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ABSTRACT

ARTICLE HISTORY

Recent advancements in design guidelines for cold-formed steel members focus on enhancing the prediction of nominal
strengths under various loading conditions. This improvement is achieved through precise accounting for local plate
buckling behavior. Nevertheless, the Effective-Width Method (EWM), aligned with current design standards, estimates a
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lower structural capacity for cold-formed steel members. Assuming buckling precedes the yielding of cross-sections and

considering no interactive restraint between adjacent elements, conservative predictions of member strengths are derived.
To address this issue, this paper introduces a numerical investigation involving several lipped channel cross-sections with
varying web height-to-flange width ratios, intending to assess the local plate buckling coefficient (k-value). Initially,
validating a shell finite-element model against test results establishes benchmark strengths for the considered cross-sections.
Subsequently, analytical solutions for calculating the k-value are presented and compared with those obtained from
numerical solutions. Interactions between cross-sectional adjacent elements are examined, leading to a proposed refined
EWM compliant with AISI standards. Finally, a reliability analysis is performed to illustrate the accuracy and reliability of
the proposed design method. This research highlights the significance of accurately considering the restraining effect
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between sectional sub-elements and the importance of boundary conditions influencing the plate buckling coefficient.

Copyright © 2024 by The Hong Kong Institute of Steel Construction. All rights reserved.

1. Introduction

Modern structural technology prioritizes environmental practices to
mitigate global energy depletion, whether in construction, operation,
maintenance, or demolition. Cold-formed steel (CFS) emerges as an eco-
friendly and recyclable structural material, minimizing carbon dioxide
emissions during its cold-forming process, unlike hot-rolled steel sections that
demand higher thermal energy. As a primary load-bearing material, CFS
optimizes construction purposes due to its numerous advantages, including a
high strength-to-weight ratio, easy installation, and lower energy consumption.
It finds wide-ranging applications in construction manufacturing, such as light
and short-span structures, light partition walls, and storage rack structures. CFS,
derived from the flexion of thin-walled steel sheets, is susceptible to various
buckling phenomena, including local buckling (L), distortional buckling (D),
and global buckling (G) as. These instability modes exhibit elastic buckling
loads before reaching ultimate strength and exhibiting post-buckling behavior.
Consequently, the hot-rolled steel design approach is unsuitable for CFS,
necessitating advanced guidance in three key areas: i) experimental tests to
explore various CFS cross-sections under different load conditions [1]-[10], ii)
numerical analyses, such as the finite strip method [11], [12] and shell finite
element models [13], offering accurate simulations with realistic geometric
imperfections and residual stresses, and iii) the development of simplified
design standards [14]-[17] to provide accessible and semi-accurate guidance for
the design of CFS sections, reducing reliance on more complex and expensive
tools.

Two existing design theories play a pivotal role in assessing the structural
capacity of CFS axial columns and flexural beams: the traditional Effective
Width Method (EWM) and the recently advanced Direct Strength Method
(DSM). The former employs iterative solutions to define the effective width for
each element comprising the cross-section. In contrast, the DSM calculates
elastic buckling loads in local, distortional, and global buckling modes,
addressing cross-section instability and predicting the nominal strength for each
buckling mode. Consequently, numerous researchers have dedicated their
efforts to examining the buckling behavior of CFS lipped-channel sections
under diverse loading and boundary conditions. For example, Bryan [18]
derived a solution for critical local buckling stress and the plate buckling
coefficient for simply supported plates subjected to compression. Subsequent
studies explored different boundary and loading conditions, revealing that the
nominal plate strength is independent of critical elastic buckling theory, as noted
in [19], due to post-buckling behavior. Kamé [20] delved into nominal
buckling strength based on elastic buckling solutions, introducing empirical

factors for simply supported plates. Winter [7], in later work, adapted the elastic
buckling solution, presenting a formula for nominal plate strength during post-
buckling behavior. This formula remains integral to current effective width
approaches, including AlSI [15] and Eurocode3 (EC3) [16], and is incorporated
into various contemporary design methodologies.

More recently, a design theory based on DSM has emerged [14], [21], relying
on determining the critical elastic buckling stress for entire cross-sections.
Currently, this method is employed in Australia/New Zealand and North
America standards.

