O© 0 3O Ul » W

10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28

29
30

31
32
33

34
35

https://doi.org/10.1016/j.tws.2020.107298 This is the Pre-Published Version.

Design of lean duplex stainless steel tubular sections subjected to concentrated

end bearing loads at elevated temperatures

Yancheng Cai &, Feng Zhou °<", Liping Wang ¢ and Ben Young ?

a Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China
(Formerly, Department of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong, China)
b Department of Structural Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, China

¢ State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China

4 School of Civil Engineering, Central South University, Changsha, Hunan Province, China

Abstract

Design rules for web crippling of stainless steel tubular sections at elevated temperatures are currently
unavailable. In this study, non-linear finite element models (FEMs) were developed for the web
crippling of cold-formed lean duplex stainless steel (CFLDSS) square and rectangular hollow sections
under the concentrated end bearing loads, namely the loading conditions of End-One-Flange (EOF),
End-Two-Flange (ETF) and End Loading (EL). After successful validation of the FEMs, an extensive
parametric study of 210 CFLDSS tubular sections at elevated temperatures (up to 950 °C) was
performed. The appropriateness of the web crippling design rules in the current international
specifications and literature was examined by comparing their ultimate strength predictions with those
obtained from the parametric study. The material properties at room (ambient) temperature condition
were substituted by those at elevated temperatures. It was found that the predictions by the current
design specifications and the literature were generally unconservative and not reliable, while the
European Code provided reliable but generally very conservative predictions. A new design method
by using the Direct Strength Method was proposed for the web crippling of CFLDSS tubular sections
at elevated temperatures under the loading conditions of EOF, ETF and EL. The assessments indicated

that the predictions by using the new method were generally conservative and reliable.

Keywords: Concentrated bearing loads, direct strength method, elevated temperatures, lean duplex

stainless steel, finite element analysis, web crippling.
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1 Introduction

The alloying elements of stainless steel have been developing since its invention, with the aim
of providing better mechanical properties, and higher corrosion resistance or oxidation resistance in
the case of high temperature application [1]. The relatively new stainless steel, lean duplex stainless
steel (such as EN 1.4062 and EN 1.4162), is a high strength material with nominal 0.2% proof stress
of 450 MPa. It has economic advantages over the other types of conventional stainless steel due to the
much lower nickel content, around 1.5%. Furthermore, it still possesses the material properties as those
of conventional stainless steels. Hence, it is becoming an attractive choice as a construction material
in civil and structural engineering industry, for example, it is used in the footbridge in Siena [2]. It
should be noted that the lean duplex stainless steel is not covered in the current American (ASCE) [3])
and Australian/New Zealand (AS/NZS) [4] stainless steel design specifications, while it was recently
introduced in the European Code (EN 1993-1-4) [5].

Over the last decade, significant progress has been made to understand its structural
performance and subsequently the design criteria of lean duplex stainless steel. This could be viewed
from the fundamental material properties by the tensile coupon tests [6,7], and structural members,
such as beams [7,8], columns [9-11], plate girders [12,13], and the connections by bolts [14]. In these
investigations, the design rules in the stainless steel specifications of ASCE [3], AS/NZS [4] and
European Code [15] were assessed. Efforts were also made when necessary to propose modified design
equations and new design methods for the better strength predictions of lean duplex stainless steel
structures. It should be noted that these investigations were conducted at room (ambient) temperature
condition, but not at elevated temperatures.

Many research works have been carried out for the structural behaviour and design of carbon
steel members at elevated temperatures [16-22]. It has been recognized that stainless steel generally
exhibits better retention of strength and stiffness in comparison with carbon steel at elevated
temperatures, and such superior characteristics have been utilised in high temperature industrial
applications for many years [23]. In the last few years, attention has been received to investigate the
structural performance and develop the design rules for stainless steel structures at elevated
temperatures, for examples, the beams [24] and tubular joints [25] that fabricated by austenitic stainless
steel (EN 1.4301) and duplex stainless steel (EN 1.4462), as well as bolted connections that fabricated
by lean duplex stainless steel (EN 1.4162) [26-29].

Web crippling is a form of localised buckling that generally occurs near the points of
concentrated loads or supports of structural members. Cold-formed stainless steel tubular sections that
are unstiffened against this type of loading could be critical, and thus the failure of web crippling must

be carefully checked. The web crippling design rules for cold-formed stainless steel structures in
2
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current specifications [3-5] are generally empirical in nature and are based on those for cold-formed
carbon steel [30]. It has been found that the current design rules are generally not able to provide
accurate and reliable predictions for the web crippling strengths of stainless steel members [31-36].
Note that the material properties of stainless steel differ from those of carbon steel, for example, at
room temperature condition, it displays a more rounded stress-strain response with a higher ratio of

ultimate-to-yield stress and greater ductility when compared to carbon steel [23].

Recent experimental investigations of over 100 cold-formed lean duplex stainless steel
(CFLDSS) tubular members undergoing web crippling were carried out by Cai and Young [37,38]. It
showed that the strengths predicted by the current stainless steel [3-5] and carbon steel [39] design
specifications, as well as the design rules in the literature [40] were generally conservative. It should
be noted that the design of lean duplex stainless steel members at elevated temperatures has not been
covered in the current international stainless steel design codes [3-5]. A search of the literature revealed
a lack of research on web crippling of CFLDSS members at elevated temperatures. In this study, the
structural behaviour and design of CFLDSS tubular sections subjected to web crippling at elevated
temperatures were investigated by using finite element analysis. The experiments conducted by Cai
and Young [37] were used to develop the finite element models (FEMs). The sections were under the
loading conditions of End-One-Flange (EOF), End-Two-Flange (ETF) and End Loading (EL) at the
elevated temperatures ranged from 22 to 950 °C. The web crippling design rules at room temperature
condition in the current design specifications [3-5, 39] were examined for the possibility of application
at elevated temperature conditions. In doing so, the reduced material properties at elevated
temperatures were used in calculating the web crippling strengths. Furthermore, the web crippling
design rules in literature for room temperature condition were also assessed for elevated temperatures
in this study. Finally, a new design method by using the Direct Design Method (DSM) for elevated

temperature conditions is proposed.

2 Summary of test program

The tests of CFLDSS tubular sections subjected to web crippling failure under concentrated
end bearing loads (EOF, ETF and EL) were presented in Cai and Young [37]. These tests were
conducted at room temperature condition. The test results provided the test strengths, load-deformation
curves and failure modes of the sections. It should be noted that the loading conditions of EOF and
ETF referred to those specified in the current stainless steel design specifications, such as ASCE [3]
and AS/NZS [4]; while the EL condition simulated the floor joist members positioned on a solid

foundation under concentrated end bearing load.
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The CFLDSS had square and rectangular hollow sections (HxBxt) with grade EN 1.4062 (AISI
S32202). Figure 1 illustrates the definition of the symbols in a CFLDSS section, where H and h are
the overall height and the flat portion of the section web, respectively; B and t are the respective width
and thickness of the section. The material properties of the CFLDSS at room temperature condition
were obtained by tensile flat coupon tests. The material properties obtained from the tensile flat
coupons that extracted in the longitudinal direction of the sections are summarized in Table 1,
including the Young’s modulus (Er), 0.2% proof stress (foor) and ultimate stress (fur) at room

temperature. Details of the coupon tests are described in Cai and Young [37].

The aforementioned CFLDSS tubular members were used to fabricate the test specimens under
concentrated end bearing loads. The test strengths (Py) of CFLDSS specimens for the numerical
verifications are shown in Table 2. The specimens were tested under the loading conditions of EOF,
ETF and EL. The specimen labels are generally identified by the loading condition, section dimension
and the bearing length. For example, the label of specimen EOF120x60x3.0N60, where the “EOF”
indicates the loading condition of “End-One-Flange”; the following term “120x60x3.0” means the
section dimension of “HxBxt” in the unit of mm; and the notation “N60” indicates the loading plate
with bearing length of 60 mm (N = 60 mm) was used in the test. If it is a repeated specimen, the
segment of “-r” was followed in the last part of the specimen label, e.g., the repeated specimen
ETF100x100x3.0N90-r. Displacement control test method was used by driving the hydraulic actuator
with a constant loading rate of 0.3 mm/min for all test specimens. The test setup of the EOF, ETF and
EL conditions are illustrated in Figure 2. The details of the testing procedures are described in Cai and
Young [37].

