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Folding plates with wavy shapes made of composite materials have been
widely applied, hence designing this type of structure is significant in
practice. In this research work, the results of static calculation of the
sinusoidal corrugated composite plates will be analyzed. Instead of
calculating the displacements on the actual corrugated plate, it can be
analytically obtained from the equivalent orthogonal plate. Both bending
and membrane stiffness constants are equivalently converted according
to the suggestion of the early researcher in the literature. The
displacements given by the analytical method on the equivalent plate are
compared with those resulting from the finite element method on the real
sinusoidal corrugated plate. The results show that the difference in the
values of displacements along the x and y directions of the center
between the two methods is small. The maximum relative error is 7.33%.
From this, it can be seen that the proposed model can be extended to
static as well as dynamic calculations for corrugated plates with
trapezoidal, triangular shapes, or can be applied to calculate the natural
frequency of the corrugated plate on an equivalent orthogonal flat plate.
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T4m lugn song

Phuong phéap Phan tir hitu han
Tam tuong duong

Do clng mang va udn

Vat liéu composite

Céc tam gip dang luon song lam bang vét liéu composite da dugc Ung
dung rong rai nén viéc thiét ké dang két cAu nay co ¥ nghia trong thuc té.
Trong bai bdo nay, cac gia tri chuyén vi cta cac diém doc theo duong &
giita mdi canh cua tim composite song hinh sin s& dugc tinh toan dua
trén hai md hinh. M6 hinh phan tt hitu han tinh toan trén két ciu luon
song 3D, trong khi d6 phuong phap giai tich dugc sit dung trén moé hinh
tam phang truc hudng twong duong. Cac hing s6 ciia d6 cing mang va
d6 cimg ubn s& duoc quy doi dong thoi trong nghién ctru nay. Chuyén vi
dugc xac dinh tir hai phuong phap ké trén s& dugc so sanh véi nhau. Két
qué cho thay ti 1¢ phan trdm sai khac nhau 16n nhat ciia chuyén vi tinh
dugc tir hai phuong phap 1a 7,33%. Két qua sai khac nay c6 thé chép
nhan dugc trong pham vi cho phép, va khéng dinh do6 tin cdy cua mo hinh
dé xudt nhim giam thoi gian tinh toan tinh cua két ciu lugn song 3D
thong qua mét moé hinh tam phing tuong duong, giam thoi gian tinh
todn, tang hiéu qua san xudt. Ngoai ra, c6 the thdy rdng mé hinh dé xuét
¢6 thé mo rong dé tinh toan dong cho cac tim song co dang hinh thang,
tam giac hodc co thé 4p dung dé tinh tin sd tw nhién cta tam song trén
mot tim phang truc giao twong duong.
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1. Introduction

In order to improve the load carrying capacity of thin sheets, several methods have been
utilized to enhance stiffhess such adding reinforcement ribs, or forming a corrugated shape. Since
it is only necessary to create a cyclic corrugated shape, without the need to create an assembled
reinforcement ribbed element, corrugated sheets are increasingly used. Waveform can be
trapezoidal shape [1], [2], sinusoidal shape [3], [4]. To ensure that the structure is durable and
stable enough, static and dynamic calculations are essential. The methods used are typically
numerical [5] - [7], or analytical ones [8] - [10]. For numerical methods, the finite element
method is used mainly, in which the static and dynamic calculations are performed directly on the
real corrugated plates model. Meanwhile, for the analytical method, due to the complexity of the
geometrical structure, the authors often simplify the geometric configuration of the plate to get an
approximate solution. One of the approximate transformations is to calculate statically and
dynamically the corrugated sheet on an orthogonal plate which has the equivalent stiffness
constants including bending and membrane stiffness [5], [6], [11], [12]. It can be seen that static
and dynamic calculations for corrugated sheets with isotropic elastic materials have been studied
quite fully [2], [6], [7]. However, there are still very few publications dealing with corrugated
composite plates [9], [10]. Dao et al. [8] conducted the non-linear analysis on stability of
corrugated cross-ply laminated composite plates where the corrugated plates in the form of a sine
wave were considered as equivalent plat plates to analyze the stability of the structures. The
transformation from the real structure to the equivalent ones based on the approach of Seydel
[13]. In this technique the bending stiffness of a corrugated plate are determined through the
equivalent flat plate. Khuc et al. [9], [10] applied the same approach presented in the study [8] to
analyze natural vibration of the sinusoidal wave plate with various boundary conditions. The
results showed that natural frequencies can be effectively determined in the equivalent flat plates.
However, it is noticed that the bending stiffness is only equivalently transmitted, while the
membrane stiffness is omitted in the previously mentioned studies.

