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Abstract. In this paper, the application of the Reproducing Kernel Particle Finite Strip Method (RKP-
FSM) to the stability analysis of cold-formed steel built-up sections is explored. The representation of
the employed fasteners is achieved through the constraint of degrees of freedom using equations, and
the impact of connection elements is incorporated into the overall stiffness matrix of the built-up
sections. This method enables the modelling of discrete fasteners located at arbitrary positions within
the framework of RKP-FSM. To validate the efficacy of the proposed numerical technique, comparisons
are made with finite element solutions across a range of numerical examples, affirming its accuracy and
versatility. An array of built-up sections, spanning typical and intricate configurations with varying
fastener arrangements and end boundary conditions, are analysed to evaluate the influence of fastener
spacing. The assessment of composite behaviour within these built-up sections encompasses an
investigation into the enhancement of their buckling capacity and the alteration of their corresponding
buckling modes. The simplicity of the proposed method expedites comprehensive parametric studies of
cold-formed built-up sections, thereby facilitating the exploration of optimal fastener placement and the
selection of section geometry.

1 INTRODUCTION

Over the past few decades, the construction industry has witnessed a significant shift towards
the exploration of innovative competitive solutions for midrise construction. Notably, there has
been a growing emphasis on leveraging cold-formed steel (CFS) for both the structural
framework and the building envelope. This transformative approach to CFS construction
methods is reshaping the landscape of low- to mid-rise building projects, offering notable
enhancements in quality, construction speed, and environmental sustainability.

The rising demand for CFS sections with greater load-bearing capacities has given rise to a
novel application of cold-formed steel. This involves the assembly of multiple individual
sections (see Figure 1 (a)) to create composite "built-up" cross-sections (as depicted in Figure
1(b)). These individual profiles are securely interconnected using screws or similar fasteners
strategically placed along the member. This innovative approach to forming versatile built-up
sections is rapidly broadening the range of applications and fostering creativity in configuring
members with enhanced stiffness and strength.

The structural integrity and strength of a built-up CFS member can be accurately assessed
only if we have a comprehensive understanding of its behaviour, particularly with regard to
buckling. Consequently, there is a pressing need for an efficient analytical tool capable of
precisely accounting for the influence of discrete fasteners. In the past decade, extensive
research efforts have been dedicated to gaining a deeper insight into built-up sections,
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encompassing numerical investigations and experimental studies. This review will provide a
succinct overview of these research endeavours, with a specific focus on numerical

advancements in the field.
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Figure 1. (a) Typical single cold-formed steel sections (b) examples of built-up sections
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The most widely employed numerical methods for the buckling analysis of Cold-Formed
Steel (CFS) members are the Finite Element (FE) and Finite Strip (FS) methods. These
techniques are instrumental in simulating and predicting the structural behaviour of CFS
members under various loading conditions, providing valuable insights into their stability and
performance. The FSM has found widespread use in the elastic buckling analysis of CFS
members due to its numerical efficiency. However, its application is often constrained to simple
geometries and uncomplicated end boundary conditions. Recognising these limitations has
motivated the development of variants or enrichments of FSM (e.g., [1-3]). Efforts have been
made to broaden the applicability of conventional FSM to built-up sections. One approach
involves incorporating nodal multi-point constraints that connect desired degrees of freedom
(DOFs) from adjacent plate components continuously along the length of the member [4].
Another technique models fasteners as continuous longitudinal solid stiffeners [5]. Despite
these attempts, such assumptions may not accurately represent the actual effects of discrete
fasteners and might fall short of capturing the level of composite action precisely. These
challenges have spurred ongoing research to refine and extend the FSM, ensuring its
effectiveness in analysing more complex geometries and boundary conditions encountered in
practical structural configurations. Abbasi et al. [6-8] used the compound Finite strip Method
(CSM) to model the discrete fasteners as beam elements in the context of the Semi-analytical
finite strip method (S-a FSM).