Taking inspiration from prior investigations, the EWM treated the plate
element as simply supported, overlooking any interaction or restraining strength
with adjacent elements. Consequently, the predicted nominal post-buckling
strength proves conservative when compared to experimental test results. Yu
and Yan [22] illustrated the influence of the web height-to-flange width (H/B)
ratio on the plate buckling coefficient in the C and Z sections. Mulligan and
Pekoz [23] conducted experiments on lipped channel stub columns to quantify
local buckling and inspected buckling coefficient values for cross-section sub-
elements (web, flange, and stiffener). These values, derived from experimental
results, were lower than those for simply supported plate elements due to the
consideration of interaction between adjacent elements. Consequently, the
impact of the H/B ratio on nominal strength, attributed to the interaction effect,
is emphasized. An increase in cross-section width provides support to the web
element, thereby increasing nominal buckling strength. This interaction
significantly influences the buckling coefficient value (k), primarily dependent
on boundary conditions and stress gradient.

This research contributes to advancing the effective width method (EWM)
by incorporating elastic local buckling phenomena in assessing the plate
buckling coefficient (k), a parameter significantly influenced by the interaction
between adjacent sub-elements. Initially, literature-derived test results are
employed to validate a newly developed 2D shell finite-element model (SFEM)
using ABAQUS [13]. The SFEM incorporates appropriate geometric
imperfections and material properties specific to CFS. Subsequently, finite strip
analysis in CUFSM [11] is utilized to perform elastic local buckling solutions,
which are then compared with various expressions for local plate buckling
coefficients in the calculation of critical local buckling stress (F,,.). This
comparison characterizes the restraining effect between adjacent sub-elements
and demonstrates superior performance in representing elastic behavior. The
illustration of various elements and analytical methods with different buckling
coefficients within the EWM theory is also outlined. These methods are
presented to evaluate the impact of restraining interaction between connected
sub-elements with varying boundary conditions. Results obtained from the
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Direct Strength Method (DSM) are also discussed, revealing that enhancing
elastic stability for the gross cross-section may be more accurate than the EWM.
Subsequently, after presenting diverse design approaches for CFS, a parametric
study is conducted on different CFS-lipped channel cross-sections with various
web height-to-flange width ratios. These results are then compared to outcomes
from the developed and validated shell finite element models (SFEM) [25-26],
which serve as benchmark results for evaluating the reliability of the proposed
refined design method (i.e., AISI-Re). This refined method aims to obtain
optimum nominal strength for CFS-lipped channel cross-sections. Finally, the
findings are summarized, emphasizing the role of the plate buckling coefficient
(k) in determining the nominal buckling strength.

2. Finite element modelling
2.1. Shell finite element modeling

Finite Element (FE) analysis is used in ABAQUS [13] to analyze the
behavior of thin plates, simulating the experimental tests detailed in [25] and
[26]. The linear 4-node shell element with reduced integration (S4R) is selected
for modeling the CFS columns. As mentioned in [27], this shell element aligns
with the study’s goals, which focus on local plate buckling. Based on mesh
sensitivity analysis, a maximum mesh size of 5 mm x 5 mm is assumed in
element discretization, guaranteeing precise and trustworthy results for a
comprehensive parametric investigation. Four elements are used to model the
rounded corners of the lipped channel cross-section.

2.2. Modelling parameters

The benchmark experimental settings for the specimens under test were
included in the simulations. A 600S137-54 lipped-channel cross-section with an
intermediate length of 610 mm was one of the geometrical attributes that were
subjected to several loading combinations (axial, uniaxial, and biaxial
eccentricities). The reference point was established using a kinematic coupling
constraint connecting it to the end cross-sections, and it was situated at the cross-
section centroid. With pin-ended boundary conditions, every beam-column was
simulated. According to [25], Young’s modulus was 203.4 GPa, and the steel
yield stress was 364.5 MPa. To construct the real stress-strain curve and account
for the inelastic behavior of CFS due to material nonlinearity, the two-stage
Ramberg-Osgood model, as presented by Gardner and Yun [31], was used.
Initial geometric imperfections were incorporated to thoroughly evaluate the
simulations against the experimental tests. This allowed for proper parametric
investigations of CFS behavior and demonstrated satisfactory agreement with
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the results. To ensure the accuracy of the finite element modeling, additional
test specimens from various experimental tests were simulated under the same
standard conditions to account for pure compression and local buckling failure
modes, as detailed in [25].

2.3. Residual stresses and cold-forming effect

The same manufacturing process, including coiling, uncoiling, and shape
bending, causes residual stresses and cold-forming effects. Residual stresses
show a drop in yield strength, but the cold-forming process raises the yield
strength in the corner region, leading to greater strength. The most accurate way
to estimate a member’s true strength is to model the manufacturing process,
including cold-forming effects and residual stresses. While this is frequently a
difficult process to carry out, it is essential to avoid modeling them individually.
According to several studies, there is no noticeable correlation between residual
stress and the final capacity of columns (e.g., Schafer and Peké&; Abdel-
Rahman and Sivakumaran; Ellobody and Young) [28-30]. As long as ultimate
load capacity is the main consideration, the yield strength in the corner region
is enhanced due to the cold-forming process, which reduces the effect of
residual stress. The corner effect and residual stress, especially in post-ultimate
behavior, significantly affect column behavior but do not affect the final load
capacity value, according to Abdel-Rahman and Sivakumaran [29]. This study
disregarded the residual stress and corner enhancement in the FE model since it
focuses on the ultimate load capacity rather than the post-ultimate load behavior.

