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A B S T R A C T

The behaviour and design of pin-ended stainless steel equal-leg angle section members under compression and
compression plus minor-axis bending are investigated herein. The studied members are cylindrically pinned
about the minor axis. An experimental investigation, including material testing, initial geometric imperfection
measurements and physical tests on hot-rolled stainless steel equal-leg angle section members is first presented.
Numerical models are developed and validated against the new experimental data. A numerical parametric
study is then presented considering both hot-rolled and cold-formed stainless steel angle section columns
alongside beam–columns with a wide range of slenderness values. Finally, new design proposals for pin-ended
stainless steel equal-leg angle section members under compression and combined compression and minor-
axis bending are developed and verified against the results of existing physical experiments, as well as the
newly-generated test and numerical results. The proposed design rules are shown to offer substantially more
accurate and consistent resistance predictions compared to existing codified design rules. The reliability of the
new design provisions, with a recommended partial safety factor 𝛾M1 = 1.1, is verified following the EN 1990
procedure.
1. Introduction

Angle section members are used in a range of structures, such
as towers and trusses alongside the bracing systems in buildings and
bridges. Even though studies on angles can be traced back to the
1920s [1], their structural behaviour continues to pose both technical
nd practical challenges with current design provisions in international
tandards being known to have significant limitations [2–7]. New
esistance functions for steel angle section members recently developed
ithin the US [3,8,9] and European [4–7] design frameworks have led

o substantial improvements in the consistency and accuracy of their
oad-carrying capacity predictions. However, little attention has been
aid to pin-ended angle section columns under compression within the
cope of Eurocode 3. In addition, angles are often loaded eccentrically
e.g. when connected through one leg), such that the point of action
oes not coincide with the cross-section centroid (see Fig. 1), resulting
n the member experiencing combined compression and bending. It
s therefore crucial to study their behaviour under combined loading.
ecently, Behzadi-Sofiani et al. [4,5] developed new design equations
nd procedures for fixed-ended steel and stainless steel angle section
olumns. However, the proposed design method cannot be directly
pplied to pin-ended angle section columns with slender cross-sections,
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because of the shift of the effective centroid that arises under com-
pressive loading, resulting in additional eccentricity and hence bending
moments. Building on previous work on fixed-ended angle section
columns [4,5] and angle section beams [6,7] along with an expression
developed to predict the shift of the effective centroid [2], the current
aim is to establish a new approach for designing pin-ended stainless
steel equal-leg angle section members subjected to compression and
combined compression and minor-axis bending suitable for incorpora-
tion into EN 1993-1-4 [10]. Moreover, the accuracy and reliability of
the proposals are assessed. A review of existing experimental work and
previous methodologies for designing equal-leg angle section columns
is presented in Section 2. An experimental investigation, involving
material tests and tests on 19 austenitic stainless steel equal-leg an-
gle section members – 5 under compression and 14 under combined
loading – is described in Section 3. An extensive programme of nu-
merical simulations, conducted using the commercial finite element
(FE) software ABAQUS, is then presented in Section 4. The FE models
are first validated against the newly-generated and existing physical
experiments on stainless steel angle section members, and subsequently
utilised to conduct a parametric study for producing additional data
across a wide range of slenderness and torsional-flexural to minor-axis
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Table 1
Summary of existing experiments on stainless steel equal-leg angle section members.

Reference Boundary conditions Loading condition Axis of bending Manufacturing process No. of tests

Behzadi-Sofiani et al. [5]

Fixed-ended Compression –

Hot-rolling 5
Menezes et al. [11] Hot-rolling 13
Liang et al. [12] Hot-rolling 16
Sun et al. [13] Hot-rolling 10
Sarquis et al. [14] Hot-rolling 10
Sirqueira et al. [15] Hot-rolling 18
Filipovic et al. [16] Hot-rolling 6
Filipovic et al. [17] Laser-welding 6
Zhang et al. [18] Cold-forming 16
Zhang et al. [19] Cold-forming 4
Dobric et al. [20] Cold-forming 3

Zhang et al. [22]

Pin-ended

Compression Minor axis

Hot-rolling 12
Zhang et al. [23] Hot-rolling 12
Filipovic et al. [16] Hot-rolling 20
Reynolds [21] Laser-welding 33
Filipovic et al. [17] Laser-welding 20
Dobric et al. [20] Cold-forming 8

Behzadi-Sofiani et al. [7]

Bending

Minor axis Hot-rolling 2
Behzadi-Sofiani et al. [7] Major axis Hot-rolling 5
Zhang et al. [19] Geometric axis Cold-forming 6
Theofanous et al. [27] Geometric axis Laser-welding 4

Total 229
Fig. 1. Dimensions and principal axes of equal-leg angles.

flexural elastic buckling load ratios; the observations are summarised
in Section 5. Shortcomings in the current design provisions in EC3
are identified using the experimental and numerical results and are
highlighted in Section 6. New proposals for the design of pin-ended
stainless steel equal-leg angle section columns and beam–columns are
subsequently presented and assessed against the established data. Sta-
tistical analyses are performed that confirm the accuracy and reliability
of the proposed design method. Finally, conclusions are drawn.

2. Review of previous research

Stainless steel equal-leg angle section columns have been the focus
of a number of previous investigations, where their buckling behaviour
has been studied under both fixed-ended [5,11–20] and pin-ended [16,
17,20–26] supporting conditions. The behaviour of stainless steel angle
section members under bending has also been investigated [7,19,27].
Previous tests on stainless steel angle section members are summarised
in Table 1, where the manufacturing process, boundary and loading
conditions as well as the number of tests are presented. The findings
reported in the literature on pin-ended stainless steel angle section
columns and beam–columns are described subsequently.

Zhang et al. [22,23] conducted experiments on pin-ended hot-
rolled stainless steel angle section columns. Comparisons with the
current European [10], American [28] and Australian [29] design rules
revealed generally conservative and scattered resistance predictions,
while comparisons with the DSM-based design proposals developed by
Dinis and Camotim [3] were more accurate but with some predictions
2

on the unsafe side. New design proposals were subsequently made.
Filipovic et al. investigated the behaviour and capacity of pin-ended
hot-rolled [16] and laser-welded [17] stainless steel angles under com-
pression through physical experiments and compared the results with
the European [10] and Australian [29] resistance predictions, which
were shown to be generally conservative. Dobric et al. conducted labo-
ratory tests [20] as well as numerical simulations [24,25] on pin-ended
cold-formed stainless steel angle section members under compression
and also highlighted the high scatter in the resistance predictions of
the European [10] and Australian [29] design standards. New flexural
buckling curves were proposed by Dobric et al. for cold-formed [24,26]
and laser-welded [25] angles on the basis of the test and FE results.

Pin-ended stainless steel angle section columns have been the focus
of a number of recent studies, but the available test data remain rather
scarce and, as far as the authors are aware, no tests have been reported
on stainless steel angles under combined loading. Therefore, in the
current study, tests are carried out on pin-ended hot-rolled stainless
steel equal-leg angle section members under compression and com-
bined loading, with bending allowed about the minor axis. Numerical
models are then validated and subsequently used to generate additional
results to underpin the development of improved design rules for these
members.

