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ABSTRACT

The purpose. of this _study is.to develop and apply the analytical method based on double power series solution for the
analysis of shells. For the first.time,«composite multilayer doubly curved shells have been analyzed and investigated based on
this method. In order to achieve more accurate results for analyses of multilayer structures, it is necessary to use specific
theories of multilayer structures. In this study, the Layer-Wise theory has been used to extract the governing differential
equations and by using this theory, it is possible to apply the properties of each layer independently. Based on the Layer-Wise
theory and using the principle of minimum total potential energy, the governing differential equations of composite multilayer
doubly curved shells were extracted as a set©f 9 second-order differential equations, and then the double power series solution
is used for the first time to solve these equations is developed. To demonstrate the efficiency and accuracy of the presented
analysis process, the obtained results have been‘compared with the results of other studies. The comparison of the results reveal
that the presented process for the analysis of composite multilayer doubly curved shells has a good agreement with obtained by
other studies Since the studies carried out for the analytical solution of these structures are very limited, the presented method

can be used for the analysis of them.
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1. Introduction

Composite structures are widely used in various
industries with diverse geometries and dimensions.
Consequently, extensive studies have been conducted
by researchers to predict the behavior of these
structures. In particular, many studies have focused on
composite structures in the form of plates or cylindrical
shells across Vvarious applications and using different
methods. However, analyses of composite shells with
two curvatures are. more limited. Azarafza and
colleagues [1] analyzed the free and forced vibrations of
composite sandwich cylindrical shells with orthogonal
reinforcements using _higher-order shear theory.
Liyavani and “Malekzadeh [2] investigated the free
vibrations of doubly-curved™ sandwich panels with
variable thickness using a new higher-order theory. Liu
et al. [3] analyzed the bending and free vibration of FG
sandwich and laminated shells using<a differential
quadrature finite element method. The bending analysis
of doubly curved laminated shells was performed by
Monge et al. [4], based on, a three-dimensional
numerical solution. Alipour and Shariyat '[5-8]
developed this method for the analysis of multi-layered
circular and annular plates. The bending and’ stress
analyses of composite rectangular plates were
investigated based on the double power series solution
by Alipour [9]. In this study, using the principle”of
minimum total potential energy and based on the Layer~
Wise theory, the governing differential equations /of
composite multilayer doubly-curved shells were
derived. These governing equations, represented as a set
of nine second-order differential equations, were solved
using the double power series solution.

2. Methodology

Consider a general laminated composite or sandwich
doubly-curved shell, as illustrated in Fig. 1.

Fig. 1. Three layer doubly-curved shell

The Layer-Wise theory is employed to derive the
governing differential equations. This is achieved based

on the assumptions of the first-order shear deformation
theory within each layer and the enforcement of
continuity conditions at the interfaces between layers.
The governing differential equations are derived using
the principle of minimum total potential energy. A
double power series solution is then developed to solve
the resulting set of nine second-order coupled partial
differential equations. To evaluate the efficiency and
accuracy of the proposed analytical approach, the
obtained results are compared with previously published
results. The comparisons demonstrate that the proposed
solution is suitable for analyzing laminated composite
doubly-curved shells under various combinations of
edge conditions and non-uniform transversely
distributed loads.
3. Discussion and Results

In this section, the non-dimensional deflections of
laminated doubly-curved shell are presented. The same
thickness is taken for each layer and the mechanical
properties for each layer are as follows:

E =25E,,G, =G, =0.5E,,G,, =0.2E,,v;, =0.25
Results are presented for the simply supported three-

layer cross-ply [0/90/0] laminated shell with the
following normalizations.
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In Table 1, the obtained results are compared with those
obtained by Liu et al. [3] based on the layer-wise theory
(LW) and using a differential quadrature finite element
method.(DQFEM). In Table 2, the results are compared
with results based on the various theories presented by
Mange et al. [4] for shells under uniform q =q, and bi-
sinusoidal «* g =qsin(za /a)sin(zp /b)  distributed
transverse loads. It can be seen that the obtained results
in this study based on the proposed solution procedure
have a good.agreement with those obtained by other

researchers ‘based<on the layerwise and higher order
theories.

