-

View metadata, citation and similar papers at core.ac.uk brought to you byf: CORE

provided by University of Strathclyde Institutional Repository

a3y,
D)
Universityof ~“~2>"

Strathclyde

Glasgow

Strathprints Institutional Repository

Yousefi, A.M. and Lim, J.B.P. and Uzzaman, A. and Lian, Y. and Clifton,
G.C. and Young, B. (2016) Web crippling design of cold-formed duplex
stainless steel lipped channel-sections with web openings under end-
one-flange loading condition. In: 11th Pacific Structural Steel
Conference, 2016-10-29 - 2016-10-31, Crowne Plaza Shanghai. ,

This version is available at http://strathprints.strath.ac.uk/58444/

Strathprints is designed to allow users to access the research output of the University of
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights
for the papers on this site are retained by the individual authors and/or other copyright owners.
Please check the manuscript for details of any other licences that may have been applied. You
may not engage in further distribution of the material for any profitmaking activities or any
commercial gain. You may freely distribute both the url (http://strathprints.strath.ac.uk/) and the
content of this paper for research or private study, educational, or not-for-profit purposes without
prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:
strathprints@strath.ac.uk



https://core.ac.uk/display/77034646?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk

11th Pacific Structural Steel Conference
Shanghai, China, October 26-28, 2016

WEB CRIPPLING DESIGN OF COLD-FORMED DUPLEX STAINLESS STEEL LIPPED
CHANNEL-SECTIONS WITH WEB OPENINGS UNDER END-ONE-FLANGE LOADING
CONDITION

A.M. Yousefi?, J.B.P. Lim*?, A. Uzzaman®, Y. Lian®, G.C. Clifton* and B. Young!

2 Department of Civil and Environmental Engineering, The University of Auckland, New Zealand

Emails: ayou561@aucklanduni.ac.nz, james.lim@auckland.ac.nz, c.cliffon@auckland.ac.nz

b Department of Mechanical and Aerospace Engineering, The University of Strathclyde, Glasgow, UK

Email: asraf.uzzaman@strath.ac.uk

¢ SPACE, David Keir Building, Queen’s University, Belfast, BT9 SAG, UK
Email: ylian01@qub.ac.uk

4 Department of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong
Email: young@hku.hk

Keywords: Cold-formed stainless steel; Lipped channel-section; Web crippling; Finite element analysis; Strength reduction factor.

Abstract. Cold-formed stainless steel sections are becoming more widely used in the residential and commercial sectors due to their
high corrosion resistance and high strength-to-weight ratio. However, their susceptibility to web crippling at points of concentrated
loading is well-known to be an important design issue. In addition, web openings are also become popular, as they improve ease of
installation of services. This paper presents the results of an investigation into the effect of web crippling on cold-formed duplex
stainless steel lipped channel-sections, having such openings, under the end-one-flange (EOF) loading condition. 728 non-linear
elasto-plastic finite element analyses are undertaken, with web openings located either centred above the bearing plate or offset to
bearing plate. The effect of the size of the web opening, length of bearing plate and location of the web opening is considered.

Strength reduction factor equations are proposed, that can be used to take into account such openings in design.

1 INTRODUCTION

Cold-formed stainless steel sections increasingly are been used in the construction industry, for both architectural as well as
structural applications (Nethercot et al. [1], Theofanous and Gardner [2], Kiymaz and Seckin [3]) and the use of web openings in such
sections is becoming increasingly popular (Lawson et. al. [4]). Such openings, however, result in the sections being more susceptible
to web crippling as a form of localized buckling, especially under concentrated loads applied to the bearing flange in the vicinity of the
openings.

The authors have recently proposed strength reduction factor equations for the web crippling strength of cold-formed stainless
steel lipped channel-sections with circular web openings under the one and two flange loadings (Yousefi et al. [5-9]). The equations
covered three stainless steel grades: duplex grade EN 1.4462; austenitic grade EN 1.4404 and ferritic grade EN 1.4003. Other than
Yousefi et al. [5-9] no previous research has considered the web crippling strength of cold-formed stainless steel lipped channel-
sections with circular web openings under either of the one or two-flange loading conditions. The work extended that of Lian et al.
[10-11] considering cold-formed stainless steel instead of cold-formed carbon steel. Conducting a parametric study of 2,218 cold-
formed stainless steel lipped channel-sections with various dimensions and thicknesses, the strength reduction factor equations
proposed by Lian et al. [10-11] were shown to be conservative by 2% for the duplex grade and around 9% for the austenitic and ferritic
grades.

