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Abstract

This paper presents experiments and numerical simulations on S700 high-strength cold-formed
steel (CFS) built-up I-section stub columns to investigate their cross-sectional behaviour and
resistance. Each built-up I-section comprised two identical press-braked channel sections
assembled back-to-back using G12-24TPI screws. The experimental programme was firstly
conducted, including tensile coupon tests, measurements of initial local geometric

imperfections and twelve stub column compression tests. Local buckling was identified for all
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the specimens upon testing, but with no failure found in the screws or the adjacent material.
The numerical programme was then performed, where stub column finite element models were
established and validated against the experimental results and parametric studies were
conducted to generate further numerical data. The generated results were used to assess the
applicability of the current European and American design guidelines for CFS structures to
S700 high-strength CFS built-up I-section stub columns. Both the effective width and direct
strength methods were considered and each was shown generally to yield consistent and
accurate resistance predictions, though with some scope for improvement. Modified design
provisions based on the Direct Strength Method were thus proposed for S700 high-strength

CFS built-up I-section stub columns and shown to result in improved design accuracy.

Keywords
S700 high-strength cold-formed steel; built-up I-section stub columns; connection elements;

experiments; finite element modelling; structural design.

1. Introduction

In cold-formed steel (CFS) construction, built-up sections, which are composed of several
component sections fastened together with screws or welded, are gaining increasing use due to
the flexible cross-sectional shapes and convenient fabrication process. Compared with singly,

monosymmetric sections, doubly-symmetric built-up I-section has high load-bearing capacity
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and, with the centroid and shear centre being coincident, are less prone to torsional effects [1—
3]. For conventional structural elements in high or ultra-high strength steel, the behaviour and
design of welded I-section members have been systematically studied by Su et al. [4-10], Sun
etal. [11, 12], Shi et al. [13, 14] and Yun et al. [15]. However, research into high-strength CFS
built-up I-section members is relatively limited, as summarised hereinafter. Abbasi et al. [16]
examined the local buckling behaviour and cross-sectional resistance of G450 high-strength
CFS built-up I- and multi-limb section columns under pure compression. A series of
compression tests, numerical simulations and improved design equations on G500 and G550
high-strength CFS built-up I-section columns with stiffened webs and flanges were reported by
Zhang and Young [17, 18] and Li and Young [19]. Roy et al. [20-22], Li et al. [23] and Ting et
al. [24] experimentally and numerically investigated the effects of thickness, screw spacing and
installation errors on the buckling behaviour and load-carrying capacity of G550 high-strength
CFS built-up I-section columns, composed of lipped and unlipped channel sections. Wang and
Young [25-27], Phan and Rasmussen [1], and Roy et al. [28, 29] studied the bending behaviour
and resistance of G450 and G550 high-strength CFS built-up I-section beams and proposed
improved design rules. The aforementioned studies focussed on CFS built-up I-section
members with a maximum nominal yield strength of 550 MPa. The use of high-strength steel
with nominal yield strength of between 690MPa and 960MPa has been increasingly prevalent
in engineering practices due to its superior strength-to-weight ratio compared to normal strength
steel, allowing structural members to be designed with smaller sizes and simpler configurations.

However, owing to the lack of accurate design rules, the application of high-strength CFS built-
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up section members is hindered, which has prompted research into S700 high-strength CFS

built-up I-section members herein.

The focus of the present paper is on the cross-sectional buckling behaviour and resistance of
S700 high-strength CFS built-up I-section stub columns under compression. An experimental
programme, including tensile coupon tests, initial local geometric imperfection measurements
and twelve compression tests on stub columns, was firstly carried out. Then, parallel finite
element (FE) analyses were conducted, where FE models were initially developed to replicate
the test results and extensive parametric studies were subsequently performed to generate
further FE data over a wide range of cross-sectional dimensions. Based on the test results and
FE data, the applicability of the Effective Width Method (EWM) in EN 1993-1-3 [30] and AISI
S100 [31] and the Direct Strength Method (DSM) in AISI S100 [31] was evaluated. Finally, a

modified DSM design expression was proposed and its reliability was verified.