For short-to-intermediate-length equal-leg angle section columns,
torsional-flexural buckling is critical. Although torsional and major-axis
flexural buckling modes always occur in combination in such members,
the torsional mode has a significantly greater contribution for shorter
angles. Since it was shown in [4,30] that torsional and local buckling
are identical for equal-leg angle section columns (with the exception
of cases where the outstand aspect ratio is less than one), the torsional
portion of the aforementioned combined mode may be treated simply
as local buckling and similar secondary effects also may be assumed
to occur. When angle section members with slender legs are subjected
to compression, local/torsional buckling causes the axial stresses to
redistribute. This results in the centroid of the cross-section shifting
away from the geometric centroid, as shown in Fig. 2; for equal-leg
angles, this shift in effective centroid only occurs along the line of
major 𝑢–𝑢 axis, owing to the symmetry of the cross-section about this
axis. In concentrically-loaded pin-ended members, the shift in effective
centroid creates an eccentricity 𝑒N,𝑣 (equal to the shift in effective
centroid — see Fig. 2) between the lines of action (i.e. the loading) and

resistance (i.e. the effective centroid), which induces a bending moment
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Fig. 2. Axial stress distribution and geometric and effective centroid position of equal-leg angle section under compression (a) prior to and (b) after local buckling.
Fig. 3. Effect of the shift of effective centroid for cases where the point of loading (i.e. the initial applied loading eccentricity) is towards the (a) tips and (b) corner of the
ross-section.
bout the minor 𝑣–𝑣 axis. The column therefore becomes a beam–
column, experiencing combined compression and bending. This effect
does not impact upon fixed-ended angles since bending is restrained at
the member ends.

For equal-leg angles that are initially eccentrically loaded with
respect to the minor axis, depending on the direction of the initial
eccentricity, the bending moments in the member may be either ex-
acerbated (i.e. the shift in effective centroid further increases the
eccentricity) or relieved (i.e. the shift in effective centroid reduces the
eccentricity). Consequently, the resistance of the member will either be
reduced or increased. The influence of the shift of the effective centroid
on the total eccentricity 𝑒T is presented in Fig. 3, where the shift of the
effective centroid increases and reduces the total eccentricity when the
point of loading (i.e. the initial applied loading eccentricity) is towards
the tips (positive direction — see Fig. 3(a)) and the corner (negative
direction — see Fig. 3(b)), respectively. Rasmussen [2] proposed an
expression to predict the shift of the effective centroid in equal-leg
angles, as given by:

𝑒N,𝑣 = 5𝑏

16
√

2

(

�̄�p − 1.22

�̄�p − 0.22

)

. (1)

This expression was developed based on the plate buckling curve
given in the North American [31] and Australian [32] standards. By
adopting the plate buckling curve for outstands in EN 1993-1-5 [33],
the following, slightly modified expression, is obtained:

𝑒N,𝑣 = 5𝑏

16
√

2

(

�̄�p − 1.188

�̄�p − 0.188

)

. (2)
3

3. Experimental investigation

3.1. General

The experimental programme, the results of which are presented
herein, involved material tensile coupon tests, initial geometric im-
perfection measurements and a total of 19 pin-ended stainless steel
angle section buckling tests, comprising 5 column buckling tests and 14
tests on specimens subjected to combined compression and minor-axis
bending. The tested cross-sections were hot-rolled equal-leg angles in
Grade 1.4307 austenitic stainless steel; their cross-section geometries,
alongside the respective chemical composition of the test materials, as
reported in the manufacturer’s mill certificate, are presented in Table 2.

3.2. Tensile coupon tests

Tensile coupon tests were conducted first to obtain the material
properties of the studied stainless steel angle sections. Two coupons
were extracted from the middle portion of both legs in the longitudinal
direction (see Fig. 4) following the dimensional requirements specified
in EN ISO 6892 [34]. The tensile tests were conducted using an Instron
250 kN testing machine. The strains in the longitudinal direction were
recorded using two linear electrical resistance strain gauges that were
attached to the centre of the front and back faces of the coupons at mid-
height. A clip gauge with a gauge length of 100 mm was placed within
the parallel length; the extension was recorded and used to obtain the
average strain over the gauge length. The tensile test set-up is shown
in Fig. 5. The engineering stress–strain curves from the tensile coupon
tests are presented in Fig. 6. The first stage of the stress–strain curves,
up to the strain value of 10%, was obtained using the strain gauge
readings, while the second stage of the curves until fracture was derived

based on the clip gauge readings. The obtained average mechanical
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Table 2
Chemical composition of tested cross-sections from mill certificate.

Cross-section C (%) P (%) S (%) Si (%) Mn (%) Cr (%) Ni (%) Mo (%)

80 × 80 × 6 0.016 0.031 0.001 0.342 1.515 18.105 8.035 0.268
100 × 100 × 12 0.023 0.031 0.001 0.355 1.470 18.075 8.070 0.246
100 × 100 × 10 0.025 0.032 0.002 0.413 1.500 18.285 8.045 0.331
Table 3
Average measured material properties of the tested cross-sections from tensile coupon tests.

Cross-section 𝐸 𝑓y 𝑓1.0 𝑓u 𝜖u 𝜖f 𝑛 𝑚u 𝑚1.0
(

N∕mm2) (

N∕mm2) (

N∕mm2) (

N∕mm2) (%) (%)

80 × 80 × 6 214 200 336 410 742 59.2 61.7 13.5 3.9 3.1
100 × 100 × 12 188 600 307 356 665 52.3 53.9 10.9 3.1 2.2
100 × 100 × 10 206 300 324 372 671 46.8 48.2 18.1 3.2 2.4
3
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Fig. 4. Location of tensile coupons within the angle section.

Fig. 5. Tensile coupon test set-up.

properties are presented in Table 3, where 𝐸 is the Young’s modulus,
y and 𝑓1.0 are the 0.2% and 1.0% proof stresses, respectively, 𝜖u is
he strain at the ultimate stress 𝑓u, 𝜖f is the fracture strain measured
ver the 100 mm gauge length, while 𝑛, 𝑚u and 𝑚1.0 are the Ramberg–
sgood strain hardening exponents, with 𝑚u and 𝑚1.0 corresponding to

he models described in [35–39], respectively.

3.3. Initial geometric imperfection measurements

Initial geometric imperfections in the angle section specimens, in-
cluding the bow imperfections about the minor and major axes, denoted
as 𝛿0,𝑣 and 𝛿0,𝑢, respectively, and the twist 𝜗 along the member length,
were measured prior to testing. The three modes of imperfection are
presented in Fig. 7. The global bow and twist imperfections were
determined using the same imperfection rig as employed in previous
studies [5–7,40]. The set-up and approach for measuring and calculat-
ing the initial imperfections were presented in detail in [5]. Typical
measured longitudinal distributions of initial global and torsional geo-
metric imperfections are presented in Fig. 8, where local imperfections
4

s

Table 4
Summary of initial geometric imperfection amplitude measurements.

Buckling test ID 𝐿∕𝛿0,𝑣 𝐿∕𝛿0,𝑢 𝜗∕𝐿 (deg∕m)

Column

1 2273 2500 0.14
2 1217 2000 0.10
3 4130 1267 0.19
4 4706 1714 0.18
5 2900 1000 0.72

Beam–column

6 2857 1026 0.15

7 1429 870 0.15
8 952 2660 0.20
9 1000 1735 0.14
10 1739 1379 0.06
11 1379 3980 0.12
12 2000 5714 0.10
13 2373 5596 0.07
14 7000 2800 0.06
15 3182 2642 0.02
16 1944 3111 0.01
17 2295 2979 0.01
18 7368 4239 0.05
19 5833 3585 0.01

Mean 2978 2673 0.13
CoV 0.66 0.54 1.19

of very low amplitude can also be observed. A half-sine wave was em-
ployed to represent the shape of the imperfections, with the amplitude
being taken as the maximum measured deviation from straightness. A
summary of the measured initial geometric imperfection amplitudes of
the specimens relative to the member length 𝐿 is provided in Table 4.