For cold-formed carbon steel with circular web openings, Lian et al. [10-11] have considered the end-one-flange (EOF)
loading condition (see Figure 1). The work of Lian ef al. [10-11] was a continuation of the work of Uzzaman et al. [12-15] who
considered the two-flange loading condition. For cold-formed stainless steel lipped channel-sections without openings, only Krovink ef
al. [16] has considered the web crippling strength. Zhou and Young [17-20] have considered the web crippling strength of cold-formed
stainless steel tubular sections; Keerthan and Mahendran [21] and Keerthan et al. [22] considered the web crippling strength of hollow
flange channel beams. Research by Lawson et al. [4], while concerned with circular web openings, focussed on the bending strength of
the sections and not on the web crippling strength under concentrated loads.

This paper considers the web crippling strength of cold-formed stainless steel lipped channel-sections with web openings
subjected to the end-one-flange (EOF) loading condition (see Figure 2) for the duplex EN 1.4462 grade, as part of the authors’ works
on one and two flange loadings (Yousefi et al. [5-9]). Using the general purpose finite element program ABAQUS [23], 728 non-linear
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elasto-plastic finite element analyses are undertaken, with web openings located either centred above the bearing plate or offset to
bearing plate. The effect of the size of the web opening, length of bearing plate and location of the web opening is considered. Strength
reduction factor equations are proposed, that can be used to take into account such openings in design.
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Figure 2: End-one-flange (EOF) loading condition; (a) With web openings centred above bearing plate, (b) With web openings offset from bearing
plate
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2 EXPERIMENTAL INVESTIGATION AND FINITE ELEMENT MODELLING

For cold-formed carbon steel, Lian et al. [10-11] recently conducted 74 end-one-flange (EOF) tests, in the laboratory, on
lipped channel-sections with circular web openings under web crippling (see Figure 1). Figure 3 shows the definition of the symbols
used to describe the dimensions of the cold-formed carbon steel lipped channel-sections considered in the test programme. The
laboratory tests were used to validate a non-linear geometry elasto-plastic finite element model in ABAQUS [23], which was then used
for a parametric study, from which design recommendations were proposed in the form of strength reduction factor equations, relating
the loss of strength due to the web openings to the strength of the web without openings. The size of the circular web openings was
varied in order to investigate the effect of the web opening size on the web crippling strength. Full details of both the laboratory tests
and finite element models can be found in Lian et al. [10-11].

<
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Figure 3: Definition of symbols

The models have been coded such the nominal dimension of the model and the length of the bearing plate as well as the ratio of
the diameter of the circular web openings to the depth of the flat portion of the webs (a/h) can be determined from the coding system.
As an example, the label “142-N100-A0.2-FR” means the following. The first notation is the nominal depth of the models in
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millimeters. The notation "N100" indicates the length of bearing plate in millimeters (i.e. 100 mm). The notation "40.2" indicates the
ratio of the diameter of the openings to the depth of the flat portion of the webs (a/k) and are one of 0.2, 0.4, 0.6 and 0.8 (i.e. 40.2
means a/h = 0.2; A0.4 means a/h = 0.4 etc). Plain lipped channel-sections (i.e. without circular web openings) are denoted by "40".
The flange unfastened and fastened cases are identified as "FR" and "FX", respectively. Typical stress-strain curve for the duplex
stainless steel material, was taken from Chen and Young [24]. Comparative hot-rolled steel stress strain curves can be found in Yousefi
et al. [25] and Rezvani et al. [26].

Figure 4 compares the experimental and numerical load-displacement curves for a cold-formed carbon steel lipped channel-
section, 142x60x13-t1.3-N100-FR, covering the cases both with and without the circular web openings. As can be seen, there is good
agreement between the failure loads of the tested specimens and the finite element results. For cold-formed stainless steel lipped
channel-sections, the numerical failure loads with and without circular web openings were then determined for the duplex grade EN
1.4462.