2. Experimental programme

2.1. Test specimens

Twelve S700 high-strength CFS built-up I-section stub column specimens were tested in the

experimental programme, where each specimen consisted of two identical unlipped channel

section members arranged back-to-back and connected by G12-24TPI screws [32] — see Fig. 1,
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with the geometric dimensions and material reported in Table 1. Owing to the high toughness
of S700 high-strength steel, gauge holes were pre-drilled in the S700 high-strength CFS sheet
at the specified screw positions. Seven cross-sectional dimensions of the built-up I-sections
were employed, including 60 x 40 x 2.7, 80 x 50 x 2.7,90 x 70 x 2.7, 100 x 100 x 2.7, 120 x
90 x 2.7, 140 x 120 x 2.7 and 160 x 100 x 2.7 (outer cross-sectional height # x outer cross-
sectional width 5 X nominal thickness 7). All the channel sections were press-braked from S700
high-strength CFS sheets with a nominal thickness of 2.7 mm. The inner corner radius was
equal to 3 mm, which is in compliance with the relevant requirements of AISI S100 [31]. Fig.
1 shows the screw arrangement, where the screws were located at the quarter-heights of the
built-up I-sections. The screw spacings along the column length direction are shown in Fig. 2,
where a is the evenly distributed screw spacing and s is the end spacing between the centre of
the outermost screw and the end of the stub column specimen. The evenly distributed screw

spacings of 50 mm comfortably satisfied the codified limit of 315 mm obtained from the

relevant requirements in AISI S100 [31], as shown in Eq. (1), where (kL /i), is the slenderness
ratio about the minor principal axis and i_is the minimum radius of gyration of the component
channel section. The nominal length of each stub column specimen was selected to be three
times the average of the nominal outer height and width of the component channel sections.
Prior to testing, the geometric dimensions of all specimens were measured and are reported in
Table 2. The specimen ID begins with the letter ‘I’ (signifying a built-up I-section) and is
followed by the nominal dimensions of the specimens (4 x b), with a symbol *’ referring to a

repeated test.
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Fig. 2. Longitudinal arrangement of fasteners.

Table 1

Geometric dimensions and material grade of employed G12-24TPI screws.

Nominal diameter  Effective length  Threads per inch )
Screw Material grade
(mm) (mm) (TPD

G12-24TPI 5.5 16.0 24 EN 1.4301
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Table 2
Measured geometric dimensions and initial local geometric imperfections of S700 high-strength CFS built-up I-

section stub column specimens.

Soeci D a s h b t L r ] No. of
ecimen

P (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) rows of screws
1-60x40 25 59.2 37.2 2.7 150.1 3.0 0.23 3
1-80%50 20 80.1 473 2.7 190.2 3.0 0.28 4
1-90x70 20 89.4 67.6 2.8 240.2 3.0 0.25 5
[-90x70* 20 89.8 67.9 2.8 239.8 3.0 0.23 5
1-100x100 25 99.5 97.5 2.7 300.1 3.0 0.24 6
1-100x100* 50 25 99.7 97.3 2.7 300.0 3.0 0.30 6
1-120x90 5 119.6 874 2.7 309.8 3.0 0.23 6
1-120%90* 5 119.3  87.5 2.7 310.3 3.0 0.30 6
1-140%120 20 139.2 117.6 2.7 390.1 3.0 0.27 8
1-140x120* 20 139.7 1169 2.7 390.0 3.0 0.33 8
I-160%100 20 159.1 975 2.8 390.0 3.0 0.32 8
1-160x100* 20 1593  96.7 2.7 390.5 3.0 0.22 8

2.2. Material testing

The key mechanical properties and stress—strain curves of the S700 high-strength CFS material
were obtained through the tensile coupon tests. Both flat and corner coupons were cut from the
corresponding regions of channel sections along the longitudinal direction, with the dimensions
in line with the relevant requirements of EN ISO 6892-1 [33] and detailed locations shown in
Fig. 3. The flat coupons were 12.5 mm in width with a parallel length of 75 mm, while the
corner coupons were 6 mm in width with a parallel length of 75 mm. The test setup is depicted
in Fig. 4. Extensometers with gauge lengths of 50 mm and 100 mm were respectively attached
to the parallel portion of the corner and flat coupons to measure the longitudinal elongations,
while two strain gauges (one on each side) were mounted at the mid-height of the flat and corner

coupons to monitor the longitudinal tensile strains. Referring to EN ISO 6892-1 [33], the
7



136  loading rates were chosen as 0.2 mm/min before the yield strength and 0.8 mm/min beyond
137  yielding, with a moderate ramp at the transition point to prevent an abrupt rate change. Fig. 5
138 illustrates the measured static engineering stress—strain curves. Compared with the flat coupons,
139 the corner coupons exhibited higher yield and ultimate stresses and lower ductility due to the
140  press-braking process. The key measured material properties are presented in Table 3, where E
141  is the elastic modulus, f; and f, are the yield and ultimate stresses, respectively, and & is the
142 fracture strain.