The work of Khezri et al. [2, 9] introduced a novel variation of the Finite Strip Method
(FSM) by integrating the one-dimensional formulation of the Generalised RKPM [10, 11] as
the approximation tool in the longitudinal direction. This innovative approach demonstrated
success in the analysis of bending behaviour for thin plates. Subsequently, the RKP-FSM
method was further extended for the analysis of thick plates and laminated composite plates
[12, 13]. The generalised reproducing kernel particle method (RKPM) has been applied to
various studies, including the transient advection-diffusion-reaction (ADR) equation, a
mathematical model that describes transport processes in porous or nonporous materials with
time-dependent nonlinear coefficients, intricate geometries, and general initial value and/or
boundary conditions [14]. Additionally, the meshless generalised RKPM was utilised in another
study focused on the time-dependent advection-diffusion-reaction equation. This equation is
relevant to various physical problems involving heat transfer and mass/chemical transport [15].
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In this study, the Reproducing Kernel Particle Finite Strip Method (RKP-FSM) is utilised
for the buckling analysis of built-up Cold-Formed Steel (CFS) members. The discrete fasteners
are represented using constraint equations, where the degrees of freedom of connected nodes
are constrained to be identical through equations. The study introduces a straightforward yet
accurate framework for analysing built-up sections with diverse cross-sectional compositions
and fastener configurations. Section 2 briefly reviews the RKP-FSM, while Section 3 extends
the method for the analysis of folded plates. In Section 4, the application of the method is
explained for the buckling analysis of built-up sections. Numerical examples in Section 5
demonstrate the accuracy and versatility of the method for the elastic buckling analysis of
various built-up CFS sections. Finally, Section 6 provides a summary of the study's outcomes
and concludes the paper.

2 GENERALISED REPRODUCING KERNAL PARTICLE FINITE STRIP
METHOD (RKP-FSM)

Various adaptations of the Finite Strip Method (FSM) have emerged since its introduction.
They all share a common characteristic, which involves creating an estimate for the field
variables by combining distinct approximations for longitudinal and transverse components
[16]. As aresult, a generic function u(x, y) within a domain QeR?, with a boundary 0QeR?, can
be represented as:

u,(x,y)=F*(x)G"(y), (1

where ua(x,)), in the context of the RKP-FSM, is the constructed approximation obtained by
multiplying the approximated longitudinal function via the generalised RKPM, i.e. F%(x), by
the transverse approximation generated using the polynomials functions, i.e. GR(y). The applied
methods and the approximation schemes in each direction are explained briefly in the following
subsections.

2.1 Generalised RKPM approximation in the longitudinal direction

In the generalised RKPM, a given function f(x) in a one-dimensional domain £, can be
expressed in terms of the functions and its derivatives by the reproducing formula as

P [na) Lol A o o

where /%(x) is the reproduced function, ¢ is the kernel function, | . | is the absolute value for the
distance between x and &, and £ is the highest order of the considered derivative which is
incorporated in the reproduction formula. In equation (2), « is the dilation parameter, and fx ()
is defined as

=10, 1,228

are correction functions that are derived by differentiating the reference correction function
C(x;x-&). The reference correction function can be stated as a linear combination of polynomial
basis functions given as

Clex=£)=3h()(x—2) @

5 vna 77:1,2,"',k. (3)
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In the equation (4), m is the maximum order of the polynomial function which can be
reproduced exactly, and b (x) is a set of unknown coefficients which can be determined using
the completeness condition. Setting

p(x-6)=[1 (x=¢) (x=8) = (x-&) -~ (x-&)']. 5)

and

x)=[b(x) b(x) b(x) - Bx) - b,(3)], ©)
results in the reference correction function being restated using matrix notation as
C(x;x—§)=pT(x—§)b(x). @)

The coefficients vector b(x) should be determined such that the reproduction formula in
equation (2) exactly reproduces the polynomials with the required order m. Accordingly, by
imposing the completeness condition, these coefficients can be calculated by

b(x)=M"(x)H(0), ®)

in which M(x) is the moment matrix. The required steps for the derivation of the moment matrix
are illustrated later in this section.