These results were compared with the failure loads calculated in accordance with ASCE [27], NAS [28] and Eurocode-3 [29]
(see Table 1). The failure loads predicted from the finite element model are similar to the standard codified failure loads of the
sections.
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Figure 4: Comparison of finite element results and experimental test results for 142x60x13-t1.3-N100 (Lian et al. [10-11])
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Table 1: Comparison of numerical results with design strength for the case of flange fastened to the bearing plate without circular web opening

Specimen Web Bearing Bearing Inside bend Failure Web crippling strength per
slenderness length to length to web  radius to load per web predicted from current Comparison
thickness height ratio thickness web design codes
ratio ratio
h/t N/t N/h ri/t Prea Pnas Pasce PEuro P/Pna P/Pasc P/ PEuro
S E
(kN) (kN) (kN)
142-N100 ~ 114.01 81.3 0.71 39 3.11 587 2.4 2.73 053 110 1.14
142-N120 11167 %6 0.86 3.84 323 595 2.86 2.83 054 113 1.14
142-N150  112.64 12097 107 3.87 3.55 639 315 324 056 113 1.10
202-N100  147.62 74.07 0.5 3.7 327 669 331 3.13 049  0.99 1.04
202-N120  147.68 88.89 0.6 3.7 3.52 717 359 3.51 049 098 1.00
202-N150  147.72 HL1 075 3.7 3.89 782 401 408 050 097 0.95
302-N100  157.69 52.63 033 2.63 5.80 1114 6.02 5.53 052 0.9 1.05
302-N120 15713 63.16 0.4 2.63 6.21 1190  6.56 6.01 052 095 1.03
302-N1s0  157.67 78.95 0.5 2.63 6.85 1293 7.18 6.87 0.53 0.95 1.00
Mean, Pm 0.52 1.02 1.05
Coefficient of variation 0.05 0.08 0.06

3 PARAMETRIC STUDY FOR DUPLEX STAINLESS STEEL GRADE

In this study, in order to investigate the effect of circular web openings on the web crippling strength of cold-formed stainless
steel lipped channel-sections, a total of 728 finite element models of lipped channel-sections with various dimensions and thicknesses
were considered for the duplex EN1.4462 stainless steel grade. Table 2 shows the web crippling strengths determined from finite
element analyses for the duplex EN 1.4462 stainless steel grade. The web crippling strengths for sections with circular web openings
were divided by that for sections without web openings and considered as the strength reduction factor (R). The effects of parameters
such as the web opening diameters (a), length of bearing plates (V) and location of web openings in the web (x) on web crippling
strength is shown in Figures 5-7 for the C142 specimen. As can be seen, the reduction in strength increases as the parameter a/h
increases. The reduction in strength of the flange unfastened case is more than fastened case and the reduction in strength increases as
the section becomes thinner. Also, it can be seen that the reduction in strength is more sensitive to the horizontal distance of the web
opening to the bearing plate and the reduction in strength is slightly less for the flange fastened case, compared with the flange
unfastened case.
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Table 2: Web crippling strengths of duplex stainless steel sections predicted from finite element analysis
a: a/h for centred circular web opening case

Specimen Thickness  Unfastened FEA load per web, Pra Fastened FEA load per web, Prea
¢ A0)  A(0.2) A@04) A0.6) A0S | A0) A02) A04) A@0.6) A0.8)
(mm) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)

142-N100-FR 1.27 2.45 2.37 2.05 1.66 - 3.68 3.55 3.07 2.67 -
142-N100-FR 4.00 21.99 21.79 20.74 20.32 - 27.98 27.94 27.74 25.84 -
142-N100-FR 6.00 31.36 31.33 31.16 30.27 - 34.88 34.84 34.66 33.75 -
142-N120-FR 1.27 2.71 2.64 2.29 1.91 - 3.77 3.63 3.23 2.82 -
142-N120-FR 4.00 20.98 20.92 20.89 20.06 - 27.50 27.47 27.33 26.70 -
142-N120-FR 6.00 30.87 30.74 30.59 30.09 - 34.35 34.32 34.16 33.58 -
142-N150-FR 1.28 2.89 2.80 2.47 2.12 1.76 4.10 3.96 3.58 3.18 2.74
142-N150-FR 4.00 20.93 20.85 20.50 19.96 17.25 26.69 26.67 26.57 26.13 22.95
142-N150-FR 6.00 29.89 29.86 29.73 29.35 27.24 33.75 33.72 33.57 33.20 29.84
202-N100-FR 1.39 2.45 2.38 2.05 - - 3.72 3.57 3.06 - -
202-N100-FR 4.00 22.46 21.89 18.06 - - 30.35 30.12 26.59 - -
202-N100-FR 6.00 32.57 32.51 31.97 - - 35.86 35.79 35.46 - -
202-N120-FR 1.39 2.57 2.49 2.20 1.73 - 3.97 3.80 3.31 2.78 -
202-N120-FR 4.00 22.39 22.36 19.47 14.64 - 30.30 30.18 29.30 22.41 -
202-N120-FR 6.00 32.32 32.27 32.00 29.37 - 35.59 35.53 35.28 33.46 -
202-N150-FR 1.39 2.70 2.62 2.34 1.92 - 4.31 4.13 3.68 3.08 -
202-N150-FR 4.00 22.15 21.73 21.01 16.68 - 29.76 29.68 29.32 27.55 -
202-N150-FR 6.00 31.75 31.70 31.50 30.65 - 35.19 35.14 34.92 34.17 -
302-N100-FR 1.98 4.62 4.47 - - - 6.54 6.29 - - -
302-N100-FR 4.00 21.45 20.16 - - - 30.04 28.95 - - -
302-N100-FR 6.00 32.97 32.78 - - - 36.34 36.23 - - -
302-N120-FR 1.98 4.78 4.61 3.82 - - 6.93 6.63 5.36 - -
302-N120-FR 4.00 22.24 20.91 16.82 - - 30.90 30.13 24.93 - -
302-N120-FR 6.00 32.90 32.78 31.39 - - 36.17 36.09 35.36 - -
302-N150-FR 1.99 5.02 4.89 4.00 - - 7.55 7.20 5.94 - -
302-N150-FR 4.00 23.06 21.87 17.95 - - 31.16 30.78 27.71 - -
302-N150-FR 6.00 32.67 32.58 31.94 - - 35.99 35.92 35.57 - -




