESIGN

21 Background

The past fifteen years have seen the introduction or major revision of structural stainless steel design
codes throughout the world, and at the same time, interest in the use of stainless steel in construction has
been accelerating. However, stainless steel is still viewed as an extravagant solution to structural
engineering problems, and although the emergence of design codes is a step forward, their inefficiency
(due largely to overly-simplistic material modelling) is inhibiting more widespread use.

It is clear that for a material with high initial cost, efficient design is paramount, and a more rigorous and
complex design approach can be justified. A major laboratory testing programme has recently been
completed at Imperial College London and the results from these tests have led to improved understanding
of the structural behaviour of stainless steel and have formed part of the validation of a proposed new
design procedure. Numerical modelling has also been used to extend the range of structural performance
data and investigate the effects of systematic variation of key individual parameters. Full details of the
laboratory testing and numerical modelling programmes have been described [1].

2.2 Overview of proposed design approach

The European, Australian/ New Zealand and North American structural stainless steel design codes place
cross-sections into discrete behavioural classes on the basis of individual element slendernesses. Anew
design method has been developed that replaces these discrete classes by a single numerical value that is
a measure of the deformation capacity of the cross-section. The deformation capacity is based upon
slenderness of individual plate elements and the interaction between elements within the cross-section.
Cross-section resistances are determined using a local buckling strength derived from the cross-section
deformation capacity, in conjunction with an accurate material model appropriate for stainless steels.
Member strengths are determined using the local buckling strength (raised to a power) in combination with
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overall buckling curves. Figure 1 shows a schematic representation of the design procedure, where b and t
are internal element width and thickness respectively, A is cross-sectional area, W, is elastic section
modulus, oy is the material 0.2% proof strength and E, is the material Young’s modulus.

Full details of the development of the design method including worked examples have been reported by
Gardner [1], and a concise presentation of the design method including a comparison with existing
structural design codes has been prepared [2].
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Figure 1 Schematic representation of design method
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where C0.2 is the material 0.2% proof stress in compression

is the material Young’s modulus

is the flat face width measured between centrelines of adjacent faces

is the radius of the CHS measured to the centreline of the wall thickness
is the wall thickness of the cross-section

is the buckling coefficient from Table 1

~—

Table 1 Buckling coefficients for compressed plate elements

Y =0,/0, 1 1>y>0 0 0>y>-1 -1 1>y>-2
Buckling 8.2 7.81—-6.29y 2
Coefficent, k 4.0 105y | 78 ro78y? | 239 | 5.98(1-y)
Alternatively, for 1 <y <-1: Kk = 16

[(1+y) +0.112(1-yFI*® + (1+ )

Note: 1w is the ratio of end stresses (compression positive) for the compression element

Cross-section deformation capacity, €, g

Based on [ for the most slender element, cross-section deformation capacity, €, g may be determined from
Equation 3 (SHS and RHS) or Equation 4 (CHS). For RHS subjected to pure compression only, allowance
may be made for enhanced element edge restraint by taking y equal to the aspect ratio of the
cross-section. Strictly x is the ratio of the stiffness of the longer face of the RHS to the stiffness of the
shorter face, but for uniform material properties and thickness, this simplifies to the aspect ratio. For all
other cases, y should be taken as 1.0. Equations 3 and 4 were developed from the results of stub column
tests [3].

€18 _ 7.07 -0.30B
SHS and RHS, ? = —lemo'm (3)
€ _ 0.116
CHS, ? - I31.21+1.69B (4)
where ¥y is the cross-section aspect ratio for RHS subjected to pure compression and taken as 1.0
for all other cases
€ is the elastic strain at the material compressive 0.2% proof stress = 6 ,/Eq
€18 is the cross-section local buckling strain

Local buckling stress, o;p
Local buckling stress, 6, for any given local buckling strain, € g is determined from Table 2 (SHS and RHS)
or Table 3 (CHS), on the basis of a compound Ramberg-Osgood material model, described in [3].

Cross-section resistance - compression
Compression resistance, N, rq, is given by Equation 5.

N rd = Ao (5)
where A is the gross area of the cross section
OLB is the local buckling stress (from Table 2 or 3)
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Cross-section resistance - bending
In-plane bending resistance, M. rq, is given by Equation 6.

Mcra = Wel Go2 8g (6)
where Wy is the elastic section modulus
ag is the generalised shape factor (from Table 4 or 5 and Equation 7)

The generalised shape factor, ag may be calculated using Equation 7, where the constants A, to A, may be
determined from Table 4 for SHS and RHS and Table 5 for CHS. Tables 4 and 5 were produced by
numerical integration of a compound Ramberg-Osgood material model through the cross-section depth.

dg = A1 + A280 + A3ap + A4eoap (7)
where Aito A4 are constants determined from Table 4 (SHS & RHS) and Table 5 (CHS)
ap is the geometric shape factor of the cross-section

Cross-section resistance - combined compression and bending
Cross-sections subjected to combined compression and bending should satisfy Equation 8.