3 Finite element models
3.1 General

The FEMs using the ABAQUS program of version 6.20 [41] were developed to simulate the
aforementioned web crippling tests of CFLDSS specimens. Three main components in the tests were
modelled, namely, the steel bearing plates, the CFLDSS specimen, and the interaction between the
steel bearing plates and CFLDSS specimen. In the FEMs, the measured dimensions and tested stress-
strain curves of CFLDSS [37] were used. In addition, the corners of the CFLDSS sections were
carefully modelled. These will be described in the following sections. The results obtained from the
finite element analysis (FEA) were compared with the test results [37] in terms of ultimate strengths,

failure modes and load-deformation curves.
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3.2 Element types and mesh sizes

The shell element type S4R that is a four-node doubly curved element with reduced integration
and hourglass control was selected to simulate the CFLDSS tubular specimens. The S4R element has
six degree of freedom per node and is suitable for complex buckling behaviour as mentioned in the
ABAQUS manual [41]. The element S4R has been adopted in the FEMs to successfully simulate the
web crippling behaviour of duplex stainless steel [30] and ferritic stainless steel [32,33] tubular
members. The CFLDSS members were modelled based on the centreline dimensions of the cross-
sections. The solid element type C3D8R was selected to simulate the steel bearing plates. The steel
bearing plates were defined as rigid body as these plates in the test program [37] were very thick, and
were fabricated by high strength steel which had much higher yield strength than those of the CFLDSS
specimens. The mesh sizes in the flat portions of the cross-sections ranged from 2x2 mm to 10x10 mm
(length by width) depending on the dimension of the cross-sections. Similar mesh sizes were adopted
on the basis of the sensitivity study for the FEMs of austenitic and duplex stainless steel [30] and
ferritic stainless steel [32,33] tubular members subjected to web crippling. A finer mesh size at the
round corners was adopted in order to consider the influence of the corner radius more accurately [32-
34, 42].

3.3 Material properties

The ABAQUS [41] allows for the multi-linear stress-strain curves to be used in the input of
material properties. The engineering stress-strain curves obtained from the tensile coupon tests [37]
were used. Since the web crippling behaviour of CFLDSS involves locally large in-elastic strains, the

engineering stress-strain (o-¢) curve was converted to a true stress (otrue) and logarithmic plastic strain

(sfrlue) curve, by using the following Equations (1)-(2):

Otrue — O'(l + 8) (1)
el =n(1+¢)— % )

where E is the measured Young’s modulus. The true stress and logarithmic plastic strain curve was
then mimicked by means of a piecewise linear stress-strain model, in particular, over the strain-
hardening region. Hence, the material non-linearity was incorporated into the FEMs. The tensile
material properties (Table 1) [37] were assigned to the webs and flanges of the sections.

3.4 Boundary conditions

The boundary conditions in the FEMs were modelled in accordance with the tests. Half of the
CFLDSS specimens and steel bearing plates were considered in the FEMs by assigning appropriate

symmetric boundary conditions. This is because the geometries and failure modes of the test specimens

5
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were generally in a symmetric manner. Furthermore, the test setups with the boundary conditions are
symmetric for the loading conditions of EOF, ETF and EL [37]. The interfaces between the CFLDSS
sections and the steel bearing plates were modelled using the contact pairs, with the steel bearing plates
defined as master surface while the CFLDSS sections as slave surface. The contact surfaces were
defined as “hard contact” in the normal direction and were not allowed to penetrate each other. In the
tangential direction, a coefficient of 0.4 was used to consider the friction penalty contact [32,33].
Proper boundary conditions were assigned to the reference points (RPs) of the steel bearing plates to
simulate the roller support and half round support in the test setup. For examples, the boundary
conditions of Uy =0, U, =0, Ry = 0 and R, = 0 (Ry and R; mean the rotation about the Y and Z axes,
respectively) were assigned to RP-1 (see Fig. 3) of the bearing plate to simulate the half round support.
Similar to the test setup, in the FEM, the out-of-plane deformation of the flat webs at mid-span was
restrained (Ux = 0, where Uy means translation in the X direction, as shown in Fig. 3) by a length equal
to the width of the steel bearing plate (Fig. 2(a)). The geometrical nonlinearity of the FEMs was
considered by the NLGEOM command in ABAQUS [41].

3.5 Method of loading

The loading method used in the analysis of the FEMs of CFLDSS was identical to that used in
the test program, where displacement control test method [37] was adopted. The compressive load was
applied by specifying a displacement to the reference point of the analytical rigid plate that simulate
the steel bearing plate. The contact pairs were performed before applying the compressive load.
Generally, the contacts were analysed in two steps. The static analysis method in ABAQUS program
was used in the analysis. The comparison of the tests and FEMs for CFLDSS specimens subjected to
different concentrated end bearing loads are illustrated in Figures 4-6, for specimens of
EOF80x150%3.0N90, ETF150x80x3.0N90 and EL100x100x3.0N90, respectively.

4 Validation of finite element models

In the verification of the FEMs, a total of 36 CFLDSS tubular sections tested by Cai and Young
[37] at room temperature condition were analysed in this study. These specimens failed by web
crippling under the loading conditions of EOF, ETF and EL (Table 2). The web crippling strengths
(Pt) per web obtained from the test program were compared with those obtained from the numerical
results (Prear), as shown in Table 2. Table 3 summarizes the mean value of the Py/Prear for the three
different loading conditions. Overall, the mean value of the P¢/Prea r for the 36 specimens is 1.04 with
the corresponding coefficient of variation (COV) of 0.086. The test strengths are overall a little bit

higher than the predicted strengths from the FEA. The failure modes observed from the tests were also
6
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well predicted by the FEA for the three different loading conditions, as illustrated in Figures 4-6. Figure
7 further illustrates the comparisons of the applied load versus the vertical web deformation curves
obtained from the tests and FEA, for specimens of EL100x100%3.0N90, EL150x80x3.0N90 and
ETF60x40x3.0N30. In summary, the comparisons indicated that generally, both the failure modes and
the ultimate web crippling strengths obtained from the test program could be replicated by the
developed FEMs.

5 Parametric study analysis and discussions

After successful validation of the FEMs, the validated FEMs were used to generate numerical
data for the CFLDSS tubular sections under the concentrated end bearing loads (EOF, ETF and EL) at
elevated temperatures. A total of 210 specimens at elevated temperatures were analysed in the
parametric study, and these temperatures were 22 (room temperature), 200, 350, 500, 600, 800 and
950 °C. The CFLDSS tubular sections were carefully designed by considering the key parameters in
the web crippling design rules [3-5] for steel tubular sections. The tubular sections included five
rectangular and five square hollow sections (HxBxt). The key parameters in these sections were
designed, including the ratios of h/t ranged from 21.0 to 145.0, N/t ranged from 8.3 to 125.0 and N/h
ranged from 0.36 to 1.24. The section inner corner radius (r) for each specimen was designed based
on handbook of the supplier. The radio of r/t either equal to 1.0 or 1.5 was used. In each loading
condition (EOF, ETF or EL), each section was loaded by two different bearing lengths (N), i.e., either
N = 0.5B or N = 1.0B. The details of these sections and key parameters are presented in Table 4. The
labelling system for the specimens in the parametric study is identical to that used in the test program

as described in the Section 2 of this paper.