2.4. Initial geometrical imperfections

Initial geometric imperfections are introduced by executing the linear
perturbation “Buckle” step, enabling the prediction of the buckling mode shape
to be scaled within the subsequent nonlinear collapse analysis. Drawing from
prior research, various imperfection amplitudes are integrated into the model to
ensure thorough validation and accurate verification. The specific amplitude
values are outlined in Table 1, along with their corresponding peak loads.

The FE results show that when the imperfection amplitude is adjusted to
6te~2¢, as suggested by Schafer and Pekéx [32], the predicted peak loads show
good agreement with the experimental test results. Values produced by this
configuration are most similar to the experimental findings; mean predicted-to-
test ratios for [25] and [26] are 1.0047 and 1.1091, respectively. The coefficients
of variation (COV) that correspond to these values are 0.0337 and 0.1287,
respectively. For this reason, to make the solutions in the current study seem
more realistic, this specific amplitude value was chosen.

Peak ultimate loads for experimental and FE results with different imperfection amplitudes

Imperfection magnitude

Specimen
0.24mm 0.005t t/10 d/400 Schafer and Pek&r [32] Dawson and Walker [33]
600S137-54 (1) 0.9964 1.0165 0.9966 0.9945 0.9933 0.9949
600S137-54 (2) 0.9868 1.0408 0.9883 0.9841 0.9827 1.0405
Torabian et al, 600S137-54 (3) 0.9743 1.0855 0.9754 0.9730 0.9700 1.0715
[25] 600S137-54 (4) 1.0264 1.0325 1.0279 1.0250 1.0236 1.0308
600S137-54 (5) 1.0733 1.1110 1.0897 1.0616 1.0538 1.1126
Mean 1.0114 1.0573 1.0156 1.0076 1.0047 1.0501
cov 0.0391 0.0373 0.0450 0.0356 0.0337 0.0423
C75-L500-1 1.1089 1.1292 1.1202 1.1154 1.0789 1.2345
C75-L500-2 1.3387 0.0000 1.3732 1.3661 1.2951 1.5421
Roy etal, C75-L500-3 1.2008 1.2716 1.2090 1.2152 1.2060 1.5023
[26] C90-L500-1 0.9594 0.9650 0.9676 0.9643 0.9346 1.0416
C90-L500-2 1.0641 1.1819 1.0910 1.0853 1.0310 1.0074
Mean 1.1344 0.9095 1.1522 1.1493 1.1091 1.2656
cov 0.1265 0.5723 0.1309 0.1311 0.1287 0.1976

2.5. Validation and verifications

A noteworthy agreement between FE results and test results in terms of
load-displacement response, peak loads (Fig. 1), and failure modes (Fig. 2) is
illustrated visually by the results of FE modeling and experimental tests [25].
Furthermore, the ultimate loads from the experiments and FE models are

compiled in Table 2. A comparatively low coefficient of variation (COV) of
0.06 accompanies the mean test-to-predicted value of 0.98. Overall, the findings
shown in Figs. (1-2) and Table 2 demonstrate that the developed FE models can
reliably and efficiently simulate the behavior of lipped-channel sections made
of CFS under various loading conditions and buckling modes.
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Table 2
Comparisons between test and FE results [25-26]
Specimen Test FE Comparison Prest/Pre
Ptest (KN) Buckling Mode Pre (KN) Buckling Mode

600S137-54 (No. 1) 18.09 L 17.9683 L 1.0068
600S137-54 (No. 2) 28.25 L 27.7602 L 1.0176
600S137-54 (No. 3) 43.38 L 42.0804 L 1.0309
600S137-54 (No. 4) 46.86 D 47.9669 D 0.9769
600S137-54 (No. 5) 24.99 D 26.3336 D 0.9490
C75-L500-1 42.20 L 43.004 L 0.9813
C75-L500-2 50.10 L 59.4223 L 0.8431
C75-L500-3 75.90 L 80.187 L 0.9465
C90-L500-1 49.00 L 47.0097 L 1.0423
C90-L500-2 61.10 L 59.5379 L 1.0262
Mean 0.9821
cov 0.0603
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Fig. 1 Load-displacement curves from FEM and experimental tests by Torabian et al, [25]

Specimen No.2 (L=610mm) Specimen No.3 (L=610mm)