143

Flat coupon

Corner coupon

144

145 Fig. 3. Locations of coupons.

146



(a) Flat coupon (b) Corner coupon

Fig. 4. Tensile coupon test setup.
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150 Fig. 5. Measured stress—strain curves.
151
152
153  Table3
154  Measured material properties of tested CFS.
E v Ju &
(GPa) (MPa) (MPa) (%)
Flat coupon-1 192.50 726.17 816.08 17.90
Flat coupon-2 207.93 729.09 820.03 17.43
Corner coupon-1 197.04 863.66 894.97 10.32
Corner coupon-2 202.66 865.38 890.52 11.13
155
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2.3. Measurements of initial imperfections

Initial local geometric imperfections can critically affect the cross-sectional buckling behaviour
and resistance of thin-walled structural members [25-27, 34, 35]. Prior to testing, the initial
local geometric imperfections of all stub column specimens were thus measured. The
measurement setup is displayed in Fig. 6, by means of which, the following measurement
procedure was followed: (i) the specimen was positioned on a flat workbench; (ii) a laser
distance measurer moved transversely across one face of the cross-section; (iii) the specimen
was rotated to measure all three faces of the cross-section; (iv) the above steps were repeated
to measure the different cross-sections along the specimen length. The deviations of the
measured data from the linear regression line fitted to the measured data were defined as the
initial local geometric imperfections, with the largest deviation defined as the initial local
geometric imperfection magnitude of the specimen w, as reported in Table 2. Fig. 7 shows the
distribution of the measured initial local geometric imperfections for the typical specimen I-

160x100.

10
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2.4. Stub column tests

Twelve fixed-ended S700 high-strength CFS built-up I-section stub column specimens were
tested under compression to examine their cross-sectional resistances and local buckling
behaviour. A displacement controlled hydraulic testing machine was adopted to apply axial
compression loads at a constant rate of 0.1 mm/min. As shown in Fig. 8, a pair of LVDTs were
vertically installed to obtain the end shortening and six strain gauges were attached at the mid-
height of each specimen to record the longitudinal strains, with the detailed positions displayed
in Fig. 1. The readings from the LVDTs consist of both the deformations of the specimens and
the end platens of the testing machine. Hence, the end shortening readings were corrected [36]
by using the strain gauge data to eliminate the end platen deformations from the LVDT
measurements. Fig. 9 shows the corrected axial load—end shortening curves of all specimens,
while Table 4 reports the key experimental results, including the failure load P, and the end
shortening at the failure load J,. Fig. 10 displays the failure modes of all tested S700 high-
strength CFS built-up I-section stub column specimens, with no failure found in the self-tapping

SCrews.

12
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200

201 Fig. 10 Local buckling of S700 high-strength CFS built-up I-section stub column specimens.

202

203  Table 4

204  Summary of stub column test results.
Specimen ID P, (kN) Ju (mm)
1-60%40 370.4 0.98
1-80%50 443.6 0.80
1-90%70 528.4 0.87
1-90x70* 546.5 0.84
1-100%100 521.9 1.00
1-100x100* 533.2 0.99
1-120%90 520.3 1.05
1-120%90* 520.7 1.01
1-140%x120 582.0 1.68
1-140x120* 560.3 1.82
1-160x100 576.1 1.05
I-160x100* 529.3 1.93
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3. Numerical modelling

3.1. General

Numerical modelling was conducted by means of the finite element (FE) software ABAQUS
[37]. FE models of S700 high-strength CFS built-up I-section stub columns were developed
and validated against the experimental results, and then applied to perform parametric studies

to generate further numerical data over a wide range of cross-sectional dimensions.

3.2. Development of FE models

3.2.1. Geometric and material modelling

All S700 high-strength CFS built-up I-section stub column FE models were established in
accordance with the measured geometric dimensions in the validation study and the nominal
dimensions in the parametric study. The shell element S4R [37], which has been effectively
utilised in previous FE modelling of both plain [38, 39] and built-up [19, 40] section members,
was adopted herein. Aiming to determine appropriate element sizes for efficient and accurate
FE analyses, a mesh sensitivity study was carried out, with detailed results reported in Table 5,
following which element sizes of ¢ x # and 0.5¢ x 0.5¢ for the flat and corner parts of the channel

section members, respectively, were selected. Regarding the material modelling, Egs. (2) and

15
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(3) were used to convert the averaged engineering (measured) stress—strain curves into true
stress—strain curves, where o, and &/ are respectively the true stress and plastic strain,
and o,, and ¢, are respectively the engineering stress and strain; the resulting curves,
represented by a series of discrete points, were then applied to the corresponding regions of
stub column FE models. Residual stresses were not explicitly measured or modelled herein,
since (i) the bending residual stresses inherently feature in the measured stress—strain curves
[41, 42], (i1) the magnitudes of the membrane residual stresses in press-braked steel members
are negligible [43, 44], and (iii) the effect of residual stresses on structural performance is less

significant in high-strength steel sections [45].