The stress-strain curves of the tensile flat coupons in the longitudinal direction of CFLDSS
(grade EN 1.4162) rectangular section at elevated temperatures were used in the parametric study.
These stress-strain curves at elevated temperatures were measured by Cai and Young [26] using steady
state test method. It should be noted that the stress-strain curves at the corner regions of the CFLDSS
section may differ from those in the flat regions due to the effect of cold-working. The enhancements
in fo20 are found to be obvious in the corners of cold-formed sections [43] at room temperature
condition. However, the material properties from corner and flat portions display similar o2 at high
temperature conditions [44]. Since the web crippling failure occurred in the web for the CFLDSS
tubular sections in the parametric study, the enhancements of the corner regions had little effects on
the ultimate web crippling capacity. In this sense, the enhancements of the strengths at the corner

regions were not considered in the present study, as those studied by Feng and Young [30] for cold-
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formed duplex stainless steel sections at elevated temperatures. The material properties of the CFLDSS
tubular section at elevated temperatures [26] are presented in Table 5, including Young’s modulus

(Et), 0.2% proof stress (fo.20,1) and ultimate strength (fur).

The specimen lengths were designed with the same criteria as those for the specimens in the
test program [37]. The clear distance of 1.5H was designed for the two adjacent bearing plate edges in
EOF loading condition, and for the specimen free end to the adjacent bearing plate edge in ETF and
EL conditions. In total, 210 numerical results were generated for the web crippling of CFLDSS tubular
sections at elevated temperatures under the loading conditions of EOF, ETF and EL. All these 210
CFLDSS specimens showed pronounced peak loads in the load-deformation curves. Web crippling
failure was observed for all specimens except for the specimen series of EOF250x250%12.0N250 and
EOF300%200x12.0N200 at elevated temperatures (Table 6). These specimens failed near the mid-span
but not at the webs of the specimen ends. Hence, these specimens were not included in the analysis of
the present study. The ultimate strengths (Preat) Of the CFLDSS specimens per web at elevated

temperatures are shown in Table 6.

The reduction factors (Prea1/Prear) Of the web crippling strengths for CFLDSS specimens
were obtained by normalizing the strengths at elevated temperatures (Preat) with that at room
temperature (Prea,r) for the same specimen series. The reduction factors (Prea1/Prea,r) Were compared
with those of the material properties of CFLDSS (EN 1.4162) at elevated temperatures, i.e., the factors
of Et/Er and fo21/fo2r, as shown in Figures 8-10 for the loading conditions of EOF, ETF and EL,
respectively. The Er and fo,r mean the respective Young’s modulus and 0.2% proof stress of CFLDSS
(EN 1.4162) at room temperature (22 °C in Table 5). The specimens in these figures were distinguished
by the web slenderness ratios of h/t. It is shown that CFLDSS tubular sections with higher web
slenderness, larger ratios of h/t, maintained residual strengths (larger Prea1/Peeay) better than those
with lower web slenderness in the temperatures ranged from 200 to 650 °C, while the residual strengths
tended to be similar in the temperatures ranged from 650 to 950 °C, as illustrated in Figures 8-10. The
reduction factors of E1/Er overestimated the residual strengths of the specimens, while those of
fo2,1/fo2,r generally underestimated the residual strengths of the specimens in the temperatures ranged
from 200 to 650 °C for the three loading conditions. However, both reduction factors of Et/Er and
fo2 1/fo2,r tended to overestimate the residual strengths in the temperatures ranged from 650 to 950 °C

for the three loading conditions (Figures 8-10).
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6 Reliability analysis

The web crippling design rules in this study were assessed by reliability analysis. The analysis
was performed by following the Commentary in the ASCE Specification [3]. However, it should be
noted that there are other analysis methods in the specifications, for example, the analyses method in
ECO [45]. Afshan et al. [46] proposed statistical data on different types of stainless steel material
properties for the reliability analyses specified in ECO [45]. For the purpose of direct comparison and
assessment, the factors and the method in the commentary of the ASCE [3] was used for different
predictions in the present study. The reliability index (5) is a relative measure for the design provisions
in terms of reliable and probabilistically safe. A target reliability index of 2.5 was set in this study. The
design rules are considered to be reliable and probabilistically safe if the f is greater than or equal to
2.5 (> 2.5). In the calculation of g, the load combination of 1.2DL + 1.6LL was used for the design
rules provided by ASCE [3], NAS [39] and Zhou and Young [30], while the combination of 1.35DL
+ 1.5LL in European code (ECO) [45] was used for the European design rules [5, 47]. The DL
represents the dead load and LL represents the live load. The DL/LL was set as 0.2 in ASCE [3]. The
suggested mean value and COV of the material factor are Mm = 1.10 and Fm = 1.00, respectively; and
those of fabrication factor are Vm = 0.10 and Vr = 0.05 in Section 6.2 of ASCE [3]. In addition, a
correction factor (Cp) as specified in ASCE [3] was used to consider the influence of limited test and
numerical results. The resistance factor (¢) specified in those design rules were used to calculate the
corresponding reliability index (f). The reliability analysis of the design rules is discussed in the later

sections of this paper.

7  Current design rules and assessments
7.1 General

The current design rules available in most specifications for web crippling of cold-formed steel
structures are semi-empirical in nature as the theoretical analysis is quite complex. It should be noted
that the web crippling design rules in the current international stainless steel specifications (ASCE [3];
AS/NZS [4] and EN 1993-1-4 [5]) are mainly based on those design specifications for carbon steel.
Due to the fundamental difference of stress-strain curves between carbon steel and stainless steel in
nature, the applicability of these design rules should be assessed. Furthermore, it should be noted that
these design rules may not adequately account for the sections outside the range of variables in the
FEA in this study, and they are provided for room temperature condition only, but not for elevated
temperature conditions. Nonetheless, the suitability of these design rules (ASCE [3]; AS/NZS [4] and

EN 1993-1-4 [5]) was assessed for the predictions of nominal web crippling strengths (unfactored
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design strengths) per web of the CFLDSS tubular sections at elevated temperatures subjected to
concentrated end bearing loads (EOF, ETF and EL). Apart from the aforementioned stainless steel
design specifications, the unified design equation for different loading conditions (including EOF and
ETF) specified in the NAS [39] was also used in this study. Note that the unified design equation in
NAS [39] is provided for cold-formed carbon steel structural members at room temperature condition.
In the calculation of the nominal strengths, the reduced material properties (Table 4) of CFLDSS due

to elevated temperatures were used.

The unified design equation in NAS [39] was modified by Zhou and Young [30] by proposing
new sets of coefficients. These new coefficients in the unified design equation was proposed for web
crippling design of cold-formed duplex stainless steel (EN 1.4462) tubular sections at elevated
temperatures under different loading conditions, including EOF and ETF. In the present study, the

modified unified design equations was also assessed.
7.2 Design rules

The differences of the design rules in current stainless steel design specifications ASCE [3];
AS/NZS [4] and EN 1993-1-4 [5]) are discussed in detail by Cai and Young [37]. The ASCE
Specification [3] and the AS/NZS Standard [4] provide identical design rules. Hence, the design rules
in the ASCE [3] were adopted. The web crippling design rules are specified in Section 3.3.4 of the
ASCE Specification [3]. The web crippling design rules in the EN 1993-1-4 [5] may refer to those
specified in the EN 1993-1-3 [47] for cold-formed steel members, where the design for “Local
transverse forces” in Section 6.1.7.3 of the EN 1993-1-3 [47]was used. In addition, the unified design
equation (Equation (3-1)) specified in Section G5 of the NAS [39] for web crippling strength cold-

formed carbon steel structural members was used.

P = Ct%f,, sin8 (1 — Cy ﬁ)u + Cy \E)u —C \/%) (3-1)

where P = nominal web crippling strength per web, C = overall web crippling coefficient; Cr = inside
corner radius coefficient; Cn = bearing length coefficient; Crn = web slenderness coefficient. The
coefficients and the application limits specified in NAS [39] for Equation (3-1) are shown in Table 7.
In addition, the modified design equation proposed by Zhou and Young [30] for cold-formed duplex
stainless steel (EN 1.4462) tubular sections at elevated temperatures are shown in Equation (3-2). The

coefficients and the application limits for Equation (3-2) are also presented in Table 7.