It is evident that equation (2) is a continuous reproducing kernel approximation, and the
considered domain must be discretised using a set of particles to find an approximate solution.
By applying trapezoidal rule, the equation becomes

£1(x) = ficnl(” g,)(/,(lx §I|j £,(8),.. A, ©)

where NP is the number of particles, and Ax, is the length associated with particle /. Utilising
the discretisation scheme, the moment matrix arrays can be determined using the relation

- S (==
VI<i,j<m+l: M, ;Sms,w BT T L (10)

where Su4 is an index and is set to be

|l p<a
Saﬁ_ 0 ﬂ>0( (11)
and
. o [ x—x
X—Xx Ax, 620
vVoeZ my(x)= ;( ) ¢[ a, J ! . (12)
1 0<0

In equation (12), ¢ is the kernel function, also known as the window function. Different
window function choices are available for adoption as the kernel of the method. Some of these
functions have been examined and studied by [17]. In this study, the following window function
by setting / = 9 has been used [18]:
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@I+D! Ly
#(x)=1 2717 (=) h=t, (13)
0 |x|>1

Since all the required functions in equation (9) can be evaluated numerically using relations
(4)-(12), the relations (9) can be restated as

S (3)=220" ()1, (14)

where

l//,[ﬂ](X):C["](x;x—x,)qﬁ(x_x’JAx,, (15)

a,

and y "] (x) are the particle I’s associated shape functions. The number of shape functions at
each node is dependent on the order of the derivative considered in the reproducing formula.
The shape functions obtained will be employed in the longitudinal direction to approximate the
field variables considered. In the present study, only the first derivative of the function will be
incorporated in the approximation function. Accordingly, by setting k = 1, two sets of functions
will be constructed. Schematic views of these functions in an arbitrary domain with uniform
discretisation scheme using 11 particles are presented in Figure 2.
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Figure 2. Generalised RKPM shape function associated with the (a) function /°(x), and (b) first
derivative of the function y/"(x)

2.2 Cubic polynomial interpolation in the transverse direction

As in the conventional SFSM, a cubic polynomial interpolation will be adopted in the
transverse direction for the displacements normal to the plane of the strip. These shape functions
are [19]:

N, =1-35"+2y°
N, =y(1-2y+5%)
N, = (37" -25")
N, =y(*-7),

in which b is the width of the strip. Of course, the shape functions presented are for lower order
(LO2) and higher order strips such as (HO2) and (HO3), or strips with augmentation of bubble
functions could be constructed by replacing and adding proper shape functions [20]. For the in-
plane displacements, linear interpolations are utilised in the transverse direction, viz.

)
Yy == 16
y=5 (16)
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3 BUCKLING ANALYSIS OF THIN-WALLED MEMBERS

In the reproducing kernel particle finite strip method (RKP-FSM) a thin-walled member, such
as the lipped channel shown in Figure 3(a), is discretised into longitudinal strips. In Figure 3(b)-
(c), a single strip discretisation, strip dimensions, and applied edge tractions are highlighted. In
the longitudinal direction, each nodal line is further subdivided into m+1 particles. Each section
knot has eight degrees of freedom corresponding to the two out-of-plane deformations and their
derivatives w, wy, 6 and 6x.x, two in-plane deformations and their derivatives u, ux, v, v It is
noteworthy that in the proposed RKP-FSM, because a meshfree method’s shape functions are
adopted, the placement of the particles can be non-uniform and in any desired manner. This
feature of the method allows for more flexibility in the mesh generation process and also for
possible local refinements of the utilised meshes.
7 A

nodal line i

(a) (b) ()
Figure 3. (a) Finite strip discretization, (b) a basic RKPFSM’s strip (c) state of stress in a strip

3.1 Buckling displacement functions

The in-plane buckling displacements « and v of an RKP strip can be expressed in terms of
transverse polynomials, and longitudinal generalised RKPM shape functions as

ui

u’,

U V‘,.

u N, N (o1 M1 v
{V}:{ 5 N, 6 N} v OO u’ =N,v,d,,  (18)

5 6

gl ! w,

v/

v/

where

S L R e N L L (19)

are the row vectors of the first and second type shape functions of the generalized RKPM, which
are obtained via equation (15). The membrane nodal value vector, denoted as du, is composed
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of the nodal displacement coefficient vectors, which include w/, wix, W, W, v/, vix, ¥, and v/,
each of them containing m+1 terms. Here, the superscripts 7 and j indicate the respective nodal
lines on which these nodal values are defined. Similarly, the flexural displacement function w
for buckling displacements normal to the plane of the RKP strip is expressed as follows:

[0]

[0]

w=[N, N, N, N,] =N,y,d,. (20)

[0] (1]

[0] 11

J
ex,x

The flexural nodal value vector, denoted as dr, is composed of the nodal displacement
coefficient vectors, including W, w'.x, W, W r, 0%y, 0’ x, 0/x, and 0/x.x, with each vector containing
m+1 terms. In equations (18) and (20), the subscripts M and F' are used to represent membrane
and flexural displacements, respectively.