.4. Member buckling tests

Tests on 19 hot-rolled Grade 1.4307 austenitic stainless steel equal-
eg angle section members - 5 columns and 14 beam–columns - were
erformed to study their buckling response and load-carrying capacity.
he members were cylindrically pinned about the minor axis. For the
olumn tests, the member lengths 𝐿 were varied to cover a range
f member slenderness �̄� values, where minor-axis flexural buckling
as critical for all members. Two member lengths were chosen for

he beam–column tests; torsional-flexural buckling was critical for the
horter members and minor-axis flexural buckling was critical for the
onger members. The initial loading eccentricities were varied in size
nd direction to study the ultimate strength of stainless steel equal-leg
ngles subjected to a range of combinations of axial compression and
ending.

The buckling tests were conducted using an Instron 2000 kN hy-
raulic testing machine under displacement control. Knife edges were
sed at both ends of the members to allow rotation about the minor
xis and prevent rotation about the longitudinal and major axes, which
reated cylindrically pin-ended boundary conditions. End plates were
elded to both ends of each specimen, which were inserted into
pecial clamps connected to the knife edges. The specimens were then
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Fig. 6. Measured engineering stress–strain curves from tensile coupon tests for (a) 80 × 80 × 6, (b) 100 × 100 × 12 and (b) 100 × 100 × 10 angle sections.
Fig. 7. Illustrations of amplitudes of imperfection shapes for (a) minor-axis flexural, (b) major-axis flexural and (c) torsional modes.
djusted to achieve the required initial loading eccentricity, before the
ightening of bolts on the clamp. Two LVDTs were used to measure
he end-shortening and minor-axis lateral deflection of the specimens
t mid-height. Four string pots, attached to the corner and the tips of
oth legs of the angle section members, were employed to measure the
wist at mid-height. Six electrical resistance strain gauges were affixed
o the specimens at mid-height to measure the longitudinal strains at
he corner and the tips of the angles. Two inclinometers were used
o measure rotations at the member ends. The configuration of the
tring pots and strain gauges is shown in Fig. 9 and the test set-up is
resented in Fig. 10. The key test results, including the load, machine
isplacement and readings from the strain gauges, LVDTs, string pots
nd inclinometers were recorded at 0.5 s intervals using the data
5

acquisition equipment DATASCAN and logged using the DSLOG soft-
ware. A global imperfection amplitude of 𝐿∕1000 is typically assumed
in the development of column buckling design provisions [41–43].
Therefore, for the column buckling tests, a total global imperfection
amplitude 𝜔g about the minor axis, defined as the sum of the initial
bow imperfection 𝛿0,𝑣 and the initial loading eccentricity 𝑒0,𝑣, was set to
𝐿∕1000 by adjusting the initial loading eccentricity. This was achieved
by preloading the specimens up to 20% of the predicted ultimate load
and back calculating the total global imperfection 𝜔g using Eq. (3),
where 𝐼 is the second moment of area about the axis of buckling
(i.e. the minor axis), 𝜖max and 𝜖min are the average strains recorded by
the strain gauges on the concave and convex sides of the specimens,
respectively, 𝑁 is the applied axial load, 𝐻 is the distance between the

strain gauges and 𝛿 is the measured lateral deflection at the mid-height.
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Fig. 8. Typical measured initial (a) global bow and (b) twist geometric imperfections versus normalised position along the member length (𝑥∕𝐿), with dashed lines marking
representative half-sine waves.
The initial loading eccentricity was then adjusted and the procedure
repeated until 𝜔g reached a value close to 𝐿∕1000, though in many
cases, the achieved values deviated somewhat from this target.

𝜔g =
𝐸𝐼(𝜖max − 𝜖min)

𝐻𝑁
− 𝛿. (3)

For the beam–column test specimens, the initial loading eccentricities
were back calculated after the experiments using a similar procedure.
Positive and negative 𝜔g values imply that the initial loading eccen-
tricity was applied towards and away from the tips of the cross-section
legs, respectively. A typical plot of load 𝑁 against 𝜔g∕𝐿, shown for
Specimen 11, is presented in Fig. 11, where the initial eccentricity
𝜔g = 36.7 mm was determined. The geometry and notation of the test
specimens are presented in Fig. 12, while a summary of the measured
geometric properties of the test specimens and the key results from the
column and beam–column buckling tests are presented in Tables 5 and
6, respectively. Graphs of the test axial load versus (a) end-shortening
and (b) mid-height lateral deflection about the minor axis are plotted
in Fig. 13 for the columns and Figs. 14 and 15 for the beam–columns.
All tested specimens failed by minor-axis flexural buckling, and the
direction of buckling was dictated by the direction of the minor-axis
initial global imperfection for the columns and the loading eccentricity
for the beam–columns (see Fig. 16). A comparison of the column
buckling test data with the flexural buckling curve (with limiting
slenderness �̄�0 = 0.2 and imperfection factor 𝛼 = 0.76) for angle section
members set out in prEN 1993-1-4 [44] is presented in Fig. 17(a),
where 𝜒 = 𝑁u∕𝐴𝑓y is the buckling reduction factor with 𝑁u being
the ultimate load reached during the test. Note that the predicted shift
of effective centroid is zero for the presented test specimens, allowing
direct comparisons to be made between the experimental results and
the column buckling curve. Comparisons of the beam–column test data
with the 𝑁–𝑀 interaction curve for I-sections set out in prEN 1993-1-
4 [44] are presented in Figs. 17(b) and 17(c) for the specimens with
𝐿 = 400 mm and 𝐿 = 1400 mm, respectively, where the ultimate load
𝑁u and moment 𝑀u are normalised against the compression 𝑁b,prop and
bending moment 𝑀b,prop resistances proposed in [4,7]. Both the column
and beam–column test results generally follow the trend of the buckling
curve and 𝑁–𝑀 interaction curves, respectively, and lie consistently on
the safe side.

4. Numerical modelling

The commercial finite element (FE) software ABAQUS was used
herein to create numerical models to simulate the mechanical be-
haviour of pin-ended stainless steel equal-leg angle section members
under compression and combined compression and bending. The FE
6

Fig. 9. Configuration of strain gauges, string pots and LVDT at the mid-height of the
column specimens.

models are first validated in Section 4.2 by comparing the results
against the existing and newly generated experimental data on pin-
ended stainless steel equal-leg angles. In Section 4.3, a parametric study
is presented to investigate the behaviour of both hot-rolled and cold-
formed stainless steel equal-leg angle section members free to rotate
about the minor axis and subjected to compression and combined
loading; a range of cross-section geometries, member lengths and load
combinations are studied.

4.1. General modelling assumptions

Similar modelling assumptions to those used in [4–7] were adopted,
which are briefly described herein. The 4-noded shell element, S4R
[45], with reduced integration, 6 degrees of freedom (3 translational
and 3 rotational) at each node and hourglass control, was employed
to model the angle section members; this element type has been suc-
cessfully utilised in similar previous studies [46–48]. A mesh size of
approximately 5 mm, typically resulting in at least 10 elements across
each leg of the angles, was utilised.

Both hot-rolled and cold-formed stainless steel angles were mod-
elled. For the hot-rolled angles, the root fillet was modelled by in-
troducing thicker elements at the junction between the angle section
legs and the thickness was offset to avoid overlapping of the two legs,
which were connected using BEAM-type multi-point constraints (MPC),
as shown in Fig. 18(a). The rounded corner of the cold-formed angles
was represented by employing a finer mesh in the curved corner region

than in the flat regions, as shown in Fig. 18(b). To model the load
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Fig. 10. Photographic and schematic representation of column and beam–column buckling test set-up.
Table 5
Summary of measurements of geometric properties, initial loading eccentricities and ultimate loads for column buckling test specimens.