Fig. 2 Failure modes of experimental specimens from Torabian et al, [25] and FEM
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3. Analytical solutions of local plate buckling coefficients

The critical local buckling stress (F,;) is considered an essential and
effective parameter in cold-formed steel design approaches such as the Direct
Strength method (DSM) and Effective Width Method (EWM), whether in AISI
[15] or EC3 [16], to compute the cross-sectional nominal strength. The general
equation for the plate’s critical local buckling stress is as follows:

Fep =k _E (t)z 1)

* 12(1-v2) \x

where k, is the plate buckling coefficient, E is the modulus of elasticity, t is
the plate thickness, v is the Poisson’s ratio of steel, and x is the plate width. Eq.
(1) clarifies that the plate buckling coefficient (k,) affects remarkably the
critical local buckling stress (F,,;), which in turn affects the nominal strength of
the cross-section. As a result, this study clarifies the various design standards
and suggested formulas for determining the plate buckling coefficient and how
it affects the ultimate strength prediction.

The critical local buckling stress for the lipped channel cross-section is
found by taking the minimum local buckling stress of each element that makes
up the cross-section. In the present investigation, and as per Eq. (1), four
methods are employed to estimate the local buckling stress: 1) the element
method, as incorporated in AISI S100 [15], 2) the approximate upper bounds
for the element method (an analytical method detailed in [24]), 3) the current
AISI [15], and 4) empirical closed-form equations proposed by Ahdab et al. [24].

3.1. The element method

The element method considers no interaction between adjacent elements,
following AIS1S100 [17]. As seen in Fig. 3, the elements are believed to be free
at the unattached edge and simply supported at the attached edge. The plate
buckling coefficient under pure compression or stress gradient is generally
expressed in Eq. (2).

ky=4+20-93)+(1-19) 2)

where k,, is the plate buckling coefficient, 1 = |F,/F, | is the determinant for
the end plate stress ratio, and F; is the larger compressive stress at the end plate.

Tom ) ‘Hq

- y

B
Y
Fig. 3 Simply supported sub-elements in a lipped channel cross section based on the
element method

3.2. Approximate upper bounds for element method (analytical method)

This approach assumes that every sub-element in the cross-section has a
fixed end condition (Fig. 4), ignoring interactions with other elements. For local
buckling solutions, it is acknowledged as a nonconservative method. To
compute the plate buckling coefficient in line with the approximate upper
bounds for the element method, Eq. (3) expands Eq. (2), which was first
presented in [24].

ky=697+33(1—-9%)+3.3(1-9) 3
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Fig. 4 Fixed supported sub-elements in lipped channel cross section based on the
approximate upper bound method

3.3. The empirical closed-formed equation

Ahdab et al. [24] explored a different, semi-accurate method of calculating
the plate buckling coefficient by using empirical closed-form equations that
accounted for different loading conditions and took sub-element interaction into
account. This method considers the geometry of adjacent elements within and
beyond a diverse range of lipped channel cross-sections. The closed-form
equation for pure compression is presented in Eq. (4), while those for major axis
bending are given in Egs. (5) and (6), as follows:

For0 < H/B<12and 0 < D/B < 1
2 0.36
ky = min (4.5 (5) .4 [0.73 &)+ 1]) @)

For 0 < H/B < 1 and 0.15 < D/B < 0.4
kg = max (03 (2) +5.2,0.4 (%) +5.9) > ks ais ©)

For 0 < H/B < 1and 0.15 < D/B < 0.4

ky = min (—0.4 (%)+59,223 (%)_1'8) 2> kgwm aisi ©)

These closed-form equations are first compared with finite strip analysis
(CUFSM) results for solutions involving elastic buckling. Subsequently, these
are implemented in the AISI [15] methodology (henceforth referred to as AlSI-
Re) by substituting the current buckling coefficient values, thereby revealing
their pivotal role in predicting the nominal buckling strength.

3.4. Results by finite strip method

The elastic buckling stress (F ;) for a range of cross-sections with varying
web height-to-flange width ratios (H/B) was calculated by finite strip analysis
using CUFSM [11]. B =50.8 mm, D =5.08 mm, t = 1.4376 mm, and r = 2.8752
mm are the cross-sectional dimensions. There is a 203.5 GPa Young’s modulus
(E) and a 0.3 Poisson’s ratio (v). Then, utilizing Eq. (1), the critical local
buckling stresses were transformed into plate buckling coefficients Ky, Kg,
and K, so that the results could be compared to those obtained from Ahdab et
al.’s closed-form equations [24]. In FSM within CUFSM, to prevent non-unique
minima and allow for the automated study of elastic buckling modes in CFS
members, the methodology for CUFSM utilization as described in [34] has been
implemented. Accordingly, results are shown in Fig. 5 and comprise pure
compression and major axis bending. Remarkably, there is a good agreement
that validates the accuracy of elastic buckling stress prediction for lipped
channel cross-sections. Fig. 5(a) shows that the web plate buckling coefficient
under pure compression is slightly affected when the web-to-flange width ratio
(H/B) is increased beyond two (= 2). On the other hand, as depicted in Fig. 5(b),
the flange local buckling coefficient (K g) is significantly impacted by the elastic
critical buckling stress (F,.) for major axis bending.
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Fig. 5 Plate buckling coefficient versus H/B ratio (a) web buckling coefficients for pure compression, and (b) flange buckling coefficients for major axis
bending

