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ABSTRACT

Composite wing-shaped plates reinforced with box-type stiffeners offer superior damage
tolerance and high impact energy absorption. Due to their numerous advantages, the effect of
geometric shapes, fiber orientation, and material properties on the buckling resistance of such
Structures remains a subject of continuing research interest among many scientists. This study
performs a numerical buckling analysis of such structures using a finite element approach based
on Reissner—Mindlin plate theory. The home-made Matlab programming using rectangular eight-
noded isoparametric plate elements with five degrees of freedom per node was built to compute
linear buckling loads and corresponding mode shapes.

Keywords: Composite wing-shaped plates,; Box-type stiffeners, Linear buckling,; Reissner—
Mindlin plate theory.

TOM TAT

Tdm composite dang canh mdy bay dwge gia cuong bang cdc gan hinh hép thé hién kha
néng chiu hw hong vuot tréi va khd nang hdp thu nang heong va dép cao,... Chinh vi cé nhiéu wu
diém nén anh hwong cua hinh dang hinh hoc, goc soi va ddc tinh vat liéu dén kha nang chiu mdt on
dinh ciia cdc két cau nay van dang dwoe quan tam nghién civu ciia nhiéu nha khoa hoc. Nghién ciru
nay thwe hién phdn tich mat on dinh bang phwong phép sé doi véi cdc két cau néi trén, dua trén Iy
thuyét tam Reissner—Mindlin véi chwong trinh phan tir hitu han tw phdt trién trén nén tang Matlab.
Mo hinh su dung phdn fr tam dcfng tham sé tam nit véi nam béc tw do tai méi nit dé tinh todn tai
trong mat on dinh tuyén tinh va cdc dang mdt on dinh twong irng.

T khéa: Tam composite dang canh mdy bay; Gan gia cwong dang hop; On dinh tuyén

tinh; Ly thuyét tam Reissner—Mindlin. &
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1. INTRODUCTION

Fiber-reinforced composite plates have
emerged as a class of advanced engineering
materials due to their superior strength-to-
weight ratio, excellent corrosion resistance, and
outstanding mechanical performance. These
characteristics have led to their widespread
adoption in various engineering sectors,
including aerospace, automotive, marine, and
civil engineering. In aerospace applications
in particular, composite wing-shaped plates
reinforced with box-type stiffeners are
extensively utilized in the construction of
structural components such as aircraft wings,
fuselage panels, and interior elements,
contributing significantly to weight reduction,
improved fuel efficiency, and enhanced overall
structural performance.

To meet the increasing demand for
lightweight and high-performance structures,
substantial research has been devoted to
the analysis of the mechanical behavior of
composite and stiffened plates. A range of
analytical and numerical methods has been
developed to investigate their static, dynamic,
and stability responses under various loading
conditions and geometric configurations. These
studies have provided valuable insights for the
design and optimization of advanced composite
structures.

Recentresearch has focused on different
aspects of composite plate behavior. For
instance, Zhao et al. [1] studied the buckling
behavior of stiffened rectangular plates using the
finite element method based on first-order shear
deformation theory, highlighting the effect of
stiffener layout, curvature, and fiber orientation.
Shi et al. [2] investigated the influence of initial
imperfections, impact loads, and torsional

stiffness of stiffeners on the dynamic response
of stiffened plates using an analytical approach
based on large-deflection theory. Lijuan et
al. [3] employed the variational asymptotic
method to develop an equivalent model for
analyzing the static and dynamic responses
of hemispherical convex—concave composite
plates, addressing the effect of laminate layup
and geometric configuration. Mohamed et al.
[4] used the energy principle and first-order
shear deformation theory to formulate the
governing equations for helicoidally laminated
composite plates, emphasizing the roles of fiber
orientation and material properties. Wang et al.
[5] explored free vibration in stiffened plates
with and without cutouts, applying Reissner—
Mindlin and Timoshenko beam theories in
combination with the Nitsche method for patch
coupling. Pereira and Donadon [6] investigated
static, vibrational, and aeroelastic behaviors of
composite plates using the modified consistent
element-free Galerkin method. Bera et al. [7]
conducted a comparative buckling study using
classical plate theory and various higher-
order shear deformation theories to assess the
performance of isotropic and orthotropic plates.
Z. Jing et al. [8] proposed a three-dimensional
buckling analysis of stiffened plates with
complex geometries using the energy element
method, demonstrating its flexibility and
accuracy.