b: a/h for offset circular web opening case

Specimen Thickness Unfastened FEA load per web, Prea Fastened FEA load per web, Prea
T A(0) A(0.2) A0.4) A(0.6) A(0) A(0.2) A(0.4) A(0.6)
(mm) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)
142-N100-FR 1.27 2.45 2.45 2.40 2.32 3.68 3.66 3.58 3.47
142-N100-FR 4.00 21.97 21.93 21.72 19.95 27.98 27.94 27.62 24.44
142-N100-FR 6.00 31.37 31.31 30.99 28.81 34.88 34.76 34.48 32.60
142-N120-FR 1.27 2.73 2.72 2.68 2.60 3.77 3.76 3.69 3.59
142-N120-FR 4.00 21.72 21.68 21.46 19.51 27.50 27.46 27.11 23.87
142-N120-FR 6.00 30.78 30.71 30.38 28.07 34.35 34.29 33.95 32.02
142-N150-FR 1.28 2.90 2.90 2.87 2.77 4.10 4.08 4.03 3.94
142-N150-FR 4.00 20.94 20.90 20.65 18.53 26.69 26.66 26.23 24.41
142-N150-FR 6.00 29.89 29.83 29.46 26.90 33.75 33.68 33.34 31.28
202-N100-FR 1.39 2.45 2.42 2.32 2.14 3.72 3.71 3.62 341
202-N100-FR 4.00 22.46 22.34 21.90 20.44 30.35 30.27 29.92 27.82
202-N100-FR 6.00 32.57 32.48 32.09 30.75 35.86 35.76 35.36 34.06
202-N120-FR 1.39 2.57 2.53 2.44 2.28 3.97 3.95 3.85 3.68
202-N120-FR 4.00 22.39 22.28 21.86 20.71 30.30 30.23 29.86 26.11
202-N120-FR 6.00 32.32 32.23 31.85 30.47 35.59 35.50 35.10 33.80
202-N150-FR 1.39 2.70 2.67 2.57 2.44 431 4.29 4.19 4.06
202-N150-FR 4.00 22.15 22.06 21.77 20.57 29.76 29.69 29.32 26.84
202-N150-FR 6.00 31.75 31.66 31.29 29.80 35.19 35.10 34.71 33.39
302-N100-FR 1.98 4.62 4.62 4.40 4.08 6.54 6.41 6.19 5.94
302-N100-FR 2.00 21.45 21.22 20.65 19.82 30.04 29.93 29.56 28.62
302-N100-FR 4.00 32.97 32.85 32.39 31.08 36.34 36.24 35.80 34.50
302-N120-FR 1.98 4.78 4.78 4.57 4.30 6.93 6.81 6.63 6.41
302-N120-FR 2.00 22.24 22.03 21.50 20.63 30.90 30.79 30.39 29.20
302-N120-FR 4.00 32.90 32.79 32.33 31.00 36.17 36.07 35.64 3433
302-N150-FR 1.99 5.09 5.05 4.89 4.63 7.55 7.47 7.31 7.06
302-N150-FR 2.00 23.06 22.90 22.39 21.38 31.16 31.05 30.63 29.30
302-N150-FR 4.00 32.67 32.56 32.11 30.78 35.99 35.90 35.47 34.18
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c: x/h for offset circular web opening case