This study presents the results of calculating the bending displacement of the sine wave
composite plate by analytical method on the equivalent orthogonal flat plate model. In addition to
equivalent bending stiffness values, equivalent membrane stiffness constants are also included
based on the proposal of Briassoulis [3] for corrugated plate metal. The displacements of points
on the plate along the x and y directions at the mid positions are obtained from the analytic
method and the finite element method.

2. Method of establising the governing equations

z z |
y
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Figure 1. Model of sinusoidal corrugated metal plate

A symmetrically laminated metal corrugate plate which has the form of a sine wave in the
plane (x, z) is considered in this case. The model of the plate is presented in Figure 1. The plate is
subjected to uniform contribution load in the z direction.
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zZ= Hsin% (1)

Where: H — wave amplitude.
| - half wave.
When studying the stress-strain state of thin-layer composite panels, the following
assumptions are taken into account:
- The thin composite plates satisfy the Krichohoff - Love hypothesis.
- The layered material is an ideal bonded uniform fiber-reinforced composite material.

- Ignoring transverse shear: y,, =Y,, = 0

Based on the assumptions above, the linear strain-displacement relationships for a such
corrugated plate proposed by [8] are:

ou o*w
=— -k k. =-—
T W * ox®
2
oy Yoy
ou ov 2
YXy:_+_ kx :_Zaw
qy ox v axoy

Where u, v, and w denote displacement of a point along X, y and z directions respectively, &,
&y, Yxy are strains; K is the curvature of the portion line in (X, z) plane, which is defined as:
" _ 2
k=2 = THE n ™ 3)
(1-2) : :
u, v, z is the displacement of any point on the middle face of the plate in the directions of the
X, Y, z axes and, s is the length of the half-wave.

| 2_2 2_2
s:f 1+ 07 cos? X — | 1+ 04 (4)
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Because the investigated plate is symmetrical, the bending stiffness Bj = 0 and membrane
stiffness Ais, Azs, D1s, D2 are very small and can be ignored.
From (1) and (2), extending Briassoulis [3] approach to composite materials, the force and
moment expression of a symmetrical corrugated composite plate can be obtained as follows:
N, =A &, +A*128y
N,=A"e + A*zzgy
N, =4y, (®)
M,=D",k +D "k,
M,=D" k. +D",)k,
M, = D*sekxy
According to the suggestion of Briassoulis [11], the sinusoidal corrugated plate as previously

mentioned is considered as a thin orthotropic plate with uniform thickness (Figure 2) possessing
equivalent membrane stiffness and flexural stiffness as follows:
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Membrane stiffness constants

. E, s N Eh
Ay = Ay [1_!4122 _Zj_' A s A (6)
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Bending stiffness constants

D,

D;,=D,, [1+ 6(1—;@2 }Z:Zj(H/h)z]
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Where:
AIJ DIJ are the membrane and bending stiffness constants of the equivalent orthogonal

composite flat plates respectively.
1, @, are the equivalent constant Passion of the membrane and bending stiffness constant

of the orthogonal plate.
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(a) (b)
Figure 2. The sinusoidal corrugated metal plate (a) and its thin equivalent orthogonal model (b)

Substituting (2) into (5):
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Consider a layered composite plate with a wavy shape, the plate is subjected to a uniformly
distributed force p(x,y). Then, the equation describing the plate statics problem for the linear
problem has the form:

oN

ON, LNy g

OX oy
ON,, +%:0 ©)
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>+ 2 Y+ =p
OX oxoy oy’

Substituting (8) into (9), the system of static equations for the layered composite plate with
sinusoidal waveforms according to the displacement field u, v, w can be received as follows:

o*v «Hm® . mxow . H7 X

*
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The equation (10) is a system of partial differential equations of the wave-shaped plate theory.
These equations are used to investigate the problem of statics of sine wave plate. In this study,
the boundary condition of four edges of simply supported will be conducted.

The simply supported boundary condition will be described in this section. Consider a
rectangular symmetrically metal corrugated plate having dimension of a and b in x and y
direction respectively. The edges of the plate can be shown by the equation as follows:

+Atx=0,x=aw=0,v=0,Mx=0, U=0
+Aty=0,y=b:w=0,u=0M,=0, V=0

The mode shape is represented by:
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0 0 n
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a
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m=1 n=1 a b
Where m and n are the number of haft waves in the x and y direction respectively.
Substituting expression (11) into (10). In order to get the vibration equations corresponding to
Umn, Vin, Wmn amplitudes, the Galerkin — Bubnov procedure are applied. The set of linear
algebraic equations are gotten'

( *m“b+A* n’”")u += (A + AT )mnztV
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The above equations can be shortly written as below:
nll n12 n13 Umn O (13)
Ny Ny Ny Vin (= 0
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The equations (13) are the 3rd order algebralc equations. Solving these equations with the
values of m and n vary from 1 to 5 can give the displacement values of the plates.