Cross-section ID 𝑏 (mm) 𝑡 (mm) 𝑟1 (mm) 𝑟2 (mm) 𝐿 (mm) 𝐿cr,𝑣 (mm) �̄� 𝜔g (mm) 𝑁u (kN)

80 × 80 × 6

1 80.08 6.50 7.0 3.5 1000 1150 0.90 1.00 214.93
2 80.18 6.46 7.0 3.5 1398 1548 1.22 3.75 137.30
3 80.18 6.45 7.0 3.5 1901 2051 1.61 3.00 92.48
4 80.23 6.45 7.0 3.5 2398 2548 2.00 3.70 59.86
5 80.21 6.46 7.0 3.5 2897 3047 2.35 6.10 42.99
Table 6
Summary of measurements of geometric properties, initial loading eccentricities and ultimate loads for beam–column buckling test specimens.

Cross-section ID 𝑏 (mm) 𝑡 (mm) 𝑟1 (mm) 𝑟2 (mm) 𝐿 (mm) 𝐿cr,𝑣 (mm) �̄�TF or �̄� 𝜔g (mm) 𝑁u (kN)

100 × 100 × 12

6 100.75 11.95 10.0 5.0 400 550 0.42 −23.80 349.85
7 100.78 12.00 10.0 5.0 400 550 0.42 −5.50 594.82
8 100.78 11.99 10.0 5.0 399 549 0.42 0.10 740.72
9 100.92 11.98 10.0 5.0 399 549 0.42 0.55 741.84
10 100.73 11.99 10.0 5.0 400 550 0.42 7.40 552.64
11 100.70 12.01 10.0 5.0 398 548 0.42 36.70 266.03
12 100.64 12.00 10.0 5.0 400 550 0.42 146.00 87.94

100 × 100 × 10

13 100.00 9.86 10.0 5.0 1399 1549 0.97 −28.90 160.87
14 100.04 9.85 10.0 5.0 1400 1550 0.97 −10.70 254.82
15 100.05 9.84 10.0 5.0 1400 1550 0.97 −1.60 401.77
16 100.08 9.86 10.0 5.0 1400 1550 0.97 4.80 314.16
17 99.95 9.91 10.0 5.0 1400 1550 0.98 20.60 206.41
18 99.86 9.84 10.0 5.0 1399 1549 0.98 46.50 132.76
19 99.89 9.82 10.0 5.0 1398 1548 0.97 138.00 63.51
applied to the members, a longitudinal displacement was imposed at
one end through a reference point that was free to move longitudinally.
The geometrically and materially nonlinear analyses were executed
using the Riks arc-length method [49]. To validate the FE models,
experiments reported in the literature, as well as those conducted in the
7

current study, were simulated. The measured geometric properties and
stress–strain curves were employed in these analyses. Throughout the
parametric study, the two-stage Ramberg–Osgood material model [35–
38], with typical values [50] for the key mechanical properties, was
utilised. A Poisson’s ratio of 0.3 in the elastic range was assumed
in all cases. The material properties were input into ABAQUS in the

form of true stress 𝜎true and true plastic strain 𝜖true, converted from
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Fig. 11. Typical plot of load 𝑁 against 𝜔g for Specimen 11, where the initial
eccentricity 𝜔g = 36.7 mm.

Fig. 12. Geometry and notation for equal-leg angle sections.

the measured engineering stress 𝜎 and strain 𝜖 using the well-known
relationships:

𝜎true = 𝜎 (1 + 𝜖) , (4)

𝜖true = ln (1 + 𝜖) −
𝜎true
𝐸

. (5)

For the hot-rolled stainless steel angles, a bilinear residual stress distri-
bution with a peak value of 70 MPa, constant with thickness and leg
width, was employed [4–7], as illustrated in Fig. 19, where the negative
sign indicates compressive stress and the positive sign denotes tensile
stress. The residual stresses were input into ABAQUS using the *INITIAL
CONDITIONS command. For the cold-formed stainless steel angles,
the dominant bending residual stresses were assumed to be inherently
captured in the material stress–strain curves [51,52], with a lower
value for the strain hardening exponent 𝑛 than for hot-rolled material,
and were therefore not explicitly defined. For the validation study,
the measured initial major-axis global bow and twist imperfection
amplitudes, as presented in Table 4, were applied; about the minor axis,
the measured loading eccentricity values given in Tables 5 and 6, which
included the minor-axis global bow imperfections, were employed.
However, where measured data were not available, and throughout
the parametric study, a half-sine wave function over the member
length with an amplitude of 𝐿∕1000 at mid-span was adopted about
both principal axes for the initial bow imperfections. The direction
of the minor-axis bow imperfection was chosen to provide the lowest
resistance in the parametric study, which was towards the corner of the
8

section for the pin-ended columns and in the same direction as bending
Table 7
Summary of comparisons of FE model ultimate loads 𝑁u,FE with those obtained
xperimentally 𝑁u,Test .

Source No. of tests
𝑁u,FE

𝑁u,Test

Mean CoV Min Max

Zhang et al. [22] 12 0.98 0.06 0.91 1.09
Zhang et al. [23] 12 0.98 0.04 0.93 1.03
Present study 19 0.99 0.04 0.90 1.06

Total 43 0.98 0.04 0.90 1.09

(i.e. in the opposite direction to the initial eccentricity) for the beam–
columns. A similar shape was also adopted for the initial twist with
an amplitude of 𝜗 = arctan (𝐿∕1000𝑏) at mid-span. Boundary conditions
were applied to the supports through kinematic coupling constraints
to link all the degrees of freedom (translational and rotational) of the
member end-nodes to two reference points. Cylindrically pin-ended
boundary conditions were created by restraining the necessary degrees
of freedom at the reference points, where longitudinal displacement
(i.e. end-shortening) and rotation about the axis of bending (i.e. the
minor axis) were free and the remaining degrees of freedom were fixed;
warping was also prevented at both ends.

4.2. Validation

The FE models were validated against the 19 tests from the present
study together with a total of 24 existing experiments on pin-ended
stainless steel angle section columns; a summary of the comparisons
between the ultimate loads from the FE models and those obtained
experimentally is presented in Table 7 and Fig. 20. Overall, there is
good agreement between the test and FE ultimate loads, with a mean
𝑁u,FE∕𝑁u,Test ratio (where 𝑁u,FE and 𝑁u,Test are the ultimate loads from
he FE models and tests, respectively) of 0.98 and a coefficient of vari-
tion (CoV) of 0.04. In addition to the FE model validation presented
erein, the developed FE model has also been demonstrated to be
uitable for simulating the structural response of equal-leg angle section
embers with different material characteristics under various loading

onditions in several recent studies [4–7]. Comparisons of typical load–
eformation curves, shown for Specimen 11 tested in the current study,
re presented in Fig. 21, illustrating good agreement between the test
nd FE results. Note that the slightly lower initial stiffnesses obtained
rom the experiments relative to the FE models are attributed to the
se of the machine displacement to determine the end shortening of the
est specimens, which includes some additional flexibility in the test rig.
he described comparisons demonstrate the ability of the developed FE
odels to predict the physical behaviour observed in experiments on
in-ended stainless steel angle section columns and beam–columns, and
onfirm their suitability for performing a parametric study.

