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Abstract

This paper presents a three-nodal-line finite strip formulation based on the refined first-order shear deformation
plate theory (RFSDT) for the buckling analysis of both thin and thick plates. The proposed finite strip model
incorporates the effects of transverse shear deformation, which leads to a significant reduction in the critical
buckling stress of plates. Closed-form expressions for the strip stiffness and geometric stiffness matrices are
derived using the principle of minimum total potential energy. These matrices enable more efficient struc-
tural stress analysis while reducing computational cost. The buckling problem is formulated as an eigenvalue
problem obtained from the assembled strip stiffness and geometric stiffness matrices, from which the critical
buckling load factors are determined. The results obtained using the proposed finite strip are validated through
comparisons with exact solutions and previously published studies. Furthermore, based on an extensive para-
metric study, practical formulas are proposed for predicting the critical buckling stress of isotropic simply
supported plates subjected to uniaxial compression and in-plane bending. The proposed formulas exhibit high
reliability, as indicated by low coeflicients of variation and high coefficients of determination.

Keywords: finite strip method; buckling analysis; thin plates; thick plates; refined first-order shear deformation
plate theory.
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1. Introduction

The semi-analytical finite strip method (SAFSM) originally developed by Cheung [1]. This
method employs harmonic functions in the longitudinal axis and polynomial functions in the trans-
verse axis. Compared with the finite element method (FEM), the SAFSM requires fewer elements,
thereby declining the structural analysis time. Hancock [2] proposed a signature curve to represent
local and distortional buckling, thereby assisting engineers in gaining a clearer understanding of the
buckling characteristics of cross-sections. SAFSM has been widely employed for the analysis of
structural behavior, including bending [3], buckling [4], post-buckling [5], and vibration [6]. Sub-
sequently, this method has also been utilized to investigate the buckling behavior of non-coplanar
structures [7] and bridge structures [8]. THIN-WALL program [9] and CUFSM program [10] were
developed based on SAFSM, which is formulated on classical plate theory (CPT), to analyze the
buckling behavior of sections. Hancock and Pham employed the SAFSM to investigate the shear
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loading [11] and localized loading [12]. A number of studies have successfully incorporated first-
and higher-order shear deformation plate theories into the SAFSM to highlight the influence of trans-
verse shear deformation components on the critical buckling stress of moderately thick plates [13], as
well as on the behavior of a channel section with intermediate stiffeners in the web [14]. In addition,
the behavior of composite plates has also been examined within the framework of the SAFSM by
several authors [15—18]. Bui and Chiem explored buckling behavior of thin- and thick-walled open
sections [19] and circular hollow sections [20] using higher-order shear deformation plate theories
(HSDT). In their publication, classification thin and thick walled members is proposed based on the
b/t and D/t for several engineering fields according to local buckling criteria. In addition, formula
for determining the critical buckling stress of thin- and thick-walled tubes are also provided.

The refined first-order shear deformation plate theory (RFSDT) is established based on the as-
sumption that the displacement field can be decomposed into bending and shear components [21].
This theory has been widely used in the analysis of plate structures [22-25]. Numerous researchers
have incorporated the RFSDT into the semi-analytical finite strip method (SAFSM) to investigate the
bending behavior of composite plates [26], buckling behavior [27], and the buckling and vibration of
nanoplates [28]. In most of these studies, the displacement field is divided into bending and shear
parts, and a third-order polynomial function is adopted for the shear component in order to satisfy the
shear stress-free boundary conditions on the top and bottom surfaces of the plate [29]. The RFSDT
has also been successfully employed to analyze the static response and free vibration of composite
plates [30].

The critical buckling stress of simply supported plates subjected to uniaxial compression and
in-plane bending admits exact solution for thin plates [31], 3D elastic [32], Navier solution based
on TSDT [33], FEM [34], differential quadrature solution [35], Navier and Levy solutions found on
TSDT [36]. Several researchers have proposed formulas for determining the critical buckling stress
of thin-walled sections [37-40]. However, although numerous formulas have been developed for pre-
dicting the critical buckling stress of plates and structural sections, approximate formulas applicable
to thick plates have not yet been established.