Specimen Thickness Unfastened FEA load per web, P(re4) Fastened FEA load per web, Prea
‘ X0)  X(02)  X04)  X0.6) | X0)  X02  X04)  X(0.6)
(mm) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)
142-N100-A0-FR 1.27 2.38 2.38 2.38 2.38 3.63 3.63 3.63 3.63
142-N100-A0.2-FR 1.27 2.33 2.34 2.35 2.36 3.57 3.58 3.60 3.62
142-N100-A0.4-FR 1.27 2.18 2.22 2.26 2.29 3.39 3.44 3.50 3.53
142-N100-A0.6-FR 1.27 1.99 2.07 2.14 2.20 3.16 3.24 3.32 3.37
142-N100-A0.8-FR 1.27 - - - - - - - -
142-N120-A0-FR 1.27 2.68 2.68 2.68 2.68 3.74 3.74 3.74 3.74
142-N120-A0.2-FR 1.27 2.63 2.64 2.65 2.63 3.68 3.69 3.71 3.73
142-N120-A0.4-FR 1.27 2.39 2.43 2.47 2.39 3.51 3.56 3.61 3.63
142-N120-A0.6-FR 1.27 2.22 2.29 2.36 2.22 3.29 3.37 3.43 3.47
142-N120-A0.8-FR 1.27 --- --- - - - - --- ---
142-N150-A0-FR 1.28 2.74 2.74 2.74 2.74 4.07 4.07 4.07 4.07
142-N150-A0.2-FR 1.28 2.69 2.70 2.70 2.71 4.01 4.02 4.04 4.06
142-N150-A0.4-FR 1.28 2.56 2.60 2.62 2.65 3.86 391 3.94 3.96
142-N150-A0.6-FR 1.28 2.42 2.47 2.53 2.57 3.66 3.71 3.75 3.79
142-N150-A0.8-FR 1.28 2.38 2.47 2.53 2.55 - - - -
202-N100-A0-FR 1.39 2.26 2.26 2.26 2.26 3.72 3.72 3.72 3.72
202-N100-A0.2-FR 1.39 2.21 2.22 2.22 2.37 3.63 3.64 3.68 3.71
202-N100-A0.4-FR 1.39 2.05 2.17 2.23 2.26 3.45 3.54 3.55 3.61
202-N100-A0.6-FR 1.39 1.81 1.86 1.92 1.98 3.08 3.21 3.33 3.38
202-N120-A0-FR 1.39 2.38 2.38 2.38 2.38 3.96 3.96 3.96 3.96
202-N120-A0.2-FR 1.39 2.28 2.28 2.29 2.42 3.67 3.71 3.93 3.96
202-N120-A0.4-FR 1.39 2.16 2.19 2.21 2.37 3.65 3.74 3.80 3.85
202-N120-A0.6-FR 1.39 1.92 2.07 2.07 2.22 3.39 3.49 3.56 3.61
202-N150-A0-FR 1.45 2.51 2.51 2.51 2.51 4.33 4.33 4.33 4.33
202-N150-A0.2-FR 1.45 2.46 2.47 2.47 2.60 4.26 4.29 4.32 4.34
202-N150-A0.4-FR 1.45 2.30 2.32 2.35 2.50 4.08 4.15 4.17 4.19
202-N150-A0.6-FR 1.45 2.11 2.19 2.25 2.37 3.80 3.88 3.93 4.01
302-N100-A0-FR 1.98 4.05 4.05 4.05 4.05 6.52 6.52 6.52 6.52
302-N100-A0.2-FR 1.98 3.95 3.97 4.01 4.05 6.35 6.49 6.50 6.54
302-N120-A0-FR 1.96 4.21 4.21 421 4.21 6.90 6.90 6.90 6.90
302-N120-A0.2-FR 1.96 4.14 4.18 4.22 4.23 6.71 6.78 6.85 6.89
302-N120-A0.4-FR 1.96 3.83 3.97 4.04 4.05 6.45 6.60 6.65 6.67
302-N120-A0.6-FR 1.96 3.38 3.61 3.72 3.78 - - - -
302-N150-A0-FR 1.99 4.53 4.53 4.53 4.53 7.88 7.88 7.88 7.88
302-N150-A0.2-FR 1.99 4.43 4.48 4.51 4.50 7.58 7.60 7.64 7.67
302-N150-A0.4-FR 1.99 4.11 4.24 431 4.32 7.19 7.24 7.26 7.41
302-N150-A0.6-FR 1.99 3.68 3.89 3.99 4.06 - - - -
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Figure 7: Variation in reduction factors with x/4 for C142 section with offset web opening
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4 PROPOSED STRENGTH REDUCTION FACTORS