Despite these advances, studies focusing
on the compressive buckling behavior of
wing-shaped laminated composite plates with
integrated box-type stiffeners remain limited.
This research gap is particularly evident in the
Vietnamese academic context. To address this,
the present study conducts a comprehensive
numerical investigation on the linear buckling
behavior of wing-shaped laminated composite
plates reinforced with box-type stiffeners. The
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analysis systematically examines the effect
of geometric parameters, material properties,
and fiber orientation angles on the critical
buckling loads and associated mode shapes.
A finite element model based on Reissner—
Mindlin plate theory is developed to perform
the analysis. The outcomes of this study are
expected to contribute to the structural design
and optimization of lightweight composite
components for aerospace applications.

2. FORMULATION OF THE PROBLEM
2.1. The strain-displacement relations

According to the Reissner-Mindlin
plate theory [9], the displacements (u, v, w) are
referred to those of the mid-plane (u,, v,, w,)
as:

u(x,y,z,t) =uy(x,y,t)+z0 (x,,t)
v(x,3,2,8) =v,(x, ,0) + 20, (x, y,t) (1)
w(x,y,z,t) =wy(x,y,t)

Here, t is time, 0 and Gy are the total
rotations, ¢ _and ¢y are the constant average
shear deformations about the y and x-axes,
respectively.

The z-axis is normal to the xy-plane that
coincides with the mid-plane of the laminate
positive downward and clockwise with x and y.

2.2. Finite element formulations

In laminated plate theories [9], the
membrane {N}, bending moment {M} and
shear stress {Q} resultants can be obtained
by integration of stresses over the laminate
thickness. The stress resultants-strain relations
can be expressed in the form:

[4,] [8,] [0]
18] [D] [0]
o (o o 5]

Where:
(L4 [8,][2])= ,:1 :f ([9/]) (122" )a=
(i,j=1206) (3)

[F,.J:kz;fj([cy}k)dz; [=506; i,j=4,5(4)

=Ly

n: Number of layers, h_, h: The
position of the top and bottom faces of the k™
layer.

[Q'U]k and [C'U]k: Reduced stiffness
matrices of the k™ layer (see [9]).

In the present work, eight nodded
isoparametric quadrilateral element with five
degrees of freedom per nodes is used. The
displacement field of any point on the mid-
plane given by:

2 2 2
Uy = Zle(i’?)-”z PV = ZIN,-(;Z Vs W = Z1 N&mw;s

8 8
6.: = ZN[(é’J ’7)-8;(1 : 83 = ZNg(b;: ’?)81:

=l =

Where: N(&, n) are the shape function
associated with node i in terms of natural
coordinates (&, 1).

The eigenvalue type of buckling
equation can be expressed as in the following
steps by dropping force terms and conceded to:

[K]+he[Ko 1 {Ad} = {0} (6)

Where, [K] is the geometric stiffness
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matrix; {Ad} is the displacement increment
vector and A, is the critical mechanical load
at which the structure buckles; [M], [K] are
the global mass matrix, stiffness matrix,
respectively.

3. NUMERICAL RESULTS
3.1. The composite wing-shaped plate

Consider a composite wing-shaped
plate is shown in Figure 1; the dimensions of W
= 0.8(m), 1. = 0.15(m) and a = 0.045 (m); total
thickness of t = 7.25(mm), tapered angles of ¢
= 30°, 40°, 45°. Laminated scheme of [0°/-6°/
0°/-0°/6°]. The plate subjected to a uniform

knife-edge loading of q (N/m) along its edge
of AB towards the direction of y-xis. Material
properties given in Table 1, Table 2 and Table 3.