Utme = O-n()m (1 + gnom) (2)
A ©

Table 5

Comparisons of test failure loads with numerical failure loads for various element sizes.

FE P./Test P,
Specimen ID  Flat region: 2t X2t txt 0.5¢ > 0.5¢
Corner region: txt 0.5¢ x 0.5¢ 0.25¢ x 0.25¢
1-60x40 1.10 1.09 1.07
1-80x50 1.05 1.03 1.01
1-90x70 1.05 1.00 0.99
1-90x70* 1.02 0.98 0.99
[-100%100 1.04 1.01 1.01
[-100%100* 1.03 1.00 1.00
1-120%90 1.04 1.00 1.00
[-120%90* 1.06 0.99 0.99
[-140%120 1.05 0.99 0.98
[-140x120* 1.04 1.00 1.00
I-160%100 1.02 0.97 0.99
1-160x100* 1.05 1.01 1.00
Mean 1.05 1.01 1.00
Ccov 0.02 0.03 0.02

16
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3.2.2. Contacts and boundary conditions

The developed built-up section stub column FE model is shown in Fig. 11. The interaction
between the webs of the component channel section members was implemented as ‘surface-to-
surface’ contact, with ‘hard’ contact defined in the normal direction and ‘frictionless’ contact
adopted in the tangential direction. In order to simulate the fixed-ended boundary conditions
and prevent global buckling to ensure occurrence of local buckling, both end sections of the
stub column FE models were coupled to two concentric reference points, with one reference
point fully restrained and the other restrained against all degrees of freedom except longitudinal
translation. Three approaches were considered for modelling the screws — ‘Actual screws’,
‘Coupling DOFs’ and ‘Fasteners’. The ‘Actual screws’ approach utilised solid C3D8R elements
[37] to model the actual screws and ‘tie’ constraints to secure each screw to the corresponding
screw holes. This approach has been successfully used in previous numerical simulations of
built-up section members [17, 19, 25, 46], but can suffer from extended computational times
and convergence issues. To address these problems, two simplified approaches are introduced
as follows. The ‘Coupling DOFs’ approach, which has been adopted in previous research into
built-up section members [23, 47-49], coupled all DOFs of the nodes located at the centres of
the actual screws on the component channel section members. The ‘Fasteners’ approach
proposed by Phan et al. [50] employed mesh-independent fastener elements [37] to model the
actual screws, where the properties of the screws were obtained from the backbone curves

generated by Phan and Rasmussen [51]. The numerical failure modes and axial load—end

17
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shortening curves of a typical specimen — [-90x70* — obtained using the three described
interconnection approaches are shown in Figs. 12 and 13, respectively, indicating that the
‘Actual screws’ and ‘Fasteners’ approaches are in good agreement with the experimental results.
Considering the higher computational efficiency, the ‘Fasteners’ approach was selected to

simulate the interconnections in the built-up I-section stub columns studied herein.

3.2.3. Imperfections and loads

With regard to the incorporation of initial local geometric imperfections into each stub column
FE model, an elastic eigenvalue buckling analysis [37] was adopted to obtain the corresponding
lowest local buckling mode [52—55], which was determined as the pattern of initial local
geometric imperfections and then input into the nonlinear analysis. To assess the sensitivity to
the initial local geometric imperfections, four local geometric imperfection magnitudes,
including the measured magnitude w; and three generalised magnitudes — 0.05¢, 0.1¢ and 0.15¢,
were utilised to scale the distribution pattern. Static analyses [37] were conducted to obtain the
local buckling behaviour and cross-sectional resistances of the S700 high-strength CFS built-
up I-section stub column FE models. Artificial damping, with a dissipated energy coefficient of
0.0002 and a stabilization ratio of 0.05, was applied to overcome the convergence issues in

some models.
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S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.180e+02
+8.450e+02
+7.721e+02
+6.991e+02
+6.262e+02
+5.533e+02
+4.803e+02
+4.074e+02
+3.344e+02
+2.615e+02
+1.885e+02
+1.156e+02
+4.265e+01

(b) FE with ‘Actual screws’ — 544.7 kN

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.180e+02
+8.471e+02
+7.763e+02
+7.054e+02
+6.345e+02
+5.637e+02
+4.928e+02
+4.219e+02
+3.511e+02
+2.802e+02
+2.093e+02
+1.385e+02
+6.762e+01