3.2 Membrane stiffness and stability matrices

The flat strip is assumed to maintain its flat shape under the applied stresses, until it reaches the
point of buckling. The strain energy associated with the membrane deformation of this strip is
expressed as follows:

1 1 1
U, = 5! ! o’ g, tdxdy = EdL ( ! _J:BLDMBMtdxddeM = EdLKMdM, 1)
in which Ky is the membrane stiffness matrix, da is the vector of membrane DOFs and

T N ) T
o,=[o, o, o,]. &, =["% W% W+]. (22)

D is the membrane property matrix, and the membrane strain matrix Ba can be obtained by
differentiating the displacement function in equation (18).

The reduction in potential energy of the membrane forces during buckling, assuming that
the destabilising effect of stresses oy and 7 is negligible, can be calculated using the following
expression:

1 2 : 1
S 0 0 ——d"
VM—Z_LI.-L[GXU %x) +(%y) }tdydx-szGMdM, (23)
where Gu is the membrane stability matrix.

3.3 Flexural stiffness and stability matrices

The flexural strain energy of a plate strip under the state of stress resulting from the buckling-
caused deformations can be stated as

1 1 1
Up=> [[ore,dxdy =Ed§ (j [B}D, BFdxdy]dF =Ed§KFdF, (24)
Lb Lb

in which Kr is the flexural stiffness matrix, dr is the vector of flexural degrees of freedom and
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o =[M, M, M, e, =[] (25)

A A2 O y
ox o? Ox0y

Dr is the flexural property matrix. The decrease in the potential energy of the in-plane stresses
caused by the flexural buckling deformation will be taken as

1 owY ow ? ow [ ow 1
) A S

in which Gr is the flexural stability matrix.

3.4 Global stiffness and stability matrices and assembly

To form the global elastic (K) and geometric stiffness (G) matrices each individual strip
must be transformed from local to global coordinates and then assembled. The deformation in
the local axes system 0 are related to those in the global axes A by

0=RA 27)
where
s=[uu, Vv, wow, 00, Wl vy, owow, o6 ] (28)
AU U, VIV WW, ele UUL VIV W W oele ] (29
and,

I

r . . Icosa Isina
R= , in whichr = i ) (30)
r —Isina Icosa

|

I is an idendity matrix of size (2x(m+1)) x (2x(m+1)). By assembling the transformed stiffness
and stability matrices of the strips and obtaining the global stiffness K and stability G matrices,
utilising the principle of stationary total potential, the buckling equation takes the familiar form

(K - AG)A =0. 31)

For buckling, the determinant K-AG must be vanished, which can be solved for the buckling
load factor using standard eigenvalue solvers.

4 BUCKLING ANALYSIS OF BUILT-UP MEMBERS

The approach employed for analysing the buckling behaviour of built-up members involves
a detailed discretisation process. Each constituent section, denoted as A and B (see Figure 4(a)),
undergoes independent section discretization to capture its unique structural characteristics. A
critical aspect of this process is the introduction of nodal lines within each section, precisely
aligned with the locations of fasteners (Figure 4(b). These nodal lines, one for each section,
serve as basis for the introduction of connection points (two ends of fasteners). Additionally,
for longitudinal discretisation, particles (nodes) are placed along these nodal lines. As shown
in Figure 4(c), longitudinal discretisation entails the placement of regular nodes at equal
intervals, with additional particles added at the exact locations of the fasteners. Although
resulting in an irregular distribution of nodes, the utilisation of a mesh-free method in the
longitudinal direction empowers the approach to effectively handle such irregularities.
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Figure 4. (a) Built-up members (b) FS discretisation and connected nodal lines (c) longitudinal
discretisation of the connected nodal lines consisting of regular and connection particles (d)
single strip discretisation

Thus, utilising the aforementioned discretisation scheme, the buckling equation (31) for these
sections can be stated separately as

(K'-4G")A" =0 and (K”-1G”)A" =0, (32)

or using matrix notation as:

[ A

The degrees of freedom (DOFs) in each section are systematically numbered according to
the following protocol:

(1) The first category encompasses the DOFs where essential boundary conditions are
specified. These degrees of freedom, along with their corresponding components, are
denoted by a subscript 'e'.