Figure 1. The composite wing-shaped plate
with three box-type stiffeners under uniform
compression

Table 1. Carbon fiber T700 material properties (MAT 1)

E, (GPa) E,,E, (GPa) | G, ,(GPa) G,, (GPa) V0, v, p (kg/m?)

165 15 6.4 5.5 0.286 0.366 1611
Table 2. Woven fabric composite material properties (MAT 2)

E ., E (GP E, (GP Gy 113 kg/m?3

By (GPa) 3 (GPa) (GPa) V), V5 Vo3 p (kg/m’)
63.8 11.0 4.2 0.064 0.064 0.32 1523

Table 3. Graphite/epoxy AS4/3502 material properties (MAT 3)

E, (GPa) E,E,(GPa) | G,,(GPa) G,,,,(GPa) v, V)0 p (kg/m?)

131 9.12 7.1 5.92 0.24 0.34 1600

Boundary conditions:

-Atedge DC:u=v=w=0x=0y=0z
= 0 (except stiffeners).

- At edges AD and BC: u=v=0.
The non-dimensional buckling load

— 7\'CRL2

parameter is defined as follows: K*CR =
t
2

3.2. Effect of taper angles

The geometric shape of the wing-shaped
plate (taper angle) significantly influences
the structural stability. In this subsection, to
investigate the effect of taper angles on the
buckling load, the laminated wing-shaped
plates with laminated scheme of [45°/-
45°/45°/-45°/45°] are considered for different
taper angles of ¢ = 15°, 25°, 35°, 45°. The
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material properties shown in Table 1 (MAT 1);
Comparative results corresponding to various
taper angles are shown in Figure 2.

T 250

S i

-1} Y o £ O

£ 200 +—29=15 — M H

3 S = 25°

S 150 +—D@=35° — H

]

15 Og=45°

2 100

g

5 501 -

S oA NI i NI
1 2 3 4 5

Bucking modes
Figure 2. Effect of taper angles on buckling loads
The first five corresponding mode

shapes with various taper angles of ¢ = 15°,
25°,35°, 45° are shown in Figure 3-6.

Mode 1 Mode 2 Mode 3

Mode 4 Mode 5

Figure 3. The first five mode shapes with taper
angle of ¢ = 15°

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Figure 4. The first five mode shapes with taper
angle of ¢ = 25°

Mode 2 Mode 4

Mode 5

Figure 5. The first five mode shapes with taper
angle of ¢ = 35°

Mode 4

Mode 5

Figure 6. The first five mode shapes with taper
angle of ¢ = 45°

The results shown in Figure 2 indicate
that the non-dimensional buckling load of
the laminated wing-shaped composite plates
increases significantly when the taper angle ¢
increases from 15° to 45°, for all considered
buckling modes (from mode 1 to mode 5).
In particular, the plate with a taper angle of
¢ = 45° obtains the highest buckling loads in
all modes, while the plate with ¢ = 15° gives
the lowest values. This demonstrates that
increasing the taper angle helps to improve the
overall geometric stiffness of the plate, thereby
enhancing its buckling resistance.

Moreover, the influence of the taper
angle becomes more pronounced in higher
buckling modes, as shown by the larger
differences in buckling loads between different
angles in mode 4 and mode 5. The nearly linear
trend between buckling load and taper angle also
suggests that the tapered geometry can be used
as an effective design parameter to optimize the
buckling performance of composite structures.

3.3. Effect of fiber orientations

To investigate the effect of fiber
orientations on the buckling load, the composite
plate with a taper angle of ¢ = 45° is considered
for different fiber orientations of 6 =30°, 45°, 60°,
75° and laminated scheme of [0°/90°/0°/90°/0°]
(denoted as [0°/90°/0°]s. Calculated buckling
loads are compared in Figure 7.