As mentioned above, most existing SAFSM formulations have employed refined higher-order
shear deformation theories, whereas the incorporation of the refined first-order shear deformation
theory (RFSDT) has not yet been fully addressed. In addition, to the best of the authors’ knowledge,
closed-form solutions for the stiffness matrices have not been provided in previous publications. For
the purpose of improving computational efficiency and facilitating practical implementation in struc-
tural analysis, closed-form solutions can significantly reduce computational cost and resource require-
ments. In this study, explicit closed-form stiffness matrices within the SAFSM framework based on
the RFSDT are developed to analyze the buckling behavior of both thin and thick plates subjected to
uniaxial compression and in-plane bending. The influence of plate thickness on the critical buckling
stress is also highlighted through a series of numerical investigations. Furthermore, based on a para-
metric study, practical formulas are proposed for predicting the critical buckling stress of isotropic
simply supported plates under uniaxial compression and in-plane bending.

2. Finite strip solution
2.1. Displacement—strain relation

The displacement field based on the refined first-order shear deformation plate theory (RFSDT)
is expressed as follows:
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u(x,y,z) = up (x,y) + 20y (x,y)

v (x,¥,2) = vo (x,y) + 26k (x,y) )

w(x,y,2) = w(x,y)
where u, v, w, 6,0, are five displacement components defined on the mid-plane of the plate. Based
on the concept of decomposing the transverse deflection into two components, the total deflection
is expressed as the sum of the bending deflection w;, and the shear deflection wy. In addition, by
incorporating the assumptions regarding the differential relationship between the rotations and the

0
bending deflection, 6, = —%, 0, = —%, the displacement field of RFSDT [30] can be rewritten
X Y
as follows: p
w
u(x.y.2) = o (x.y) = 25~
X
0
v (x.3.2) = Vo (5,Y) = 252 @
dy

w(x,y,2) = wp (X, ) + ws (x,)
It can be observed that Eq. (2) involves only four unknown displacement components ug, vo, Wp, W

(see Fig. 1(a)). Accordingly, the strain field based on the RFSDT can be expressed in terms of these
four unknown displacements as follows:

o = Q0 Pwp 0w Fwy
YT xS YT oy Z(')y2
oug Ovg *wyp
=m0 v ©
Yo ay " 0x Z@xay
owy owy
Yxz = EQ Yyz = 9

| IJ \.-‘ d
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Zwws | | Z,Wp Ws y ) / //,// /J
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a Vi ) / a,
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b I t
(a) Displacement field of RESDT (b) Displacement components of 3 nodal line

FSM

Figure 1. Displacement components of a finite strip

2.2. Formulation of stiffness matrix
a. Interpolation functions

Fig. 1(b) illustrates a three-nodal-line finite strip with nodal lines 1, 2, and 3 of length a and width
b. The displacement components u, v, wp, and wy correspond to the x-, y-, and z-directions, respec-
tively. 6y, 6;, which are rotations about the y-direction, are represented by double-arrow notation. For
a finite strip with simply supported at both ends, the displacement field can be expressed as follows:
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u= Z ZNu,u sin(mny/a); v= Z Z N,vi'cos (mmy/a)

m=1 i= m=1 i=
rok r k
= Z Z wyiWpSin (mmy/a); 60y = Z o,iisin (mmy/a) 4)
m=1 i=1 m=1 i=1
rok r k
= Z Ny wisin (mry/a); 60y = Z Z i05:sin (mmy/a)
m= =1 i=1

The polynomial functions are adopted in the transverse direction, while trigonometric functions
are selected in the longitudinal direction in order to satisfy the simply supported boundary conditions.
Here, r denotes the number of series terms considered, and k represents the number of transverse
interpolation functions.