(2) The second group comprises the DOFs situated at the connection nodes. Notably, since
an identical number of connection nodes is employed in both sections, the count of
connection DOFs remains consistent for both sections. Variables associated with these
DOFs are designated with a subscript 'c'.

(3) Lastly, the remaining DOFs are represented with the subscript '7'.

Employing this designated numbering scheme, the matrices in equation (33) undergo a
partitioning process, resulting in a structured equation form as follows:

K' K.Y K! 0 0 0 GL GL G 0 o0 0 A
K! K!: K: 0 0 0 G G GL 0 o0 0 Al
A A A A A A A
K! K! K 03 03 03 4|6 GL G 03 03 03 A; o, (34)
0 0 o0 K K’ K’ 0 0 0 G’ G: GE||| A
0 0 o K K K 0 0 o0 G2 G GI||| A’
0 0 o K. K. K,| [[0 0 0 G. G. G.||)A

In the next step, all of the DOFs in both sections are numbered again using the same
numbering pattern which was used for numbering each section. The numbering is performed
such that those DOFs which are located on the connection points, corresponding to the same
component of the displacement, (one in section 4 and the other in section B) are placed in
sequential order. Utilising the global partitioning order, equation (34) takes the form
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'K* 0 K' 0 K' 0 'GL 0 G1 0o G1 oo ]||a”
0 K. 0 K o K 0 G 0 G° 0o GE|||af
A A A A A A A
K4 03 K 03 K 03 il G 03 G 03 G! 03 A; Lo G3)
0 K. 0 K. o K 0 G 0 G° 0 GE||| A
K! 0 K! 0 K. 0 G, 0 G. 0 G. o A
0 K. o Ko K| |[0 GL o G. o GIaA]

Because the nodal displacements A“. and AZ, are associated with essential boundary conditions
and assuming that the prescribed boundary conditions are equal to zero, then

A? = AP =0, (36)

Also, because A4c and AZ. are associated with DOFs which are located on connection nodes
and are basically the same displacement values, it can be assumed that

At = A, (37)

Considering the equations (36) and (37), the buckling equation takes the form

KL+Ko K KO | |GL+G, G G || A]
K? K! o0 |-2] G! G.L 0 [||Af]=0. (38)
K’ 0 K° G’ 0 G2|)A’f

By solving equation (38), the buckling load factor A can be determined.

5 NUMERICAL EXAMPLES

In this section, numerical illustrations are presented to validate the applicability of the
proposed numerical techniques for the elastic buckling analysis of built-up sections with
discrete fasteners. The RKP-FSM method is employed for modelling the built-up members,
while the connections between the constituent sections are enforced using the modified
collocation method outlined in section 4.

(@) (b) (© (d)

Figure 5. Different levels of composite actions: (a) non-composite, (b) partially composite with
continuous connections, (c) fully-composite, (d) partially composite with discrete connections

The accuracy of the results obtained is verified through comparisons with solutions from
Finite Element (FE) and S-a FS (Semi-Analytical Finite Strip) methods. Although the S-a FSM
cannot directly model discrete fasteners, it offers lower and upper bounds for the buckling
problem of built-up sections. The lower bound is derived when no composite action is assumed
between the sections, as depicted in Figure 5(a). This implies that the buckling load for
compound sections is twice the critical load determined for a single section. Conversely, an
upper bound for the solution is achieved by assuming a continuous connection at the fastener
locations along the member length, as shown in Figure 5(b). In an S-a FSM analysis, this
condition can be enforced by placing two nodes at the positions of fasteners (one on each
section) and constraining their corresponding degrees of freedom to be equal. A fully composite

10
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state is realised when the connected component plates of the sections are fully fused and
modelled as a single shared component with a thickness of 2t, as illustrated in Figure 5(c). The
partially composite state with discrete fasteners (Figure 5(d)) can be modelled using the
proposed RKP-FSM or the finite element analysis.