3. Results and discussion

4 4
+2(D12+2D66)m '’ oy, e

22
b3

In this section, the displacements of the sinusoidal corrugated plate made of laminated
composite will be calculated by two methods, analytical and numerical. The former is based on
the equivalent flat plate, while the numerical method, namely the finite element method, is
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directly analyzed in the real structure thanks to the ANSYS software. The results given by these
methods will be compared to show the reality of the proposed approach.

Consider a corrugated plate in the form of a sine wave made of graphite/epoxy composite with
a stacking sequence of [45%-45%-45%/45°]. The basic dimensions of the plate are shown in Figure
2. The dimensional parameters and material properties are as:

The young modulus in directions 1 and 2, and the shear modulus are E; = 144.8GPa, E, = 9.67
GPa, Gi2 = Gz = 4.14 GPa, respectively. The Poisson ratio pi2 = 0.3, the density of 389.23
kg/m?; The plate includes four layers having similar thicknesses of 2 mm, H = 20 mm, | = 90
mm, a=0.9 m, b = 0.9 m. The uniform distribution loading, p = 2000N/m?. The corrugated plate
has 5 half wavelengths.

The FEM maodel is performed by using ANSY with the chosen element of SHELL 99, the
meshing elements including 35 and 20 in the x and y direction respectively. The total number of
generated elements is 800. The CAD model of the corrugated plate is shown in Figure 3.

Figure 3. Finite element model of the corrugated metal plate
The displacements of the sinusoidal corrugated composite plate calculated from the two
methods are compared with each other at the straight lines passing through the midpoint of the
plate along the x-axis (y=0.9 m) and along the y-axis (x=0.9 m). Displacements of the plate along
the x-axis (at y = 0.45 m) and y-axis (at x = 0.45 m) are shown in Table 1 and 2 respectively and
in the graphical form are presented in Figure 4 and Figure 5.
Table 1. Displacement of composite plate [45%-45%-45°/45°] along the x-axis (at y position = 0.45 m)

Displacement (mm)

X (m) y (m) Analytic ANSYS Relative errors (%)
0 0 0 0
0.045 0.0912 0.0962 5.19
0.15 0.45 0.2829 0.3051 7.28
0.3 ' 0.3326 0.3487 4.62
0.3 0.4849 0.4865 0.33
0.45 0.5658 0.5945 4.83

Table 2. Displacement of composite plate [450/-450/-450/450] along y-axis (at position x = 0.45 m)
Displacement (mm)

X (m) y (m) Analytic ANSYS Relative errors (%)
0 0 0 0
0.15 0.21621 0.2333 7.33
0.18 0.33251 0.3399 2.17
0.45 0.225 0.40000 0.41133 2.75
0.3 0.48993 0.49200 0.42
0.45 0.5658 0.5945 4.83

For this result, it can be seen that the maximum displacement values of 0.566 mm and 0.595
mm for the analytical method and the FEM, respectively, belong to the midpoint of the plate.
This result is logical. The maximum error between two sets of results is 7.28%.
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Similar to the displacements along the x direction, the maximum relative error between the
two methods is 7.33%. It can be said that this error is small and it is acceptable to ensure the
reality of the proposed modal. It is able to solve problems with other wave configurations such as
trapezoids. In addition, the results can also be used to calculate free vibration, forced vibration,
and stability problems. The relative errors obtained in these results may be due to the fact that the
analytical problem on the equivalent orthogonal plate model only includes the equivalence along
the x-length, i.e. the direction perpendicular to the sine waves. Meanwhile, the conversion
expression along the y direction is not interesting. In addition, because the assumption of
constants A, Az, Dis, and Do were ignored, this may affect the calculated values of the

analytical model.

0 . r . — : : 0 = : r
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Point positions along x-axis (mm)

Figure 5. The deflection of the sine waves
composite plate along the y-direction

Point positions along x-axis (mm)
Figure 4. The deflection of a sine waves
composite plate along the x-direction

4. Conclusion

In this study, the displacements of the sinusoidal corrugated composite plate were analyzed
through the equivalent orthogonal model which has the membrane and bending stiffness
equivalently considered those of the real structure. The small relative errors when comparing
results obtained by the analytical solution in the equivalent model and those received by the
ANSYS model show the reliability of the proposed model. Building the equation of equivalent
membrane and flexural stiffness of the thin plate with thickness uniform which is equivalent to
the real sinusoidal corrugated plate is conducted. Moreover, the constructing vibration equation
of the problems is considered in terms of comparing two models. The displacements obtained by
the two methods are compared. It is shown that the maximum relative error of 7.33%. The
utilization of the equivalent orthogonal model of the real plate can reduce the computing time.
Moreover, this proposed model can be widely the corrugated plate in the form of a trapezoidal
shape made of metal of composite materials, as well as the static, dynamic problems with various
boundary conditions.
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