N My sq M, sq
Sy Y. + —2X <] (8)
g A Wiy Go2a,y We20028,,
where Nsq is the applied axial compression

Mysqs is the applied bending moment about the y-axis
M.sq is the applied bending moment about the z-axis
We,y  is the elastic modulus about the y-axis
W, . is the elastic modulus about the z-axis
agy is the generalised shape factor about the y-axis
ag, is the generalised shape factor about the z-axis

Buckling resistance - compression
Buckling resistances of SHS and RHS compression members and CHS compression members are given
by Equations 9 and 10 respectively.

0.32
SHS and RHS, N = yAco> [GLB] 9)
Go.2
G 0.80
CHS, Np rd = xAco2 (ﬁj (10)
P
where X is the buckling reduction factor given by Equation 11 (not limited to < 1.0)
1
X = ——5 =55 (11)

0 +[0 _ 20

= 0.5[1 + a(I—XO )+ Xz] is an imperfection factor (Table 6)
= is the limiting slenderness (Table 6)

= }\./7\,1

= Le/i and is the slenderness for the relevant buckling mode

7 [Eo/Go2]°°

is the effective column length

is the radius of gyration about the relevant axis, found from properties of
the gross cross-section

where

(=]

> > > F

B
m <
1
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Table 4  Generalised shape factor calculation constants - SHS & RHS

&s Aq A As Ay
0.0015 0.373 35.937 0.559 -193.75
0.0020 0.360 68.187 0.644 -207.92
0.0025 0.336 83.333 0.720 -206.67
0.0030 0.343 80.833 0.761 -193.33
0.0035 0.332 86.250 0.807 -187.50
0.0040 0.307 99.667 0.858 -188.33
0.0045 0.230 125.156 0.937 -196.87
0.0050 0.181 147.634 0.993 -203.31
0.0055 0.152 148.437 1.024 -193.75
0.0060 0.140 136.062 1.046 -175.42
0.0070 0.163 104.375 1.042 -137.50
0.0080 0.164 80.667 1.059 -110.00
0.0090 0.180 63.594 1.061 -90.63
0.0100 0.178 55.771 1.077 -79.58
0.0120 0.188 42.146 1.092 -62.08
0.0140 0.196 31.917 1.107 -50.00
0.0160 0.201 27.083 1.122 -43.33
0.0180 0.207 24.229 1.135 -38.75
0.0200 0.220 18.542 1.141 -32.50
0.0240 0.224 17.854 1.168 -29.58
0.0280 0.238 12.250 1.183 -23.33
0.0320 0.247 11.187 1.199 -21.25
0.0360 0.253 10.042 1.214 -19.17
0.0400 0.261 8.625 1.229 -17.50
0.0500 0.287 4.375 1.253 -12.50
0.0600 0.297 5.625 1.282 -12.50
0.0700 0.310 6.250 1.307 -12.50
0.0800 0.327 3.281 1.324 -9.37
0.1000 0.357 0.312 1.356 -6.25

€8 is the cross-section local buckling strain

A;to A, are constants to be used in Equation 7
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Table 5 Generalised shape factor calculation constants — CHS

&8 Ay A; As A,
0.0015 0.373 35.937 0.559 -193.75
0.0020 0.346 67.187 0.656 -206.25
0.0025 0.329 83.438 0.726 -206.25
0.0030 0.343 77.969 0.761 -190.62
0.0035 0.308 95.312 0.824 -193.75
0.0040 0.226 127.187 0.911 -206.25
0.0045 0.149 156.094 0.986 -215.62
0.0050 0.097 172.969 1.036 -215.62
0.0055 0.084 163.906 1.052 -196.87
0.0060 0.085 143.281 1.057 -171.87
0.0070 0.108 100.000 1.050 -125.00
0.0080 0.124 70.937 1.049 -93.75
0.0090 0.135 54.375 1.050 -75.00
0.0100 0.134 47.344 1.061 -65.62
0.0120 0.135 38.594 1.078 -53.12
0.0140 0.145 27.344 1.086 -40.62
0.0160 0.151 22.656 1.094 -34.37
0.0180 0.153 20.937 1.106 -31.25
0.0200 0.160 18.594 1.113 -28.12
0.0240 0.173 9.688 1.124 -18.75
0.0280 0.168 15.156 1.147 -21.87
0.0320 0.185 8.594 1.151 -15.63
0.0360 0.186 9.844 1.166 -15.62
0.0400 0.195 6.875 1.172 -12.50
0.0500 0.255 -42.188 1.154 31.25
0.0600 0.263 -37.969 1177 28.13
0.0700 0.277 -37.969 1.192 28.12
0.0800 0.278 -33.750 1.215 25.00
0.1000 0.295 -29.531 1.243 21.88

€ is the cross-section local buckling strain

A;to A, are constants to be used in Equation 7
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Table 6  Parameters for flexural buckling curves

Cross-section type o o
Cold-formed SHS and RHS 0.70 0.44
Cold-formed CHS 0.50 -0.10

Buckling resistance - bending (LTB)

Clearly SHS, CHS and RHS (bending about the minor axis) are not affected by lateral torsional buckling, so
member resistance may be taken as the cross-section in-plane bending resistance. No design guidance is
given for lateral torsional buckling resistance of RHS beams (bending about the major axis) due to an
absence of supporting test data.

