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Free Vibration Analysis of Sandwich Cylindrical Shells with Multilayer Fiber-Metal
Face sheets and Flexible Core Based on Higher-Order Sandwich Shell Theory.
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ABSTRACT: In this research, the free vibration response of sandwich cylindrical shells with fiber—
metal laminated multilayered face sheets and a flexible core, under simply supported boundary
conditions, is analytically examined. To account for the nonlinear effects on the vibrational behavior,
the governing equations are derived using Hamilton’s principle within the framework of a higher-order
sandwich shell theory. In the modeling process, the behavior of the face sheets is represented based on
the classical shell theory, while the displacement field in the core is formulated using three-dimensional
elasticity. To achieve higher accuracy, the nonlinear distributions obtained from solving the core
equilibrium equations are incorporated as complementary relations within the formulation. All stress and
displacement components, including transverse and shear stresses at the core—face sheet interfaces are
fully included in the derivation. Subsequently, an eigenvalue analysis is performed to extract the natural
frequencies and vibration modes of the structure, and the predictions are validated through comparison
with reliable results from previous studies. Furthermore, in a parametric investigation, the effects of
geometric parameters, core density, layer thickness, and stacking sequence on the vibrational response
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of the system are systematically evaluated.

1- Introduction

Sandwich structures are defined as systems composed
of two stiff face sheets and an intermediate core, where
the core is responsible for separating the face sheets and
transferring stresses between them. Owing to their high
strength-to-weight ratio, desirable stiffness, and structural
stability, these structures have found extensive applications
in aerospace, marine, automotive, and recreational equipment
industries [1]. Fiber—metal laminates are hybrid composites
composed of alternating metal sheets and fiber-reinforced
polymer layers, utilizing the strengths of both materials. This
configuration effectively addresses the limitations of metals
and polymers in impact resistance and tolerance to external
damage. Sandwich panels with FML face sheets and compliant
cores, particularly in aerodynamic fairings of payload-
launch systems, acoustic, electromagnetic, aerodynamic,
and particle-induced loads [2]. In composite structures,
strain—displacement relations are typically formulated using
equivalent single-layer theories. These theories simplify the
three-dimensional modeling of plates and shells into a two-
dimensional problem by introducing appropriate assumptions
regarding the deformation distribution through the thickness.
Among the well-established formulations are the classical
theory, the first-order shear deformation theory, and the higher-
order shear deformation theories [3]. Shahavisi and Feali [4]
investigated the low-velocity impact dynamic response of
curved sandwich beams with fiber—metal laminated layers
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using an enhanced shear deformation theory. Rahmani et
al. [5] employed a higher-order sandwich shell theory to
analyze the effects of external loading and the buckling
phenomenon in cylindrical shells with composite face sheets
and a compliant core. Wang et al.[6] investigated the low-
velocity penetration response of aluminum-foam sandwich
panels and proposed a three-stage model for predicting load,
displacement, and energy absorption.

The aim of this study is to develop and validate an
advanced analytical framework for accurately evaluating the
dynamic behavior of sandwich structures.

2- Theatrical formulation

In this study, a cylindrical sandwich shell composed of
upper and lower metal-fiber composite face sheets and a
compliant core is considered. The geometric characteristics of
the structure include the total thickness /4, length L, the mid-
core radius R, the core thickness /2, and the thicknesses of the
top and bottom face sheets (%, and 4,). Figure 1 illustrates the
configuration of the cylindrical sandwich panel along with
the corresponding coordinate system.

The face sheets of the cylindrical sandwich structure
are modeled as multilayered thin elastic shells, following
the classical Love—Kirchhoff assumptions, which serve
as the basis for conventional thin shell and plate theories.
Accordingly, the displacements of the face sheets along the
longitudinal (x), circumferential (6), and radial (z) directions
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Fig. 1. Geometric characteristics of the cylindrical
sandwich shell

are defined as:

u; (xﬁ,z,t) =ug; (x,@,t) +2; Prxi
vi (x,@,z,t) =Vp; (x,H,t) +z;i Bpgi (1)

Wy (x,H,z,t) =wp; (x,H,t) (i=t,b)

To derive the governing equations for the behavior of
the sandwich cylindrical shell subjected to impact loading,
Hamilton’s principle is employed as the analytical foundation
of the modeling approach.

5L=lf §(T—U)dt=tj2(5T—5U)dt=0 )
t] tI

By evaluating the corresponding terms in Hamilton’s
principle, the governing equilibrium equations of the
cylindrical sandwich shell are subsequently obtained:
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The complementary equations serve as the link between
the 3D core solution and the 2D shell formulation. Based
on this approach, two final equations are derived, capturing
the effects of the actual through-thickness distributions of
stresses and displacements in the cylindrical sandwich shell
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Table 1. Effect of Different Lay-up Configurations on
the Non-Dimensional Natural Frequency of a Cylindri-
cal Sandwich Shell.