P = Cefoarsing (1 G [+ Gy [H1 - ez [ (32

10
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where fo2,7 and Er are the yield stress (0.2% proof stress) and the elastic modulus at a given temperature

in degree Celsius (°C), respectively.

It should be noted that the loading condition of EL is not provided in the ASCE [3], NAS [39],
and Zhou and Young [30]. For the purpose of comparison and assessment, the designs for the loading
conditions of EOF and ETF in the ASCE [3], NAS [39] and Zhou and Young [30] were both used for
the strength predictions of the EL condition in the present study.

7.3 Assessment of current predictions

The ultimate strengths (Prea 1) per web at elevated temperatures were compared with those
predicted by the current design provisions, as shown in Figures 11-13 for the loading conditions of
EOF, ETF and EL, respectively. The comparisons were further summarized in Tables 8-10, where in
each table, the comparisons were also divided for each temperature level. In the calculation of strength
predictions, the material properties in the design equations were substituted by the material properties
at elevated temperatures. The material properties (Et and fo2,7) in Table 4 at elevated temperatures
were used as the corresponding stress-strain curves were used for the CFLDSS specimens in the

parametric study.

For the CFLDSS specimens subjected to EOF loading condition at elevated temperatures (see
Figure 11), the predictions by the ASCE [3] were conservative for all the specimens at room
temperature condition (i.e., 22 °C), unconservative for all the specimens in the temperatures ranged
from 800 to 950 °C; for the temperatures ranged from 200 to 650 °C, the predictions were
unconservative for the stockier webs (e.g., h/t = 21) and conservative for the specimens with web
slenderness 40 < h/t < 60. As the web slenderness further increased (e.g., 120 < h/t), the predictions
tended to be unconservative, as shown in Figure 11(a). The predictions by EN 1993-1-3 [47] were
overall conservative for all the specimens at elevated temperatures (see Figure 11(b)). This is because
that the web slenderness ratio (h/t) and the actual bearing lengths (N) are not considered in the design
provisions of EN 1993-1-3 [47]. Note that the CFLDSS specimen sections had different web
slenderness (h/t) and were loaded by steel plates with different bearing lengths (N). On the contrary to
those predictions by the ASCE [3], the predictions by the NAS [39] were unconservative for all the
specimens at room temperature condition, but conservative for all the specimens at the temperatures
level of 950 °C; for the temperatures ranged from 200 to 800 °C, the predictions were unconservative
for the stockier webs (e.g., h/t = 21) and conservative for the specimens with web slenderness of 40 <
h/t < 60, as the web slenderness further increased (e.g., 120 < h/t), the predictions became
unconservative (see Figure 11(c)). The predictions by Zhou and Young [30] provided similar results
as those predicted by NAS [39], however, better predictions were provided for the webs with 40 < h/t

<60 at elevated temperatures, as the ratios of Prea1/Pzsy were overall closer to 1.0 (see Figure 11(d)).
11
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For the CFLDSS specimens subjected to ETF loading condition at elevated temperatures (see
Figure 12), the predictions by the ASCE [3] were conservative for all the specimens at room
temperature condition (i.e., 22 °C), generally unconservative for all the specimens in the temperatures
ranged from 650 to 950 °C; for the temperatures ranged from 200 to 500 °C, the predictions were
generally conservative for the specimens with web slenderness 15 < h/t < 60. As the web slenderness
become larger, 120 < h/t, the predictions tended to be unconservative (see Figure 12(a)). Similar to
those predictions for EOF loading condition, the predictions by EN 1993-1-3 [47] were overall
conservative for all the specimens at elevated temperatures (see Figure 12(b)). On the contrary to those
predictions by the ASCE [3], the predictions by the NAS [39] were unconservative for all the
specimens at room temperature condition, but generally conservative for all the specimens at
temperature level of 950 °C; for the temperatures ranged from 200 to 800 °C, the predictions were
generally unconservative for all the specimens (see Figure 12(c)). The predictions by Zhou and Young
[30] were generally better than those by NAS [39] for the specimens with web slenderness of 15 < h/t

<60 at elevated temperatures as the ratios of Prea1/Pzsy were overall closer to 1.0 (see Figure 12(d)).

As mentioned previously, both ETF and EOF design rules were used for the strength
predictions of specimens under EL condition by the ASCE [3], NAS [39] and Zhou and Young [30].
The predictions for these provisions [3, 30, 39] by using the design rules for EOF and ETF loading
conditions were distinguished by the superscript of “* and “**’, respectively. For the predictions by the
ASCE [3], it is shown that the predictions of P}, were generally conservative for the specimens with
web slenderness of 15 < h/t < 60 in the temperatures ranged from 22 to 350 °C, the predictions for all
the specimens tended to be unconservative as when the temperatures exceeded 350 °C, in particular in
the temperatures ranged from 650 to 950 °C; while the P, provided relatively better predictions for
all the specimens in the temperatures ranged from 650 to 950 °C as the ratios of Ppg4 1/Pascy Were
closer to 1.0, but relatively more conservative predictions for the specimens with web slenderness 15
< h/t < 60 in the temperatures ranged from 22 to 650 °C (see Figures 13(a)-(b)). Similar to those
predictions for EOF and EL conditions, the predictions by EN 1993-1-3 [47] were overall conservative
for all the specimens at elevated temperatures (see Figure 13(c)). The predictions of P} ;¢ (see Figure
13(d)) and Py s (see Figure 13(e)) by NAS [39] were generally unconservative for all the specimens
in the temperatures ranged from 22 to 800 °C but generally conservative for the temperature level of
950 °C. For the temperatures ranged from 22 to 800 °C, the predictions by the P , tended to be more
unconservative as the web slenderness h/t increased, while such trend was not found for those by Py 4.

instead, the ratios of Pgg, r/Pyas Were generally maintained. The predictions of Pjg, (see Figure

13(f)) and Py (see Figure 13(g)) by Zhou and Young [30] generally showed similar trend, namely,
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as the web slenderness h/t increased, the predictions of P, and P, tended to be unconservative or

more unconservative at elevated temperatures.

The mean value of FEA strength-to-predicted strength with the corresponding COV for each
temperature lever and at elevated temperatures (22~950 °C) were illustrated in Tables 8-10 for the
loading conditions of EOF, ETF and EL, respectively. For EOF loading condition at elevated
temperatures (see Table 8), the mean values for the predictions by ASCE [3] and NAS [39] are 1.01
and 0.99, respectively, with the corresponding COV of 0.333 and 0.253. However, both predictions
[3,39] are not reliable with the respective resistance factor (¢) due to the values of g smaller than 2.5.
The predictions by EN 1993-1-3 [46] are very conservative but reliable, while those predicted by Zhou
and Young [30] are unconservative and not reliable. For ETF loading condition at elevated
temperatures (see Table 9), the mean value for the predictions by ASCE [3] are a little bit conservative
(Prea,1/Pasce = 1.04) while those by NAS [39] and Zhou and Young [30] are unconservative, and all
these predictions are not reliable with the respective ¢; however, the predictions by EN 1993-1-3 [47]

are conservative and reliable.

For EL condition at elevated temperatures (see Table 10), by using the EOF design rules the
predictions by ASCE [3], NAS [39] and Zhou and Young [30], these predictions are unconservative,
e.9., Prgar/Phias = 0.85 with the COV = 0.281; however, by using the ETF design rules, better
predictions were found for NAS [39] and Zhou and Young [30] as the mean values are closer to 1.0
with comparable COVS, €.g., Prgar/Pyas = 0.97 with the COV = 0.243; the predictions by ASCE [3]
became conservative, i.e., Prgar/Pascy = 1.19. It should be noted that all these design rules are not
reliable with the respective ¢ due to the values of g were smaller than 2.5, except for the case of

Prgar/Pascy- Conservative and reliable predictions by EN 1993-1-3 [47] were found.