Combined axial load plus bending

The buckling resistance of members subjected to combined axial load plus bending may be evaluated
through Equation 12 (for SHS and RHS) and Equation 13 (for CHS). Since no design guidance is given for
lateral torsional buckling, therefore the major axis bending component given in Equations 12 and 13 only
applies to members not affected by lateral torsional buckling.

Ngg Ky My g4 K, M, g4 <1 (12)

+ +
0.32
Xmin C02 A(Crp /00,) WeyOo28g W ,000a,,

Ngq Ky Mysq K, M, g4

T + <1 (13)
Xmin Oo2 A(COLp /Cgs)™ WeiyGo22gy  We 0028

where Amin is the lesser of the buckling reduction factors x, and x;
Ky is defined by Equation 14
K, is defined by Equation 16
N
K, = By Tse but, < 1.5 (14)
Nb,Rd,y
Hy = Ay(2Byy—4) *+(agy—1) but p, < 0.90 (15)
N
k, = 1-HzTlsd butk, < 1.5 (16)
Nb,Rd,z
B, = Ay, -4 +(ag—1) but 1, < 0.90 (17)
By is the equivalent uniform moment factor from Table 7.

Table 7 is a reproduction of part of Figure 5.5.3 from ENV 1993-1-1 [4], providing equivalent uniform
moment factors for common load cases.
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Table 7  Equivalent uniform moment factors

Moment diagram Equivalent uniform moment factor,

End moments

M, m M, Puy

-1<y<1

1.8-0.7y

Moments due to
in-plane lateral loads

W Bua = 1.3
Ma

BM,Q =14
Ma

M; is the applied end bending moment

Mg is the applied mid-span bending moment

Y is the ratio of the smaller end moment to the larger end moment

Bumy s the equivalent uniform moment factor for end moments

Bua is the equivalent uniform moment factor for moments due to in-plane
lateral loads

2.4 Verification of proposed method

The purpose of this section is to analyse all available test data, compiled by Gardner [1] and to compare
test failure loads and moments with those predicted by the current European [5], Australia/ New Zealand [6]
and North American [7] stainless steel design codes and by the proposed design method. Tests were
conducted in North America [8], Australia [9], Finland [10], Spain [11], Singapore [12,13,14] and recently at
Imperial College London [1,15,16]. For comparison purposes, measured geometric and material properties
are adopted, and all safety factors and load factors are set to unity. Where the design codes offer two
methods for calculating resistances, the more favourable result is taken. Lateral torsional buckling rules
have not been developed due to an absence of suitable test results, though this phenomenon is rarely
encountered with hollow sections.

Cross-section resistance- compression

Table 8 presents a comparison between predicted results from the four considered design methods and
test results for cross-sections in compression. A graphical illustration of the comparisons is given in
Figure 2.
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Table 8 Summary of comparison between predicted results and test results for cross-section
compression resistance

Cross-section type

Predicted/Test Compression resistance for 4 design methods

Eurocode ASCE AUS/ Nz Proposed
SHS & RHS MEAN: 0.78 0.78 0.78 0.95
SHS & RHS ST DEV: 0.13 0.13 0.13 0.08
CHS MEAN: 0.80 0.83 0.86 1.01
CHS ST DEV: 0.07 0.04 0.06 0.05
OVERALL MEAN: 0.78 0.78 0.79 0.95
OVERALL ST DEV: 0.12 0.12 0.13 0.06
0.8
. ENV
0.6 /\ — = AUS/NZ L]
. = = = ASCE
2
% Proposed
“E 0.4
=
)
0.2
0.0 ‘
0.4 0.6 1 12 1.4

Predicted/ Test Results

Figure 2  Graphical comparison between predicted results and test results for cross-section

compression resistance (48 tests)

Cross-section resistance- bending

Table 9 and Figure 3 present a comparison between the results predicted by the four considered design
methods and the test results for cross-sections subject to in-plane bending. It should be noted that ENV
1993-1-4 contains no guidance on the calculation of effective areas or effective moduli for Class 4 CHS.
These are therefore calculated using the expressions provided in BS 5950: Part 1 [17].