Table 2 shows the dimensions considered and web crippling strengths of the duplex grade stainless steel sections
predicted from the finite element analysis. Using bivariate linear regression analysis, four new strength reduction factor
equations (Rp) for duplex stainless steel EN 1.4462 grade with web openings are proposed. The equations are as follows:

For centred web opening:
For the case where the flange is unfastened to the bearing plate,

a N
R =1.11-0.37(=)-0.04(—) <1 )
! h h
For the case where the flange is fastened to the bearing plate,
a N
R =1.08-0.33(—)-0.01(—) <1 )
! h h

For offset web opening:
For the case where the flange is unfastened to the bearing plate,

a X
R =0.91+0.19(—)+0.11(—) <1 ©)]
! h h
For the case where the flange is fastened to the bearing plate,
a X
R =0.89+0.24(=)+0.11(—) <1 (4)
! h h

The limits for the reduction factor equations (1), (2), (3) and (4) are h/t<157.8 N/t=120.97,
N/h<1.15,a/h<0.8,and 8 =90

5 COMPARISON OF NUMERICAL RESULTS WITH PROPOSED REDUCTION FACTORS

For the duplex stainless steel grade, the values of the strength reduction factor (R) obtained from the numerical results are
compared with the values of the proposed strength reduction factor (Rp) calculated using Eqgs. (1)-(4). The results for C142
are shown in Figure 8. In order to evaluate the accuracy of proposed equations, extensive statistical reliability analyses are
performed. The results are summarized in Table 3.

It should be noted, in calculating the reliability index, the resistance factor of ¢=0.85 was used, corresponding to the
reliability index p from the NAS specification. According to the NAS specification, design rules are reliable if the reliability
index are more than 2.5. As can be seen in Table 3, the proposed reduction factors are a good match with the numerical
results for the both cases of flanges unfastened and flanges fastened to the bearing plates.

For example, for the centred circular web opening, the mean value of the web crippling reduction factor ratios are 1.00
and 1.01 for the cases of flange unfastened and flange fastened to the bearing plate, respectively. The corresponding values of
COV are 0.03 and 0.03, respectively. Similarly, the reliability index values (f) are 2.82 and 2.86, respectively. For the offset
circular web opening, the mean value of the web crippling reduction factor ratios are 1.04 and 1.04 for the cases of flange
unfastened and flange fastened to the bearing plate, respectively. The corresponding values of COV are 0.04 and 0.05,
respectively. Similarly, the reliability index values (f) are 2.97 and 2.94, respectively.

Table 3: Statistical analysis of strength reduction factor for duplex stainless steel grade

Centred circular web opening Offset circular web opening
o R rE4) / Rp R rE4)/ Rp
Statistical parameters
Unfastened Fastened Unfastened Fastened
to bearing plate to bearing plate to bearing plate to bearing plate
Number of data 69 69 84 81

Mean, Pm 0.99 1.00 1.04 1.04
Coefficient of variation, V) 0.09 0.08 0.04 0.05
Reliability index, f 2.62 2.69 2.97 2.95
Resistance factor, ¢ 0.85 0.85 0.85 0.85
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Figure 8: Comparison of strength reduction factor for centred web opening where flange unfastened to bearing plate

Therefore, the proposed strength reduction factor equations are able to reliably predict the influence of the circular web
openings on the web crippling strengths of cold-formed stainless steel lipped channel-sections under the interior-one-flange
(IOF) loading condition.

6 CONCLUSIONS

In this paper, the effect of web openings on the end-one-flange (EOF) loading condition of cold-formed stainless steel
lipped channel-sections was investigated for duplex grade EN 1.4462. 728 non-linear elasto-plastic finite element analyses
were conducted with different sizes of channel-section and opening. From the results of the finite element parametric study,
four new web crippling strength reduction factor equations were proposed for the cases of both flange unfastened and flange
fastened to the bearing plates. In order to evaluate the reliability of the proposed reduction factor equations, a reliability
analysis was undertaken. It was demonstrated that the proposed strength reduction factors are generally conservative and
agree well with the finite element results. It was shown that the proposed strength reduction factors provide a reliable design

criteria when calibrated with a resistance factor of 0.85 (¢ = 0.85) .
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