8 Proposed design rules and assessments
8.1 General

As discussed in the previous section of this paper, the predictions by the ASCE [3] and NAS
[39] were generally unconservative and not reliable for the web crippling of CFLDSS tubular sections
at elevated temperatures under the loading conditions of EOF, ETF and EL. The modified unified
design equation proposed by Zhou and Young [30] for cold-formed duplex steel at elevated
temperatures also provided unconservative and not reliable predictions. Note that the design for the
EL condition was not provided in the modified equation [30]. The EN 1993-1-3 [47] provided reliable
but conservative (e.g., mean value of Preat/Pec greater than 2.50 for ETF condition) or very
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conservative (e.g., mean value of Prea 1/Pec greater than 3.50 for EOF condition) predictions. Hence,
new design method is proposed for the web crippling design of CFLDSS tubular sections at elevated

temperatures, under the loading conditions of EOF, ETF and EL in this study.

The Direct Strength Method (DSM) [48] is an alternative way to determine the strength of cold-
formed steel members. It provides strength predictions by avoiding the calculation of effective areas
for steel members in the design, for example, steel columns subjected to axial loading. Hence, the
DSM could be more convenient than the conventional design method when the effective area of a
slender section is not easy to find out. The DSM has been developed for the design of cold-formed
steel beams and columns, and is documented in the design specifications, such as the NAS [39]. It
should be noted that the current DSM in design specifications does not provide design rules for web
crippling design of cold-formed steel members. Investigations of DSM for the web crippling design of
cold-formed steel members under different loading conditions have been conducted by researchers in
the last few years, such as Duarte and Silvestre [49], Keerthan et al. [50], Natéario et al. [51,52] and
Heurkens et al. [53] for cold-formed steel open sections, Bock and Real [54] for cold-formed ferritic
and austenitic stainless steel hat sections, Li and Young [32,33] for cold-formed ferritic stainless steel
rectangular and square hollow sections. A more recent study by Cai and Young [55] extended the DSM
for the web crippling design of CFLDSS tubular sections under the loading conditions of EOF, ETF
and EL. However, these DSM methods [32-33, 49-55] for web crippling design were proposed for the
design at room temperature condition, but not for elevated temperature conditions. In this study, efforts
on the modifications of DSM are made to extend its application for web crippling design of CFLDSS
tubular sections at elevated temperatures.

8.2 Modified DSM

The format of DSM presented in Li and Young [32] and Cai and Young [55] for web crippling
design of stainless steel sections at room temperature is illustrated in Equation (4), where different sets
of coefficient for a, b, n, y and A in Equation (4) were proposed depends on stainless steel grades and
loading conditions. There are two different types of web crippling failure for cold-formed stainless
steel square and rectangular hollow sections. They are web buckling, where the web crippling capacity
mainly depends on the stiffness of the material, and yielding in the section, where the web crippling
capacity mainly depends on the yield strength of the material [30]. As presented in Figures 8-10, the
reduction factors of the web crippling strength (Prea1/Prear), 0.2% proof stress (fo.,1/fo2r) and
Young’s modulus (Et/Er) of CFLDSS sections generally showed the similar reduction trends at
elevated temperature for different loading conditions. Hence, in this study, the factor y to consider the
effects of 0.2% proof stress (fo21) and Young’s modulus (Et) of the material properties at elevated

temperatures was proposed, as shown in Equation (5). The CFLDSS tubular sections subjected to web
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crippling (Posm,T) at elevated temperatures could then be calculated by yPpsw, as illustrated in Equation

(6).

)/Py A < Ak
PDSM = Perr " Perr " (4)
efi-o(Z2)|(G2) r 2>
1 fo2,T
X= 0.0036( Er ) (5)
Ppsm,t = yPpsm (6)

where A = /P, /P, is the web crippling slenderness ratio. The Pcrr and Pyr are the nominal

bearing strengths per web for buckling and yielding at elevated temperatures, respectively.

The DSM generally requires aid from computer software to compute the nominal bearing
strength for buckling at room temperature, e.g., the DSM proposed by Natério et al. [51,52]. However,
this is not a necessary for the calculation of P¢r1 in Equation (4). Instead, the calculations of P¢rt and
Py could be done manually by referring Clause 5.13 of the AS 4100 [56], as suggested and adopted
by Li and Young [32,33] for room temperature condition, and depicted in the following Equations (7)-
(11). It should be noted that these equations are provided for the design at room temperature condition
[52], but not for elevated temperature conditions. Hence, in these calculations, the 0.2% proof stress

(fo.2r) at room temperature was replaced by those (fo2,7) at elevated temperatures.

Pcr,T = actNme.Z,T (7)

where « is the slenderness reduction factor as specified in Clause 6.3.3 of the AS 4100 [56], Nm is the
mechanism length for the loading conditions of EOF, ETF and EL, which could be determined by the
following Equation (8):

N,, = N + 2.5R + 0.5h (8)
where R is the outer corner radius.
Pyr = aptNpyfoor 9)

For EOF, ETF and EL conditions:

a, = V2 + kZ—kg (10)
where ks = 2R/t-1.

Similar to those suggested by Li and Young [32,33] and by Cai and Young [55], different
values of a, A« and y are proposed for different loading conditions. However, the constant coefficients

of b =0.20 and n = 0.60 as well as resistance factor of ¢ = 0.80 are proposed regardless of different
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loading conditions. These coefficients (see Table 11) are proposed for the web crippling design at
elevated temperature conditions, and applicable for CFLDSS square and rectangular hollow sections
having stiffened or partially stiffened flanges with the limits for 10 <h/t <145, r/t < 2.0, N/t <150 and
N/h < 1.5. The coefficients for the Equation (4) were calibrated against the 196 numerical results (Table
6) at elevated temperatures in this study. Furthermore, the coefficients for the Equation (4) were also
calibrated against the 47 test results [37] of CFLDSS sections at room temperature under the loading
conditions of EOF, ETF and EL.

8.3 Assessment of modified DSM predictions

The ultimate strengths (Prea 1) per web at elevated temperatures were compared with those
predicted by the modified DSM (Ppswm 1) using the newly proposed coefficients (Table 11), as shown
in Figures 14(a)-(c) for the loading conditions of EOF, ETF and EL, respectively. The comparisons
were also summarized in Tables 8-10, as those comparisons for the current predictions presented in
Section 7.3.

It is shown that the modified DSM (Ppswm ) generally provided conservative predictions for the
web crippling strengths of CFLDSS tubular sections at elevated temperature. However, unlike those
predictions by Zhou and Young [30] (see Figures 11(d), 12(d) and 14(g)) and some other predictions
that showed the reduction trends with the increment of h/t at each temperature level, the effects of h/t
on the predictions by the modified DSM at each temperature level were to some extent eliminated,
except for those at the temperature level of 950 °C. As shown in Tables 8-10, the predictions by the
modified DSM (Ppsm,) are conservative at each temperature level for the three loading conditions,
except for those at room temperature (22 °C) for the ETF loading condition, Prea 1/Posm,1 = 0.91. The
overall conservative predictions for each loading conditions are mainly due to the very conservative
predictions for the strengths at the temperature levels of 650 and 950 °C, as shown in the mean values
of Prea1/Ppsm,T (see Tables 8-10). These data are further illustrated in Figures 15-17. The comparisons
of the numerical results at elevated temperatures with the DSM curves (using Equation (4)) for the
loading conditions of EOF, ETF and EL are shown in Figures 15-17, respectively. In each figure, the

ratio of (1/y)(Prea1/Py.1) were plotted against the web crippling slenderness ratio of (Py1/Pcr.7)%°.