5.1 Example 1: Buckling analysis of channel sections

In the initial example, the performance of the RKP-FSM is evaluated in the buckling analysis
of thin-walled sections. This is notable as it represents the first development of the RKP-FSM
for analysing members with folded plate elements. Previous applications of the method have
primarily focused on the bending and buckling of plates [2, 9, 21], as well as on the analysis of
laminated composites [12, 13], functionally graded materials [22]. For this analysis, a single
channel section with the cross-sectional dimensions shown in Figure 6(a) was selected and
analysed under uniform compressive loads. The FS discretisation of the cross-section is
presented in Figure 6(b). It is assumed that the sections are constructed from cold-formed steel
with material properties, specifically Young's modulus (E) of 210 GPa, a yield strength (f;) of
500 MPa, and a Poisson's ratio (v) of 0.3.

v

ATI

t=3mm

200 mm

mm

V;li
“HEwm T (a) Tt (b)

Figure 6. (a) Geometry of a lipped channel section and (b) utilised FS discretisation

25

A series of analyses are conducted using RKP-FSM with the number of particles in the
longitudinal direction Np = 20. It is noted that for some of the considered lengths, a lower
number of particles also yields accurate results. The buckling load curves obtained for simply-
supported and clamped boundary conditions are shown in Figure 7(a) and Figure 7(b),
respectively. The S-a FSM implemented in the CUFSM software [23] is utilised to validate the
RKP-FSM results. The number of longitudinal trigonometric terms is selected sufficiently large
to capture the member correct buckling behaviour.

1.0 1.8
0.9 1.6
—CUFSM ——CUFSM
0.8 = 1.4
0.7 O RKP-FSM 12 O RKP-FSM
> 0.6 >
& . 5 & 10
5 0.5 060602 ©e000606060 5
- © T T°TTT & 08
0.4 8
0.3 8 - 0.6
02 04
0.1 0.2
0.0 0.0
70 700 100 1000 10000
Length (mm) Length (mm)
(a) (b)

Figure 7. Buckling load curves of the single-channel columns; (a) simply supported, and (b)
clamped boundary conditions.

The results, as presented in Figure 7, indicate excellent agreement among the methods,
thereby confirming the suitability of the RKP-FSM for the analysis of thin-walled members.

11
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Furthermore, in the analyses conducted using the RKP-FSM for columns under (S-S) boundary
conditions, the first mode shapes observed, along with their corresponding buckling load factors
for three different lengths, are presented in Figure 8(a). Additionally, the results of finite
element (FE) analyses performed using Abaqus [24] are included in Figure 8(b) for verification,
and they exhibit similar mode shapes and critical buckling load factors to those obtained using
the RKP-FSM.

(D) P/ Py = 0.475 (II) Pe; / Py = 0.476 (III) P, / P, = 0.388
(@

(I) P/ Py = 0.440 () Pe; / Py = 0.461 (IIT) Pe; / Py = 0.390

(b)
Figure 8. Buckling modes shapes and critical buckling loads for members of length: (I) L =160
mm (II) L = 445 mm (III) L = 2800 mm, (a) RKP-FSM, and (b) FEM results

5.3 Example 2: Buckling analysis back-to-back channels sections

In this example, the analysis focuses on single-span built-up columns comprised of two
channels. The investigation considers a built-up I-section with the same geometry and assembly
as illustrated in Figure 9. The RKP-FSM is applied with a specified fastener spacing set as
s = (L-2a)/5, a = 30 mm, and both ends of the column are assumed to be simply supported. The
obtained results for simply supported boundary conditions (S-S) are presented in Figure 10.
These results are then compared with fully composite (CUFSM-FC) and non-composite
(CUFSM-Single) curves, which serve as theoretical upper and lower bounds, respectively, in
the same figures. As mentioned earlier, an upper bound for the partially-composite solution
(CUFSM-Double) can be established by assuming a continuous connection at the fastener
locations along the member length. In the analysis using S-a FSM, this condition is enforced
by placing two nodes at the positions of the fasteners (one on each section) and constraining
their corresponding degrees of freedom to be equal. For the depicted built section in Figure
9(b), this upper limit can be determined by constraining two pairs of nodes, specifically (7,23)
and (10,26). The solutions based on this assumption should align with the analysis results of
the built-up section with discrete fasteners when the spacing between the fasteners (s in the
longitudinal direction) approaches zero. This upper bound serves as a reference for
understanding the influence of discrete fasteners on the structural behaviour of the built-up
section. An intermediate composite level, as depicted in Figure 5(d), is considered by modelling
discrete connections. This configuration represents a realistic composite state that falls between
the fully-composite and non-composite states. The proposed Reproducing Kernel Particle Finite
Strip Method (RKP-FSM) is employed to model this partially composite state with discrete
connections. This modelling approach (RKP-FSM-Double) allows for a more nuanced and