For three-nodal-line finite strip, the transverse shape functions for the membrane components can
be used according to Eq. (5), while those for the bending components are defined in accordance with
Eq. (6):

Nui = Nyp = 1 =3 (x/b) +2(x/b)’

Ni2 = Nip = 4 (x/b) = 4(x/b)’ 5)
Niz = Nig = = (x/b) + 2(x/b)’

Nyu,i = Nyt = 1 =23(x/b)* + 66(x/b)* — 68(x/b)* + 24(x/b)’

Noyi = Nogt = x[1= 6 (x/b) + 13(x/b)* = 12(x/b)* + 4(x/b)"*]

Ny,2 = Nya = 16(x/b)* = 32(x/b)* + 16(x/b)*

2 3 4 (6)
Noy2 = Noa = x| =8 (x/b) + 32(x/b)* = 40(x/b)* + 16(x/b)" |
Nuy3 = Nya = 7(x/b)* = 34(x/b)’ + 52(x/b)* — 24(x/b)’
No,3 = Noa = x| (x/b) + 5(x/b)* = 8(x/b)* + 4(x/b)"*]
b. Stiffness matrix
The stiffness matrix of the finite strip is derived from the strain energy of the plate:
1 r n T
W=z | eof [Do]{er}a@+3 | e (DA (es) a2 (7)

Q Q

where 7 is shear corrective coefficient (7 = 5/6). The strain components {s,,} and {&,} are the in-plane
and out-plane strains, respectively. These components are given as follows:

&) ={ew &w 7o) ®)

el ={re nef )

The elastic stiffness matrices are represented as follows:

1 v 0

__F v 0
[D”]_l—VZO NEES (10)

2
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E [10
21+ |0 1] =

The bending and shear strain components in Eqgs. (8) and (9) are determined by replacing Eq. (4)

into Eq. (3)
(e} = 2, 2 B 107 (12

(D]

|B2] 6™} (13)

where the matrices [BZ@] and [BZ':] are expressed for the i-th transverse term and the m-th longitudinal
series as follows:

AN, 9*N,,,; ANy, i
“s 0 —z—s %S 0 0
" ox ¢ 0x? ¢ 0x?
[Bpi]z 0 - vigS ZNWbigc ZN@bi‘fC 00 (14)
ON,; ON, Wi ON, Opi
N,£C C -27——&C -2z——&C 0 O
Ox Ox Ox
000 0 Muig MNoig
[Bﬁ = Ox Ox (15)

0 0 0 0 N, Nyi&C

with § = sin (mny/a), C = cos (mny/a) and & = mn/a.
The displacement components of the i-th nodal line and the m-th serie are obtained as follows:
T
fork = {urr v wit ey owi o) (16)
The strip stiffness matrix can be formulated by replacing Eqgs. (12) and (13) into Eq. (7). for the
finite strip with simply supported at both ends, the strip stiffness matrix contains r diagonal matrices
and has the following form:

[Kly O .. 0
O I a
0 0 o [Klop
with:
T
W = [ B3] [,][B5]dc2 5 [ 18217 10,1187 (18)
Q Q

The closed form of the stiffness matrix are presented in Appendix A.

c. Geometric stiffness matrix

The geometric stiffness matrix is derived from the work done by the in-plane normal stresses
acting on the nonlinear strain components, as follows:

1 x1[(ou\ (ov\: [ow)?
T = 5 f[Tl - (Tl - TZ) E] l(@) + (a—y) + (@) ldQ (19)
Q

37



Bui, C. H,, et al. / Journal of Science and Technology in Civil Engineering

where T and T, denote the in-plane normal stress values at the i-th and j-th nodal lines, respectively.
The geometric stiffness matrix is obtained by substituting Eq. (4) into Eq. (19). For a finite strip with
simply supported at both ends, the geometric stiffness matrix takes the following form:

[K]Gll 0 vee 0
0 K 0
(Kl = o 20)
0 0 v [Klgm
with
X
Kl = f (Gl (Gl |T1 = (1 = T2) 7| a2 @1
Q
The closed-form expression of the geometric stiffness matrix is found in Appendix B.
-1 Tf

Figure 2. Normal stresses at both ends

The equations for solving the buckling problem of the plate is presented as follows:
(K], + A[K]g =0 (22)

where A is the critical buckling load factor.