Reliability analysis were also conducted for the ultimate strength (Ppswm,t) predicted by using
the modified DSM are reliable for all the three loading conditions at elevated temperatures. The
aforementioned values for the material factor and fabrication factor in Section 6 were adopted. In
addition, the load combination of 1.2DL + 1.6LL was used. The reliability indices (5) were computed
based on the resistance factor of 0.80 (¢ = 0.80 see Table 12). It is shown that the predictions by the
modified DSM are reliable as evidenced by the values of reliability indices greater than the target value

of 2.5 (5 > 2.5).
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The web crippling strengths (Pt) of CFLDSS square and rectangular hollow sections at room
temperature (22 °C) from the 47 tests conducted by Cai and Young [37] were also used to compared
with the strengths (Ppswm 1) predicted by using the proposed DSM equation, Equation (6), for elevated
temperature conditions, as shown in Tables 12-14. The same values of the coefficients in Table 11 for
CFLDSS tubular sections at elevated temperatures were used in the calculation. The same factors and
load combination used for the reliability analysis in the previous paragraph were adopted. It is shown
that the predicted strengths are overall conservative and reliable for the three loading conditions (EOF,
ETF and EL), as reflected by the mean values of P/Ppsw 1 greater than 1.00 with their corresponding
reliability indices (5) greater than 2.5.

9 Conclusions

Non-linear finite element models (FEMs) were developed for the web crippling of cold-formed
lean duplex stainless steel (CFLDSS) square and rectangular hollow sections under concentrated end
bearing loads, namely, the loading conditions of End-One-Flange (EOF), End-Two-Flange (ETF) and
End Loading (EL). After successful verification of the FEMs against with the 36 test results, an
extensive parametric study of 210 CFLDSS tubular sections at elevated temperatures was performed.
These sections were subjected to web crippling under the three concentrated end bearing loads at
different temperatures ranged from 22 (room temperature) to 950 °C. The CFLDSS specimens were
carefully designed to cover a wide range of the key parameters, including the ratios of flat web height
(h) to thickness (t) with h/t ranged from 21.0 to 145.0, bearing length (N) to web thickness (t) with N/t
ranged from 8.3 to 125.0, as well as the ratio of N/h ranged from 0.36 to 1.24.

The appropriateness of the web crippling design rules in the current international specifications
(ASCE [3], AS/NZS [4], NAS [39] and EN 1993-1-3 [47]) has been examined by comparing their
ultimate strength predictions with those obtained from the finite element analysis for CFLDSS at
elevated temperatures. In these codified calculations, the material properties at room (ambient)
temperature condition were substituted by those at elevated temperatures. Furthermore, the modified
unified design equation [30] in the literature for web crippling of cold-formed duplex stainless steel at
elevated temperatures was also assessed. The reliability of the design provisions was assessed by
reliability analysis. It was found that the predictions by the ASCE, AS/NZS, NAS and the modified
unified design equation were generally unconservative and not reliable for the web crippling of
CFLDSS tubular sections at elevated temperatures under the loading conditions of EOF, ETF and EL.
The EN 1993-1-3 [47] provided reliable but generally very conservative predictions.
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A new design method is then proposed in this study, by considering the effects of 0.2% proof
stress and Young’s modulus at elevated temperatures and by proposing new sets of coefficients for the
Direct Strength Method (DSM) under the loading conditions of EOF, ETF and EL. The proposed
design method was calibrated against the numerical results obtained from parametric study and tests.
It is shown that the predictions by using the new method are generally conservative and reliable for
CFLDSS square and rectangular hollow sections at elevated temperatures under the three loading
conditions. Therefore, the newly proposed method is applicable for web crippling (loading conditions
of EOF, ETF and EL) design of CFLDSS square and rectangular hollow sections at elevated
temperatures with limits of 21 < h/t < 145, ri/t < 2.0, N/t <125 and N/h < 1.25. The flanges of the
CFLDSS tubular sections are stiffened or partially stiffened that unfastened to the supports.
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Table 1: Material properties of CFLDSS (EN 1.4062) at room temperature [37]

Section = fozr fur
HxBxt (mm) GPa MPa MPa
60%40%2.0 199 600 756
60%x120x%3.0 206 620 736
80%150%3.0 194 491 122
100x100x3.0 202 557 701
120%x60x%3.0 206 620 736
150x80x3.0 194 491 722
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1155

1156 Table 2: Comparison of test strengths per web [37] with FE predictions
Specimen labelling Pt (kN) Peear (KN) Pd/Prear
EOF60%x120x3.0N60 48.9 48.7 1.00
EOF80%150x3.0N60 35.7 32.2 1.11
EOF80%150x3.0N90 42.7 41.0 1.04
EOF100x100x3.0N30 39.6 29.7 1.33
EOF120x60x3.0N30 34.3 29.5 1.16
EOF120x60x3.0N60 46.7 46.3 1.01
EOF150x80%x3.0N30 23.6 20.7 1.14
EOF150x80%x3.0N90 37.3 36.2 1.03
ETF60x40%2.0N30 13.2 13.2 1.00
ETF60x40%2.0N30-r 13.9 13.2 1.05
ETF60%x120%x3.0N60 44.5 41.5 1.07
ETF60%x120%x3.0N90 56.7 53.8 1.05
ETF80%x150%x3.0N60 24.1 22.6 1.07
ETF80x150x3.0N150 44.3 41.6 1.06
ETF100x100%3.0N30 25.1 23.1 1.09
ETF100x100%3.0N90 42.4 39.0 1.09
ETF100%100x3.0N90-r 43.5 40.0 1.09
ETF120x60%x3.0N30 24.5 25.1 0.98
ETF120x60%x3.0N60 29.9 34.0 0.88
ETF150x80x3.0N30 19.2 16.9 1.14
ETF150x80%x3.0N90 27.2 26.0 1.05
EL60x40%x2.0N30 17.6 18.7 0.94
EL60x40%2.0N50 22.0 234 0.94
EL60x%120x3.0N60 51.9 47.8 1.09
EL60x120x3.0N120 74.7 67.3 111
EL80x150x3.0N60 33.2 30.9 1.07
EL80x150x3.0N150 49.9 50.1 1.00
EL100x100%3.0N30 33.3 31.1 1.07
EL100x100%3.0N90 48.2 47.3 1.02
EL100%100%3.0N90-r 47.8 49.8 0.96
EL120x60x3.0N30 314 32.1 0.98
EL120x60x3.0N60 38.7 42.5 0.91
EL120%x60x3.0N60-r 36.6 43.2 0.85
EL150%80x3.0N30 24.8 25.4 0.98
EL150%80x3.0N90 32.5 335 0.97
EL150%80x3.0N90-r 33.2 33.6 0.99
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Table 3: Summary of comparisons of test strengths [37] with FE predictions

Loading condition Number Py/Prear
EOF 8 Mean 1.10
cov 0.100
ETF 13 Mean 1.05
cov 0.061
EL 15 Mean 0.99
cov 0.072
EOF, ETF and EL 36 Mean 1.04
cov 0.086

Table 4: Design of CFLDSS specimens for parametric study at elevated temperatures

Section (HxBxt) H (mm) B (mm) t (mm) N (mm) r/t N/t h/t N/h
250%250x%2.0 250 250 2.0 250 15| 125.0 | 120.0 | 0.52
250%250x%2.0 250 250 2.0 125 15| 625 120.0 | 1.04
250%250x5.0 250 250 5.0 250 1.0 | 50.0 46.0 | 0.54
250%250x5.0 250 250 5.0 125 1.0| 25.0 46.0 | 1.09
250%250%2.0 250 250 12.0 250 1.0 | 2038 16.8 | 1.24
300%200%2.0 300 200 2.0 200 15| 100.0 | 145.0 | 0.69
300x200x5.0 300 200 5.0 200 1.0 | 40.0 56.0 | 0.36
300x200x5.0 300 200 5.0 100 1.0 | 20.0 56.0 | 0.71
300x200x12.0 300 200 12.0 200 1.0 | 16.7 21.0 | 0.40
300x200x12.0 300 200 12.0 100 10| 83 21.0 | 0.79
Table 5: Material properties of CFLDSS (EN 1.4162) steel at elevated temperatures [26]