4. Design guidelines
4.1. Effective width method

The effective width method (EWM) is used by the current design standards,
EC3[16] and AISI [15], to estimate the nominal strength of columns and beam-
columns. The EWM determines the effective width properties for each sub-
element in the cross-section under uniform stress, thereby reducing the load-
carrying capacity of a simply supported member. The effective width is
determined by using Winter’s Equation [7], which is given as follows;

1-222)p
bess = (% <b @)
/11, = (F‘:yrl) (8)

where b is the effective width of the sub-element, 4, is the slenderness
parameter, b is the gross width, F, is the yield stress, and F,,, is the critical
local buckling stress of the sub-element, which is calculated from Eq.(1). The
modern CFS design specifications make extensive use of the effective width
method (EWM). This method relies on figuring out each sub-element’s plate
buckling coefficient (k), which is important to determine the critical local
buckling stress ( F,,;) and, in turn, the effective width properties. The plate
buckling coefficient (k) for stiffened, and unstiffened elements mainly depends
on the stress distribution inside the element and the current boundary conditions.
For example, AlSI considers the effect of the nearby stiffener in lipped channels
when calculating the plate buckling coefficient of the compression flange. It is
important to note that EWM tends to conservatively estimate the ultimate
buckling strength of the considered CFS cross-sections under diverse loading
conditions [25]. The adopted values of the local plate buckling coefficients (k),
which do not consider the interactions between adjacent sub-elements, are
responsible for this conservatism in the effective width properties.

4.2. Direct strength method

The direct strength method (DSM) has recently emerged as an alternative
approach, explicitly outlined in Appendix 1 of the AISI specification [21]. This
method determines nominal strength through finite strip analysis, finite element
analysis, or closed-form solutions, accounting for elastic buckling loads and
interactions between sub-elements. Through elastic buckling analysis, the DSM
optimizes the use of gross cross-sectional properties. It identifies the three
elastic buckling modes (L, D, and G) over the whole cross-section and

determines which mode controls the nominal strength. According to
previous studies, for lipped channel cross-sections, the DSM’s findings are
often slightly higher than the EWM’s [25]. A summary of the DSM design
equations under pure compression is provided as follows:

For global buckling, the nominal strength B, is calculated from

P = (0.658%)AxFE, For A, < 15 ©)
_ 0.877 A 5 O

P,,e—(a%))A*Fy For A,> 1. (10)
I

A= Jroe an

Py = P For A.< 0.776 (12)

0.4 0.4
Py = [1— 015 + (%) ](‘;—l) P, For 2A.> 0776 13)
Pcrl =Ax Fcr (14)

Nominal Strength for beam column M, is calculated from equations of the
same trend detailed in [21].

5. Refined AISI method (AISI-Re)

In this section, the empirical closed-form equations for the plate buckling
coefficient (k) are applied within AISI to predict the nominal ultimate strength,
referred to as AISI-Re, intending to achieve two objectives: 1) evaluate the
proposed value of the local plate buckling coefficient in light of the current AISI
specifications; and 2) conduct a comprehensive parametric study on the nominal
strength of various lipped channel columns and beam-columns, quantifying the
impact of the buckling coefficient (k) on the predicted strength. Finally, a
reliability analysis will more accurately show how the suggested method (AISI-
Re) has improved validity compared to the present AISI recommendations.

