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Abstract. Bending and deformation of sandwich panels duedalized pressure
were analyzed using both Rayleigh-Ritz and finitenmeent methods. The faces
were made of laminated composite plates, while dhee was a honeycomb
material. Carbon fiber and glass fiber reinforcelstics were used for
composite plate faces. In the case of Rayleigh-Rethod, first the total energy
of the system was calculated and then taking thati@ns of the total energy,
the sandwich panel deflections could be computede Weflections were
assumed by means of Fourier series. A finite eléntede NASTRAN was
exploited extensively in the finite element meth8edimensional 8-node brick
elements were used to model sandwich panels, fibr the faces sheets and the
core. The results were then compared to each aimerin general they are in
good agreements. Dimple phenomena were found sethases. It shows that
localized pressure on sandwich structures will pogddimple on the pressurize
region with little effects on the rest of the stuwres.

Keywords. sandwich panels; dimple phenomena; localized pmessfinite element
methods; composite plate.

1 I ntroduction

Sandwich structure consists of a thick core thatlased in between two thin,
high strength, high stiffness faces. The core islenom a low density, low
stiffness material such as foam and honeycomb. aMtik face is usually made
of high stiffness materials such as steel, alumiouaifiber reinforced composite
materials. The resulting sandwich structure istligit at the same time stiff in
bending direction. Hence, the structures are ugueléd in aircraft, ships and
nowadays even found in buildings and bridges. FEglr shows a typical
sandwich structure with honeycomb core.

Since sandwich structure is usually thick and ciasif a weak core, the usual
Kirchoff-Love assumption regarding bending and deifation of thin plates
could not be used to analyze sandwich panels. &ifdlove disregards normal
and shear strains in the thickness direction. Sgaedwich structure is thick
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and contains a weak core, these two strains shmidcluded in the analysis.
A weak core also means that sandwich structuresseptible to concentrated
load, such as impact load, which will produce aalageformation known as

dimple. This local deformation is an interestinggpbmenon since most of the
concentrated load is absorbed locally, with littilluence to the other part of
the structures. In this paper, bending and defoomatf sandwich panels due to
concentrated loading will be analyzed using botalyital and finite element

methods. The results will be compared each other.

Face Sheet (upper)

- Adhesive

Honeycomb care

Face sheet (Lower)

Figurel Typical sandwich structures with honeycomb core.

Several authors have studied sandwich structurtsn AL] and Plantema [2]
had produced monographs on the subject, but mdstjt with buckling and
cylindrical bending. Pagano [3] analyzed threedaglesandwich beam and his
results were considered to be exact. The resulagano were often used as
benchmarks for other solutions, such as finite el@mesults. Meyer-Piening
[4] developed a model to analyze bending of sandwieams due to
symmetrical loads with consideration of overhangimgls (cantilever beams).
He developed further [5] to include sandwich plateinalysis regarding
bending, instability and natural frequency. Andersf6] developed 3-
dimensional model to study the deformation of sandwplate under impact
loading. The faces were made of orthotropic madteria

The core is usually made of a honeycomb strucfline. structure is relatively
stiff in the thickness direction but very weak e tplane direction. Therefore, it
is known as an anti-plane core [1]. B.K. Hadi and. Matthews [7] developed
a model to calculate the total energy of sandwantefs due to external loads by
assuming the core as an anti-plane core. The faees made of laminated
composite plates that were anisotropic plates tareaThey used the model to
calculate wrinkling and overall buckling of anisggic sandwich panels due to
compressive in-plane forces. The results were coeap® experimental results
by Pearce and Webber [8] and also Webber, et.]ahijl they are in good
agreements.
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In this paper, the methodology developed previo(iglyis used to compute
deformation and stresses of sandwich panels duectdized pressure. The
results are then compared by finite element results

2 Total Energy of the System

Figure 2 shows the problem. It shows sandwich panveith laminated

composite plate faces and an anti-plane core. rfEms\terse load is localized in
the center of the panel. In order to solve the lerob using Rayleigh-Ritz
method, it is necessary to calculate the totalggnef the system.

Local
Pressure
UpperFace
-y Core
Lower Face
tl b z,W
h A%
t
-— x,U

a

Figure2 Definition of the problem.

The equations below are taken from [7]. Readersldhefer to that publication
for detailed analysis of these equations.

