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Abstract. Thin-walled steel cold-formed members exhibit local (L), distortional (D), and global (G) buckling
modes. These modes can interact in various ways, depending on the relationship between the corresponding
buckling loads (Per, Pcio, and Peg). The direct strength method (DSM) provides equations for designing columns
experiencing global, local, distortional, and local-global buckling interaction (LG). This study focuses on the most
general buckling mode interaction (LDG), building upon a recent approach by the authors that covers local-
distortional buckling (LD). To develop the design equations, extensive numerical (FEM) and experimental
databases were utilized, covering the relevant ranges of slenderness factors (1., Ao, and Ag) associated with L, D,
and G buckling modes, respectively. The proposed approach combines the existing DSM equations from the
Brazilian code NBR 14762:2010 and the design equations for LD buckling interaction, recently proposed by the
authors. After identifying the main variables and calibrating the design equations using FEM and literature-based
experimental results, the contribution of the global mode is incorporated. The resulting set of design equations
takes into account all the possible buckling modes, L, D and G, and the buckling interactions (LG, LD, and LDG)
for axial compression of steel cold-formed members.

Keywords: Cold-formed steel member, Local-Distortional buckling interaction, Local-Distortional-Global
buckling interaction, Direct Strength Method, Finite Element Method.

1 Introduction

Cold-formed steel (CFS) structural members have gained prominence in metal constructions due to their favorable
strength-to-weight ratio. These profiles are manufactured from cold-rolled steel sheets through cold bending,
which enhances their strength for structural applications. These bends result in stiffer cross-sectional shapes, with
the lipped channel being one of the most common, as depicted in Figure 1. This section-type type allows for the
combination of various values for flange width (bf), web width (bw), stiffener width (bs), and thickness (t).
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Figure 1 — Cold-formed steel (CFS) lipped channel section.

Depending on the combinations of the cross-section dimensions by, bw, bs and t, different buckling modes can occur
when subjected to axial compression (columns) or bending (beams). Buckling modes can develop as local (L),
distortional (D), global (G), or through interaction buckling modes of local-distortional (LD), local-global (LG),
distortional-global (DG) and local-distortional-global (LDG) interactions. Some examples of mentioned buckling
modes are shown in Figure 2, based on the finite strip method computations with the software FStr [1].
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Figure 2 — Steel cold-formed lipped channel column buckling modes, according to FStr software [1]: (a) Local,
(b) Distorcional, (c) Global flexural-torsional, (d) Global flexural, (e) Local-Distortional buckling interaction.

The Direct Strength Method (DSM) was proposed by Schafer and Pek6z [2], based on earlier studies by Hancock
etal. [3], and has been incorporated into the American [4], Australian-New Zealand [5] and Brazilian [6] standards.
The DSM provides estimates of the strength of cold formed steel members under axial compression when subjected
to global mode (G) - Equation (1), local mode (L) - Equation (2.a), distortional mode (D) - Equation (2.b), and
local-global interaction (LG) - Equation (3). The application of this method can be performed with the help of the
finite strip (FSM) or the GBT (Generalized beam theory) methods to obtain the critical loads and the associated
buckling modes. The elastic buckling analysis can be performed with free access specialized software, such as
FStr [1], CUFSM [7] (FSM-based) or GBTUL [8] (GBT-based solution).

Equation (1) related to the global mode column strength, Pnc, addresses both minor-axis flexural mode (Frm) and
flexural-torsional (FT) mode. This strength Equation is based on the SSRC (Structural Stability Research Council)
column curve [4-6,9], using the concept of global slenderness Ag for design. The column squash load is Py = f, Ag,
where f, is the steel yield stress and Aq represents the cross-sectional area, and Pg is the critical global buckling
load (Fm or FT buckling mode).