5.1. Parametric study

A comprehensive parametric study was undertaken on various lipped
channel cross-sections under compression and major axis bending. The study
focused on local buckling failure modes, employing models of relatively short
member lengths (L) by adopting L=H to present an analytical exploration of the
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elastic buckling and post-buckling behavior of lipped channel cross-sections.
The EWM was utilized, incorporating four k-values for local plate buckling: 1)
following AISI specifications, 2) AISI with k-value by element method (AISI-
Elem), 3) AlSI with k-value by analytical method (AISI-Ana), and 4) AISI-Re
with k-value by Ahdab et al., [24], considering interactions between adjacent
sub-elements. The only difference between these approaches is the value that is
determined for the plate buckling coefficient (i.e., k value), which in turn
affects the nominal strength for the typical cross-section. The Young’s modulus,
the material yield stress, and Poisson’s ratio are taken as E = 210 GPa, Fy =345
MPa, and v = 0.3, respectively. Results based on EWM with different k
values are compared with those obtained from SFEM that represent validated
simulations for experimental tests. The dimension parameters include web
height (H = 70 mm), thickness (t = 1.5 mm), inner corner radius (R = 2 mm),
stiffener length over flange width ratio (D/B = 0.2) to avoid large lip stiffeners
and eliminate their effect on the element’s theoretical buckling stress [35], and
the (H/B) ratio varies with a range from 1 to 2.

5.1.1. Axial compression

As per several design approaches and finite element (FE) models, Fig. 6
shows the web height to flange width ratio (H/B) effect on the nominal strength
of different cross-sections under pure compression. All existing design methods
and solutions show significant conservatism, with the FE models providing the
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maximum nominal strength. Since AISI-Ana corresponds to an upper-bound
philosophy, it produces the higher results. These curves demonstrate that the
direct strength method (DSM) is a less conservative method than AISI for the
cross-sections under study. On the other hand, the results from AISI-Re are
more compatible with FE models and perform effectively when compared to the
present AISI specifications. This can be attributed to implementing more
accurate and reliable equations for calculating the plate buckling coefficient (k).
Furthermore, it is observed that the nominal strength increases with an
increasing H/B ratio up to a specified level when it remains relatively constant.
Similar trends are noticed across different design methods. An increase in the
H/B ratio up to 1.8 is shown to have a slight effect on the P, /P, ratio. With
regard to the absence of the flange’s local buckling and an increase in the web’s
local buckling, decreasing the flange width (B) lowers the nominal strength.
AlSI and AlSI-Elem provide almost identical results for (H/B) higher than 1.75,
as the flange-lip interaction gradually disappears in AISI when the flange width
(B) is decreased. In summary, the sectional dimensions and predicted-to-FE
results based on AISI and AISI-Re are presented in Table 3. The mean
Ppredictea/ Prg ratio is 0.89 and 0.83, respectively, with corresponding COV
values of 0.01 and 0.05. This reconfirms and demonstrates the higher accuracy
and reliability of the proposed AISI-Re compared to the current AISI design
guidelines.
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Fig. 6 Comparisons between nominal axial strengths from different design methods and FE results: (a) Ppg Versus Ppregictea. @nd (b) normalized predicted loads
versus H/B ratio

Table 2

Section properties and comparisons between FE results and different design standards for lipped channels under pure compression

H B C

T R

No. (mm) H/B (mm) (mm) (mm) (mm) Paisi-re/Pre Paisi/Pr
1 70 1 70.00 14.00 15 2 0.90 0.79
2 70 1.05 66.67 13.33 15 2 0.91 0.78
3 70 11 63.64 12.73 15 2 0.91 0.78
4 70 1.15 60.87 12.17 15 2 0.91 0.78
5 70 1.2 58.33 11.67 15 2 0.90 0.78
6 70 1.25 56.00 11.20 15 2 0.89 0.78
7 70 13 53.85 10.77 15 2 0.88 0.79
8 70 1.35 51.85 10.37 15 2 0.88 0.80
9 70 1.4 50.00 10.00 15 2 0.88 0.80
10 70 1.45 48.28 9.66 15 2 0.88 0.81
11 70 15 46.67 9.33 15 2 0.88 0.82
12 70 1.55 45.16 9.03 15 2 0.88 0.83
13 70 1.6 43.75 8.75 15 2 0.88 0.84
14 70 1.65 42.42 8.48 15 2 0.88 0.85
15 70 17 41.18 8.24 15 2 0.89 0.86
16 70 1.75 40.00 8.00 15 2 0.89 0.87
17 70 1.8 38.89 7.78 15 2 0.89 0.88
18 70 1.85 37.84 7.57 15 2 0.89 0.88
19 70 1.9 36.84 7.37 15 2 0.90 0.88
20 70 1.95 35.90 7.18 15 2 0.90 0.88
Mean 0.89 0.83

Ccov 0.01 0.05




Hadeer Mashaly et al.

5.1.2. Eccentric compression

A similar parametric study is conducted on cross-sections exposed to
major axis bending to improve the prediction of beam-column cross-section
strength. The goal is to evaluate the accuracy of different flexural nominal
strength prediction methods by comparing their results with benchmark
SFEM data. As described in AISI [15], a simple linear interaction equation (Eq.
(15)) is used to quantify the effect of varying eccentricities on nominal flexural
strength for different cross-sections.