3. Convergence study

To verify the reliability of the proposed finite strip formulation, buckling analyses are performed
for a square steel plate with all four edges simply supported and subjected to uniaxial compression
and in-plane bending. The plate has a side length of 300 mm and a thickness of 3 mm. The material
properties are taken as an elastic modulus of 210 GPa and a Poisson’s ratio of 0.3. Table 1 presents the
convergence study of the proposed finite strip model for the plate discretized using different numbers
of strips, namely 1, 2, 3, 4, and 5 strips. It is observed that, for the plate subjected to in-plane
bending, at least two strips are required to achieve convergence, whereas for the plate under uniaxial
compression, a single strip is sufficient to satisfy the convergence criterion. The proposed model
demonstrates faster convergence than those results in Ref. [26] (8 strips) and Ref. [13] (5 strips).
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Table 1. Convergence study for buckling analysis of square plate: critical stress o, (N/mm?)

Number of strips

1 2 3 4 5
Compression 75.877 75.865 75.865 75.865 75.865
Bending 22.834 22.386 22.383 22.382 22.382

4. Formulas for determining the critical buckling stress of plates
4.1. Exact solution for thin plates
A simply supported rectangular plate with edge lengths a and b is considered under two loading

conditions: uniaxial compression (Fig. 3(a)) and in-plane bending (Fig. 3(b)). According to the exact
solution for thin plates [31], the critical buckling stress is determined by the following expression:

n’E £\2
o = ka'—(_) 23
7 12(1=2)\b 23)

where E is elastic modulus, v is Poisson’s ratio, b is the width of plate and ¢ is its thickness. k is crit-
ical buckling coefficient. According to Ref. [41], the square plate (¢ = b) under uniaxial compression
exhibits the minimum critical buckling stress corresponding to the buckling coefficient k, = 4.0. For
the in-plane bending, the rectangular plate with an aspect ratio of a = 2b/3, with the corresponding
critical buckling coefficient k, = 23.9.

/ 1 e -
= L r7/
r.-ﬁ.i ’ T |/
- b - g 7
P - L \,’ N
— 1f -
-~ : N x
- e
A =
b -~ i // kJ b
b -
- b a
_— L~
(a) Uniaxial compression (b) In-plane bending

Figure 3. Simply supported under uniaxial compression and in-plane bending

4.2. Critical buckling stress of thin and thick plates

In this sub-section, buckling analyses are conducted for a series of plates with different boundary
conditions, including simply supported four edges, simply supported three edges and the remaining
edge free, and two simply supported edges and the remaining edges clamped and free, respectively.
The obtained results are compared with the exact solution for thin plates and with those reported in a
previous publication.

Table 2 shows the buckling analysis results for both thin and thick plates under both uniaxial
compression and in-plane bending with ¢/b ratios of 0.001, 0.005, 0.1, and 0.2, respectively. The
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results obtained from the proposed finite strip are similar with the exact thin plate solution and with
those reported in Ref. [13]. However, as the thickness of plate rises, the influence of shear deformation
becomes significant, leading to a noticeable reduction in the critical buckling coefficient. Specifically,
when the ¢/b ratio increases to 0.2, the discrepancy reaches approximately 28.0%. Clearly, the thin-
plate results tend to overestimate the critical buckling stress of thick plate.

Table 2. Buckling coefficient of simply supported square plates

t/b

0.001 0.05 0.1 0.2
Uniaxial compression
Thin plate [41] 4.000 4.000 4.000 4.000
SAFSM [13] 3.999 3.929 3.737 3.126
FEM [34] 4.000 3911 3.741 3.150
3D elastic [32] 4.000 3911 3.741 3.150
Analytical [33] - 3.944 3.786 3.264
Differential quadrature [35] - 3.931 3.741 3.153
Present 4.001 3.929 3.732 3.126
In-plane bending
Thin plate [41] 23.9 23.9 239 23.9
Present 23.886 23.875 20.212 14.149

Tables 3 and 4 present the buckling coefficients of plates subjected to uniaxial compression with
various boundary conditions. The results indicate good agreement for thin plates, while the discrep-
ancy increases as the plate thickness goes up.