Buckling resistance - compression

Table 10 and Figure 4 present a comparison between the buckling loads predicted by the four considered
design methods and the test buckling loads. It should be noted that for pin-ended columns, effective
lengths have been taken as the actual length, and for fixed-ended columns, effective lengths have been

taken as 0.5 times the actual length.
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Table 9  Summary of comparison between predicted results and test results for in-plane bending

resistance
Predicted/Test bending resistance for 4 design methods
Cross-section type
Eurocode ASCE AUS/ Nz Proposed
SHS & RHS MEAN: 0.69 0.72 0.74 0.92
SHS & RHS ST DEV: 0.06 0.08 0.08 0.08
CHS MEAN: 0.79 0.62 0.78 0.98
CHS ST DEV: 0.10 0.08 0.1 0.08
OVERALL MEAN: 0.71 0.69 0.74 0.94
OVERALL ST DEV: 0.08 0.09 0.09 0.08
0.8
. ENV
— — AUS/NZ
0.6 —
> = ASCE
g
El Proposed
“3 0.4
&
02
0.0 F ‘
0.40 0.60 0.80 1.00 1.20 1.40

Predicted/ Test Results

Figure 3 Graphical comparison between predicted results and test results for cross-section in-plane
bending resistance (31 tests)

Table 10 Summary of comparison between predicted results and test results for flexural buckling

resistance
Predicted/Test buckling resistance for 4 design methods
Cross-section type
Eurocode ASCE AUS/ Nz Proposed

SHS & RHS MEAN: 0.91 0.95 0.95 1.00
SHS & RHS ST DEV: 0.14 0.15 0.15 0.10
CHS MEAN: 1.02 1.00 1.01 1.00
CHS ST DEV: 0.09 0.06 0.07 0.05
OVERALL MEAN: 0.94 0.97 0.97 1.00
OVERALL ST DEV: 0.14 0.14 0.14 0.09
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Figure 4  Graphical comparison between predicted results and test results for member flexural
buckling resistance (82 tests)

Combined compression plus bending

Tests on eccentrically loaded pin-ended columns were conducted by Talja & Salmi [10]. The members
were proportioned such that overall flexural buckling was the primary failure mode. These test results are
therefore compared to the buckling resistances predicted by the four considered design methods. The
comparisons are shown in Table 11 and Figure 5. No account for the possibility of lateral torsional buckling
has been made, though no such effects were observed in the tests.

Table 11 Summary of comparison between predicted results and test results for beam-column
buckling resistance

Predicted/Test beam-column resistance for 4 design methods
Cross-section type

Eurocode ASCE AUS/ NZ Proposed
SHS & RHS MEAN: 0.77 0.81 0.82 0.98
SHS & RHS ST DEV: 0.15 0.13 0.13 0.12
CHS MEAN: 0.79 0.78 0.83 0.94
CHS ST DEV: 0.12 0.11 0.11 0.08
OVERALL MEAN: 0.77 0.80 0.82 0.96
OVERALL ST DEV: 0.13 0.12 0.12 0.10

2.5 Discussion

For cross-sections in compression and in bending and for members subjected to combined compression
plus bending, the proposed design method provides approximately 25% higher resistances, whilst still
delivering mean predicted/ test resistances of less than 1.0. For flexural buckling, which is governed
predominantly by member instability, the improvement is smaller. In all cases scatter is reduced.
Predictions for the three existing design codes are generally similar, which is unsurprising since their basis
and approach are essentially the same. Results from the comparisons demonstrate the improved
accuracy, economy and reliability of the proposals.

163



It is worth noting that for cross-sections in bending containing very slender plate elements, an effective
width approach (adopted in all of the three considered current design codes) may provide more favourable
results than the proposed method. The proposed method could be modified to adopt a similar approach for
such elements, but it would of course necessitate the iterative calculation of a shift in neutral axis
associated with Class 4 sections in bending.

0.6 ‘
e EN'V
- = AUS/NZ
§ 04 = = ASCE
% Proposed
2
&
(o]
B
=
o]
=4
0.2 1
0.0 ‘ AN
0.4 0.6 0.8 1 1.2 1.4

Predicted/ Test Results

Figure 5 Graphical comparison between predicted results and test results for beam-column
buckling resistance (20 tests)

3  FE MODELLING OF HIGH-STRENGTH STAINLESS STEEL COMPONENTS

3.1 Introduction

This section describes the numerical modelling of high strength stainless steel hollow sections. Initial
analyses were conducted to simulate experimental tests [22] on 12 pin-ended columns, 6 simply supported
beams proportioned to failure by flexure and 6 simply supported beams proportioned to fail at the internal
support. Further studies were conducted to investigate the sensitivity of the models to variations in key
parameters, and following successful replication of the experiments, parametric studies were performed to
provide additional results. The general-purpose finite element (FE) software package ABAQUS [18] was
employed throughout the study.

3.2 Modelling parameters

The elements chosen for the stub column models were 9-noded, reduced integration shell elements with
five degrees of freedom per node, designated as S9R5 in the ABAQUS element library. This element has
been shown to perform well in similar applications involving the modelling of stainless steel SHS and RHS
flexural members [19], the local and global buckling of stainless steel SHS, RHS and CHS columns [1] and
the buckling response of mild steel and high performance steel box columns in axial compression [20].
S9R5 is characterised as a ‘thin’ shell element and is not recommended for modelling cases where
transverse shear flexibility is important. Transverse shear flexibility is said to become important when the
shell thickness is more than about 1/15 of a characteristic length on its surface [18].