] ] Nominal Temperature (°C)
Material properties
22* 200 350 500 650 800 950
Er (GPa) 200 190 183 169 160 60.4 13.5
fo21 (MPa) 724 564 508 448 393 304 119
fut (MPa) 862 710 696 627 514 358 138

Note: “*’ room temperature.
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Table 6: Web crippling strength per web of CFLDSS specimens at elevated temperatures

Specimen Load at different temperature levels (kN)
227°C | 200°C | 350°C | 500°C | 650°C | 800°C | 950°C

EOF250%250%2.0N125 17.0 15.0 141 12.8 10.1 3.9 0.8
EOF250%250%2.0N250 22.1 19.6 18.5 16.9 13.6 5.2 1.1
EOF250%250%5.0N125 140.1 119.6 111.9 99.3 72.7 28.2 51
EOF250x250x5.0N250 208.1 178.2 166.2 148.5 108.8 42.2 7.8
EOF250x250x12.0N250* 697.7 562.1 535.7 461.7 308.0 119.6 21.1
EOF300x200x2.0N200 18.0 16.1 15.2 13.8 11.2 4.3 0.9
EOF300%200x5.0N100 121.3 | 103.2 96.5 85.9 63.8 24.7 4.5
EOF300%200x5.0N200 168.9 | 145.0 1354 120.9 90.1 35.0 6.4
EOF300x200x12.0N100 529.8 435.7 416.3 365.9 242.7 92.5 16.7
EOF300x200x12.0N200* 751.4 605.6 582.0 503.5 329.4 128.0 22.7
ETF250x250%2.0N125 10.8 9.9 9.5 8.8 7.4 2.9 0.6
ETF250x250%2.0N250 151 14.0 134 124 10.0 3.9 0.8
ETF250x250%5.0N125 94.4 81.9 76.5 69.0 51.7 20.4 3.8
ETF250x250%5.0N250 132.7 114.4 107.1 96.3 72.0 28.7 55
ETF250x250%12.0N250 724.9 593.3 559.5 486.1 337.6 131.9 23.6
ETF300x200%2.0N200 114 104 10.0 9.2 8.0 3.1 0.7
ETF300x200x5.0N100 84.6 73.1 68.1 61.5 46.4 18.0 3.4
ETF300x200%5.0N200 107.8 93.9 87.7 79.0 58.8 22.8 4.3
ETF300x200%12.0N100 433.2 354.2 334.3 290.2 200.2 77.9 13.9
ETF300x200%12.0N200 609.4 500.2 469.7 409.0 287.0 111.8 19.8
EL250x250%2.0N125 11.4 10.3 9.7 8.9 7.3 2.9 0.7
EL250x250%2.0N250 15.2 13.6 12.9 11.7 9.6 3.9 0.9
EL250%x250%5.0N125 108.8 93.8 87.6 79.0 59.4 23.2 4.6
EL250x250%5.0N250 148.0 128.0 119.8 107.8 80.0 31.2 6.1
EL250%250%12.0N250 837.5 683.6 641.8 559.1 390.0 152.3 27.1
EL300x200%2.0N200 12.0 11.0 104 9.6 8.0 3.1 0.7
EL300x200%5.0N100 98.9 85.6 80.0 72.2 54.4 21.2 4.2
EL300x200%5.0N200 124.3 108.3 101.3 91.6 69.0 26.9 5.3
EL300%200x12.0N100 552.9 | 453.3 428.1 373.9 257.1 100.1 18.0
EL300x200x12.0N200 738.8 | 604.9 566.4 494.1 346.6 135.3 24.1

Note: “*’ room temperature; “*” specimen failed in shear, but not web crippling.
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Table 7: Coefficients for web crippling strength in the unified design equation

Resolrces Loading Coefficients Limits (6 =90")
u "
condition C Cr Cn Ch ¢ rit N/t h/t N/h
NAS [39] EOF 40 014 ] 035|002 | 080 | <50 | <210 | <200 | <20
ETF 13.0 0.32 | 0.05 | 0.04 | 090 | <3.0 | <210 | <200 | <2.0
EOF 40 024 | 041|002 | 070 | <55 | <100 | <87 | <16
Zhou and Young [30]
ETF 30 030|048 |003|070| <55 |<100| <87 |<16

Table 8: Comparison of test strengths [37] and FE predictions with predicted strengths at elevated
temperatures for EOF loading condition

Temp. (°C) Prear/Pasce | Prear/Pec | Peear/Pnas | Prear/Pzay | Prear/Posmr
22% Mean 142 3.59 0.81 0.70 1.09
cov 0.238 0.299 0.257 0.289 0.116
200 Mean 1.22 3.60 0.90 0.77 1.29
cov 0.230 0.294 0.244 0.275 0.111
350 Mean 1.15 3.62 0.94 0.81 1.37
cov 0.224 0.288 0.239 0.271 0.099
500 Mean 1.03 3.60 0.95 0.82 1.37
cov 0.219 0.286 0.232 0.263 0.094
650 Mean 0.87 3.37 1.05 0.90 1.76
cov 0.208 0.277 0.207 0.231 0.096
800 Mean 0.66 3.38 1.03 0.88 1.15
cov 0.214 0.282 0.213 0.237 0.085
950 Mean 0.74 3.50 1.29 111 1.46
cov 0.197 0.271 0.180 0.199 0.330
All conditions Mean 1.01 3.52 0.99 0.85 1.35
cov 0.333 0.271 0.253 0.273 0.217
Resistance factor, ¢ 0.70 0.91 0.80 0.70 0.80
Reliability index, f 2.12 4.99 2.07 1.94 3.19

Note: “*’ room temperature.
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Table 9: Comparison of test strengths [37] and FE predictions with predicted strengths at elevated

temperatures for ETF loading condition

Temp. (°C) Prear/Pasce | Prear/Pec | Prear/Pnas | Prear/Pzay | Prear/Ppsmr
22% Mean 1.45 2.63 0.68 0.69 0.91
cov 0.207 0.285 0.143 0.330 0.074
200 Mean 1.25 2.63 0.76 0.76 1.10
cov 0.176 0.26 0.153 0.291 0.064
350 Mean 1.18 2.66 0.79 0.80 1.17
cov 0.170 0.253 0.153 0.287 0.053
500 Mean 1.06 2.64 0.81 0.81 1.18
cov 0.156 0.239 0.163 0.266 0.054
650 Mean 0.90 2.48 0.91 0.89 1.57
cov 0.123 0.203 0.204 0.205 0.057
800 Mean 0.69 2.52 0.91 0.89 1.12
cov 0.129 0.209 0.205 0.208 0.182
950 Mean 0.78 2.63 1.16 111 1.59
cov 0.132 0.204 0.263 0.159 0.413
All conditions | Mean 1.04 2.60 0.86 0.85 1.23
cov 0.295 0.229 0.260 0.275 0.282
@ 0.70 0.91 0.90 0.70 0.80
b 2.38 4.57 1.31 1.92 2.54

Note: “*’ room temperature.
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Table 10: Comparison of test strengths [37] and FE predictions with predicted strengths at elevated
temperatures for EL condition