12
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accurate representation of the structural behaviour, capturing the influence of discrete
connections on the overall composite state.

100 mm
30 29 28 27 11 12 13 14
t=2 mm . . . .e . . .
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Figure 9. The considered built-up I-section: (a) geometry, (b) finite strip discretisation.

Analysing the buckling load curve (Figure 10) reveals that the considered built-up section is
susceptible to both local and distortional buckling. The curve exhibits multiple local and
distortional minima, with the distortional minima generally lower than the local minima. This
characteristic suggests that the built-up section is prone to different modes of instability,
emphasising the importance of considering both local and distortional buckling phenomena in
the design and analysis of such structures. Understanding the distribution and magnitudes of
these minima is crucial for predicting the behaviour and performance of the built-up section
under various loading conditions.
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0.9 .
0.8 RS S S
0.7 ' - iy
0.6 _ ...................... -
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0.3
0.2

60 600 6000
Length (mm)

Figure 10. buckling load curves of the built-up I section with S-S end conditions and fastener
spacing s = (L-2a)/5

In the RKP-FSM analyses, typical first mode shapes and buckling loads observed for local
and global buckling of the considered built-up sections are presented in Figure 11. These results
are presented for members with length L =220 mm, 700 mm, and 2240 mm, and then compared
with those obtained using Finite Element (FE) analysis (ABAQUS). The figures include the
results of FE analyses for verification, revealing similar mode shapes/load factors with the
RKP-FSM. This agreement between RKP-FSM and FE results indicates the effectiveness and
reliability of the proposed method in capturing the buckling behaviour of the built-up sections.
The inclusion of FE results serves to validate and strengthen the confidence in the accuracy of
the RKP-FSM outcomes.

5.3 Example 3: Buckling analysis of built-up members with multiple sections

In this example, a more intricate built-up section is under consideration, as illustrated in
Figure 12(a). This composite section is composed of four lipped channels with longitudinal
stiffeners (LC-LS) connected by employing a series of discrete web-to-flange and web-to-web
fasteners. The finite strip discretisation of the cross-section is presented in Figure 12(b),
showcasing the utilised division of the section for analysis.
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(I) Abaqus P, = 0.5177 (II) RKP-FSM P, = 0.5111

(I) Abaqus P, = 0.3899

()
Figure 11. Comparison of buckling loads and mode shapes obtained using Abaqus and RKP-
FSM for lengths (a) L =220 mm, (b) =700 mm , (c) L =2240
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Figure 12. The considered member with multiple sections: (a) geometry, (b) FS discretisation

The built-up column is subjected to uniform compression with simply-supported boundary
conditions at both ends (S-S), and the corresponding signature curves are derived. In Figure 13,
a comparative analysis is presented between the results obtained from RKP-FSM and CUFSM
simulations for varying values of s, specifically s = (L-2a), s =(L-2a)/3, and s = (L-2a)/5.
Notably, the partial composite approach embraced by CUFSM yields distinct outcomes
compared to the discrete modelling of fasteners using RKP-FSM. As the spacing of fasteners
diminishes, the results obtained via RKP-FSM converge towards those acquired through
continuous connections. This trend underscores a critical observation: in the realm of global
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buckling, the buckling load obtained through the discrete representation of fasteners as
individual points diverges from the outcomes obtained via a continuous approach. This
reaffirms that even in the global buckling region, the choice of modelling fasteners as discrete
points versus a continuous approach can lead to disparate buckling load predictions.
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Figure 13. buckling load curves of the built-up column with multiple sections for different
fastener spacing ratios

In the Table 1, a comparison is made between the buckling loads obtained for built-up
members and those for non-composite sections. The table considers columns of different
lengths: L =281.84 mm, L =501.19 mm, L =1000.00 mm, and L =2511.59 mm. The RKP-
FSM modelling used in the presented results assumes a fastener spacing of s = (L-2a)/5. For
members longer than 600, a substantial improvement in the buckling load factors is observed.
This enhancement can be attributed to a change in the buckling mode shape resulting from the
composite action between constituent sections.