The curved geometry at the corners of the cross-sections was modelled using curved S9R5 shell elements.
Convergence studies were conducted to decide upon an appropriate mesh density, with the aim of
achieving suitably accurate results whilst minimising computational time. For the modelling of flexural
buckling, linear elastic eigenmode simulations were conducted to provide buckling modes to be used as
initial imperfections in subsequent non-linear analyses. The modified Riks method [18] was employed to
solve the geometrically and materially non-linear stub column models. The modified Riks method is an
algorithm that enables effective solutions to be found to unstable problems (e.g. post-ultimate response of
compression or flexural members), and adequately traces non-linear unloading paths.
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ABAQUS requires that material behaviour be specified by means of a multi-linear stress-strain curve,
defined in terms of true stress and log plastic strain. Points to define this multi-linear stress-strain curve
were taken from a compound two-stage Ramberg-Osgood material model fitted to the measured
stress-strain data from tensile and compression tests. The concept of adopting a two-stage model was
originally devised by Mirambell and Real [11]. Amore complete description is provided by Gardner [1] and
further analysis was carried out by Rasmussen [21].

Residual stresses are induced into cold-formed stainless steel hollow sections by deformations during the
forming process and by non-uniform cooling following welding. The deformationally induced residual
stresses (largely resulting in through-thickness bending) are also present in the material coupons. The
effects of these are therefore inherently present. No residual stress measurements were taken during the
present study, though previous FE simulations [1] have indicated that the effects of weld-induced residual
stresses on cold-formed stainless steel tubular members is relatively small. A simple assumed residual
stress pattern (with oy, in tension acting on a central portion, plate width, B/5 and an equilibrating
compressive stress of 6g /4 over the remainder of the plate) was adopted in all flexural buckling models.
No residual stresses were specified in the bending or internal support tests.

Both local and global initial geometric imperfections were specified in the flexural buckling FE models.
Since column flexural buckling behaviour is bifurcative, the presence of imperfections is important, and the
sensitivity of models to the level of imperfection can be high. For the bending and internal support tests,
failure is in the plane of the loading. These models are therefore less sensitive to imperfections and hence
they have been excluded from these models. Local imperfections in the web of the internal support
specimens could significantly effect its behaviour. Good agreement between test and FE results with no
imperfections implies that the actual level of imperfection in the specimens was small.

For the flexural buckling models, the shapes of the local and global imperfections have been taken from an
elastic eigenmode analysis. The lowest local eigenmode has been used for the shape of the local plate
imperfection and the lowest global eigenmode has been used of the shape of the global imperfection.

The magnitude of the local imperfections have been taken from a study reported by Gardner [1] where the
magnitude is defined in terms of the material and geometric properties of the plate elements, given by
Equation 18. The global imperfection magnitude has been taken as the column length divided by 2000 (i.e.
L/2000). A brief study is described in a later section to assess the sensitivity of the columns to variation in
global imperfection amplitude.

o/ t=0.023(c02/ Ocr) (18)

where ay is the magnitude of the initial imperfection, tis the plate thickness, 6, is the material 0.2% proof
stress and o, is the critical buckling stress of the plate, assuming simply supported boundary conditions.

3.3 Comparison between test and FE results

This section compares the key results from the tests with those generated by FE modelling. The results
are presented by test type in the following sub-sections: flexural buckling tests; bending tests; and internal
support tests.

Flexural buckling tests

A total of twelve flexural buckling tests were conducted as part of the experimental study. Each of these
tests was modelled using the described parameters above and a comparison between the test and FE
results is presented in Table 12.

The results indicate that on average the FE models predict failure loads 1% higher than the test failure
loads, and upon examination of the individual results it can be seen that the scatter is relatively small. |
may therefore be concluded that FE modelling parameters found to be suitable for normal strength
stainless steel sections are also applicable to the higher strength (cold-worked) sections. A study is
conducted in the next section to assess the sensitivity of column buckling FE models to variation in global
imperfection amplitude, and parametric studies are carried out to extend the range of results over a wider
range of column non-dimensional slenderness.
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In all cases the FE failure mode and the general form of the load-lateral deflection curves was similar to
those observed in the tests. A comparison of test and FE load-lateral deflection response for the
100x100x3-C700 (length = 3546 mm) column is shown in Figure 6.