.3. Parametric study

Following validation of the numerical models, a parametric study
as conducted, as presented currently. The FE models were used

o generate additional data for hot-rolled and cold-formed pin-ended
ngle section columns and beam–columns in the three main families of
tainless steel (i.e. austenitic, duplex and ferritic), considering a wide
ange of cross-section geometries, member lengths and load combina-
ions. A summary of the material properties adopted in the parametric
tudy, taken from [50], is presented in [5]. Leg widths 𝑏 of 50 mm and

100 mm were analysed, while the thicknesses 𝑡 and member lengths
𝐿 were varied to evaluate a spectrum of normalised slendernesses,
�̄�TF or �̄�, and elastic buckling load 𝑁cr,TF∕𝑁cr,F,𝑣 ratios. The 𝑏∕𝑡 ratios
ranged between 8 and 50, while the 𝐿∕𝑏 ratios ranged between 1 and
100 (see Table 8). In addition, the initial eccentricities were varied
both in direction (towards and away from the corner of the angles)
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Fig. 13. Axial load 𝑁 versus (a) end-shortening and (b) mid-height minor-axis lateral deflection for the pin-ended column test specimens, the nominal lengths 𝐿 of which are
indicated on the figure.

Fig. 14. Axial load 𝑁 versus (a) end-shortening and (b) mid-height minor-axis lateral deflection for the pin-ended beam–column test specimens with 𝐿 = 400 mm, the eccentricities
𝜔g of which are indicated on the figure.

Fig. 15. Axial load 𝑁 versus (a) end-shortening and (b) mid-height minor-axis lateral deflection for the pin-ended beam–column test specimens with 𝐿 = 1400 mm, the eccentricities
𝜔g of which are indicated on the figure.
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and magnitude to study a wide range of load combinations. In total,
7920 FE results (120 with zero eccentricity, 600 with positive and
600 with negative eccentricities for 6 production type and stainless
steel family combinations) were generated. The results are presented in
Figs. 22(a) and 22(b) for positive and negative loading eccentricities,
respectively, in which the normalised axial load 𝑁u∕𝑁b,prop (where
𝑁u is the ultimate load obtained from the tests or FE models and
𝑁b,prop is the axial compression resistance of the members, determined
as described in [5]) is plotted against the corresponding normalised
ending moment 𝑀u∕𝑀b,prop (where 𝑀u = 𝑁u𝑒T is the ultimate bend-
ng moment obtained from the tests or FE models and 𝑀b,prop is the
ending resistance of the members, determined as described in [7]).

The results for the angles where the eccentricities were applied in
the positive direction (i.e. the tips of the cross-section legs are in
compression) are shown in Fig. 22(a), while the results for the cases

here the eccentricities were applied in the negative direction (i.e. the
ips of the cross-section legs are in tension) are shown in Fig. 22(b). For
eference, the interaction curve from prEN 1993-1-4 [44] for I-section
embers (since there is no guidance for angle section members) with

̄ = 3.0 is also shown in the figures. Note that, to account for the
dditional bending moment caused by the shift of effective centroid,
he expression proposed by Rasmussen [2], as presented in Section 2,

is adopted.
10

a

Table 8
Summary of ranges of key varied parameters in FE parametric study.

Compression side 𝑏∕𝑡 𝐿∕𝑏 𝑁cr,TF∕𝑁cr,F,𝑣 �̄�TF or �̄�

Section tips 8–50 1–100 0.05–14.00 0.2–5.0
Section corner 8–50 1–100 0.05–14.00 0.2–5.0

5. Analysis and discussion of results

As can be seen in Fig. 22, depending on the direction of the
nitial loading eccentricity, the behaviour and resistance of pin-ended
qual-leg angle section beam–columns may vary. This was further
nvestigated by studying the behaviour and resistance of pin-ended
qual-leg angle section members with different local slendernesses
�̄�p = 1.0 and �̄�p = 2.0) subjected to different initial global bow
mperfection directions (where 𝛿0 > 0 and 𝛿0 < 0 are global bow imper-
ections towards and away from the cross-section tips, respectively) and
spectrum of loading eccentricities. The normalised ultimate resistance
u∕𝑁cr (where 𝑁u is the peak load and 𝑁cr is the lowest elastic critical

uckling load) is plotted against the initial applied loading eccentricity
0 in Figs. 23(a) and 23(b) for angles with �̄�p = 1.0 and �̄�p = 2.0,
espectively. The corresponding equilibrium paths are presented in
igs. 24(a) and 24(b), respectively, where the normalised load 𝑁∕𝑁cr
s plotted against the sum of the initially applied loading eccentricity 𝑒0

nd the mid-height lateral deflection about the minor axis 𝛿. As can bee
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Fig. 17. Comparison of test data with (a) buckling curve for pin-ended column tests, (b) 𝑁–𝑀 interaction curve for beam–column test specimens with 𝐿 = 400 mm and (c) 𝑁–𝑀
interaction curve for beam–column test specimens with 𝐿 = 1400 mm.

Fig. 18. FE representation of corner region in (a) hot-rolled and (b) cold-formed angle section members. Further details are provided in [5].
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Fig. 19. Residual stress distribution employed for hot-rolled steel equal-leg angles in
the present FE models.

Fig. 20. Variation of ratios of FE model ultimate loads 𝑁u,FE to experimental ultimate
loads 𝑁u,Test with normalised slenderness �̄�TF or �̄�, whichever is higher (i.e. critical).

een, for the angles with �̄�p = 1.0, the ultimate resistances are similar
or angles with the same eccentricity magnitude (i.e. the response is
argely symmetric). However, for the angles with �̄�p = 2.0, there is

significant difference in equilibrium paths and ultimate resistances
ith eccentricity direction due to the shift of the effective centroid. For

he angles with negative loading eccentricities (i.e. loading eccentricity
pplied towards the cross-section corner), the member benefits from the
hift of the effective centroid and the ultimate resistance is enhanced,
hereas for positive loading eccentricities (i.e. loading eccentricity
pplied towards the cross-section tips), the shift of the effective centroid
educes the resistance of the member under compression. This results
n the asymmetric trend observed in Fig. 23(b). These findings are in
ine with Eq. (2), where the predicted shift of effective centroid is 0 and
.0 mm for the studied angles with �̄�p = 1.0 and �̄�p = 2.0, respectively. It

is worth mentioning that the aforementioned effects become negligible
for very large loading eccentricities, since the shift in effective centroid
is dwarfed by the applied loading eccentricity (i.e. 𝑒0 ≫ 𝑒N,𝑣).

. Design of pin-ended stainless steel angle section columns and
eam–columns to Eurocode 3

According to prEN 1993-1-4 [44], members subjected to combined
oading with bending about the minor 𝑣–𝑣 axis and axial compression

should satisfy the following criterion:

𝑁Ed
(

𝜒𝑣𝑁Rk
𝛾M1

) + 𝑘𝑣𝑣

(

𝑀𝑣,Ed + 𝛥𝑀𝑣,Ed
)

(𝑀𝑣,Rk

𝛾M1

)
⩽ 1.0. (6)

Here, 𝑁Ed and 𝑀𝑣,Ed are the design values of the compression force and
aximum bending moment about the minor 𝑣–𝑣 axis along the member
12
length, respectively, and 𝑁Rk and 𝑀𝑣,Rk are the characteristic values
of the cross-sectional resistance to compressive axial force and bending
moment about the minor 𝑣–𝑣 axis, respectively. The quantity 𝛥𝑀𝑣,Ed is
he bending moment that arises due to the shift of the effective centroid
bout the minor 𝑣–𝑣 axis, 𝑒N,𝑣, for Class 4 cross-sections, which is based
n the effective width 𝑏eff [33] and given for equal angles thus:

N,𝑣 =
𝑏eff
√

2
. (7)

The term 𝜒𝑣 is the flexural buckling reduction factor, which should
be replaced by 𝜒TF for members where torsional-flexural buckling is
critical, while 𝑘𝑣𝑣 is the interaction factor defined thus:

𝑘𝑣𝑣 =

{

1 + 2.8
(

�̄� − 0.5
)