Table 1. comparison of buckling loads obtained using various methods

Length Section CUFSM-PC (P./Py) Abaqus (P./Py) RKP-FSM (P./Py)
Single 1.1270 1.1658 1.1277
L=281.84 mm Built-up 1.1335 1.1787 1.1375
%AP; 0.58% 1.11% 0.87%
Single 1.1272 1.1307 1.1302
L=501.19 mm Built-up 1.1340 1.1361 1.1392
%AP; 0.61% 0.48% 0.80%
Single 0.7968 0.7853 0.7968
L=1000.00mm  Built-up 1.1339 1.1360 1.1303
%AP; 42.31% 44.65% 41.86%
Single 0.3375 0.3267 0.3375
L=2511.89 mm  Built-up 1.0607 0.8318 0.8836
%AP; 214.34% 154.62% 161.84%

However, the results for L=2511.89 mm highlight an interesting observation. The
conventionally used continuous modelling of fasteners (as with S-a FSM) can artificially yield
higher buckling loads. In this case, the discrete modelling of fasteners using Abaqus and RKP-
FSM produces similar loads, both of which are lower than those obtained through continuous
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modelling. This emphasises the importance of the modelling approach, especially in scenarios
where composite action significantly influences the buckling behaviour of longer members.

The buckling mode shapes corresponding to the lengths listed in the table are illustrated in
Figure 14, Figure 15, and Figure 16. The buckling mode shapes obtained for single sections are
compared with those of the built-up members, and to validate the results, the buckling mode
shapes obtained using RKP-FSM are validated against those obtained using Abaqus. In Figure
14, both single and built-up sections undergo local buckling for the specific length considered
(L = 281.84 mm). The mode shapes presented confirm the negligible enhancement in the
buckling load, as both sections exhibit similar local buckling behaviour. Figure 15 depicts the
buckling mode shapes for L = 1000.0 mm. Here, the single section undergoes distortional
buckling, while the built-up column exhibits local buckling. As indicated in the table, am
approximate 42% increase in the buckling load is anticipated for this length. This enhancement
can be attributed to the observed change in the buckling mode shape. In Figure 16, the buckling
mode shapes for L = 2511.89 mm are compared. For this length, the single section undergoes
flexural global buckling, while the built-up member exhibits a flexural-torsional buckling mode
shape. A significant enhancement of 154% is observed in the buckling load, aligning with the
general outcomes. These mode shape comparisons provide visual confirmation of the impact
of composite action on the buckling behaviour of built-up members, validating the results
obtained through the RKP-FSM simulations.

RKP-FSM (@)

RKP-FSM Abaqus
(b)

Figure 14. Comparison of buckling mode shapes of (a) single and (b) built-up sections at
L = 281.84 obtained using RKP-FSM and Abaqus
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Abaqus W

Figure 15. Comparison of buckling mode shapes of (a) single and (b) built-up sections at
L =1000.00 mm obtained using RKP-FSM and Abaqus

RKP-FSM
(b)

RKP-FSM Abaqus
(b)

Figure 16. Comparison of buckling mode shapes of (a) single and (b) built-up sections at
L =2511.89 mm obtained using RKP-FSM and Abaqus

6 CONCLUSION

In this study, a novel and practical application of the Reproducing Kernel Particle Finite
Strip Method (RKP-FSM), an extension of the finite strip method (FSM), is introduced and
verified. The RKP-FSM is employed for the stability analysis of cold-formed steel (CFS) built-
up sections with arbitrarily-located discrete fasteners. Numerical examples are presented to
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showcase the performance and versatility of the RKP-FSM in the elastic buckling analysis of
CFS built-up sections with increasingly complex geometries. The study explores the influence
of fastener spacing ratios on the composite behaviour of built-up sections, revealing that
reducing the spacing enhances buckling capacity, especially in the global and distortional
buckling regions.
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