Table 12 Comparison between test and FE results for flexural buckling specimens

Cross-section Length (mm) | €St f"z::‘,fl’)e load | EE Failure load (kN) | FE/ Test
RHS 80x80x3-C700 1148 407 423 1.04
RHS 80x80x3-C700 1850 267 293 110
RHS 80x80x3-C700 2849 150 172 115
RHS 80x80x3-C850 1147 518 512 0.99
RHS 80x80x3-C850 1847 332 332 1.00
RHS 80x80x3-C850 2848 162 175 108
RHS 100x100x3-C700 1447 560 492 0.88
RHS 100x100x3-C700 2250 406 377 0.93
RHS 100x100x3-C700 3546 220 229 1.04
RHS 100x100x3-C850 1447 634 571 0.90
RHS 100x100x3-C850 2250 427 418 0.98
RHS 100x100x3-C850 3552 222 227 1.02
MEAN: 1.01
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Figure 6  Comparison of test and FE load-lateral deflection response for 100x100x3-C700 (length =
3546 mm) column

Bending tests

A total of six bending tests were conducted as part of the experimental study. Each of these tests was
modelled using the described parameters above and a comparison between the test and FE results is
presented in Table 13.
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Table 13 Comparison between test and FE results for bending specimens

Cross-section Test fai(l:;l;r)noment FE fail(ukr;nrqr;oment FE/ Test
RHS 100x100x3-C700 23.3 21.0 0.90
RHS 120x80x3-C700 29.8 27.7 0.93
RHS 140x60x3-C700 34.6 30.0 0.87
RHS 100x100x3-C850 26.7 25.0 0.93
RHS 120x80x3-C850 33.7 32.8 0.97
RHS 140x60x3-C850 39.0 34.3 0.88
MEAN: 0.91

Table 13 shows that the FE prediction of the bending moment at failure is, on average, 9% lower than the
test failure bending moment. It also shows that there is good consistency between the results. An
explanation for the general under-prediction of strength by the FE model lies in the distribution of material
properties around the cross-sections. This matter is analysed in the next section.

Figure 7 shows a deformed FE model of the RHS 120x80x3-C700 simply-supported beam. In the test
arrangement, wooden blocks were positioned inside the bending specimens at the loading points and at
the supports to avoid local crippling of the webs. This was modelled by constraining the out-of-plane
deformation of the webs (to a common value) in these regions, though from Figure 7 some web
deformation beneath the points of load application is still evident at large deflections. Only half of the
cross-section for the bending and internal support specimens was modelled and symmetry boundary
conditions applied.

Figure 7 Deformed FE model of the RHS 120x80x3-C700 simply-supported beam

The general form of the test and FE bending moment versus vertical deflection at mid-span curves were
similar in all cases. Some variation in the deflection at ultimate moment was observed, but this would be
expected since the slope of the curve is low in this region. A typical comparison between test and FE
bending moment versus vertical deflection at mid-span is shown for the RHS 120x80x3-C850 beam
specimen in Figure 8.
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Figure 8  Comparison of test and FE bending moment versus vertical deflection at mid-span curve

for RHS 120x80x3- C850 bending specimen
Internal support tests
Table 14 presents a comparison between the test and FE results for the six internal support test
specimens.

Table 14 Comparison between test and FE results for internal support specimens

Cross-section Test fz:i'::;e load FE failure load (kN) | FE/ Test
RHS 100x100x3-C700 1071 110.4 1.03
RHS 120x80x3-C700 108.3 102.6 0.95
RHS 140x60x3-C700 107.5 98.4 0.92
RHS 100x100x3-C850 119.2 119.2 1.00
RHS 120x80x3-C850 118.2 117.0 0.99
RHS 140x60x3-C850 126.7 112.2 0.89
MEAN: 0.96

The results demonstrate very good agreement in terms of magnitude of failure load with a mean value of
FE failure load divided by test failure load of 0.96, and there is little scatter in the results.

Figure 9 shows a deformed FE model of the RHS 100x80x3-C700 internal support specimen. In the test
arrangement, wooden blocks were positioned inside the cross-sections at the supports to avoid local
crippling of the webs, but not under the point of load application. This was modelled by constraining the
out-of-plane deformation of the webs at the supports, whilst providing no constraint to web in the region of
load application. The load was introduced into each test specimen through a 50 mm wide steel plate. This
was modelled by constraining a 50 mm width of the loaded flange to displacement vertically in unison. The
failure mode of the FE model was of a similar shape to that observed in the tests.
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Figure 9 Deformed RHS 100x100x3 internal support specimen

3.4 Sensitivity and parametric studies
A series of sensitivity studies were conducted to investigate the response of the FE models to changes in
key parameters.

Global imperfection amplitude

Although there is good overall agreement between test and FE results, comparing the test and FE
behaviour of the flexural buckling members it can be seen that the strength of the most slender columns is
generally over-predicted and the strength of the least slender columns is generally under-predicted.
Sensitivity of the models to an increase in global imperfection amplitude was assessed. For the three RHS
80x80x3-C700 members, buckling loads for FE models with global imperfections of L/2000 (as above) and
L/1000 are presented in Table 15.

Table 15 Sensitivity of column FE models to variation in global imperfection amplitude

Cross-section Length (mm) FE Failure load for FE failure load R_eduction in
L/2000 (kN) for L/1000 (kN) failure load (%)
RHS 80x80x3-C700 1148 423 411 2.8
RHS 80x80x3-C700 1850 293 282 3.8
RHS 80x80x3-C700 2849 172 163 5.2
MEAN: 3.9

The increase in FE global imperfection magnitude from L/2000 to L/1000 resulted in a mean reduction in
buckling load for the three RHS 80x80x3-C700 columns of 3.9%. This represents relatively load
imperfection sensitivity and as a general parameter it seems that a global imperfection magnitude of
L/2000 is more appropriate.