250  @6=302m 8=45006=60206=75C M [029020]s

200

150 +

100

50

Non-dimensional bucking load

1 2 3 4 5
Bucking modes

Figure 7. Effect of fiber orientations on buckling
loads
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The results presented in Figure 7 reveal
that the buckling load is highly sensitive
to the fiber orientation angle 6. Among the
investigated cases, the fiber orientation of 0
= 30° consistently provides the highest non-
dimensional buckling loads, especially in
buckling modes 3 and 5, indicating improved
structural stability. In contrast, the fiber
orientation of 0 = 75° exhibits the lowest
buckling capacities across all modes, reflecting
reduced effectiveness in resisting buckling
when fibers are aligned closer to the transverse
direction. The symmetric laminated scheme
[0°/90°/0°]s demonstrates relatively stable
and moderate performance, offering balanced
buckling resistance across different modes.
Additionally, an increasing trend in buckling
loads is observed with higher mode numbers
for all fiber orientations, suggesting that the
plate exhibits greater stiffness against higher-
order buckling modes.

3.4. Effect of material properties

In this subsection, to investigate the
effect of material properties on buckling loads,
the laminated composite plate composed of
three different materials (detailed in Tables 1,
Tables 2, and Tables 3) with laminated scheme
of [0°/90°/0°/90°/0°] and a taper angle of ¢ =
45° are considered. First five buckling loads
calculated are compared in Figure 8.

N
8
\

Non-dimensional bucking load
-
L4
(=]

T
1 2 3 4 5
Bucking modes

Figure 8. Effect of material properties on on
buckling loads

The results presented in Figure 8
demonstrate a significant influence of material
properties on the buckling performance of the
composite plate. Among the three materials
analyzed, MAT 3 consistently exhibits the
highest non-dimensional buckling loads across
all modes, indicating superior stiffness and
stability characteristics. In contrast, MAT 2
yields the lowest buckling loads, suggesting
it has the least effective mechanical properties
for resisting buckling under the given
configuration. MAT 1 shows intermediate
performance, with buckling loads increasing
steadily with the mode number. The results also
reveal a clear trend of increasing buckling load
with higher buckling modes for all materials,
particularly notable in MAT 3, where a sharp
increase is observed between modes 3 and 4.
This indicates that the choice of material has
a pronounced effect on both the magnitude
and progression of buckling resistance across
different modes.

4. CONCLUSIONS

This study has presented a numerical
investigation on the linear buckling behavior
of laminated composite wing-shaped plates
reinforced with box-type stiffeners, based on
a finite element formulation using Reissner—
Mindlin plate theory. The effect of taper angle,
fiber orientation, and material properties on
the critical buckling load and corresponding
buckling modes were systematically evaluated.
From the numerical results, the following
conclusions can be drawn:

- Taper angle significantly affects the
structural stability of the composite plate. An
increase in taper angle enhances the geometric
stiffness, thereby increasing the critical
buckling load across all mode numbers.
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- Fiber orientation plays a crucial role
in the buckling resistance. The fiber orientation
of 0 = 30° exhibited the highest buckling loads,
while 6 =75° showed the lowest. The symmetric
laminated scheme of [0°/90°/0°/90°/0°]
provided balanced performance across different
modes.

- Material properties strongly influence
the buckling capacity. Among the three
materials studied, MAT 3 demonstrated the
highest stiffness and buckling resistance, while
MAT 2 performed the weakest in terms of load-
carrying capacity.

- For all considered parameters, higher-
order buckling modes generally correspond to
higher critical loads, emphasizing the role of
structural stiffness and its sensitivity to design
parameters.

The findings of this study provide
useful insights into the design and optimization
of lightweight composite wing structures,
particularly in aerospace applications where
stability under compressive loads is a key
design requirement. <
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