21 Internal Energy Contribution of the Faces

The strain energy of the faces due to bending aglmnane strain is:

e e A e+t oo o

where
3U, / ox
{e,}= oV, / oy is membrane strain in the middle of the plate $ace

oU, /dy +0V /ox
and
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—0°W /9%
{«k}=1 -0"W 0y | is curvature of the middle of the plate faces, and
—20°W /050y

i = 1,2 are upper and lower faces respectively.Vi, Wy andU,, V,, W, are
displacements of upper and lower faces respectij@ly [B] and [D] are
standards extensional, couple and bending stiffrearices of laminated
composite plate faces [10].

2.2 Internal Energy Contribution of the Faces

We assumed an anti-plane core, in which the s8ffria thex andy direction
(plane direction) is neglected. Therefore, the ctrain energies are represented
by energies due to shear strains and normal sthaitise thickness direction
only.

Energy due to shear strains is calculated by usgugtion below:

ab
UCl = (gjjj(nyfy + nyiz)dXdy (2)
00

while the energy due to normal strains are givefol®wys:

3 ab ayx ayy} z ab
G dxdy dd
Ver = 2aE ”{ Y . ” O

z

where G, and G, are shear modulus of the core in the x-z and yangs
respectively andy, and y, are shear strains in the x-z and y-z planes

respectively. Whilé is core thickness.

During bending of the panels, displacements’ caiiynin the interfaces

between the core and the upper and lower facesldshimu maintained. The

continuity produces strain energy in the bondedtjbietween faces and core
that can be given as follows:

o1

AP+ /wy dxdy (4)

o‘—.o-

where:
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oW, , oW,  h® (. a2y, . 0%
=, -U,)+ L+h 2+ G X+G Y 1-h
4.=0,-U)*h, X 2 X 12EZ( X ox? Y oxdy Vx

3 2 62
P VYA FUNCAL AL S S 2 R A
oy oy 12E, oxay oy

and

h+t, h+t
= © h, = 2
h==i h,
respectively; anch is core thicknessA, and /1y are Lagrange Multipliers
which are arbitrary functions afandy.

. While t; andt, are upper and lower face thicknesses

2.3  External Energy Dueto TransverseLoad

The external load is a localized constant pressutiee shaded area as given in
Figure 1. The load produces external energy thgit/en by:

V, = TT[PZ W, | dxdy 5)

albl

whereP, is a constant pressure over localized area ongper face.

24  Total Energy of the System

Finally, the total energy of the system is given by
|_|:Uf1+Uf2+UC1+UC2+Ua+Ve (6)

In order to solve Eq. 6, it is necessary to assdeféection functions of the
panel. For the case of simply supported plate dnsides, the deflection
functions could be given in the form of Fourierigsras follows:

U, = iicfj& cosa, xsing.y,
m=1 n=1

U, = i iC,(nZQ cosa, Xsing.y,
n=1
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V, = iic};ﬂ sina, xcosp,y,

m=1 =1

W, => > clsina,xsing,y,
m=1 n=1

W, =>' > Cysina, xsing,y, 7)
m=1 n=1

Vi = ii C,(nQ cosa, Xsing.y,

m=1 n=1

y, = i i Cr(fz sina,,Xxcosp,y,

m=1 n=1

A = iicgg cosa, xsing,y,
m=1 n=1

A, =33 c¥sina, xcoss,y
n=1
and

mn_ _ _nn

Ritz method requires that the total energy of thatesn should be stationery.
Inserting Eq. (7) into Eq. (6), and fulfilling Ritondition as follows,

o _ on on o _ o _
ocl % 5@ ™0 5c@ =0 5cm =0 e = @
on _ 0 on _ o on -0 orn ~0
ac? ™% e ™% ey T acH T aew O

we have 10 simultaneous equationsﬁﬁ%, i=12,...... 10. The Fourier series

were expanded until the deformation values arelestale. they don't differ
significantly with the increasing Fourier series. this paperm andn were
expanded up to 50 terms, in order to get satisfilgtesults.
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3 Finite Element Analysis

A quarter and a full of sandwich panel were analymsing 3-dimensional 8-

node brick elements (CHEXA elements). Both the $aaed the core were

modeled using these elements. A single layer afkbelements was used to
model the faces, while the numbers of bricklayerthe core depended on the
core thickness. Nodal displacements’ continuityudeein the faces and the core
should be maintained. A finite element code NASTRARNS used extensively

during the analysis. The boundary conditions wargly supports in all sides.