Table 1. Non-dimensional central deflection for laminated
shells with different R/a ratios.

a/h R/a
5 10 20 plate
LW Sanders’ 7.0716 7.3176 7.,3806 7.4022
10 Donnell’s 7.0198 7.3027 7.3771 7.4022

pre Sanders’ 7.07301,7.3050 7:3791 7.4045
sent Donnell’s 7.0277 7.2853" 7.3645 7.4041

LW Sanders’ 1.0342 2.4136 3.6210 4:3456
100 Donnell’s 1.0323 2.4111 /3.61964" 4.3456
pre Sanders’ 1.0343 2.4216" 3.6262 4.3532
sent Donnell’s 1.0350 2.4184 3.617744.3532




Table 2. Non-dimensional deflection of three layer doubly
curved shells under uniform and sinusoidal loading

bi-sinusoidal loading. uniform loading

R/a R/a

5 10 100 5 10 100

LD4 7.3251 7.5116 7.5364 11.2067 11.5076 11.5507
ED4 6.9738 7.1375 7.1563 10.6606 10.9248 10.9581
HRM12 7.3183_7.5064 7.5318 11.2026 11.5062 11.5502
HRM15 7.3210 7.5093 7.5348 11.2038 11.5078 11.5518
HRM18 7.3220 7.5108 7.5358 11.2026 11.5068 11.5509
HRM21 7.3238 7.5108 7.5358 11.2038 11.5076 11.551
Present 7.0/30 7.3050 7.4033 11.0851 11.3556 11.3983

The non-dimensional deflections of the laminated shells
for different R/a ratios are shown in Fjg. 2.
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Fig. 2. Non-dimensional deflection of doubly curved shells
at a/h=5 and different R/a ratios.

4. Conclusions

In this study bending analysis of laminated doubly
curved shells is performed. The governing equations are
derived by using the principle of minimum total
potential energy, based on the layer-wise theory. The
coupled partial differential equations are analytically
solved by using double power series method. Results of
the laminated doubly curved shells are compared with
those obtained by other researchers. The comparisons
reveal that the proposed analytical solution can be
applied for analysis of doubly curved shells.
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Fig. 1. Three layered.doubly-curved shell
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Table 1. Non-dimensional deflection of three layer doubly curved shells at different R/a ratios.
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Table 2. Percentage of relative difference between the results of single-layer theories and layer-wise theory at different

R/a ratios, (difference/ layer-wise) *100
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Table 3. Comparison of dimensionless deflection of three layer doubly curved shells based on different theories
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Table 2. Percentage of relative difference between the results of single-layer theories and layer-wise theory,
(difference/ layer-wise) *100
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Table 5. Non-dimensional deflection of three layer doubly curved shells under uniform and sinusoidal loading.
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Fig. 2. Non-dimensional deflection of doubly curved shells at a/h=5 and different R/a ratios
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Fig. 3. Non-dimensional.deflection of doubly curved shells at a/h=10 and different R/a ratios
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Fig. 4. Non-dimensional deflection of doubly curved shells at a/h=100,and-different R/aratios
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Bending analysis of composite multilayer doubly curved shells
based on layer-wise theory and using double power series
analytical method
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Abstract

The purpose of this study is to develop and apply the analytical method based on double
power series solution for the analysis of shells. For the first time, composite multilayer
doubly curved shells have been‘analyzed and investigated based on this method. In order to
achieve more accurate results for analyses of multilayer structures, it is necessary to use
specific theories of multilayer struetures. In this study, the Layer-Wise theory has been
used to extract the governing differential equations and by using this theory, it is possible to
apply the properties of each layer independently. Based on the Layer-Wise theory and using
the principle of minimum total potential energy, the governing differential equations of
composite multilayer doubly curved shells weresextracted as a set of 9 second-order
differential equations, and then the double"power series solution is used for the first time to
solve these equations is developed. To demonstrate.the efficiency and accuracy of the
presented analysis process, the obtained results“have/been compared with the results of
other studies. The comparison of the results reveal that the presented process for the
analysis of composite multilayer doubly curved shells has'a/good agreement with obtained
by other studies Since the studies carried out for the analytical solution of these structures
are very limited, the presented method can be used for the analysis of.them.
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