𝑛𝑣 for �̄� < 1.2
1 + 1.96𝑛𝑣 for �̄� ⩾ 1.2,

(8)

in which �̄� is replaced by �̄�TF when torsional-flexural buckling is critical
and 𝑛𝑣 is given as follows:

𝑛𝑣 =
𝑁Ed

𝜒𝑣𝑁Rk∕𝛾M1
. (9)

Note that Eq. (8) is specified in prEN 1993-1-4 [44] for I-section
members and, in the absence of further guidance, is assumed herein to
be also applicable to angles. Comparisons of the test and FE ultimate
capacities 𝑁u with the resistances predicted by EC3 𝑁b,EC3 are made
in Table 9, where a distinction is drawn between the members based
on the direction of the applied loading eccentricity. Comparisons are
also shown in Fig. 25, where 𝑅u signifies the test/FE ultimate capacity
under combined loading, defined thus:

𝑅u =
√

𝑁2
u +𝑀2

u , (10)

and 𝑅b,Rd is the resistance under combined loading, given by:

𝑅b,Rd =
√

𝑁2
b,Rd +𝑀2

b,Rd, (11)

with 𝑅b,EC3 and 𝑅b,prop referring to the EC3 [44] and proposed re-
sistances, respectively. The angle 𝜃 is illustrated in Fig. 26 and is
calculated as:

𝜃 = arctan
(𝑀u∕𝑀b,Rd

𝑁u∕𝑁b,Rd

)

= arctan
[𝑁b,Rd(𝑒0 + 𝑒N,𝑣)

𝑀b,Rd

]

. (12)

The EC3 resistance predictions can be seen to be scattered. For cases
where the section legs are in compression (see Fig. 25(a)), the scatter
of the results is more significant for intermediate to high values of 𝜃,
and there are a number of predictions on the unsafe side; this is owing
to the fact that lateral–torsional buckling is ignored for the minor-axis
bending of angles in the current EC3 guidance [6,7]. On the other hand,
an overestimation of the shift of the effective centroid [33] and the loss
of effectiveness due to local buckling result in conservative predictions
for other cases in the same group of data. For cases where the tips
of the cross-section legs are in tension (see Fig. 25(b)), the predicted
resistances are generally conservative for low 𝜃 values i.e. where axial
compression is dominant; this is owing to the double-counting of the
same buckling mode (i.e. torsional and local buckling) in EC3 [2–5].
A new interaction curve, anchored to the end points determined on
the basis of the new proposals in [6,7], is needed to provide more
accurate resistance predictions for pin-ended stainless steel equal-leg
angle section members under combined compression and minor-axis
bending.

7. New design proposals

Recent proposals for the design of stainless steel equal-leg an-
gle section fixed-ended columns [5] and simply-supported beams [7],
along with the expression proposed in [2] for determining the shift
of the effective centroid, are adopted in the present paper to develop

new proposals for the design of pin-ended stainless steel angle section
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Fig. 21. Comparisons of typical load 𝑁 versus (a) end-shortening and (b) mid-height lateral displacement curves from a beam–column test and FE model for a specimen (Specimen
11) examined in the present study with 𝐿 = 400 mm and 𝜔g = 36.7 mm.

Fig. 22. Comparison of test and FE results for pin-ended stainless steel equal-leg angle section columns and beam–columns bending about the minor axis against EC3 interaction
curve for the cases where the loading eccentricities are applied in (a) the positive direction (i.e. the tips of the cross-section legs are in compression) and (b) the negative direction
(i.e. the tips of the cross-section legs are in tension).

Fig. 23. Variation in normalised ultimate capacity with loading eccentricity for equal-leg angles with (a) �̄�p = 1.0 and (b) �̄�p = 2.0.
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e
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Fig. 24. Equilibrium paths from geometrically and materially nonlinear analyses for equal-leg angles with (a) �̄�p = 1.0 and (b) �̄�p = 2.0.
Fig. 25. Comparisons of test and FE results with EC3 ultimate capacities for pin-ended stainless steel equal-leg angle section columns and beam–columns for the cases where the
ccentricities are applied in (a) the positive direction (i.e. the tips of the cross-section legs are in compression) and (b) the negative direction (i.e. the tips of the cross-section legs
re in tension).
Table 9
Summary of comparisons of test and FE results with EC3 resistance predictions for pin-ended stainless steel equal-leg angle section columns and beam–columns bending about the
minor axis.

Source Manufacturing process Stainless steel family Evaluation parameter 𝑁u∕𝑁b,EC3

Tips in compression Tips in tension Total

FE

Hot-rolled

Austenitic Mean 1.90 1.60 1.76
CoV 0.42 0.47 0.45

Duplex Mean 1.96 1.81 1.89
CoV 0.47 0.62 0.54

Ferritic Mean 1.95 1.70 1.84
CoV 0.43 0.55 0.48

Cold-formed

Austenitic Mean 2.05 1.71 1.90
CoV 0.46 0.48 0.48

Duplex Mean 2.14 1.91 2.03
CoV 0.50 0.57 0.53

Ferritic Mean 2.11 1.75 1.95
CoV 0.47 0.49 0.49

Test Hot-rolled Austenitic Mean 1.61 1.50 1.60
CoV 0.38 0.08 0.36
14



Journal of Constructional Steel Research 208 (2023) 107973B. Behzadi-Sofiani et al.

𝜒

𝛥

w

𝑝

w

𝜆

F
f
v
4
b

7

s
c

𝑁

T
f

7

e
i

𝑀

Fig. 26. Definition of parameters 𝑅u, 𝑅b,Rd and 𝜃.

columns and beam–columns with bending about the minor axis. The
proposed new design formula is given by:

𝑁Ed
𝑁b,Rd

+ 𝑘𝑣𝑣

(

𝑀𝑣,Ed + 𝛥𝑀𝑣,Ed
)

𝑀b,𝑣,Rd
⩽ 1.0, (13)

where 𝑁b,Rd and 𝑀b,𝑣,𝑅𝑑 are the member buckling resistances under
axial compression and bending about the minor 𝑣–𝑣 axis, respectively.
The new proposals for 𝑁b,Rd [5] and 𝑀b,𝑣,𝑅𝑑 [7] are summarised in the
subsequent subsections.

7.1. Member buckling resistance under axial compression

7.1.1. Torsional-flexural buckling critical (i.e. 𝑁cr,TF ⩽ 𝑁cr,F,𝑣)
The proposed design expression for determining the buckling resis-

tance of stainless steel equal-leg angle section members under compres-
sion [5] when torsional-flexural buckling is critical, is given thus:

𝑁b,Rd =
𝜒TF𝐴𝑓y
𝛾M1

, (14)

noting that the gross area 𝐴 is used for all classes of cross-section. In
Eq. (14):

𝜒TF = 𝜒F + 𝛥F
(

𝜒T − 𝜒F
)

(15)

in which the torsional buckling reduction factor 𝜒T is given by:

𝜒T =
�̄�TF − 0.188

�̄�2TF
and 𝜒T ⩽ 1.0 (16)

the flexural buckling reduction factor 𝜒F is given by:

F = 1

𝜙 +
√

𝜙2 − �̄�2TF

and 𝜒F ⩽ 1.0 (17)

and 𝛥F is given thus:

F =
(

1 −
𝑁cr,TF

𝑁cr,F,𝑣

)𝑝

(18)

here:

=

{

2.0�̄�TF for �̄�TF ⩽ 2.0
2.93�̄�0.45TF for �̄�TF > 2.0

(19)

ith the torsional-flexural slenderness �̄�TF and 𝜙 being given thus:

̄TF =

√

𝐴𝑓y
𝑁cr,TF

, (20)

𝜙 = 0.5
[

1 + 1.45𝛼
(

�̄� − 0.2
)1.45 + �̄�2

]

. (21)
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TF TF
or the imperfection factor 𝛼, values of 0.6 and 0.49 are recommended
or hot-rolled and cold-formed stainless steel angles, respectively. The
alue of 0.6 is also used for laser-welded sections in prEN 1993-1-
[44,48], but could be relaxed to 0.76 if retention of the traditional

uckling curves (i.e. curve d in this case) was desirable.