Aramid/Epoxy Glass/Epoxy Carbon/Epoxy

Ve=0.75 Vc=0.25 Ve=0.75 Ve=0.25 Ve=0.75 Ve=0.25

36.1316  44.7322 34.7586 44.0128 41.8209 46.3329 1

113.5830 124.7580 111.6693 117.4982 113.5924 123.8422 2
496.9734 517.2278 408.1494 468.0036 555.8744 704.2210 3
534.5346 566.8113 4459109 502.9839 596.2167 764.6197 4
689.5233  808.7253 608.7616 786.9461 851.5804 864.3868 5
752.0376  864.8532 659.3486 840.2430 909.5492 936.7570 6
Upp — Uy _(dt /2)Wt,x (rb - _db /Z)Wb,x _(Wb,x -

w ) +1(In(r /1) = 1)/ In(r, /1) + (7, / Gey)
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(1 +1;(0((r, /1) = D)) /Iy / 1)+ (5% +77)/
2=y +((y = 1) +1(In((r, /1) = 1)/
In(r, / )7y 1 E¢) =0

Finally, the first six equations in relations (3)—(8),
together with the two complementary equations arising from
the interlayer compatibility conditions, i.c., relations (12)
and (13), constitute the complete set of governing dynamic
equations for the sandwich shell.

In the dynamic analysis of the sandwich cylindrical
shell with simply supported boundary conditions, a double
Fourier series expansion is employed to extract the structural
response. The natural frequencies of the system are obtained
by transforming the free vibration problem of the shell into an
eigenvalue problem, in which the matrices K and M represent
the symmetric stiffness and mass matrices of the system,
respectively

(-’ M+K)C=0 (14)
Where
CT = {Cut CrCitCop» CorCp CroCrx } ( 1 5)

3- Discussion of Results

In this study, the free vibration behavior of a sandwich
cylindrical shell with multilayer fiber—metal face sheets
under simply supported boundary conditions is investigated.
The analysis is performed for axial and circumferential
wave numbers m and n. Three commercially used FML
types, ARALL, CARALL, and GLARE are examined, and
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Fig. 2. Comparison of the first non-dimensional natural
frequency of the sandwich panel with varying R/a and VC

the face-sheet configuration is modeled as a seven-layer,
non-symmetric lay-up. Table 1 indicates that CARALL face
sheets yield the highest non-dimensional natural frequency,
while GLARE provides the lowest, owing to the greater
stiffness of carbon fibers relative to glass fibers. Moreover, a
decrease in composite volume fraction increases the natural
frequency, mainly due to the reduced contribution of the more
compliant composite layers and the greater stiffness effect of
the aluminum constituents.

As shown in Figure 2, increasing the radius-to-arc
length ratio (R/a) reduces the frequency difference between
composite volume fractions of 0.25 and 0.75, especially at
higher R/a values. Higher core density leads to increased
natural frequencies, highlighting its direct impact on overall
structural stiffness. Additionally, lower composite volume
fractions in the faces result in higher natural frequencies due
to the greater contribution of high-modulus metal layers.
These differences stem from the accurate modeling of the
foam core using 3D elasticity theory and the application of
Hamilton’s principle.

4- Conclusion

In this study, the vibrational response of cylindrical
sandwich panels with metal-fiber composite faces and a
flexible foam core was analyzed using a high-order sandwich
shell theory. By coupling classical plate theory for the faces
with three-dimensional elasticity for the core, nonlinear
through-thickness displacement fields were obtained without
conventional simplifications. Parametric analysis highlighted
the significant influence of material properties, ply
configuration, and geometric ratios on the dynamic behavior.
The results emphasize the critical role of GLARE structures in
enhancing stiffness, energy absorption, and dynamic stability,
while exhibiting the lowest natural frequencies among the
face types. Core-to-face thickness ratio and ply symmetry
were identified as key factors governing the sensitivity of the
dynamic response.
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Table 1. Specifications of the composite-facesheet sandwich panel with a foam core and ply orientations
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1. Volume Fraction
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Table 2. Comparison of dimensionless natural frequencies of the sandwich cylindrical shell from various theories
and the present model.
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Table 3. Specifications of the square sandwich panel with metal-fiber laminated facesheets and a foam core [12].
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1. Aramid Fibre Reinforced Aluminum Laminate (ARALL)
2. Carbon Fibre Reinforced Aluminium Laminates (CAR-
ALL)