(c¢) FE with ‘Coupling DOFs’ — 580.0 kN

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.180e+02
+8.447e+02
+7.715e+02
+6.983e+02
+6.250e+02
+5.518e+02
+4.786e+02
+4.054e+02
+3.321e+02
+2.589e+02
+1.857e+02
+1.124e+02
+3.919e+01

(d) FE with ‘Fasteners’— 551.0 kN
285 Fig. 12. Comparison of test and numerical failure modes of specimen I-90x70* with different interconnection

286 approaches.
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Fig. 13. Test and numerical axial load—end shortening curves of specimen [-90x70* with different

interconnection approaches.

3.2.4. Validation of FE models

The developed stub column FE models were validated with reference to the experimental failure
loads and modes and axial load—end shortening curves. Table 6 reports the mean ratios of the
ultimate loads obtained from the FE analyses to the test failure loads for all stub column
specimens and the corresponding coefficients of variation (COVs), showing that (i) all four
imperfection magnitudes result in accurate and consistent failure load predictions and (ii) the
measured imperfection magnitudes and the generalised imperfection magnitude of 0.17 result
in the most accurate failure load predictions. The experimental and numerical failure modes of
two typical stub column specimens, I-140x120 and 1-80x50, are shown in Fig. 14, indicating

good agreement. The axial load—end shortening curves obtained from the tests are also well

21



303  captured by numerical modelling, as shown in Fig. 15. In conclusion, the developed FE models
304 have been shown to be capable of accurately simulating the experimental behaviour of S700
305  high-strength CFS built-up I-section stub columns.

306

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+9.180e+02
+8.447e+02
+7.714e+02
+6.981e+02
+6.248e+02
+5.515e+02
+4.783e+02
+4.050e+02
+3.317e+02
+2.584e+02
+1.851e+02
+1.118e+02
+3.855e+01

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+9.180e+02
+8.43%+02
+7.698e+02
+6.958e+02
+6.217e+02
+5.476e+02
+— +4.735e+02
+3.995e+02
+3.254e+02
+2.513e+02
+1.772e+02
+1.032e+02
+2.908e+01

(b) 1-80x50

307 Fig. 14. Comparison of test and numerical modes for typical S700 high-strength built-up I-section stub column

308 specimens.

309

310
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312 Fig. 15. Comparison of test and numerical axial load—end shortening curves for typical S700 high-strength built-
313 up I-section stub column specimens.
314
315  Table6

316 Comparisons of test failure loads with numerical failure loads for various initial local geometric imperfection

317  magnitudes.

Specimen ID FE PuTest Py
w; 0.05¢ 0.1z 0.15¢
1-60x40 1.09 1.11 1.11 1.05
1-80x50 1.03 1.04 1.04 1.00
1-90x70 1.00 1.02 1.00 0.96
1-90x70* 0.98 1.00 0.98 0.94
1-100x100 1.01 1.00 1.00 0.99
I-100x100* 1.00 1.00 1.00 0.99
1-120x90 1.00 1.02 1.00 0.99
I-120x90* 0.99 1.02 0.99 0.98
1-140x120 0.99 1.11 0.99 0.98
1-140x120* 1.00 1.02 1.00 1.00
I-160x100 0.97 1.00 0.97 0.96
1-160%100* 1.01 1.01 1.00 0.99
Mean 1.01 1.03 1.01 0.99
Ccov 0.03 0.04 0.04 0.04
318
319
320
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4. Parametric studies

The validated FE models were used to conduct parametric studies to generate further numerical
data over a wide range of cross-sectional dimensions. Table 7 lists the geometric dimensions of
the component channel sections simulated in the parametric studies. Following the numerical
modelling approach established in Section 3.2 and the initial local geometric imperfection
magnitude of 0.1z, a total of 200 FE models were created. In order to include both slender and
non-slender component channel sections, the outer cross-sectional heights # were varied
between 70 mm and 200 mm, while the outer cross-sectional widths b were varied between 40
mm and 150 mm, with the thicknesses ¢ ranging from 2.0 mm to 5.0 mm. For all stub column
FE models, the member lengths were set equal to three times the average of nominal outer
heights and widths of the component channel sections. Regarding the screw arrangements,
screws located at the quarter-heights of the built-up I-sections were employed in the parametric
studies. Note that the effect of screw spacing on load-carrying capacities of built-up section
stub columns is insignificant [40, 50, 56], the evenly distributed screw spacing was thus taken
equal to 50 mm. In contrast, the dimensions of geometric parameters, including cross-sectional
height 4, cross-sectional width b and thickness ¢, influenced the cross-sectional area and thus

significantly affected the resistances of built-up section stub columns.
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340  Table7
341 Geometric dimensions of S700 high-strength CFS built-up I-section stub column FE models selected for
342 parametric studies.