4 Results and Discussions

4.1  Orthotropic Faces

The panel dimension and properties are shown iar€ig and Table 1. Loading
area is ranging fronx = 47.5 mm through 52.5 mm and fromm= 90 mm
through 110 mm. The pressure is applied on the ufgee with a loading
pressure of — 1 MPa. The material properties akert from [5]. As seen in
Table 1, the seemingly very low stiffness of theecwas intended to exploit the
possibility of having a dimple for these cases.

Tablel Panel Dimension and Properties.

Dimension
a =100 mm ;b = 200 mm ; Overall thickness = 12 mm
Face
Upper face thickness = 0.1 mm ; Lower face thickre§.5 mm

E1= 70000 MPa 9= 26000 MPa v, = 0.3
EZ: 71000 MPa g: 26000 MPa v, = 0.3
E3: 69000 MPa &= 26000 MPa v, = 0.3

Core

Thickness : 11.4 mm

E =3 MPa G =1 MPa VOOO0O0= 0.25

Since the face is an orthotropic material, thenpidueel is symmetric. Therefore,
in the finite element analysis, only a quarter lné panel was analyzed. The
maximum deformation occurred in the center of thegb on the upper face, and
the value is given in the Table 2.
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Table2 Maximum Deformation of the Sandwich Panel due tesBurized
Loading.

Deformation (mm) M eyer -Piening Present Results
[5] Rayleigh-Ritz Finite Element
Analysis
Upper face -3.78 -3.842 -3.775
Lower face -2.14 -2.156 -2.145

Table 2 shows that a good agreement exists betRagleigh-Ritz and finite
element analysis and comparable with the resultfspfThe Rayleigh-Ritz
produces slightly higher deformations, since it dusanti-plane core
assumptions, whereas both Meyer-Piening [5] artkfelement analysis used a
full three dimensional model. Nevertheless, thel®gh-Ritz method was used
due to its simplicity. Figure 3 shows deformatiattprn for this loading.

/> [ l *\K\j \j\>';,> N ,K,'\:\/\{j
= N j e s
/\3 *\‘\‘\x\/ \ P \‘“ 7
L+l Loading area || q N \”7‘ OO g
] g /ﬁé | esEeE gty
L\‘I DN /}H%/HH
gii=a . EoEseSeiyl.
=== O =
I g L | gESes
Load: - 1MPa b
(a) (b)

Figure3 Deformation of orthotropic sandwich panel due tmstant pressure.
(a) undeformed state, (b) deformed state.

Figure 3 shows that local deformation in the viirdf the pressure occurs, thus
dimple phenomenon occurs. Figure 4 shows deformatistribution in thex
direction. It shows that local deformation duedodlized pressure exists in the
upper face, whereas more distributed deformati@urscin the lower face. Both
figures show that local pressure in the sandwiate|sawill act locally that will
not be possible if analyzed using standard Kirchoffe assumption. By
disregarding the shear and normal stiffness in dtwe thickness direction,
Kirchoff-Love by definition, will produce the sanueformations for the upper
and lower faces. Therefore, shear and normal sticithe core in the thickness
direction should be taken into account when anatyzdandwich structures in
order to produce dimple phenomenon as shown ialtbge results.
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The stress distribution could also be calculateabld 3 shows comparison of
the stresses in the faces using Rayleigh-Ritz (R4R) finite element analysis
(FEA).

X (mm)

Figure4 Deformation distribution in the x-direction.

Table3 Stresses in the Faces due to Pressure Load.

g, (MPa) g, (MPa)
R-R FEA R-R FEA
Upper Top -624 -604.6 -241 -256.7
face Bottom 580 281 211 163.5
L ower Top -138 -106.4 -121 -62.76
face Bottom 146 170 127 98.88

Unlike deformation results, there are some diffeesnin the stresses results
between R-R and FEA. These due to the difficultiedetermining stresses in a
point in the finite element method, since the segsare given in the elements,
not in point, while R-R could accurately calculateesses in each point.

4.2 Monoclinic Faces

We also studied the behavior of sandwich panells arisotropic faces made of
typical carbon and glass fiber reinforced plast@~RP and GFRP). The
monoclinic nature of the faces is achieved by ditgnfiber direction away
from x-axis. Figure 5 shows the sandwich panel with &f6diber direction.
The material properties of the carbon and glaser fileinforced plastics are
given in Table 4 and 5.
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Figure5 Sandwich panel with off-axis fiber direction for pgr and lower
faces.