Temp. (°C) Prar/PAsce |Prear/Pasce |Prear/Pec| Prear/Phias | Prear/Puas|Prear/Play | Prear/Pasy | Prear/Posur
22# Mean 1.18 1.66 3.00 0.69 0.77 0.61 0.80 1.03
COV| 0.268 0.240 0.308 0.321 0.134 0.371 0.372 0.112
200 Mean 1.01 1.42 2.99 0.76 0.85 0.67 0.88 1.24
cov| 0.239 0.211 0.281 0.290 0.125 0.339 0.339 0.101
350 Mean 0.95 1.33 3.01 0.79 0.88 0.70 0.91 1.32
Cov| 0.235 0.207 0.278 0.287 0.122 0.337 0.337 0.100
500 Mean 0.85 1.19 2.98 0.80 0.90 0.71 0.92 1.33
Ccov| 0.222 0.194 0.266 0.272 0.123 0.321 0.321 0.097
650 Mean 0.71 1.01 2.78 0.88 1.00 0.77 1.01 1.75
cov| 0.177 0.152 0.226 0.221 0.140 0.269 0.267 0.079
800 Mean 0.55 0.78 2.83 0.88 1.00 0.77 1.01 1.28
cov| 0.172 0.146 0.222 0.215 0.143 0.263 0.262 0.247
950 Mean 0.64 0.91 3.08 1.15 1.36 1.01 1.32 1.89
cov| 0.112 0.103 0.174 0.128 0.221 0.173 0.169 0.433
All conditions|Mean 0.84 1.19 2.95 0.85 0.97 0.75 0.98 1.40
Cov| 0.332 0.313 0.246 0.281 0.243 0.317 0.316 0.312
¢ 0.70 0.70 0.91 0.80 0.90 0.70 0.70 0.80
b 1.68 2.61 4.78 1.54 1.70 1.45 2.11 2.71

Note: “*’ room temperature.

48



1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265

1266
1267
1268
1269
1270
1271
1272
1273
1274
1275

1276
1277
1278
1279
1280
1281
1282
1283

Table 11: Coefficients for web crippling strength of CFLDSS by modified DSM at elevated

temperatures
Loading condition a b n Ak y ¢
EOF 1.00 0.20 0.60 0.720 1.05 0.80
ETF 0.80 0.20 0.60 0.700 0.85 0.80
EL 0.80 0.20 0.60 0.700 0.85 0.80

Note: The table is suitable to stiffened or partially stiffened flanges that unfastened to support; the proposed
coefficients apply when 10 < h/t < 145, ri/t < 1.5, N/t <150, N/h< 1.5 and = 90’

Table 12: Comparison of test strengths [37] with modified DSM predictions for EOF loading
condition at room temperature

Specimen labelling h/t rit N/t N/h Pt (kN) Posw.t (KN) Pd/Posmt
EOF60%120x3.0N60 157 | 09 | 195 | 1.25 48.9 50.4 0.97
EOF80%150x3.0N60 198 | 21 | 195 | 0.98 35.7 23.0 1.48
EOF80x150x3.0N90 200 | 21 | 291 | 1.46 42.7 29.1 1.40
EOF100%100%x3.0N30 284 | 11 9.7 0.34 39.6 26.0 1.52
EOF120x60x3.0N30 350 | 11 9.8 0.28 34.3 28.0 1.23
EOF120x60x3.0N60 352 | 09 | 195 | 0.56 46.7 37.4 1.25
EOF150%80x3.0N30 428 | 21 9.7 0.23 23.6 16.5 1.43
EOF150%80x3.0N90 429 | 20 | 29.1 | 0.68 37.3 25.1 1.48

Mean 1.35
cov 0.139
Resistance factor, ¢ 0.80
Reliability index, g 3.51
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condition at room temperature

Table 13: Comparison of test strengths [37] with modified DSM predictions for ETF loading

Specimen labelling h/t rit N/t N/h P: (kN) Posm.1 (KN) Pd/Posm,t
ETF20x50%1.5N30 10.2 | 0.6 | 20.1 | 197 18.0 13.7 1.31
ETF20x50%1.5N50 10.1 | 0.6 | 335 | 3.32 28.7 19.5 1.47
ETF40x60%2.0N30 16.4 | 09 | 151 | 0.92 16.4 14.1 1.16
ETF40x60%2.0N60 16.1 | 1.1 | 30.0 | 1.87 24.8 21.1 1.17
ETF40x60%2.0N60-r 16.3 | 1.0 | 30.2 | 1.85 25.1 21.3 1.18
ETF50x20%1.5N30 30.1 | 05 | 19.8 | 0.66 9.9 10.4 0.95
ETF60x40%2.0N30 262 | 09 | 150 | 057 13.2 12.5 1.05
ETF60x40%2.0N30-r 262 | 09 | 150 | 057 13.9 12.5 1.11
ETF60x120x3.0N60 157 | 09 | 196 | 1.25 44.5 40.1 1.11
ETF60x120x3.0N90 156 | 09 | 29.3 | 1.88 56.7 52.6 1.08
ETF80x150x3.0N60 200 | 21 | 195 | 0.97 24.1 23.0 1.23
ETF80x150x3.0N150 199 | 21 | 486 | 2.44 44.3 41.1 1.27
ETF100x100x3.0N30 284 | 1.1 9.7 0.34 25.1 20.5 1.22
ETF100x100x3.0N90 283 | 1.1 | 29.2 | 1.03 42.4 34.4 1.23
ETF100x100x3.0N90-r 284 | 1.0 | 29.1 | 1.02 43.5 35.2 1.24
ETF120x60x3.0N30 349 | 11 9.7 0.28 24.5 22.7 1.08
ETF120x60x3.0N60 352 | 09 | 195 | 055 29.9 29.9 1.00
ETF150x80x3.0N30 426 | 2.1 9.7 0.23 19.2 13.2 1.46
ETF150x80x3.0N90 430 | 20 | 29.2 | 0.68 27.2 19.9 1.37
Mean 1.19
cov 0.119
Resistance factor, ¢ 0.80
Reliability index, 3.38
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Table 14: Comparison of test strengths [37] with modified DSM predictions for EL condition at

room temperature

Specimen labelling h/t rit N/t N/h P: (kN) Posm1 (KN) P/Posw.r
EL20x50x1.5N30 9.8 0.7 | 198 | 2.03 20.7 12.9 1.60
EL20x50x1.5N50 100 | 0.6 | 327 | 3.27 29.3 20.4 1.43
EL40x60x2.0N30 165 | 0.8 | 149 | 091 19.9 14.9 1.34
EL40x60x2.0N60 166 | 0.8 | 30.0 | 181 29.6 22.7 1.30
EL50%20x1.5N30 29.4 | 0.7 | 19.7 | 0.67 12.1 9.8 1.23
EL60x40x2.0N30 264 | 0.7 | 149 | 056 17.6 13.4 1.31
EL60x40x2.0N50 260 | 0.8 | 245 | 094 22.0 17.5 1.25
EL60%120x3.0N60 158 | 0.9 | 195 | 1.24 51.9 40.3 1.29
EL60x120x3.0N120 156 | 1.0 | 39.0 | 2.49 74.7 64.3 1.16
EL80x%150x3.0N60 201 | 1.9 | 194 | 0.97 33.2 24.3 1.61
EL80x150%x3.0N150 202 | 20 | 486 | 241 49.9 42.9 1.37
EL100x100%x3.0N30 28.1 | 1.2 9.7 0.35 33.3 20.2 1.65
EL100x100%3.0N90 278 | 1.3 | 29.1 | 1.05 48.2 329 1.46
EL100x100x3.0N90-r 284 | 11 | 29.2 | 1.03 47.8 34.2 1.40
EL120x60x3.0N30 347 | 1.0 9.7 0.28 314 23.1 1.36
EL120x60x3.0N60 350 | 1.0 | 195 | 0.56 38.7 29.4 1.32
EL120x60x3.0N60-r 351 | 09 | 195 | 0.56 36.6 30.1 1.22
EL150%80x3.0N30 432 | 1.9 9.7 0.23 24.8 13.5 1.83
EL150x80x3.0N90 435 | 1.9 | 29.2 | 0.67 325 19.9 1.63
EL150%80x3.0N90-r 432 | 19 | 29.2 | 0.68 33.2 20.0 1.66
Mean 1.42
Ccov 0.129
Resistance factor, ¢ 0.80
Reliability index, g 3.95
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