Table 3. Buckling coefficient of square plates with two opposite edges simply supported and the remaining
edges simply supported and free, respectively

t/b
0.01 0.1
Thin plate [41] 1.440 1.440
SAFSM [13] 1.432 1.364
Present 1.434 1.379

Table 4. Buckling coeflicient of square plates with two opposite edges simply supported and the remaining
edges clamped and free, respectively

t/b
0.01 0.1
Thin plate [41] 1.70 1.70
SAFSM [13] 1.70 1.59
Present 1.70 1.63
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4.3. Influence of thickness on the critical buckling stress of plates

Buckling analyses are conducted for thin and thick isotropic simply supported plates with simply
supported subjected to uniaxial compression and in-plane bending to investigate the influence of
thickness on the critical buckling stress. The geometric dimension of the plate is characterized by a
variable width-to-thickness ratios ranging from 8.0 to 100.

Fig. 4 illustrates the influence of thickness on the critical stress of the plates subjected to uniaxial
compression and in-plane bending. The graph illustrates the relationship between the b/¢ ratio on
120'Cr(1 —vz) b\2
2—(—) on the vertical axis. It can

n-E t
be observed that a reduction in width-to-thickness ratio leads to a decrease in the critical buckling
coefficient. When the b/t ratio is less than 20, the plate thickness exhibits a pronounced influence
on the critical buckling coefficient. In contrast, when the ratio exceeds 40, the effect of thickness
becomes negligible. In addition, the results increasingly converge to the exact thin plate solution as
the b/t ratio becomes larger.

the horizontal axis and the buckling coefficient k, =

5, 307 . .
Proposed finite strip Proposed finite strip
—Eq. (26) —Eq.(26)
457 261
< 4t 2222
3.57 18
3 ‘ ) ‘ ' : 14 : : : : :
0 20 40 60 80 100 0 20 40 60 80 100
b/ t raitos b/t raitos
(@) (b)

Figure 4. Influence of b/t ratios on critical buckling stress of plate

4.4. Approximate formulas for determining the critical buckling stress of plates

To the best of the authors’ knowledge, the buckling behavior of isotropic simply supported plates
subjected to uniaxial compression and in-plane bending has extensively investigated. However, ap-
proximate formulas for determining the critical buckling stress of thick plates under uniaxial com-
pression and in-plane bending have not yet been provided. Therefore, approximate formulas for
calculating the critical buckling stress of both thin and thick isotropic simply supported plates under
uniaxial compression and in-plane bending are proposed to facilitate practical engineering calcula-
tions. Based on the results obtained from the buckling analyses of both thin and thick simply sup-
ported plates subjected to uniaxial compression and in-plane bending, a parametric study is utilized
to propose formulas for determining the critical buckling stress for plates of both thin and thick con-
figurations. From the relationship between the b/t ratios and the buckling coefficient, a formula in
exponential form can be proposed as follows:

ko— =a + blecl(b/t) (24)

where coeflicients ay, b, and c; are to be determined.
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A parametric study is performed to determine the coefficients ay, by, and c¢;. These coefficients
are found so as to satisfy the conditions of minimal coefficient of variation and maximal coefficient of
determination. For the case of uniaxial compression, a; = 4.0, b; = —1.10, and ¢; = —0.138, whereas
for the case of in-plane bending, a; = 23.9, by = —10.9, and ¢; = —0.112, respectively. Eq. (24)
can be reformulated for the uniaxial compression and in-plane bending, respectively, as Egs. (25)
and (26):

kee = 4.0 — 1.10e~0-138¢/0 (25)

ko = 23.9 — 10.9¢70-1120/0 06

It should be noted that the proposed formulas are applicable to isotropic simply supported plates
with a 8.0 < b/t < 100. If the plate has a b/t > 100, the exact thin plate solution is applied to
determine the critical buckling stress.