Distribution of material properties

The results show that although the predicted (FE) bending strength is reliable (in the sense that there is
little variability in FE/test results), the FE results are consistently lower than the corresponding test results.
An explanation for this may lie in the distribution of material strength around the cross-section. It is clear
that the bending specimens, where the extreme fibres in the flanges are far more highly stressed than the
web regions, are likely to be more sensitive to variation in material distribution than the compressed
specimens where the cross-sections are more uniformly loaded.

For the comparison between FE and test results given in the section above, average material properties
have been uniformly distributed around the cross-sections, with the exception of the corner regions where
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enhanced strengths have been specified. For this study, material properties measured from the narrow
faces will be applied to the two narrow faces of the cross-section and those measured from the wide faces
will be applied to the two wide faces of the cross-section. It should be noted that the welds always appear
on one of the two narrow faces and the test specimens were configured such that the weld was positioned
on the underside of specimens; therefore for the square cross-sections, the material properties from the
welded and opposite faces were applied to the extreme faces in tension and compression. The results are
shown in Table 16.

Table 16 Bending FE models with uniform and distributed material properties

Cross-section Test failure FE (ur_liform properties)/ FE (disfributed properties)/

moment (kNm) | Test failure moment (kNm) | Test failure moment (kNm)
RHS 100x100x3-C700 23.3 0.90 0.99
RHS 120x80x3-C700 29.8 0.93 0.97
RHS 140x60x3-C700 34.6 0.87 0.89
RHS 100x100x3-C850 26.7 0.93 1.01
RHS 120x80x3-C850 33.7 0.97 0.99
RHS 140x60x3-C850 39.0 0.88 0.90
MEAN: 0.91 0.96

Table 16 indicates that more accurate distribution of material properties around the cross-section of the FE
models leads to closer agreement with the test results. It is often the case that only one material test is
conducted for each member. However, where detailed material property data is available, based on the
findings of this study, it is recommended that properties be applied to the specific face from which
measurements were taken.

Following the satisfactory agreement between test and FE model behaviour, a series of parametric studies,
intended to generate a greater pool of results upon which design guidance may be based were conducted.
Full details of the generated results were reported by Gardner and Talja [22].

3.5 Comparison with existing design guidance

This section presents a comparison of the test results with existing design rules from ENV 1993-1-4 [5] and
the design rules proposed by Gardner and Nethercot [1] As with the FE modelling, comparison has been
made according to test type in the following three sections: flexural buckling, bending and web crippling.
Values from the two design methods have been generated using measured geometry and measured
(weighted average) tensile material properties. All partial safety factors have been set to unity to enable a
direct comparison.

Flexural buckling tests

Comparison between the flexural buckling test results and the results predicted by the two considered
design methods is given in Table 17. The flexural buckling resistance according to the Eurocode method is
described below. The flexural buckling resistance according to the Gardner/ Nethercot approach is
described by Gardner [1].

The resistance to flexural buckling is determined from:

N rd =y Ba Ag fy ! (2)
where;
B = 1 for Class 1, 2, 3 cross-sections
= Aui/A, for Class 4 cross-sections
At is the effective area of Class 4 cross-section
A, is the gross area
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is the reduction factor accounting for buckling, given by:

is set equal to unity for this comparison
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is the buckling length (see below)

is the radius of gyration of the gross cross-section
is the imperfection factor taken as 0.49

is the limiting slenderness taken as 0.40

Table 17 Comparison between tests and design guidance for flexural buckling

(©)

(4)

(%)

Cross-section (N/(ryr(’ifnz) (N /rEmz) L(e::r?lt)h fz;ri‘laj :e ;m’ré TE:::! Ne?l.\a;r"jcr:)i; '?est
load (kN) failure load
80x80x3-C700 520 187500 1148 407 1.01 1.05
80x80x3-C700 520 187500 1850 267 1.05 1.03
80x80x3-C700 520 187500 2849 150 1.01 0.99
80x80x3-C850 653 173000 1147 518 0.83 0.92
80x80x3-C850 653 173000 1847 332 0.82 0.85
80x80x3-C850 653 173000 2848 162 0.87 0.89
100x100x3-C700 487 195000 1447 560 0.78 0.90
100x100x3-C700 487 195000 2250 406 0.81 0.87
100x100x3-C700 487 195000 3546 220 0.82 0.86
100x100x3-C850 594 183500 1447 634 0.69 0.87
100x100x3-C850 594 183500 2250 427 0.73 0.83
100x100x3-C850 594 183500 3552 222 0.74 0.82
MEAN: 0.85 0.91

A graphical evaluation of the results against the ENV 1993-1-4 design curve is not straightforward because
many of the cross-sections are class 4, which means there is not a single curve for comparison with.

Bending tests

Comparison between the bending test results and the results predicted by the two considered design
methods are given in Table 18. Again, the Eurocode design expression are given below and those for the
Gardner/ Nethercot method are reported by Gardner [1].