Section ID a (mm) s (mm) h (mm) b (mm) ¢t (mm)
1-70x40 7.5 70 40 2.0-4.0
1-80x60 5 80 60 2.0-4.0
1-80x70 12.5 80 70 2.0-4.0
I-100x70 27.5 100 70 2.0-4.0
1-100x80 10 100 80 2.0-5.0
1-100%90 17.5 100 90 2.0-5.0
1-130%110 5 130 110 2.0-4.0
1-140%100 5 140 100 2.0-4.0
1-140x110 12.5 140 110 2.0-4.0
1-140x120 50 20 140 120 2.0-4.0
I-150x100 12.5 150 100 2.0-4.0
I-170x100 27.5 170 100 2.0-4.0
I-180x150 22.5 180 150 2.0-4.0
1-190x100 17.5 190 100 2.0-4.0
1-190%x110 25 190 110 2.0-4.0
1-190%150 5 190 150 2.0-4.0
1-200%100 25 200 100 2.0-4.0
1-200x120 15 200 120 2.0-4.0
1-200x150 12.5 200 150 2.0-4.0

343

344  S. Current design guidelines

345

346  5.1. General

347

348  The applicability of the Effective Width Method (EWM)), as specified in EN 1993-1-3 [30] and
349  AISI S100 [31], and the Direct Strength Method (DSM), as specified in AISI S100 [31], to the
350  studied S700 CFS built-up I-sections was assessed by comparing the test and numerical failure
351 loads P, with the unfactored failure load predictions Ppres. A modified DSM is also proposed.

352
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5.2. Effective Width Method (EWM)

5.2.1. Slenderness limits for cross-sectional classification

For the EWM specified in EN 1993-1-3 (EC3) [30] and AISI S100 (AISI) [31], the built-up I-
sections are treated as the sum of two component channel sections, as shown in Fig. 16. The
component channel sections were firstly classified according to the prescribed local slenderness
limits; the compression resistances were then calculated. There are effectively 2 classes in
compression in EN 1993-1-3 [30] and AISI S100 [31], i.e. Class 1-3 (non-slender) and Class 4
(slender) cross-sections. Regarding Class 1-3 and non-slender cross-sections, local buckling
occurs after the material yield load is reached. In contrast, local buckling occurs prior to
reaching the material yield load for Class 4 and slender cross-sections. The flat width-to-
thickness ratio ¢/t of the most slender constituent plate element was compared to the
corresponding slenderness limit to classify the component channel sections. The flat width is
denoted as ¢, for the width of the internal webs and ¢ for the width of the outstand flanges, as
displayed in Fig. 16. Table 8 reports the codified slenderness limits for the internal and outstand
plate elements in compression, where &,.; = m and ¢, = m are the material
coefficients. Figs. 17 and 18 present the graphical assessment results of the applicability of the
existing codified slenderness limits for internal and outstand plate elements in compression,
respectively, where the test and numerical failure loads P, are normalised by the yield loads P,

and plotted against the ratios of c/Ateec3) and cAteassi). It can be seen from Figs. 17 and 18 that
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376

377
378

379

380
381

382
383

both codified slenderness limits for internal webs and outstand flanges are suitable for S700

high-strength CFS built-up I-section stub columns.

[0 Effective area

H

Corner area

il
. [:::::” 4 Co———=— /) & ——=—===

Fig. 16. Design treatment and flat width definition in EWM.

|
_'_

Table 8

Summary of codified slenderness limits between slender and non-slender plate elements in compression.
Design code Internal element Outstand element
EN 1993-1-3 38eecs l4epcs
AISI S100 1.28&4ss1 0.42¢&4151
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387
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390 Fig. 17. Assessment of slenderness limits for internal webs in compression.
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396 Fig. 18. Assessment of slenderness limits for outstand flanges in compression.
397

398  5.2.2. Cross-sectional compression resistance
399

400  The cross-sectional compression resistance is specified in both design codes as the effective
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408