3. Glass Fibre Reinforced Aluminum Laminate (GLARE)
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Table 3. Comparison of the dimensionless natural frequencies of the square sandwich panel with metal-fiber lami-
nated facesheets and a foam core.
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Fig. 2. Comparison of the first dimensionless natural frequency of the square sandwich plate with
varying width-to-thickness ratio and effective composite volume fraction.
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Fig. 3. Comparison of the first dimensionless natural frequency of the square sandwich plate with vary-
ing core-to-facesheet thickness ratio and effective composite volume fraction.
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Fig. 4. Comparison of the first dimensionless natural frequency of the square sandwich plate with
varying width-to-length ratio and effective composite volume fraction
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Table 5. Mechanical properties of the foam core, aluminum, carbon/epoxy, glass/epoxy, and

aramid/epoxy materials [20, 32].
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Fig. 5. Layer sequence and arrangement of the sandwich
cylindrical shell with metal-fiber laminated facesheets
and a foam core
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Table 6. Effect of different ply stacking sequences on the dimensionless natural frequency of the sand-
wich cylindrical shell with metal-fiber laminated facesheets and a foam core.
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Table 7. Dimensionless natural frequencies of symmetric sandwich cylindrical shells with ARALL,
CARALL, and GLARE facesheets.
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Table 6. Effect of radius and positioning of aluminum layers on the first dimensionless natural frequency.
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Table 9. Comparison of the natural frequencies of the five-layer sandwich panel at different length-to-width
ratios with symmetric and asymmetric ply stacking sequences.
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Table 10. Effect of core and facesheet mechanical properties on the dimensionless natural frequency

o8 MM) S3L g s ) Culind gdile diges
0%/ VIOAY s a9, UYL JE> pgb aten
4/ - vay S3b g, L YL JS> agh dien
£V -/vay S3b s, b oml JB s aten

e S bl g i 55 OMBT (Ra) b g
Owemed b o GEaSR/a YL polie y3 +/VD g < IV CujgmelS
Y JEs b pgd atan Ll claojle 5 o5 a3 e ol @l
ok o b n sl Sl ity ek plS S olis
ojlo IS i dten JB it 580 Sl el ol
Ol S g 5l Bl o b ol E w0 g
008 (b (iS5 (Il 4 mie gy 53 Cujosls (oo yuS
Y oo b (3B slaaY pre Gl 4 ) o gl oS
(oS )3 yoolie jd o odalive BMBT S cuwl S5 HLLE Lol s
Sndw AoVl (6565 4l dun 18, 38 gHlo e Jol>
2wl WS SYolee glysuwl o eilen ol 1 gpSosmo
Slwly 3 (hd il Cppe @ w3 babul @iy (s o
w5 plyBlas! | (6558 oy coge a5 0l blxd cuolbus
2 ol b sl 5l s pakedly miie ol ) g

235 (o o g jlwoske S slo Jao b awslis

)

Sl (Selod Gl 2 P BB B Y 3 o)l il
DOyl oyl
w9y Cwobes g (oml 5 V) (b atwn JB ST isu cnl 5
gy b (pugsle P Jsl (b (w58 2 (S50 5 @m5el)
Olis Ve Jodo ol Cusl 4855 )3 cw)p 390 pgd e 5 )M
o it Y J b ogh dian 1 o3lisel o )3 45 um3 e
sbcdl o Wl Oli ST 098 0 Job (b (W55
o s Lol el Sl s lls ol )5 Sjb g eed g,
P HB jeba SWEL cpl (ol JB& L pgd atn I oolit]
G5y s (Sole ol b nlply b (Rl
4l pigenl Bl g jiin ey, cubro b 4 cos S
S il 4 oxie (b Je b (g dtun I edlital (IS 55k
Sl g9d90 cnl D90 (b 58 S8l a3 g ojle IS
ol (pugdile slaojle  (Seelyd s, s ) dis ulS i

@ gled Cond GRlEI L a5 398 0 oaliie & JSS g0 olul



Y+ U dio NF-Y JL.J A% o)\.o.w QY 0y9d x).:.‘s)...ol L_gu.;&n L;u.'.,\a.Q(c AJ).u.u

*#*###*:4;

High-
High-
Low-density foam core vc=0_25
Low-density foam core ve=0.75

density foam core vc=025
density foam core vc=0.75

16
[ ]
14 -
w - |
@ A ® g Oom
£ 12 - > 3
=1 v,
g10 Y v a
B Y4
=
(i3]
c g
[15]
[ 3]
@
5
S 6- =
5 .
E
o 44 &
v
24
T T T
2 3 4

5900l $50 a2 9 (wgd Job  Eland Camd i b Bl gl (610 sry (o (b (il 58 gl s o 7 JSS

Fig. 6. Comparison of the first dimensionless natural frequency of the sandwich panel with varying
radius-to-arc length ratio and effective composite volume fraction.
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