Mb,Rd

= 241 By Woiy filvw
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where:

1 for Class 1 or 2 cross-sections
Wey/W,y for Class 3 cross-sections
= Wes/ W,y for Class 4 cross-sections
W,y is the plastic modulus of cross-section about the major axis
Way  is the elastic modulus of cross-section about the major axis
Wery is the elastic modulus of the effective section about the major axis

=

AT is a reduction factor accounting for lateral torsional buckling, set equal to unity in this
comparison since lateral torsional buckling does not occur (A1 < 0.4)
YMi is set equal to unity for this comparison

Table 18 Comparison between tests and design guidance for bending

crosssocton | (&0t | oy | restiire | | ENVITESt | othrcod Tos
ailure moment
100x100x3-C700 487 195000 23.3 0.71 0.86
120x80x3-C700 521 200000 29.8 0.68 0.93
140x60x3-C700 529 199100 34.6 0.62 1.00
100x100x3-C850 594 183500 26.7 0.72 0.84
120x80x3-C850 638 190400 33.7 0.73 0.97
140x60x3-C850 621 185600 39.0 0.64 1.00
MEAN: 0.70 0.94

Internal support tests

Comparison between the web crippling test results and the results predicted by the ENV 1993-1-4 are
shown in Table 19. It should be noted that ENV 1993-1-4 refers the user to ENV 1993-1-3 [23] and this is
therefore used as the basis for the comparison. The Gardner/ Nethercot design method has not been
developed to cover web crippling.

ENV 1993-1-3 does not contain explicit rules for the determination of web crippling resistance for RHS.
These sections are therefore dealt with assuming coefficients for sheeting — this is the same assumption
made by Talja and Salmi [10]. Thus, for two webs, crippling resistance is given by Equation 11:

Rora = 1.02t21/Efy (1-0.1+/r / t )(0.5+,/0.021, / t )/%a1 (7)
where:
t is the web thickness
r is the internal corner radii
E is the material Young’s modulus
fy is the material 0.2% proof strength

is the length of the concentrated load
Y™mi is set equal to unity for this comparison

-
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Table 19 Comparison between tests and design guidance for web crippling

Cross-section | Gz (Nimm?) | E (Nimm) | TSt e foad ENVI Test failure
100x100x3-C700 487 195000 107.1 0.85
120x80x3-C700 521 200000 108.3 0.86
140x60x3-C700 529 199100 107.5 0.88
100x100x3-C850 594 183500 119.2 0.80
120x80x3-C850 638 190400 118.2 0.86
140x60x3-C850 621 185600 126.7 0.76
MEAN: 0.83

The comparison shows that the Eurocode predicts, on average, 83% of the failure load in web crippling,
with a relatively small scatter. These results are approximately in line with those calculated by Talja and
Salmi [10] for standard strength material.

3.6 Recommendations for design guidance

Comparison of the test results with the Eurocode design method and the method developed by Gardner
and Nethercot has revealed similar predicted/ test ratios as were observed from an extensive comparison
for standard strength stainless steel specimens [1].

Based on the recent testing programme on cold-worked structural stainless steel members, the Eurocode
design rules that are currently limited to standard strengths of stainless steel may therefore safely be
extended in scope to additionally cover high-strength cold-worked sections. The Gardner/ Nethercot
design method demonstrates a similar level of improvement over the Eurocode approach through more
accurate material modelling and section classification as for standard strength specimens.

3.7 Concluding remarks
The following concluding remarks can be made:

»  Accurate replication of test behaviour for flexural buckling, bending and web crippling has been
achieved using the FE package ABAQUS.

+ Improved agreement between test and FE results was achieved by using face specific material
properties rather than weighted average material properties on all faces.

» The Eurocode design rules have been shown to be equally applicable to high strength cold-worked
stainless steel members as standard strength members.

+ The Gardner/ Nethercot design approach has demonstrated similar improvements over the
Eurocode method as for the standard strength material.

4 CONCLUSIONS

In this paper, a new design method for stainless steel hollow section structures loaded in compression,
bending and combined compression plus bending has been presented. The approach has been validated
against all available test results and compared with current structural stainless steel design codes.

In addition to the clear benefit in terms of enhanced strength prediction offered by the proposed design
method (~25% overall), the reduction in scatter (standard deviation) of the prediction is also advantageous
since design curves are typically 2-3 standard deviations below mean curves. The design method
represents a considerable material and thus cost saving. Itis envisaged that the proposed design method
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may be considered for incorporation into future revisions of Eurocode 3, bringing greater efficiency to
structural stainless steel design and promoting more widespread use of the material.

Accurate replication of the behaviour of high-strength cold-worked stainless steel structural components
has been achieved using the FE package ABAQUS. The Eurocode design method has been shown to be
equally applicable to high strength stainless steel as to the standard grades, and the Gardner/ Nethercot
design approach has demonstrated a similar level of improvement over the Eurocode approach as for
standard strength material.
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