Table4 Material Properties of Sandwich Structures with i€ghCFRP Faces.

Face

E, = 157889.9 MPa G= 5957.07 MPa |v_ = 0.32

E,= 9583.713 MPa G= 5957.07 MPa v, = 0.48

E,= 9583.713 MPa G= 2537.271 MPa v,, = 0.32
Core

E = 103.6282 MPa | G =39.857 MPa|voO00 = 0.3

Table5 Material Properties of Sandwich Structures with i€gbGFRP faces.

Face ( ScotchPly 100 /glass epoxy)

E, = 38600 MPa G = 4140 MPa vy, = 0.26

E,= 8270 MPa %z 4140 MPa V, = 0.26

E3: 8270 MPa Gy3= 3281.746 MPa v, = 0.26
Core (Polyurethane)

E =79 MPa | G =13038 MPa|[v=03

Since these sandwich structures contain monoclfiasices, there is no

symmetrical plane. Therefore, in the finite elemanalysis, the whole panels
should be analyzed. In this case, it will not bewagh to analyze only a quarter
of the panels, as it was the case for sandwichlpanth orthotropic faces.
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Figure 6 shows a 3-dimensional model for finitensdat analysis of the
sandwich panels, while Figure 7 shows the defoonatksults for the sandwich
panels showing the upper and lower panels.

Loading are

Load =-100 MP:

(@) (b)

Figure6 Three-dimensional finite element model for full dauch panels.
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Figure7 Deformation results of anisotropic sandwich palels to pressurized
loading (a) top view, (b) bottom view.

Figure 7 shows that local deformation occurs extenhsin the upper face and
not so extensive in the lower face. The rest ofdtnectures do not deform as
deep as the loading area. Once again it showsvibalt core contributes to this
phenomenon.

The deformation value is given in Table 6, for bséimdwich panels with CFRP
and GFRP faces. Table 6 shows that sandwich pavitHs0Q® fiber direction
have the smallest deformation, thus the stiffeahd®ich panels with $diber
direction have the greatest deformation. It shdwea brienting fiber direction
away from the main direction of the panels will guce higher deformations,
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thus weaker structures. Table 6 also shows thatéfermation in the upper
face is 3 — 4 times greater than the lower facghdiws that dimple phenomena
occur on these cases.

Table6 Deformation of Sandwich Panels with Typical CFRE &FRP
Faces.

Deformation ( mm)
Fiber direction
0 300 450 600 900
CFRP ;Ja‘;ger -4.435 -4.567 4829 | -5122| -5.354
Lower | 4 519 -1.559 1590 | -1.626| -1.654
face
GFRP %ﬂger -5.005 5.134 5266 | -5.385| -5.463
Lower | ; 764 -1.793 -1.813 | -1.826| -1.829
face
5 Conclusion

The analysis concludes that there were good agrgerbetween the results of
sandwich plate deformations due to localized presasing Rayleigh-Ritz and
3-D finite element methods.

The Rayleigh-Ritz analysis used principle of staiy energy, which also
included shear, and normal deformation of the @orthe thickness direction.
The displacement continuity between faces and dsrenaintained using
Lagrange Multipliers. The finite element analysised 3-dimensional brick
elements (CHEXA) in the NASTRAN code. The agreemebetween the
results of both analyses are very good, espediallye deformation values. The
analysis also shows that sandwich panels undelidedapressure will produce
dimple phenomenon that will not occur in the calsthio plate.

Nomenclature

[A], [B], [D] . Extensional, coupling and bending stiffness
matrices for upper and lower faces.

{goi},{/(i},i =1,2 : Membrane strains and curvature of the middle
plate of the upper and lower faces.

U,V,W, i=12 : Displacements in the, y and z directions for

upper and lower faces.
G,.G, :  Core shear modulus in tlxez andy-z planes.
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Core modulus of elasticity in the (thickness)
directions.

V.V, . Core shear strains in tlxezandy-z planes.

A, : Lagrange Multipliers
=)

z

y
Pressure loading

tt . Thickness of the upper and lower faces
1?2

h

Core thickness

a,b . Sandwich panels width and length
al, a2 . Coordinates inx-direction between which the

pressure occurs.

b1, b2 . Coordinates iny-direction between which the

pressure occurs.
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