.1.2. Minor-axis flexural buckling critical (i.e. 𝑁cr,F,𝑣 < 𝑁cr,TF)
The proposed design expression for determining the buckling re-

istance of stainless steel equal-leg angle section members under axial
ompression [5], when minor-axis flexural buckling is critical is:

b,Rd =
𝜒F𝐴𝑓y
𝛾M1

(22)

where:

𝜒F = 1
𝜙 +

√

𝜙2 − �̄�2
and 𝜒F ⩽ 1.0 (23)

in which the normalised slenderness �̄� and 𝜙 are given by:

�̄� =

√

𝐴𝑓y
𝑁cr,F,𝑣

(24)

𝜙 = 0.5
[

1 + 𝛼𝛽
(

�̄� − 0.2
)𝛽 + �̄�2

]

(25)

with 𝛽 being a factor allowing for the influence of interactive (torsional-
flexural and minor-axis flexural) buckling:

𝛽 = 1.9 − 0.45
𝑁cr,TF

𝑁cr,F,𝜈
and 1.0 ⩽ 𝛽 ⩽ 1.45. (26)

he imperfection factor remains as specified above: 𝛼 = 0.6 and 𝛼 = 0.49
or hot-rolled and cold-formed stainless steel angles, respectively.

.2. Member buckling resistance under minor-axis bending

For determining the member buckling resistance of stainless steel
qual-leg angle section members under minor-axis bending, the follow-
ng expression is proposed [7]:

b,𝑣,Rd =
𝜒𝑊pl,𝑣𝑓y

𝛾M1
(27)

in which the plastic section modulus 𝑊pl,𝑣 is used for all classes of
cross-section. In Eq. (27):

𝜒 = 1

𝜙 +
√

𝜙2 − �̄�2max,𝑣

and 𝜒 ⩽ 1.0 (28)

in which the maximum normalised slenderness �̄�max,𝑣 and 𝜙 are given
by:

�̄�max,𝑣 =

√

𝑊pl,𝑣𝑓y
𝑀cr

(29)

𝜙 = 0.5
[

1 + 0.13
(

�̄�max,𝑣 − 0.40
)

+ �̄�2max,𝑣

]

(30)

where 𝑀cr is the minimum of the minor-axis lateral–torsional 𝑀cr,LT,𝑣
and the Brazier flattening 𝑀cr,Br critical buckling moments.

7.3. Interaction factor 𝑘𝑣𝑣

The suitability of the existing interaction factor 𝑘𝑣𝑣 for use with the
new proposed end points of the interaction curve (i.e. the axial and
bending resistances set out in Sections 7.1 and 7.2) is assessed herein.
The expression for the interaction factor 𝑘𝑣𝑣 takes the general bilinear
form given thus:

𝑘𝑣𝑣 = 1 +
(

𝐷1�̄� +𝐷2
)

𝑛𝑣, (31)

where 𝐷1 and 𝐷2 are constants. Eq. (31) can be rearranged into the
following expression:
𝑘𝑣𝑣 − 1

= 𝐷1�̄� +𝐷2. (32)

𝑛𝑣
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Fig. 27. Comparisons of test and FE results with the existing EC3 and proposed interaction factors 𝑘𝑣𝑣 for combined compression and bending about the minor axis for the cases
where the loading eccentricities are applied in (a) the positive direction (i.e. the tips of the cross-section legs are in compression) and (b) the negative direction (i.e. the tips of
the cross-section legs are in tension).
The (𝑘𝑣𝑣−1)∕𝑛𝑣 values corresponding to the test and FE results are plot-
ted against the critical normalised slenderness, �̄�TF or �̄�, in Figs. 27(a)
and 27(b) for cases with positive and negative initial loading eccentrici-
ties, respectively. The bilinear EC3 expression for the interaction factor
for I-sections (i.e. 𝐷1 = 2.8 and 𝐷2 = −1.4 with an upper boundary of
.96) is also shown, and can be seen to lie generally on the safe side of
i.e. above) the experimental and numerical results, but excessively so.
ew expressions were therefore sought that provide a closer match to

he data [53]; the following expressions are proposed:

or tips in compression 𝑘𝑣𝑣 =

{

1 +
(

2�̄� − 1
)

𝑛𝑣 for �̄� ⩽ 1.0
1 + 𝑛𝑣 for �̄� > 1.0,

(33)

For tips in tension 𝑘𝑣𝑣 =

{

1 +
(

1.2�̄� − 1
)

𝑛𝑣 for �̄� ⩽ 2.5
1 + 2𝑛𝑣 for �̄� > 2.5.

(34)

7.4. Assessment of design proposals

A summary of the comparisons of the test and FE capacities with
the resistance predictions determined according to the new design
proposals 𝑁b,prop is presented in Table 10 and Fig. 28. By comparing
Figs. 25 and 28, it can be seen that the resistance predictions are
significantly improved (noting the substantial difference in the vertical
axis scale used in Figs. 25 and 28) for pin-ended stainless steel angles
under compression and combined loading using the new proposals
relative to the current Eurocode 3 provisions.

7.5. Reliability analysis

The reliability of both the prEN 1993-1-1 [44] and newly proposed
design approaches for pin-ended stainless steel equal-leg angle section
members subjected to compression and combined loading is evaluated
in accordance with [54]. As provided in Afshan et al. [55], the material
over-strength factor 𝑓y,m∕𝑓y,n (i.e. the ratio of the mean to the nominal
yield strength) and the corresponding CoV of the yield strength 𝑉𝑓y
were taken as 1.3 and 0.06 for austenitic, 1.1 and 0.03 for duplex, and
1.2 and 0.045 for ferritic stainless steel, while the CoV of the Young’s
modulus was taken as 0.03. The CoV of the cross-sectional area 𝑉A was
obtained based on the parameters of the geometric dimensions pro-
vided in Annex E of [56] and adopting the procedure outlined in [55],
which led to a 𝑉A value equal to 0.03. Following Annex E of [56], the
mean values of the Young’s modulus and all the geometric properties
were taken equal to the nominal values. A summary of the reliability
analysis procedure is provided in [4]. The key reliability analysis results
16
are presented in Tables 11 and 12 for the current EC3 rules and the
new design proposals, respectively, where the design fractile factor
𝑘d,n, the CoV of the test and FE resistances relative to the predictions
from the resistance model 𝑉𝛿 , and the combined CoV, incorporating
the variability of the resistance model and the basic variables 𝑉r , were
calculated in accordance with [54]; 𝛾∗M1 is the required value of the
partial safety factor taken as the mean value for all test and FE results
and determined following the approach in [55], while 𝛾M1 is the target
partial safety factor value (equal to 1.1) and fa is the acceptance limit
[57], given thus:

fa = 1.03 + 0.75(𝑉r − 0.04) with 1.03 ⩽ fa ⩽ 1.15. (35)

The ratio 𝛾∗M1∕𝛾M1 should satisfy:

𝛾∗M1∕𝛾M1 ⩽ fa. (36)

A graphical comparison between the obtained 𝛾∗M1∕𝛾M1 values and the
acceptance limit fa is presented in Fig. 29 for the new design method.
The current EC3 design expressions clearly lead to unacceptably high
𝛾∗M1 values, owing principally to the excessively high scatter of the
resistance predictions. On the other hand, the proposed design method
leads to

(

𝛾∗M1∕𝛾M1
)

∕fa ratios less than 1.0 for both hot-rolled and cold-
formed stainless steel members and is therefore considered to satisfy the
reliability requirements. Note that, even with the proposed design rules,
owing to the relatively high scatter associated with the sensitive buck-
ling response of pin-ended angle section columns and beam–columns
compared to, for example, I-section and hollow section [55] members
failing by flexural buckling, the mean test/FE to predicted resistance ra-
tios need to be somewhat higher (i.e. higher 𝑏 values) than is customary
in order to satisfy the reliability requirements.