409

410

411

412

413

414

415

416

417

resistance Aeqf, for Class 4 (slender) cross-sections and the yield load Af, for Class 1-3 (non-
slender) cross-sections, where 4.5 is the effective cross-sectional area and A is the gross cross-
sectional area. For a slender cross-section, the effective area Aef is equal to the sum of the
effective areas of all plate elements and the full areas of the corners. The effective area of each
slender plate element is determined by multiplying the effective plate element width c.; by the
plate thickness ¢. The EC3 and AISI effective widths — cefecs and cefaisi, are given by Egs. (4)
and (5), respectively, where v is the stress distribution factor and equal to 1.0 for plate elements
under pure compression and 4, is the slenderness of the plate element and calculated using Eq.
(6), where k is the buckling factor and equal to 4.0 and 0.43 for internal webs and outstand

flanges, respectively.

c [L 9 1? 8] <c for outstand plate elements
ip ﬂl’
Cop EC3 = . 4)
c {— — OOL’:,H//)J <c for internal plate elements
ip ZP
I 022
Cop ats1 = C(_ 0 J <c (5)
/7’17 /Ip
¢l EN1993-13
28.4¢,.,\k
4 = clt ©
1.052 AISI S100

gAISI \/z

The applicability of the EC3 and AISI EWM to S700 high-strength CFS built-up I-section stub
columns was assessed by comparing the predicted failure loads with those obtained from the
tests and FE simulations. Table 9 reports the mean test and numerical to EWM predicted failure

load ratios, with P./Pewaecs and Pu/Pewwm st equal to 1.06 and 1.10 and the corresponding
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418

419

420

421

422

423

424

425
426
427

428

429

430
431

432

COVs 0f 0.04 and 0.04, respectively, while Figs. 19(a) and 19(b) respectively display the ratios
of P./Pewm ecs and P./Pewaaisi plotted against 4, of the webs of the component channel sections.
It can be concluded that (i) the codified EWM in EN 1993-1-3 [30] and AISI S100 [31] provided
accurate and consistent failure load predictions for S700 high-strength CFS built-up I-section
stub columns, and (ii) the AISI predicted failure loads were slightly more conservative

compared with their EC3 counterparts.

Table 9
Comparisons of experimental and numerical failure loads with predicted failure loads for S700 high-strength built-

up I-section stub columns.

No. of test data No. of FE data Mean CoVv
P./Pewm ecs 1.06 0.04
Pu/Pewpmaist 1.10 0.04
12 200
P./Ppsyu 1.02 0.03
Pu/PDSM, pro 106 002
2.0
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1.5 A
:
R
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(a) EN 1993-1-3
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Fig. 19. Comparison of experimental and numerical failure loads with predicted failure loads from EWM.

5.3. Direct Strength Method (DSM)

Unlike the EWM, which relates the cross-sectional compression resistance to the slenderness
of the individual plate elements and can become cumbersome for the design of cross-sections
with complex geometries, the DSM resistance Ppsy is calculated based on the full cross-
sectional slenderness A4,, as given in Eq. (7), where /, =m and P is the elastic
critical local buckling load of the built-up I-section determined using the finite strip software
CUFSM [57]. The measured dimensions and material properties were used to model the built-
up I-sections in CUFSM [57], while the screws were modelled as solid blocks, as successfully
adopted in previous finite strip analyses of CFS built-up section members [17—19]. An elastic
buckling analysis was conducted to obtain the signature curve, from which the lowest point was

taken as the elastic local buckling load. The signature curve of a typical built-up I-section
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451

452

453

454

455

456

457

458

459

460

461

462

463

464

column specimen — specimen [-120x90 — is shown in Fig. 20. A similar full cross-sectional
slenderness-based design approach is also employed in the continuous strength method [58—
60]. Note that the effect of shear deformations of the screws at the interface between the cold-
formed sections was not considered herein in the determination of the elastic buckling loads,
since the demands on the screws are low in the studied configuration (featuring local rather than

global buckling) and no screw failures were observed [2, 61-63].

P for 4, <0.776

y

P _ 0.8 0.8 7
PP 1-0.15 ER IS for 4, >0.776 @
2’[ ﬂ“l

The DSM is included in AISI S100 [31] and its applicability to the design of S700 high-strength
CEFS built-up I-section stub columns was evaluated herein. As reported in Table 9, the mean
ratio of P./Ppsu is 1.02 and the corresponding COV is 0.03. Fig. 21 displays the comparisons
graphically, where the ratios of P./Ppsy are plotted against the local buckling slenderness /.
Both the quantitative and graphical assessment results indicate that the DSM yielded more
accurate and consistent failure load predictions for S700 high-strength CFS built-up I-section

stub columns than the codified EWM [30, 31], but with some points on the unsafe side.
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Fig. 20. Signature curve of typical built-up stub column 1-120%90.
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Fig. 21. Comparison of test and numerical failure loads with predicted failure loads from DSM.