Lic10 (15)

Max

where

P = required compressive axial strength (obtained from FEM models)

P, = nominal design strength obtained from different design approaches.

M, =required flexural strengths (= P = eccentricity)

M., = nominal flexural strengths according to different design approaches.
As shown in Fig. 7, nearly all of the results obtained using the different

methods (AISI, AISI-Elem, AISI-Ana, and AISI-Re) are similar for (H/B)

greater than 1.65, suggesting that the effective width (i.e., a reduction factor

(p=1) for each sub-element) is fully used. Because of the reduced interaction

between the web and flange and the minor amount of web local buckling seen

under major axis bending, it can be concluded that reducing the flange width (B)

does not affect the nominal strength of flexural beams. Alternatively, for larger

(H/B) ratios, the direct strength method (DSM) produces more conservative

results than the effective width method (EWM) because, as reported in [36],

decreasing the flange width (B) reduces the elastic buckling stress for the whole

gross section, which in turn lowers the nominal strength of the member. In

contrast, EWM calculates the critical buckling stress for each element separately.

Furthermore, major axis bending supports the web, with its half-height
experiencing tension. The nominal strength value is substantially enhanced by
AISI-Re under different eccentricities (e.g., e = H/10, H/5, H/2, or H), as shown
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in Fig. 8, with the fact that it exhibits less conservative M,,/M, values than
prior approaches. It is obvious that the EWM can significantly enhance the
prediction of nominal strength by including k of AISI-Re. However, in this case,
the EWM continuously underestimates the nominal strength of the analyzed
beam columns, independent of the applied k-values. The simpler and more
linear interaction equations [1] established for eccentrically loaded lipped
channels cause this disparity. Finally, Table 4 presents the summary of
predicted-to-FE results. The corresponding mean and COV values confirm the
reliability of the suggested AlISI-Re method.
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Table 4
Comparisons between FE, AlISI, and AISI-Re results for eccentrically loaded lipped channels
e=H/10 e=H/5 e=H/2 e=H
N P aisi-re /Pre Parsi/Pre Parsi-re /Pre Paisi/Pre Paisi-re [Pre Paisi/Pre Paisi-re /Pre Pasi/Pee
1 0.83 0.73 0.82 0.72 0.83 0.72 0.84 0.72
2 0.84 0.73 0.83 0.72 0.84 0.72 0.85 0.72
3 0.86 0.73 0.85 0.72 0.85 0.72 0.86 0.72
4 0.86 0.74 0.84 0.72 0.84 0.71 0.85 0.72
5 0.85 0.74 0.84 0.73 0.83 0.72 0.84 0.72
6 0.84 0.74 0.83 0.73 0.82 0.72 0.83 0.72
7 0.82 0.73 0.83 0.74 0.81 0.72 0.82 0.72
8 0.81 0.73 0.82 0.74 0.80 0.72 0.81 0.73
9 0.80 0.74 0.80 0.74 0.80 0.73 0.80 0.73
10 0.80 0.74 0.79 0.73 0.80 0.74 0.80 0.74
11 0.79 0.74 0.78 0.74 0.80 0.75 0.80 0.75
12 0.79 0.75 0.78 0.74 0.80 0.76 0.79 0.75
13 0.78 0.75 0.77 0.74 0.79 0.76 0.79 0.76
14 0.78 0.76 0.77 0.75 0.78 0.76 0.79 0.77
15 0.78 0.76 0.77 0.75 0.78 0.76 0.79 0.78
16 0.78 0.77 0.77 0.76 0.77 0.77 0.80 0.79
17 0.78 0.78 0.77 0.76 0.77 0.76 0.80 0.79
18 0.78 0.78 0.77 0.76 0.77 0.76 0.79 0.79
19 0.79 0.78 0.77 0.76 0.77 0.76 0.79 0.79
20 0.79 0.78 0.77 0.76 0.77 0.76 0.79 0.79
Mean 0.81 0.75 0.80 0.74 0.80 0.74 0.81 0.75
cov 0.04 0.02 0.04 0.02 0.03 0.03 0.03 0.04

To prove the AlSI-Re method’s reliability, finite element (FE) results from
F. Oztirk et al. [37] are compared with calculated nominal strength according
to the aforementioned five design methods. Different major axis eccentric loads
are applied to the CFS-lipped-channel beam columns, as described in [37].
Subsequently, the nominal strength () parameter is computed as follows:

o= () () @)

where P, M,, and M, are the applied axial compression and biaxial bending
moments, and P, M;,, and M,, are the squash load and biaxial yield moments,
respectively. The effective performance of AISI-Re is assessed in Fig. 9, with
results that agree with the finite element (FE) results in [37]. This further
confirms the accuracy and reliability of the AISI-Re method, which prior
investigations have supported.
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Fig. 9 Comparisons between nominal strength parameters () for lipped channel sections
obtained from different design methods and FE results