8. Conclusions

A comprehensive study into the behaviour and design of pin-ended
stainless steel equal-leg angle section members subjected to compres-
sion and combined compression and minor-axis bending has been
presented herein. A programme of physical experiments on pin-ended
hot-rolled austenitic stainless steel angle section columns and beam–
columns, together with supporting material tests and initial geometric
imperfection measurements, was first reported. Finite element models
were then developed and validated against the reported test results and
additional test results from the literature; good agreement between the
test and FE results was found. A parametric study was subsequently
conducted on both hot-rolled and cold-formed angle section columns

and beam–columns in austenitic, duplex and ferritic stainless steel
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Fig. 28. Comparisons of test and FE results with resistance predictions determined according to the new design proposals for pin-ended stainless steel equal-leg angle section
columns and beam–columns for the cases where the loading eccentricities are applied in (a) the positive direction (i.e. the tips of the cross-section legs are in compression) and
(b) the negative direction (i.e. the tips of the cross-section legs are in tension).
Table 10
Summary of comparisons of test and FE results with resistance predictions according to the new proposals for pin-ended stainless steel equal-leg angle section columns and
beam–columns bending about the minor axis.

Source Manufacturing process Stainless steel family Evaluation parameter 𝑁u∕𝑁b,EC3

Tips in compression Tips in tension Total

FE

Hot-rolling

Austenitic Mean 1.26 1.24 1.25
CoV 0.12 0.18 0.15

Duplex Mean 1.33 1.34 1.34
CoV 0.10 0.19 0.14

Ferritic Mean 1.29 1.31 1.30
CoV 0.10 0.20 0.16

Cold-forming

Austenitic Mean 1.25 1.27 1.26
CoV 0.14 0.18 0.16

Duplex Mean 1.34 1.37 1.35
CoV 0.12 0.21 0.17

Ferritic Mean 1.29 1.30 1.30
CoV 0.13 0.17 0.15

Test Hot-rolling Austenitic Mean 1.19 1.13 1.18
CoV 0.11 0.05 0.11
Table 11
Reliability analysis results for pin-ended stainless steel angle section columns and beam–columns bending about the minor axis for the current EC3 methodology.

Source Manufacturing process Stainless steel family Part in compression 𝑘d,n 𝑏 𝑉𝛿 𝑉r 𝛾∗M1

𝛾∗M1

𝛾M1
𝑓a

𝛾∗M1∕𝛾M1

𝑓a

FE

Hot-rolling

Austenitic Tips 3.098 1.896 0.406 0.411 1.76 1.60 1.15 1.39
Corner 3.098 1.595 0.377 0.382 1.83 1.67 1.15 1.45

Duplex Tips 3.098 1.956 0.480 0.481 2.27 2.06 1.15 1.79
Corner 3.098 1.812 0.464 0.466 2.30 2.09 1.15 1.82

Ferritic Tips 3.098 1.952 0.415 0.418 1.83 1.66 1.15 1.45
Corner 3.098 1.697 0.399 0.402 1.91 1.74 1.15 1.51

Cold-forming

Austenitic Tips 3.098 2.047 0.445 0.449 1.88 1.71 1.15 1.49
Corner 3.098 1.713 0.388 0.392 1.77 1.61 1.15 1.40

Duplex Tips 3.098 2.138 0.501 0.502 2.22 2.02 1.15 1.75
Corner 3.098 1.907 0.459 0.460 2.15 1.96 1.15 1.70

Ferritic Tips 3.098 2.114 0.455 0.457 1.93 1.76 1.15 1.53
Corner 3.098 1.746 0.385 0.388 1.79 1.63 1.15 1.41

Test Hot-rolling Austenitic Tips 3.334 1.606 0.282 0.287 1.44 1.31 1.15 1.14
Corner 3.334 1.500 0.076 0.094 0.78 0.71 1.07 0.66
covering a spectrum of cross-section and member geometries and load
combinations, with some 7920 numerical results being generated. The
FE results, combined with the test results, were used to assess the
current EC3 design provisions for pin-ended stainless steel equal-leg
17
angle section columns and beam–columns. The resistance predictions
were found to be highly scattered relative to the test and numerical
data, with results on both the conservative and unsafe side, depending
on the load combination. For column buckling resistance, the current
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Table 12
Reliability analysis results for pin-ended stainless steel angle section columns and beam–columns bending about the minor axis for the new design proposals.

Source Manufacturing process Stainless steel family Part in compression 𝑘d,n 𝑏 𝑉𝛿 𝑉r 𝛾∗M1

𝛾∗M1

𝛾M1
𝑓a

𝛾∗M1∕𝛾M1

𝑓a

FE

Hot-rolling

Austenitic Tips 3.098 1.257 0.118 0.135 1.12 1.02 1.10 0.92
Corner 3.098 1.238 0.164 0.176 1.21 1.10 1.13 0.97

Duplex Tips 3.098 1.334 0.096 0.103 1.02 0.93 1.08 0.86
Corner 3.098 1.340 0.179 0.183 1.25 1.14 1.14 1.00

Ferritic Tips 3.098 1.293 0.104 0.116 1.06 0.96 1.09 0.88
Corner 3.098 1.307 0.174 0.181 1.22 1.11 1.14 0.98

Cold-forming

Austenitic Tips 3.098 1.255 0.139 0.154 1.20 1.09 1.12 0.98
Corner 3.098 1.275 0.167 0.178 1.18 1.08 1.13 0.95

Duplex Tips 3.098 1.342 0.118 0.124 1.09 0.99 1.09 0.90
Corner 3.098 1.369 0.184 0.188 1.26 1.14 1.14 1.00

Ferritic Tips 3.098 1.293 0.129 0.139 1.14 1.04 1.10 0.94
Corner 3.098 1.300 0.159 0.166 1.17 1.06 1.12 0.95

Test Hot-rolling Austenitic Tips 3.334 1.187 0.103 0.119 1.03 0.94 1.09 0.86
Corner 3.334 1.128 0.047 0.074 0.93 0.85 1.06 0.80
D
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Fig. 29. Comparison of 𝛾∗M1∕𝛾M1 ratios with acceptance limit fa for new design
roposals.

C3 design provisions account for torsional/local buckling twice, which
s the primary source of the observed conservatism. For angles sub-
ected to bending about the minor axis, lateral–torsional buckling can
ccur, and ignoring this mode of buckling results in unconservative
esistance predictions. In addition, the shift of the effective centroid
s over-estimated in the current guidance, resulting in a corresponding
ver-estimation of the minor-axis bending moment. These issues, to-
ether with an absence of a specific interaction curve for angle section
embers, lead to the inaccurate EC3 resistance predictions. A new
esign approach for pin-ended stainless steel angle section members
nder compression and combined loading, reflecting the above findings
as been proposed. Overall, the new design proposals have been shown
o lead to significantly more accurate and reliable resistance predictions
or both hot-rolled and cold-formed pin-ended stainless steel equal-leg
ngle section columns and beam–columns.
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