(0.658%") 2; <150 _
n = (22) A > 1.50 with 26 = \/%
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(1.9)

Pog = Xn py (1b)

The DSM Equations (2.a) and (2.b) are Winter-type curves, respectively related to the local and distortional
buckling column strength, Pn., and Pnp. As usual, these strength formulations are dependent on the local and
distortional slenderness factor, respectively 1. and Ap. The critical load for local and distortional buckling are
represented by P. and Pp, which can be easily accessed by the FStr computational program.
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Subsequently, the Direct Strength Method (DSM) incorporated a solution for the local-global interaction (LG), as
presented in Equation (3). It is worth noting that this solution indirectly encompasses the pure local mode and pure
global mode presented by Equations 2.a and 1, respectively. The ultimate strength P, using the DSM [5,6,10] is
obtained by Pn = min{Pn.c; Pnp}.

Pac g <0.776 ) )
Pic = 015\ Pp with Ao = |28
n6 T (1 - 1) s Aug > 0.776 6= [,

ALG

2 Finite Element Model for parametric analysis

The parametric analysis was performed with a finite element method (FEM) numerical model, with the commercial
software ANSYS [11], incorporating the following considerations:

(i) Quadrilateral SHELL 181 elements with 6 degrees of freedom per node and mesh dimensions of 5mm;

(if) 25mm thick steel plates were attached at the both ends, similar with the experimental tests found in the
literature. The degrees of freedom of the plates were all restrained, except for axial displacement, which was
allowed for compression application;

(iii) Axial load was applied at the centroid of each end section;

(iv) Plasticity model was bilinear isotropic, von Mises yielding criterion, including hardening effect, according
with ANSYS [11] procedures. A tangent modulus of 1450 MPa (0.7% of the Young’s modulus E = 210 GPa) was
adopted to avoid numerical problems;

(V) The nonlinear analysis was performed using the arc-length method available in the ANSYS v16.0 [11]. This
method is suitable to handle with problems that may have one or more points of instability;

(vi) The initial imperfection amplitude adopted was equivalent to 10% of thickness, following the same
methodology as proposed by several authors in the literature [12-15]. For columns with significant influence of
global mode, a pure global mode with an amplitude equal to L/1000 was implemented, where L represents the
length of the column;

(vii) Residual stresses present negligible impact in the ultimate strength and were disregarded as demonstrated in
studies by Narayanan and Mahendran [16] and Ellobody and Young [17];

(viii) The rounded corners were also disregarded, as they have little influence on little impact in the ultimate
strength [18-19].

The FEM was calibrated with experimental results and allowed testing CFS lipped channel, hat, zed and rack
columns displaying LD buckling interaction. Experimental and FEM data were applied to develop the LD buckling
interaction solution for the column strength [18], as presented in the next section.

3  Winter-type surface for LD interaction

Based on the parametric numerical study described in section 2 and by Matsubara et al. [18], it was proposed the
Winter-type curve for CFS lipped channel columns presented in Equation 4. The parameters A,q.p =
max{1,; Ap} and Rypr, = Ap/ AL are the main variables to assess the LD buckling interaction.

. P, = Agf, for  Amaxip < V0.5 ++025—A
T (1) =2 for Amaus > V05 +025-4A (4.2)
AmaxLD }\maxLD

0.15 RypL < 0.80

0.25 Rypr > 1.05

0.80 Rypr < 0.45
B= {—2.26Rm2 + 4.06R,p, — 0.57 0.45 < Rypp. < 1.05 (4.0)

1.20 Rypr > 1.05
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The proposed Equation 4 is related to the strength surface solution shown in Figure 3. It can be noticed that for
values of RypL < 0.45 and Rypr > 1.05, the LD interaction is irrelevant and the design procedure converges to the

equations related to L and D buckling strength presented in Equations 2.a and 2.b, respectively.

The Pnip validation is summarized in Table 1. The results of the reliability analysis based on the Load and
Resistance Factor Design (LRFD) are in good agreement with the safety criteria of both AISI [4] and NBR

14762:2010 [6], respectively ¢ = 0.85 and y=1.2.

4

The research on buckling interaction concerning local, distortional and global modes, LDG, has been focused on
lipped channel columns [33, 34]. The present study conducted to a new proposition, Equation 5, which gives the
column strength Pnpg, incorporating the consideration of the global mode participation through the parameter x,,,
calibrated with FEM results and following the same methodology described in section 2. The column global
buckling strength parameter x» presented in Equation 1 is considered in Equation 5, and the LDG slenderness
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Figure 3: Proposed strength surface for CFS columns developing LD buckling modes interaction.