6. Modified Direct Strength Method

The current semi-empirical DSM formulae were developed based on the data bank of CFS
single section members, and the relevant coefficients should be revised for high-strength CFS

built-up I-section members. Reviewing the assessment results of the codified DSM, a modified
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488

DSM is proposed for predicting the local buckling resistances of S700 high-strength CFS built-
up I-section stub columns. The new design equation follows the same format of the codified
DSM but adopts new coefficients obtained from curve-fitting, as given in Eq. (8). Fig. 22 plots
the test and numerical failure loads P, against the cross-sectional slenderness 4, , along with the
codified and modified DSM strength curves, indicating the improved design accuracy of the
modified DSM strength curve. The accuracy of the proposed modified DSM approach was
evaluated based on the test and FE results. The graphical assessment results are shown in Fig.
23 and the quantitative assessment results are shown in Table 9, where the mean ratio of
P./Ppsmprop 1s equal to 1.06, with the corresponding COV of 0.02, revealing that the modified
DSM results in accurate, consistent and safe-side predicted failure loads for S700 high-strength

CFS built-up I-section stub columns.

P, (0.15+0.68""") for 4, <0.787

PDSM,prop: | 0.85 | 0.85 (8)
P10.97-0.15| — = for 4, >0.787
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493 Fig. 23. Comparison of test and numerical failure loads with predicted failure loads from modified DSM.
494

495 7. Reliability analysis
496
497  Based on the statistical analysis procedures in AISI S100 [31], the reliability of the proposed

498  modified DSM for S700 high-strength CFS built-up I-section stub columns was evaluated. The
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key calculated statistical parameters are presented in Table 10, where P, and V), are the mean
ratio and COV of P./Ppswm prop, respectively, ¢. is the resistance factor and equal to 0.85 [31]
and /£ is the reliability index. The reliability index f is calculated from Eq. (9), where C, is a
correction factor relating to the number of data points and equal to 1.01, F,, and M,, are the
mean values of the fabrication factor and material factors and taken equal to 1.00 and 1.10 [19],
respectively, and Vr and Vi, are the COVs of the fabrication factor and the material factor and
equal to 0.05 and 0.10, respectively [50]. Regarding the design of CFS structures, the typical
ratio of dead load (DD) to live load (LD) is taken equal to 1/5 and thus the computed value of
Vo is 0.207 [50]. For the critical load combination of 1.2DD + 1.6LD, the calibration coefficient
Cy is equal to 1.521 for structural design [31]. The calculated reliability index f, as reported in
Table 10, is greater than the target value of 2.5 in AISI S100 [31], indicating the reliability of

the proposed modified DSM for S700 high-strength CFS built-up I-section stub columns.

[CqﬁMmFmRn ]
In| ———=
2

- 2 2 2 2 (9)
Vi +VE+CVE+1;

Table 10

Reliability analysis results for proposed modified DSM.
Number of data points P,, (Mean) V, (COV) b s
212 1.06 0.02 0.85 3.13
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8. Conclusions

Testing and numerical modelling have been carried out to investigate the cross-sectional
buckling behaviour and resistance of S700 high-strength cold-formed steel (CFS) built-up I-
section stub columns. The testing programme included tensile coupon tests, initial local
geometric imperfection measurements and twelve stub column tests. The obtained test results,
including the axial load—end shortening curves, failure loads and failure modes have been
described. A numerical programme was then conducted, where FE models were established and
validated against the test results, and parametric studies were conducted to generate further
numerical data over a wide range of cross-sectional dimensions. On the basis of the
experimental and numerical data, the applicability of the effective width method (EWM)), as set
out in EN 1993-1-3 [30] and AISI S100 [31], and the direct strength method (DSM), as set out
in AISI S100 [31], to S700 high-strength CFS built-up I-section stub columns was evaluated.
The evaluation results indicated that (i) both the codified EWM and DSM resulted in accurate
and consistent cross-sectional resistance predictions in general, (ii) the codified DSM yielded a
higher level of design accuracy and consistency than the codified EWM, but with many failure
load predictions on the unconservative side. Finally, a modified DSM strength curve was
proposed and shown to provide accurate, consistent and safe-sided failure load predictions for
S700 high-strength CFS built-up I-section stub columns. Building on the current research into
the cross-sectional resistance of S700 high-strength CFS built-up I-section stub columns, the

behaviour of S700 high-strength CFS built-up I-section columns and beam—columns, with due
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allowance for the effect of shear deformations on the member stability, will be studied in future

research. In addition, it is necessary to evaluate the applicability of the modified DSM for CFS

built-up I-section members with the nominal yield strengths exceeding 700 MPa.
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