The comparison between the approximate formulas and the proposed finite strip method is pre-
sented in Table 5. It can be observed that when the plate is thin, i.e., when the b/ ratio is large, the
buckling coefficient asymptotically approaches the value predicted by thin plate theory, namely 4.0
for the case of uniaxial compression and 23.9 for in-plane bending. The results obtained from the ap-
proximate formulas exhibit a high level of agreement with those predicted by the proposed finite strip
method, as indicated by mean values (u) close to unity. Both the plates under uniaxial compression
and in-plane bending show low coefficients of variation (CoV). Specifically, the compressed plate has
a CoV of 0.006 with a corresponding coefficient of determination (RZ) of 0.9979, whereas the plate

under bending presents a CoV of 0.017 and a R? of 0.9969.

Table 5. Statistical comparison of the approximate formulas with the proposed finite strip method

Uniaxial compression In-plane bending
u CoV R? u CoV R?
Statistics values 1.002 0.006 0.9979 1.006 0.017 0.9969

4.5. Numerical applications

To verify the reliability of the approximate formulas, the critical buckling stress of the simply
supported plates subjected to uniaxial compression and in-plane bending are determined using both
the suggested formulas and the proposed finite strip method.

For the uniaxial compression, a square isotropic simply supported plate with side length b =
100 mm and thickness t = 10 mm is analyzed. For the in-plane bending, a rectangular plate with
dimensions ¢ = 60 mm, b = 90 mm, and r = 10 mm is examined. The plates are assumed to have
Young’s modulus of £ = 210 GPa and a Poisson’s ratio of v = 0.3. To determine the critical buckling
stress using the approximate formulas, the procedure is conducted through the following steps:

In the first step, the buckling coefficient is determined using Eq. (25) for the plate under uniaxial
compression and Eq. (26) for the plate subjected to in-plane bending. Subsequently, Eq. (23) is
employed to calculate the critical buckling stress. Table 6 presents the calculation steps and the
resulting critical buckling stresses of plates. The results demonstrate that the proposed formulas for
determining the critical buckling stress of simply supported plates subjected to uniaxial compression
and in-plane bending are highly reliable, with small discrepancy of only 2.0% for the in-plane bending
case and 0.23% for the uniaxial compression situation.
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Table 6. Critical buckling stress of plates under uniaxial compression and in-plane bending

Uniaxial compression In-plane bending
. . ke = 4.0 = 1,107 380000 g = 23,9 — 10.9¢7011200710
Buckling coefficient ’ ’
kg =3.7232 kgp = 19.922
_ 72210000 {10\’ 72210000 (10’
O cr, approximate formula Tere = fo 12(1 - 0-32) (m) Terb =% 12(1 - 0-32) (%)
Ocre = 1066.8 MPa Ocrp = 46681.4 MPa
O cr, proposed FSM Ocre = 7083.3 MPa Terp = 45759.1 MPa
Discrepancies 0.23% 2.00%

5. Conclusions

This paper further enhances the finite strip formulation based on the refined first-order shear
deformation plate theory (RFSDT). The proposed model accounts for transverse shear deformation
through the plate thickness and is capable of predicting the critical buckling stress of both thin and
thick plates in close agreement with previously published results. In addition, the proposed finite strip
exhibits very rapid convergence, as the convergence condition can be achieved even when the plate is
discretized into a single strip. Explicit closed-form stiffness matrices are derived to improve compu-
tational efficiency and reduce resource requirements. Moreover, practical formulas for determining
the critical buckling stress of simply supported plates under in-plane compression and bending are
proposed through a parametric study. These formulas explicitly account for the influence of plate
thickness on the critical buckling stress and demonstrate high reliability, as evidenced by low coeffi-
cients of variation and high coefficients of determination.
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