Table 1. LRFD reliability results of the proposed procedure for CFS columns developing LD buckling

0.9

interaction, Equation 4. Based on FEM [18,20-23, 32] and experimental [24-31] results.

Section Type Purem/PnLp Pexp /PnLp Section Type PuFem/PnLp
Mean 1.01 0.97 Mean 1.07
St. Dev. 0.08 0.08 St. Dev. 0.06
. Coef.Var. 0.08 0.09 Coef.Var. 0,06
Lipped Hat
Channel Max 1.26 1.16 Max 1.23
Min 0.77 0.85 Min 0.87
Number 611 42 Number 551
0 (y) 0.90 (1.11) 0.86 (1.16) o () 0.97 (1.03)
SectionType Purem/PnLD SectionType Purem/PnLp
Mean 1.07 Mean 1.05
St. Dev. 0.07 St. Dev. 0.10
Coef.Var. 0.06 Coef.Var. 0.09
Zed
Max 1.27 Rack Max 1.37
Min 0.85 Min 0.83
Number 569 Number 595
¢ (y) 0.97 (1.03) ¢ (y) 0.93 (1.08)

Local-distortional-global buckling modes interaction, LDG
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factor is computed as follows, A, p¢= Amax.oVXm-

Pae = XnPy for  Ape £ liimietine
P = A XmP:
nLpe (1 - ALDGB) lwcg for  Aipg > MimitLpe (5-3)
B
)\limitLDG = \/05[1 + 4 025}12 - Au for u= );—7: (Sb)
(c6”)  2g=150
Xm = E (5C)
_F /‘lc > 1.50
Ag
0.66 RypL < 0.45
0.90 RypL > 1.65
200 RlDL < 045
D ={020R;p, +1.91  0.45 < R,p; < 1.65 5.)
2.24 RypL > 1.65
0.88 RypL < 0.45
1.30 RupL > 1.65
2.00 RpL < 0.55
F =1-059R;p, +232 0.45 < R;p, < 1.65 (5.9)
135 RipL > 1.65

The consideration of the LDG buckling interaction in Equation 5 generates the strength surface solution shown in
Figure 4. It can be observed that the resulting surface is a combination of the global strength solution, Equation 1,
and the solution presented for LDG, Pnips, Equation 5.
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Figure 4: CFS column strength surface described by Equation 5.

Figure 5 shows the comparison between experimental results and the proposed solution for lipped channel
columns, including L, D, LD, LG and LDG [24-31,33,34] buckling behavior. These results indicate that the safety
criteria proposed by AISI [4] is accomplished, with the LRFD resistance factor ¢ > 0.85. The results were classified
according to the reported collapse mode: Local (L), Distortional (D), Local-Distortional interaction (L+D), Local-
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Distortional-Flexural Torsional interaction (L+D+FT), Distortional-Flexural Torsional interaction (D+FT), and
Global Flexural-Flexural Torsional interaction (F+FT).
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Figure 5 — Comparison between experimental results of lipped channel columns Pexp [24-31,33,34] and the
strength surface from Equation 5, Pnpe.

5 Final remarks

The present study demonstrates that LD buckling interaction must be considered for 0.45<RypL < 1.05, for columns
not affected by the global buckling, therefore respecting the slenderness factor ratio Ag/ A,4p < 0.40. CFS
columns out of the range 0.45< Rypr < 1.05 can be designed with the DSM equations related to L or D buckling,
Equations 2.a and 2.b, respectively.

The proposed Equation 4 for LD buckling interaction incorporated the slenderness factor ratio, Rypr = Ao/ A, into
the calibrated Winter-type solution Py p. The Rypr, parameter estimates the actual possibility of LD interaction,
and the strength surface presented in Figure 3 incorporates the columns strength developing L, D and LD buckling.
The influence of the global mode was considered with the parameter yn in Equation 5, which was derived through
a parametric FEM study involving CFS lipped channel columns with significant global mode participation, which
means A/ Apaxrp > 0.40. The resulting Equation 5 is the DSM-based general procedure which provides accurate
estimates of CFS column strength for lipped channel columns, as demonstrated in Figure 5.
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