5.2. Reliability analysis

The proposed method is further evaluated against the FE data in a more
quantifiable manner by calculating the reliability index (B,). The reliability is
determined concerning the corresponding resistance factor as follows [15]

_ 2 L2 2 2
qb _ C¢(MmFm Pm)e Bo |vin+vp+CpVy+Vg (17)

where ¢ is the resistance factor, Cy is the calibration factor (=1.52) as
implemented in [38], M,, and F,, are the mean value of the material factor
(=1.05 and 1.0), respectively for combined axial load and bending, B, is the
mean value of FE-to-predicted ratios, f, is target reliability index which is
taken equal to 2.5 for structural members, V,, and V. are the coefficient of
variation of the material and fabrication factor (= 0.1 and 0.05), respectively,
C, is the correction factor that taken to be 1.0 for reliability analysis, V; is the
coefficient of variation of FE-to-predicted ratios as calculated in Table 5 and
Vo is coefficient of variance for the load effect (= 0.21 for LRFD); see[15].

Results of the reliability analysis are summarized in Table 5, wherein the
mean values of FE-to-predicted ratios and the corresponding COV values
determine the reliability index for two sets of resistance factors ¢ (= 0.85) and
(= 0.9). Furthermore, a target reliability index of 2.5 is used to compute the
resistance factors. The table reveals that the proposed AISI-Re gives more
accurate results than the AISI design method, which is significantly
conservative for the studied cross sections. The derived reliability indices of the
linear interaction equation in AISI [15] are 3.24 (¢ = 0.85) and 3.00 (¢ =
0.9) for the AISI-Re design method, which are significantly higher than the
desired reliability indices of 2.5. The results indicate that the current
specification for predicting the nominal strength [15] needs to be improved by
evaluating the plate buckling coefficient (k), as demonstrated in the AISI-Re,
to achieve closer results to the validated FE results.
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Table 5
Reliability analysis for AISI-Re and current AlSI design method
AISI-Re(Bre/pn) EWM AISI(Bre/pn)
Eccentricity No.
Pm Vp Bo((9=0.85) Bo(9=0.9) o(Bo=2.5) Pm Vp Bo((9=0.85) Bo(9=0.9) 0(Bo=2.5)
e=0 20 112 0.010 3.12 2.88 0.986 1.21 0.05 3.38 3.14 1.05
e=H/10 20 117 0.020 3.30 3.06 1.028 1.26 0.04 357 333 1.10
e=H/5 20 117 0.020 3.30 3.06 1.028 1.26 0.04 357 333 1.10
e=H/2 20 115  0.010 3.23 2.99 1.012 1.24 0.04 3.50 327 1.08
e=H 20 113 0.010 3.16 2.92 0.994 1.22 0.05 341 3.17 1.06
All 100 115  0.017 3.24 3.00 1.01 1.24 0.04 3.50 327 1.08

6. Conclusions and summary

This paper aims to establish a practical design for cold-formed steel-lipped-
channel cross-sections, offering a framework to enhance the existing codified
effective width method (EWM). An AISI-Re design approach is proposed,
incorporating an assessed and validated k-value for local plate buckling. A
parametric study is undertaken to evaluate the impact of the local plate buckling
coefficient on the design of cold-formed steel (CFS) lipped channel cross-
sections with varying (H/B) ratios, whether utilizing the codified EWM or the
recent direct strength method (DSM). Additionally, results obtained from a
validated finite element (FE) model are presented as benchmark solutions for
the nominal strength of the analyzed members. Based on the generated results,
the proposed AISI-Re design, which takes into account the interaction between
adjacent sub-elements through the local plate buckling coefficient (i.e., k-value),
demonstrates enhanced accuracy and reliability. Conclusions drawn from the
results presented in this paper are as follows:

e The local buckling coefficient (k) significantly influences elastic and
inelastic buckling strength calculation for cold-formed steel (CFS)
lipped-channel cross-sections.

® Considering the restraining effect between sectional sub-elements is
essential for adjacent sub-elements, as it expresses boundary
conditions that substantially impact the plate buckling coefficient.

® The direct strength method (DSM) is regarded as a more reliable
approach than the effective width method (EWM) in pure compression
loading conditions, and its effectiveness can be further enhanced by
incorporating a more realistic and accurate k-factor.

e AISI-Re can be seen as an improved method aligning with existing
AISI standards. It provides realistic buckling strengths and closely
aligns with experimental test results.

® The refined k-factors demonstrate a notable effect within the range of
1 <(H/B) < 2 compared to the existing AlSI values.
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